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Abstract—A pneumatic system that transmits power via the force
of compressed air is an essential component of an air-driven soft
robot. Pneumatic valves are one of the key parts of this system.
However, the development of soft or electronics-free valves for soft
robotic applications is in its infancy, with only a few 2/2 way valves
developed. Previous research has shown demands for a complex
pneumatic system that can regulate the airflow in multiple channels
or switching the pressure within a chamber between multiple states.
Hardware redundancy is found in such complex pneumatic circuits
if only 2/2 way valves are available for the system design. To in-
crease the design freedom, this paper presents a modular approach
that integrates multi-channel modular valve units and bi-stable
structures for the conversion of pneumatic signals. By utilising
soft-material 3D printing, the 3/2-way valve, 4/2-way valve and 5/2-
way valve design are proposed in this paper to control multiple air
channels simultaneously. The modular design of these 3D printed
multi-port valves allows quick design and fabrication solutions
of a complex electronics-free pneumatic system by reassembling
different modular units of the valve. Experiment characterization
of the multi-channel valves shows maximum allowable pressure at
187.2 kPa and a flow rate of 7.42 L/min under 50 kPa pressure
loss. A demonstration of controlling four states of a dual-chamber
soft robotic arm with only two modular multi-chamber valves was
included, showing reduced valve units and overall weight compared
to conventional electronics-free 2/2 way valves.

Index Terms—Additive manufacturing, hydraulic/pneumatic
actuators, soft robot applications.

I. INTRODUCTION

PNEUMATIC soft robots make use of the interaction be-
tween compressed air and soft elastomeric materials to

achieve high adaptability and compliance. This mechanism has
drawn attention from many researchers due to various advan-
tages, including low cost, flexible manufacture choices, safe
human-robot interaction and adaptability to environments or ob-
jects with unknown kinematics or dynamics [1]. These valuable
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characteristics lead to the development of various pneumatic
actuators with different structures, motion, pressure ranges, and
fabrication methods [2], [3]. However, the control of these actu-
ators requires complex pneumatic systems which consist of rigid
solenoid valves, electric pumps, and conventional electronic
controllers [4]–[6]. The existence of these tethered external
rigid pressure systems significantly limits these robots’ mobility
and application fields, especially for those soft robots designed
for extreme environment operations (e.g., nuclear plant explo-
ration with high-radiation, tissue interaction during metal-free
scenarios in magnetic resonance imaging). Another limitation
is sensory information processing. In many applications, the
conversion of pneumatic sensory information into an electri-
cal signal before being processed back to a pneumatic signal
for control brings additional system complexity and limits the
application in extreme conditions.

These existing limitations make the development of
electronic-free valves a critical contribution to the future of fully
soft robots required in extreme environments. This encouraged
many researchers to develop various soft or electronics-free
devices to compute and regulate the pneumatic signal and power
for soft robots. One typical work is a soft valve that makes use
of a semi-spherical bistable structure and two pairs of kinking
tubes [7]. This design uses a passive bi-stable membrane driven
by external pressure to press and make the internal tubing buckle,
therefore regulating the flow based on the input pneumatic
signal. [8] also developed three different soft switch valves (a
normally-open valve, a normally closed valve and a hysteretic
valve) to control the locomotion of a soft crawler. These valves
are made of soft tubes which are adhered to the skin of the
robots. The linear deformation of the actuators is used to kink the
tubes and therefore regulate the flow, while a bistable membrane
provides the hysteresis. More recently, with the development
of multi-material 3D printing technology, [9] designed a set
of fully 3D printed fluidic circuit elements including fluidic
diodes, “normally closed” valves, and “normally open” valves
with tunable pressure-gain ranging from 0.67 to 2.

All those electronics-free valves described above are funda-
mentally 2/2 or 3/2 way valves with only two or three ports
forming one single air channel and two corresponding states
(blocked and unblocked). More valves are needed when the
system requires multiple independent-controlled signals: (a) one
valve is used to control one single chamber gripper or one single
chamber crawler [7]; (b) three valves are used to control the
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locomotion of a three-chamber crawler [8]; (c) three valves are
used to control three independent fingers of a robotic hand [9].
(d) four valves are used to control the oscillating actuation of a
two chamber soft turtle [9]. Soft robots developed from previous
research have greatly demanded a pneumatic system that can
regulate the airflow in multiple channels or chambers based on
a single input signal. For example, the bi-directional actuator
requires one chamber inflated and the other deflated [10]. A soft
legged robot with a diagonal couplet gait pattern also requires
opposite actuation for the two diagonal pairs of feet [11]. Sup-
pose only traditional 2/2 way valves are implemented, complex
pneumatic circuits have to be designed with many valves, which
severely increases the overall size, weight, and power required
for computation and system complexity.

An industrial solution to direct air from different sources
to different chambers is the Directional Control Valve (DCV),
which consists of a spool inside a cylinder to restrict/permit the
air flow in different air channels [12]. However, these industrial
valves’ material, size, weight, and cost limit their applications
in untethered electronics-free soft robots. More recently, the
advance of additive manufacturing allows the design of 3D
printed directional control valves [13]. However, the develop-
ment is still in its infancy. According to the experiments, the
use of single-material 3D printing brings inevitable leakage,
resulting in at least 3% pressure loss [13]. This can be solved by
introducing soft seals with a multi-material 3D printer.

Valves with multiple channels were also exploited from the
microfluidics community. [14] designed a rotary planar bistable
multi-port valve that successfully regulates the flow in 5 separate
fluidic channels, yet incorporating a stepper motor that limits
the size and overall weight of the system. The first electronics-
free multi-channel valve successfully embedded in an untethered
soft robot was designed by [11]. The valve in [7] was modified
by adhering two (rather than one) fluid lines to either side of
the bistable membrane so that the valve can be used as a 4/2
way valve. One limit of this work is the leakage brought by its
kinking tube mechanism when the controlled chamber has a high
operation pressure. The fabrication of the valve also requires
significant manual work.

Thus, this paper presents a method for 3D printing modu-
lar multi-channel valves for complex pneumatic circuit design
(Fig. 1). By rapid manufacturing soft bi-stable structures, the
design of 3/2-way, 4/2-way, and 5/2-way valves are proposed
to control multiple air channels in soft robots. These valves of
50 mm × 18 mm × 18 mm have a breakthrough pressure of
187.2 kPa and a flow rate of 7.42 L/min under 50 kPa pressure
loss. Finite element method (FEM) is used to validate the design
of the valve in terms of sealing performance. The modular ap-
proach to fast integrate multiple valves and to program advanced
logical gates for multi-channel soft robots is demonstrated with
a bi-directional soft robotic manipulator.

II. DESIGN AND FABRICATION OF THE 3D PRINTED

DIRECTIONAL CONTROL VALVE

A. Modular Design of the Multi-Channel Bistable Valve

The operation of the valve makes use of a bistable structure
to eliminate the need for a continuous signal. The bistability of

Fig. 1. The modular design of the 3D-printed multi-channel valves for con-
trolling soft robots. Three types of multi-channel-valve modular units (3/2 way
valve, 4/2 way valve and 5/2 way valve) are designed to control the flow
of pneumatic signals. A bistable modular unit with a pneumatically-driven
bistable structure is used to take input from pneumatic signals to operate the
attached multi-channel valve unit. A computing system can be made by attaching
the desired multi-channel valve units to a certain number of bistable units.
The computing system distributes the energy obtained from constant pressure
resources to a multi-chamber soft robots to control its actuation, based on the
pneumatic signal input.

the structure comes from two symmetrically oriented conical
chambers (shown in Fig. 1). The states of the chamber can be
switched from one state to another by applying a pneumatic
signal (positive pressure) to one of the chambers. The state of
the bistable structure determines the position of a spool in its
cylinder, which has multiple spool seals distributed along its
axial direction. The seals fit between the spool and the cylinder
and prevent air from going through. This means that the space
between the spool body and the cylinder is divided into multiple
isolated regions so that different air channels can be restricted
or permitted. By changing the location of each seal along with
the spool and each port along with the cylinder, we designed a
“3/2 way valve,” a “4/2 way valve,” and a “5/2 way valve” to suit
different applications.“3,”“4” and “5” respectively indicates the
total number of ports on the spool cylinder and the number “2”
refers to the number of states of the valve.

Fig. 2 shows the switching stroke for the valves. The bistable
“State 0” and “State 1” of the valve are shown in Fig. 2(a) and
(e). Once sufficient pressure is applied to the top shell P1, the
top shell will be switched to an “expanded” state. Due to the
restricted length of the tether (black dashed line in Fig. 2(a)),
only one shell can be in the “expanded” state at one time, which
means the bottom shell will be pulled to its “contracted” state. To
switch the valve back to “State 1,” a positive pressure is applied
to the bottom chamber P2. In “State 1,” the connection status
of the controlled air channels in 3/2, 4/2 and 5/2 way valves are
shown in Fig. 2(f), (g), (h). In “State 0,” the connection status
of the controlled air channels in 3/2, 4/2 and 5/2 way valves are
shown in Fig. 2(b), (c), (d). One should note that all ports, spools
and the spool seals were placed on both sides of the valves in a
symmetrical manner, therefore bringing the valves a completely
symmetrical structure and behaviour. Fig. 2 only shows the air
channels located inside the bottom of valves to ensure simplicity
and ease of reading.

B. Fabrication

The use of a multi-material Polyjet 3D printer (J735, Stratasys
Ltd, USA) allows both rigid and soft materials to be implemented
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Fig. 2. Design and operating principles for 3D printed multi-channel valves.
The overall structure of these valves is shown in (a) and (e). All types of
multi-channel valves include the same bistable modular unit in the middle.
The structure consists of two symmetrically oriented bistable conical shells
(shown by solid red lines). The two conical shells are tethered by unstretchable
connectors (shown by black dotted lines) so that there’s always one shell in
“expanded” state and the other shell in “contracted” state. The state of the
bistable structure can be switched between State I and State II by applying
positive pressure to chamber P1 or P2. A spool with soft seals (shown in grey)
is attached to each end of the central bistable structure and is placed in a cylinder
(shown in blue), controlling the opening and closing of multiple air channels
based on the state of the bistable structure. The 3/2, 4/2 and 5/2 way valve
unit each comes with a unique spool and spool cylinder, with the geometry and
working principle presented in (b) and (f), (c) and (g), (d) and (h), respectively.
The logical symbol of each valve at each state is placed below each corresponding
spool and cylinder pair.

in the design. The materials used by the printer are Vero© and
Agilus30©. Vero is a rigid plastic-like material with a quoted
tensile strength of 50-65 MPa, a Young’s Modulus of 2200 MPa
and a shore hardness of 83-86D. Agilus30 is a soft and rubber-
like material, which has a quoted tensile strength of 2.1-2.6 MPa,
a Young’s Modulus of around 1 MPa and a shore hardness of 30 A
(Stratasys Ltd.). The compliant conical shells (shown as solid
red lines in Fig. 2(a), (e)) and the spool seals are printed by pure
Agilus30. The support material used during printing is SUP 706
(J735, Stratasys Ltd, USA), which can be chemically removed
by placing the printed components in a tank (GEMINI SSR-550)
filled with chemical support removal solution (0.02 kg/L Sodium
Hydroxide and 0.01 kg/L Sodium Metasilicate).

C. Finite Element Modelling of the Channels

One key component in this design is the seals on the spool
printed by compliant material, as it supposes to regulate the
airflow into different ports with minimum leakage. Therefore,
we performed FEA simulations to validate the spool design.
The simulations were performed using COMSOL Multiphysics
5.6 (COMSOL Inc., Sweden). The CAD model of the spool and
cylinder of the 3/2-way-valve unit was imported into COMSOL.

Fig. 3. FEM results of the multi-channel valve unit. (a) The stress distribution
of the spool seal during operation. (b) The displacement distribution of the spool
seal. The fluid dynamics simulation of the airflow in the valve under both states
are presented in (c) and (d).

Distinct material properties were then set to each material used
by the design. Specifically, the spool seals were modeled as
Agilus30 (E = 0.51 MPa; ρ = 1.15 ×103 kg/m3; v = 0.49),
while the spool body and cylinder were modeled as Vero (E =
2495 MPa; ρ = 1.18 ×103 kg/m3; v = 0.375) [15]. Two simu-
lations were implemented, whose procedures are as follows:

The first simulation aims to find the deformation and stress
distribution of the spool seal. This simulation is performed in a
2D manner using the COMSOL Multiphysics “Solid Mechan-
ics” module with a “Stationary” study. The rigid spool body
is assigned as a “fixed” constraint, and a uniform boundary
load is applied to the spool cylinder, therefore compressing
the compliant piston seal. The boundary load is incrementally
increased from zero until the inner surface of the spool cylinder
reaches the actual fabricated diameter. “User-controlled mesh”
calibrated for “General Physics” with a maximum element size
of 0.02 mm is used for meshing. The obtained stress distribution
and the deformation of the piston seal are presented in Fig. 3(a)
and (b), respectively. Maximum von Mises stress within the
seal is 28.7 kPa.The internal stress and deformed shape of the
seal guarantees a seamless engagement between the spool seal
and the cylinder, therefore eliminating the leakage. The second
simulation aims to validate the value spool design for flow
regulation and investigates the detailed flow pattern inside the
valve. This simulation is performed in a 3D manner using the
COMSOL Multiphysics “Single Phase Laminar Flow” module
with a “Stationary” study. Port 2 is set as an “inlet” with a
pressure of 10 kPa, while and the other two ports are set as
“outlet”. All other surfaces in the model are assigned as the
“wall” constraints. The material inside the valve air channel is
modelled as air at room temperature. “User-controlled mesh”
calibrated for “Fluid dynamics” with a predefined “fine” element
size is used for meshing. The obtained velocity field of the
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Fig. 4. (a), (c), and (e) The experimental setup for measuring the switching
behaviour of the 3/2 way, the 3/2 way, and the 5/2 way valve, respectively. PD

represents the driving pressure used to switch the state of the valve. The volume
flow rate at both output ports are measured by flow rate sensor F1 and F2. (b),
(d), and (f) How the output flow rate changes as PD increases through the 3/2
way, the 4/2 way, and the 5/2 way valve, respectively. The volume flow rate at all
output ports are measured by flow rate sensor F1 and F2. The pressure applied
at both input ports, Ps1 and Ps2, are set to 20 kPa and −20 kPa respectively.
The shaded errorbar represents the standard deviation of 5 independent trials.

airflow under both State 0 and State 1 are presented in Fig. 3(c)
and (d). The simulation shows that the flow rate is 1.68 L/min
and 1.72 L/min for State 0 and 1, respectively, when the pressure
loss across the valve is 10 kPa. The flow pattern in both State 0
and State 1 shows that the position of the spool in the cylinder
successfully regulate the airflow as desired.

III. EXPERIMENTS AND RESULTS

A. Switching Behaviour of the Valve

The valves designed in this work take a pneumatic signal as
input to switch its state. The experiments presented in this section
aims to investigate the performance of its switching behaviour.
The experimental schematics and results are shown in Fig. 4.

As presented in Fig. 4(a), (c), (e), air sources with different
constant pressure are connected to specific ports of the 3/2, 4/2
and 5/2 way valve, respectively. Each air source used consists
of an air compressor (BB50D, BAMBI AIR COMPRESSORS
LTD, with integrated reservoir), a pneumatic filter (AF20-F02-
A, SMC) for contaminant removal and a pressure regulator
(AR20-F02-1-B, SMC) for controlling the pressure applied to
the valve ports. To continuously monitor the switching behaviour
of the valve, flow rate sensors (HAF 20SLPM AIR, Honeywell)
are connected in series to all other valve ports. The changes in
the measured volume flow rate indicate the change in the valve
state. The input pneumatic signal used to switch the state of
the valve PD is provided by a pneumatic system including a
displacement pump (mini air pump, rated airflow of 2 L/min,
SIMILK), a solenoid valve for venting (VDW10AA, SMC), a

pressure sensor (ADP5160, Panasonic) and a reservoir (rigid
plastic, with the volume of 250 ml) for pressure stabilization.
The valve driving pressure PD is increased slowly from 0 to
80 kPa at a rate of 1 kPa/s through a PID controller. All sensory
data are captured through Teensy 4.1, whose sampling rate is set
at 5 kHz. The measurements were taken repeatedly 5 times with
0.5 hrs relaxation between each trial to get rid of any hysteresis
effect and ensure all valves are measured in a consistent manner.
The results are presented in Fig. 4(b), (d), (f). The switching
behaviour consistency of this bistable structure under continuous
operation (switching at 0.2 Hz) has been tested in our previous
work [16].

As shown in Fig. 4(b), (d), (f), the measured flow rate curve
demonstrates that all three valves successfully perform the de-
sired function without “cross-talking” caused by the leakage.
The critical pressure required for valve switching increases with
the number of valve ports (48.6 kPa for 3/2 way valves, 55.5 kPa
for 4/2 way valves and 65.4 kPa for 5/2 way valves). This is due to
the increased friction between the piston and the piston cylinder
as the number of piston seals goes up. In terms of consistency, the
standard deviation in critical switching pressure between the 5
independent trials on the 3/2, 4/2 and 5/2 way valves are 2.1 kPa,
1.98 kPa and 1.4 kPa, respectively.

B. Valve Flow Rate Characterization

Volume flow rate plays a significant role in the performance
of the valves, as it determines how fast the pneumatic actuators
connected to them can be activated or deactivated. Therefore,
the flow rate characterization experiments were implemented to
determine the volume flow rate in each valve channel versus the
pressure drop across the valve.

To do the characterization, we connected all channels in the
valves to a variable-pressure source and measured 1) the volume
flow rate through each valve channel; and 2) the pressure drop
across the valve. The flow rate is measured by connecting a digi-
tal airflow sensor (HAF 20SLPM AIR, Honeywell) in series with
the valve channel. The pressure drop across the valve is measured
by placing two pressure sensors (ADP5160, Panasonic) at the
upstream and downstream of the valve channel, respectively.
Each valve comes with two states, so the characterization was
implemented for all opening channels under both valve states.
The measured flow rate versus pressure drop relationships were
then used to fit the mathematical model stated by ISO 6358 [17]
and used in the community [18] (see (1) and (2)). The exper-
imental results and the fitted models were presented in Fig. 5
and Table I. The simulation results from CFD analysis are also
included for comparison.

Q = CΨPhigh (1)

Ψ =

⎧⎨
⎩

√
1− (

PLow
PHigh

−b

1−b )2 Plow

Phigh
≥ b

1 Plow

Phigh
< b

(2)

whereQ is the volume flow rate inside the valve channel,Phigh is
the absolute pressure at the valve upstream, Plow is the absolute
pressure at the valve downstream, C and b are the parameters
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Fig. 5. Flow rate characterization of the air channels in the 3/2 way valves
(a), 4/2 way valves (b) and 5/2 way valves (c) under both of their states.
CFD simulation results are presented for comparison. The experiment data are
presented in circular dots, while the fitted models are presented in solid lines.

TABLE I
THE MEASURED SONIC CONDUCTANCE AND CRITICAL PRESSURE RATIO AT

CHOKED POINT OF EACH CHANNEL OF THE VALVES UNDER BOTH STATES

which needs to be fitted and they represent sonic conductance
and critical pressure ratio at choked point respectively.

It can be seen from Fig. 5 and Table I that most air channels
come with similar flow rate characteristics as they share the
same geometry and dimension. When these valves are applied
in real soft robotic applications, the consistency in flow rate
characteristics within each valve channel ensures consistent
behaviour of the soft robots no matter which valve state is
used. The average flowrate under 50 kPa pressure loss over all
valve channels is 6.74 L/min. The maximum flowrate observed
under 50 kPa is 7.42 L/min, measured at the “2-3 (STATE II)”
channel in the 5/2 valve. The 3/2 way valve comes with the best
consistency between its channels, with a percentage deviation
of 3.37% and 2.92% in C and b respectively. The 5/2 way valve
comes with a slightly lower consistency between its air channels,
with a percentage difference of 6.23% and 17.9% in C and b
respectively. The slight reduction in consistency is caused by
the increased number of piston seals included in the design. One
should note that the 4/2 way valve comes with a relatively poor
consistency as the “1-4” channel in State II comes with a much
lower flow conductance. This is because the special “bypass”
geometry of this air channel significantly increases the overall
length and geometrical complexity of the channel. The other

Fig. 6. (a) The experimental setup used to find the breakthrough pressure of
the valve. Ps represents the source pressure applied to the inlet of the valve.
P1 and P2 represent the measured pressure at the other two ports of the valve.
The algorithm for breakthrough pressure identification is shown in (b). The
experiment results of the output pressure readings (P1 andP2) versus the source
pressurePs of a newly fabricated valve are shown in (c). The long-term reliability
of the spool seals with different shore hardness are presented in (d) in a fatigue
test.

three air channels in the 4/2 way valve come with a satisfying
consistency with a percentage deviation of 1.6% and 15.0% in
C and b respectively.

C. Breakthrough Pressure When No Energy Supplied

Due to the bistability of the valve, no energy is required for
maintaining either state of the valve. This experiment aims to
find out how much pressure can be held in the valve channels
without any external force or power applied. The experimen-
tal schematics is shown in Fig. 6(a). Three pressure sensors
(ADP60, Panasonic) were placed at each port of the valve.
A compressor with pneumatic filter and regulator is used to
apply air with gradually increased pressure (called source pres-
sure Ps) to the input port (port 2) of the valve. The break-
through pressure is defined as the maximum pressure that can
be held within the air channel without leakage. The specific
algorithm for breakthrough pressure identification is shown in
Fig. 6(b). “P2 > 0.01× Ps” indicates that leakage results in
some unwanted “cross-talking” between channels, while “P1 <
0.99× Ps” indicates that the pressurized air leaks to the exterior
environment. Since all valves designed in this work share the
same piston seal design, only 3/2 way valve is investigated here.
The experimental results are shown in Fig. 6(c). The measured
breakthrough pressure of a newly fabricated valve is 187.2 kPa,
with a standard derivation of 3.73 kPa among five independent
trials. A fatigue test is preformed to investigate the long term
reliability of the spool seals made of Agilus 30. The position of
the spool in the spool cylinder is repeatedly switched, while the
breakthrough pressure is measured throughout the process every
500 cycles until failure. To investigate whether the hardness of
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Fig. 7. (a) A bi-directional actuator with a gripper being controlled by an
electronics-free control board consists of multi-channel valves. The computing
system in the middle consists of two valves, while each of them switches its
states based on the pneumatic signal sensed by the two 3D-printed pneumatic
switches connected to it. A separate manual pneumatic switch is used to control
the gripper. (b) The schematics when a 4/2 way valve and a 3/2 way valve is used
to control the bi-directional actuators with two independent chambers. Chamber
A and B refers to the two independent chambers in the bi-directional actuator.
(c) All possible configurations, which can be achieved by switching the states of
the valves. (d) The truth table, which describes the relationship between the valve
state and each corresponding configuration. (e) The schematics when a 5/2 way
valve and a 3/2 way valve is used to control the bi-directional actuators with two
independent chambers. (f) All possible configurations, which can be achieved
by switching the states of the valves. (g) The truth table, which describes the
relationship between the valve state and each corresponding configuration.

the spool seals affects the long-term reliability of the valve, the
same fatigue test is also preformed on a valve whose spool seals
are made of a less compliant material (FLX9760, Stratasys Ltd,
USA, 60 A shore hardness). As shown in Fig. 6(d), the Agilus 30
spool seals retain the optimal performance within the first 1000
cycles and show a 35.9 % drop in breakthrough pressure at 1500
cycles, while the less compliant spool seals degrade within less
than 200 cycles and completely fail after 600 cycles.

D. Controlling a Bi-Directional Actuator

The modular approach of the valve design allows multiple
channels to be connected to achieve diverse logical computation.
To demonstrate the modularity, the multi-channel valves were
used to control a bi-directional actuator (see Fig. 7(a)). The
bi-directional actuator consists of two air chambers with side
bellows ( A© and B©). Two different control schemes were used:
(1) “3/2 way valve + 4/2 way valve” and; (2) “3/2 way valve
+ 5/2 way valve”. Four 3D printed manual switch controller
were used to generate the pneumatic signal so that they can
switch the state of the two valves based on manual operation.
The schematics of the pneumatic circuits under both control
schemes are presented in Fig. 7(b) and (e), respectively. Note
that the constant pressure source used here is the same as the
one used in Section III-A and III-C. A pneumatic driven gripper
is attached to the tip of the bi-directional actuator to perform a
demonstration of manipulation, attached in the supplementary
video. As shown in Fig. 7(c), the “3/2 way valve + 4/2 way valve”
control scheme successfully controls the bi-directional actuator
through four different postures located symmetrically in both
directions. The measured bending angles are −54°, −34°, 36°
and 60°. The slight difference between leftward and rightward

bending angles are due to the small stiffness difference between
the left and right chamber (manufacture error). As shown in
Fig. 7(f), the “3/2 way valve + 5/2 way valve” control scheme
behaves like a 2 b Digital-Analogue Converter (DAC), control-
ling the bi-directional actuator through four different amount of
bending in one direction. The measured bending angles are 0°,
17°, 43° and 64°.The two truth tables which state the relationship
between the valve status and the actuator posture are shown in
Fig. 7(d) and (g).

IV. DISCUSSION

The multi-channel valves designed in this work come with
several key features which are highly beneficial when applied
with soft robots, including (a) high breakthrough pressure; (b)
low mass and; (c) multi-channel compatibility.

Thanks to the multi-material 3D printing technique, the soft
spool seals can be directly printed on the spool without any post-
processing or manual assembly. Meanwhile, the accuracy of the
printer guarantees precise control on the optimal fit between
the spool seal and the cylinder. These advantages bring this
multi-channel valve design a much higher breakthrough pressure
(187.2 kPa) compared with other electronics-free valves used in
soft robotics, such as soft kink valves (63.0 kPa) [7], [11], [19]
and 3D printed fluidic circuitry (at least 10 kPa pressure required
by the valve to regulate a 20 kPa source pressure) [9]. The high
breakthrough pressure means the valves are compatible with
a broader range of soft robots, which require higher pressure
during operation [20]. Meanwhile, the ability to regulate high-
pressure pneumatic signal enables the valve to deliver a higher
range of pressure gain (the pressure ratio between the output
pneumatic signal and the input pneumatic signal). The benefits
brought by the high pressure-gain has been demonstrated in [11],
where a small pneumatic signal induced by a tactile sensor is
sufficient to switch the state of a bistable valve, and therefore
changing the locomotion direction of a soft legged robot. The
mass of the multi-channel valve designed in this work is 5.4 g
for 3/2 way valve, 6.1 g for the 4/2 way, and 6.3 g for the 5/2
way valve. This is 20 times lighter than the conventional rigid
solenoid valves and 3-4 times lighter than the silicone-casted
bistable valves [7]. The lightweight and electronics-free features
of the valve enable it to be easily embedded in untethered soft
robots without significantly increasing their mass or decreasing
their mobility.

The valves designed in this work can control multiple inde-
pendent air channels simultaneously, which can greatly reduce
the number of valves used in the control circuit, especially when
controlling soft robots with more than one air chamber. By using
the “3/2 + 5/2 way valve” control scheme (see Fig. 7(e), (f),
(g)), we successfully control the posture of the bi-directional
actuator in a 2-bit DAC manner by using only two valves and
two constant pressure sources. To achieve these postures with
only 2/2 way valve, at least 5 valves must be used, while every
valve requires an independent pneumatic signal (see Fig. 8(b)).
In previous work [21], a similar 2-bit DAC operation make use
of 12 valves and 4 constant pressure sources. By using the “3/2
+ 4/2 way valve” control scheme (see Fig. 7(b), (c), (d)), we
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Fig. 8. The control scheme used to achieve the same functionalities as demon-
strated in Fig. 7 by using only 2/2 approach. (a) The scheme for controlling the
bi-directional actuator through four different postures at both bending directions
(see Fig. 7(c)). (b) The scheme for controlling the bi-directional actuator through
four different postures at single bending direction (see Fig. 7(f)).

successfully control the posture of a two-chamber bi-directional
actuator through four different configurations (two different
bending directions with two different amplitudes). To achieve
these postures with only 2/2 way valve, at least 6 valves must
be used (see Fig. 8(a)). The valve number reduction brought
by the multi-channel valves reduces the size and mass of the
overall computing circuit and reduces the energy consumed by
computing. Both of them are of great importance for soft robotic
applications.

V. CONCLUSION

This paper presents a modular approach to design multi-
channel bistable valves for pneumatically driven soft robots
based on Multi-material 3D printing. Each valve comes with
a bistable modular unit, which uses pneumatic signals to change
its state. Different multi-channel-valve modular units (3/2 way,
4/2 way, and 5/2 way) are designed to provide varieties in the
pneumatic circuit design. Each multi-channel-valve unit consists
of a spool with multiple seals and a cylinder with multiple ports,
therefore permitting and restricting the airflow in different air
channels based on the state of the bistable unit. An FE simulation
is performed to validate the design of the spool seals. The exper-
iment characterization verifies that the proposed multi-channel
valves successfully perform the desired function. The state of
the valve can be switched by a pneumatic signal ranging from
48.6 kPa to 65.4 kPa, depending on the multi-channel valve
units chosen. The valve can withstand a pressure of 187.2 kPa
in the controlled air channels without leakage. The air channels
in the multi-channel-valve units come with an average sonic
conductance of 0.0436 lpm/kPa and an average critical pressure
ratio of 0.379. With different multi-channel-valve units chosen,
a dual-chamber bi-directional actuator can be controlled through
different sets of computing system configurations.

Overall, the following features of this modular multi-channel
valve design make it suitable for soft robotic applications.
(1) The high breakthrough pressure of the valve ensures its
compatibility with high-pressure soft actuators. (2) A higher
range of pressure-gain. (3) A much lighter weight compared
with conventional solenoid valves or other electronics valves in
previous work. (4) The valves’ multi-channel design signifi-

cantly reduces the number of valve units required when con-
trolling multi-chamber soft robots. The valve number reduction
brings a decrease in system size and mass and reduces the energy
consumed by computing. For future work, the valves can be used
in an oscillatory circuit to achieve gait control for a soft-legged
robot with multiple chambers. Size miniaturization can also be
investigated further.

REFERENCES

[1] C. Lee et al., “Soft robot review,” Int. J. Control, Automat. Syst., vol. 15,
no. 1, pp. 3–15, 2017.

[2] J. Walker et al., “Soft robotics: A review of recent developments of
pneumatic soft actuators,” Actuators, vol. 9, no. 1, 2020, Art. no. 3.

[3] L. He, X. Tan, K. Suzumori, and T. Nanayakkara, “A method to 3D print
a programmable continuum actuator with single material using internal
constraint,” Sensors Actuators A: Phys., vol. 324, 2021, Art. no. 112674.

[4] R. F. Shepherd et al., “Multigait soft robot,” Proc. the Nat. Acad. Sci.,
vol. 108, no. 51, pp. 20400–20403, 2011.

[5] A. D. Marchese, C. D. Onal, and D. Rus, “Soft robot actuators using
energy-efficient valves controlled by electropermanent magnets,” in Proc.
IEEE/RSJ Int. Conf. Intell. Robots Syst., 2011, pp. 756–761.

[6] Y. Tang et al., “Leveraging elastic instabilities for amplified performance:
Spine-inspired high-speed and high-force soft robots,” Sci. Adv., vol. 6,
no. 19, 2020, Art. no. eaaz6912.

[7] P. Rothemund et al., “A soft, bistable valve for autonomous control of soft
actuators,” Sci. Robot., vol. 3, no. 16, 2018, Art. no. eaar7986.

[8] K. Xu and N. O. Pérez-Arancibia, “Electronics-free logic circuits for
localized feedback control of multi-actuator soft robots,” IEEE Robot.
Automat. Lett., vol. 5, no. 3, pp. 3990–3997, Jul. 2020.

[9] J. D. Hubbard et al., “Fully 3D-printed soft robots with integrated fluidic
circuitry,” Sci. Adv., vol. 7, no. 29, 2021, Art. no. eabe5257.

[10] J. H. Low et al., “A bidirectional soft pneumatic fabric-based actuator for
grasping applications,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst.,
2017, pp. 1180–1186.

[11] D. Drotman, S. Jadhav, D. Sharp, C. Chan, and M. T. Tolley, “Electronics-
free pneumatic circuits for controlling soft-legged robots,” Sci. Robot.,
vol. 6, no. 51, 2021, Art. no. eaay2627.

[12] M. Metwally, A. A. E.-A. Aly, and M. Ola, “Effect of spool side chambers
on dynamic response of contactless electro-operated pneumatic directional
control valve,” Comput. Fluids, vol. 86, pp. 125–132, 2013.

[13] S. Blasiak, P. A. Laski, and J. E. Takosoglu, “Rapid prototyping of
pneumatic directional control valves,” Polymers, vol. 13, no. 9, 2021,
Art. no. 1458.

[14] D. R. Miller et al., “A bistable, multiport valve enables microformulators
creating microclinical analyzers that reveal aberrant glutamate metabolism
in astrocytes derived from a tuberous sclerosis patient,” Sensors Actuators
B: Chem., vol. 341, 2021, Art. no. 129972.

[15] V. Slesarenko and S. Rudykh, “Towards mechanical characterization of
soft digital materials for multimaterial 3D-printing,” Int. J. Eng. Sci.,
vol. 123, pp. 62–72, 2018.

[16] S. Wang, L. He, and P. Maiolino, “Design and characterization of a 3D-
printed pneumatically-driven bistable valve with tunable characteristics,”
IEEE Robot. Automat. Lett., vol. 7, no. 1, pp. 112–119, Jan. 2022.

[17] ISO6358, A, “Pneumatic fluid powerdetermination of flow-rate character-
istics of components using compressible fluids,” I. O. for Standardization
(ISO), International Organization for Standardization, Geneva, 2013.

[18] S. Joshi, H. Sonar, and J. Paik, “Flow path optimization for soft pneumatic
actuators: Towards optimal performance and portability,” IEEE Robot.
Automat. Lett., vol. 6, no. 4, pp. 7949–7956, Oct. 2021.

[19] K. Luo, P. Rothemund, G. M. Whitesides, and Z. Suo, “Soft kink valves,”
J. Mechanics Phys. Solids, vol. 131, pp. 230–239, 2019.

[20] M. A. Robertson, H. Sadeghi, J. M. Florez, and J. Paik, “Soft pneumatic
actuator fascicles for high force and reliability,” Soft Robot., vol. 4, no. 1,
pp. 23–32, 2017.

[21] D. J. Preston et al., “Digital logic for soft devices,” Proc. Nat. Acad. Sci.,
vol. 116, no. 16, pp. 7750–7759, 2019.

Authorized licensed use limited to: Bodleian Libraries of the University of Oxford. Downloaded on January 10,2023 at 21:53:42 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


