Simple Passive Valves for Addressable Pneumatic Actuation
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Abstract— We present a method for setting the pressure of the same time making the overall robot less expensive and
multiple chambers using a single pressure source when they more mechanically robust.
are interconnected via band-pass valves. These valves can be  The contribution of this paper is to present a device design
constructed from simple passive devices that behave likedky —and associated control strategy for making this tradeoff.
check valves. We present the theory of operation and design The control strategy described in Sec. Il is developed for
parameters for individual valves, give a control strategy 6r  an idealized behavior of the valve. We present a particular
serial connections of pressure chambers, and demonstrathe valve implementation for use with soft robots in Sec. Il
approach by building prototype valves and using them to and demonstrate the configuration of multiple soft-robotic
control serially connected soft-robotic actuators from a tngle  actuators from a single pressure source Sec. IV.

pressure source.
B. Related Work

o A majority of the previous work on pneumatically actuated
A. Motivation soft robotics has used off-board or on-board solenoid galve
Developing novel soft robots that use pneumatic or hyto control the flow of pressurized air to the actuators [8], [9
draulic actuation to achieve complicated compliant motiof6], [5]. However, solenoid valves have the disadvantages
is currently an active area of research [1], [2], [3], [4].filSo mentioned above of being difficult to integrate, expensive,
robots can be very inexpensive to manufacture while beirgnd difficult to miniaturize. Marchese et al. investigated t
robust to harsh chemical and physical environments that amse of electropermanent magnets to create energy-efficient
extremely challenging for existing robots [5]. The comptia valves for soft robots that only consume energy while switch
structure of soft robots also allows novel motion and gragpi ing between open and closed states [10]; However, aside
strategies that are difficult to implement with rigid partsfrom their efficiency these valves have similar challenges a
Instead of motors and gears, these robots use integraged, diolenoid valves, since they also employ electromagnets.

I. INTRODUCTION

tributed actuators to control their infinite degrees of fiem. Related previous work has also used passive valves for
One successful approach is to actuate pneumatic channelstriuating robots. Nishioka et al. demonstrated passiwesal
flexible bodies with pressurized air [6]. that can be activated by acoustic waves through the working

Typically, these designs employ solenoid valves to contrdluid [11]. However, while passive, their valves require
the flow of the working fluid into and out of the actuatorsresonant mechanical structures that may be difficult to-inte
While solenoid valves are readily available and simple tgrate into current manufacturing techniques for soft rebot
control, they have three principal drawbacks for flow controShepherd et al. used passive soft valves molded into the
in soft robots: they are composed of rigid, electromagnetigsody of soft robots that used internal explosions for rapid
components; they are relatively expensive and are often thetuation [12]. Similar to the valves presented here, these
most expensive component in systems with many actuatopgssive valves remained open at low pressures differsntial
and their miniaturization is limited by the disadvantageou(to allow the venting of combustion products) but closed
scaling of electromagnetic forces at small scales [7]. during the rapid pressure increase caused by the explosions

We describe a simple passive valve design that behavidewever, these valves were not designed or characterized
like a leaky check valve and can be used to control th® achieve hold states or to be individually addressabld, an
pressures in a network of multiple connected chambers froaff-board solenoid valves and spark ignition electroniesev
a single input. The simple mechanical design of these valvesquired to control actuation.
could allow them to be integrated into current elastomeric Small-scale soft valves are also an active area of research
manufacturing techniques for soft robots and potentiallin microfluidics[13], where they are used for the control of
miniaturized for other applications. The central concept ifluid flow on chips through channels with dimensions of tens
to exchange lower valve complexity for greater complexityf micrometers. A common approach in microfluidics is the
of the pressure source. Through deliberate modulation ake of a secondary pressurized pneumatic layer to valve a
the system’s input pressure, the passive valves throughqutmary fluidic layer [14]. While this approach significantl
the system can be selectively opened and closed to fill ameduces the complexity of the microfluidic chips, each in-
drain pressure chambers. For soft robots, this means thagpendently addressable pneumatic valve is still coetoll
logic and control can be baked into the mechanism itseléff-board by a solenoid valve, effectively maintaining the
For example, a soft-robotic tentacle with multiple chansbercost and complexity of the overall system. Recent work has
(e.g. [8]) incorporating these types of valves could aahievsought to remedy this problem by developing latching valves
many poses using only a single external connection while && achieve on-board digital control logic for multiplexing



valves [15], [16], [17]. However, devices of this sort have
not been demonstrated that can achieve the pressures and
flow rates required to valve soft robots.
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The idea is to design a passive valve that allows pressur-
izing several chambers to different levels, peessure con-
figurations using a single modulated pressure source. The
particular approach described here is a valve that behikees |
a leaky check valve that always allows flow in the forward  (¢) I\ /I (d) _ APshuot
direction, but only allows a certain amount of backward flow P |_| Pout
before closing. Physically, this can be implemented by a
introducing a small gap in a regular check valve design.
Connecting two of these valves in series creatbarad-pass

valvethat only allows low flow rates. When these band-pass
valves are used to connect several pressure chambers|e sing
P
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modulated pressure source can be used to reach arbitrary (e)
pressure configurations by selectively closing some valves
while feeding pressure chambers through the open ones.
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A. Device Model and Control Strategy 7,

This section describes the idealized behavior of a leaky, ; () vawe Diagram showing pressure ports and flowctie.
check valve where the maximum leaking rate can _be Carghe pressure across the valve AP = Poyut — Pi. (b) Schematic of
fully controlled. The symbol to represent the device andlealized pressure vs. flow profile, showing the shutoff sues in one

; : ; ; ; ection and unimpeded flow in the other. (c) Diagram of tvatve band-
the desired operatlonal behavior are shown in Fig. 1(a) afﬁss configuration. (d) Idealized pressure vs. flow profile Hand-pass

Fig. 1(b). The forward flow through the valve is proportionalaive. Pressures below the shutoff pressures result inaidtaw. Pressure
to the pressure difference across the device. In the bacdkwalifferentials outside the pass-band close one of the vahweb result in

; : ; ; ero flow. (e) Diagram of two pressure chambers connected kind-pass
direction, the ﬂow throth the Valve_ I_S also prOportlonasalve. (f) Reachable stable pressures in the configuragates The gray
to the pressure difference up to a C_l'ltha| value called thgea around the diagonal is excluded. Configurations inrdrige do not
shutoff preSSUF.EAPshutoff. beyond which the valve closes cause either valve to close, so the two chambers equiliboatg = Ps.
and prevents flow. Thus, the volumetric flow through the

device,V, is related to the pressure differential across the

device AP, and flow resistance in the following way: is closed and prevents flow that would otherwise equalize
AP the two chambers, and whdpy, > P; + A Pshutoff the other
V= { R v‘APshytoff <AP (1) valve is closed. All pressure combinations whgpe— P | >
0 ,otherwise. APspuoii OF P, = P, are thus stable configurations with this
The maximal leaking rate is given szhutoﬁ = —%ﬂ arrangement, Fig. 1(f).

Using a single such valve connected to the input of a pressuge control Strategy

chamber allows the chamber to be both inflated and deflated ) .

using a single pressure source. Just like a regular check!'"® space of pressure configurationsfopressure cham-
valve, the chamber can be inflated and the pressure souR®S ISP" = RS, the N-fold cross product of the non-
removed. However, unlike a regular check valve the Sarr,;gkegatwe real numbers. In this section we describe a sirateg

pressure source can be used to deflate the pressure chaniPer®aching all stable configurations when the pressure

by keeping the pressure source below, but withiRsuof, chambers are arran_ged in seri_es and connectedVvia 1
of the chamber pressure. band-pass valves with decreasingly nested flow pass-bands,

Two of these devices can be connected intdoand- a_md a modulate_d pressure sour&,,,_ is connected to the
pass valveconfiguration shown Fig. 1(c). Each individual firSt chamber with pressur®,, e.g. Fig. 1(e). _
valve can stop flow through both of them, and since they The shutoff flow rate for the pass—.b_and valveiconnectlng
face in opposite directions, this combined device now haspressure chambémndi+1 is given by shutoff = % and
shutoff pressure in both directions, Fig. 1(d). The ressilt ithe following scheme requires theg, ..« > Vb« by some
a device that allows low flow in both directions, but shutsufficiently large margin so valvé can be closed without
off at high flows in either direction. Although there is noclosing any of the valveg < i. The required amount of
such restriction in practice, the following discussionumses separation depends the actuation fidelity of the source, the
that the shutoff pressures are symmetric for simplicitye Thprecision of valve characteristics, and on the nature of the
idealized behavior of this band-pass valve is charactgrizgpressure chambers: large and expandable chambers require
by the pressure and flowass-band which are given by more separation, see Sec. 1I-B.1 for details.

APspuiof < |AP] and V' < |Vanutor| respectively. The control strategy has two steps, first a strategy to reach
When this band-pass valve is used to connect two presswae arbitrary stable configuration when initially none of the
chambers in series, Fig.1(e), a single modulated presswalves are closed, and second, a strategy for going from an
source, P, can be used to pressurize both chambers tarbitrary configuration to one where all the pressures in all

different levels. WherP; > P, + A Psputorf ONe of the valves chambers are equal and all valves are open.
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Fig. 2. (a) Schematic of three chambers in series connedteband-pass valves. The experimental setup describedcinl'$encludes the gray valve
at the input to allow the pressure source to be disconne@d=low vs. pressure profile of the two band-pass valves laitleled pressure regions that
induce f(ast), m(edium), and s(low) flows. (c) Binary confagion tree. From a given configuration, different actioas cesult in different transitions.
The edges are labeled where the overhead arrow indicateiréation. Each transitions changes the least significar{t. BB, left) and wether a transition
corresponds to pressurizing or depressurizing chambgmnds on wether the LSB changes from 0 to 1 (pressurizingjoon L to 0 (depressurizing).

The strategy for reaching a particular stable target configlf the fill resistance is large ,then the flows in and out of the
ration P* € P is to iteratively pressurize chambers, startingchamber are approximately equal. When the fill resistance
with Py, i.e. the chamber that is furthest from the pressuris low, as is the case in soft robots with large expandable
source. The pressure is modulated to slowly pressurize alhambers, then the pass-bands in the series connection need
chambers to the target pressuitg of the last chamber. Then, to be separated by

depending on whethée?y;_; is larger or smaller thaf’y,, the N Ri .
modulated pressure source increases (or decreases)yquickl Vehutott < %“i\/;h]tloﬁ. (4)
enough to close the last band-pass valve between chambers Ry + R

N—1andN and to pressurize the firdf —1 chambers to the This restriction allows the-th valve to be closed without
target pressuré’y,_,. When the target pressure is reachedglosing any of downstream valvgs< i.
the pressure is changed quickly enough to close the valveEquivalently, the relation can be stated as a requirement
between chamber§ —2 and N —1, and to adjust the pressure on shutoff pressures
of the first N — 2 chambers toPy;_,, etc. These serially . R R ‘
connected chambers act like a shift register for pressures. APgutoft < R—Z HiﬂmAPgﬁoﬁ. (5)
Given an arbitrary stable pressure configuration, reaching i=L il
a state where all valves are open can be achieved by reversitiyjs representation highlights the fact that it is good for
the above process. Firgy is adjusted taP, = AP, and upstream valves to have a low flow resistance compared
the two chambers are allowed to equilibrate. Then the firée downstream valves. By allowing more flow at similar
two chambers are brought to the levelBf + AP2 ,sand pressures, both chambérand upstream chambers can be
allowed to equilibrate, etc. until all the chambers are at thfilled without closing downstream valves.
same pressure and none of the valves are closed. Finally, the2) Example for a Series of Binary Actuator€onsider a
pressure of all chambers can be adjusted simultaneouslyseries of three binary actuators that are either at ambient
some desired level, e.g. ambient pressure. pressure (0) or inflated (1), see Fig. 2. There ate=
1) Separation of Pass-Band#n this serial configuration, 8 different states, and since there are only two different
the flow coming out of a valve splits into flow that fills the Préssure levels, there are shortcuts to move betwees the

pressure chamber and flow that goes into the downstredA{9€t Pressures. States where chambers far from the source
valve. To describe how the flow splits we define the filfémain unchanged can be reached without going back to the
resistanceRi, of chamber to be the resistance to volumetric Starting configuration (000), see Fig. 2(c). _

flow for changing the chamber pressure. By ignoring any Since this example ha¥ = 3 chambers it requires/ —

flow resistance from the input port, differentiating theatle . = 2 distinctly addressable band-pass valves, Fig. 2(b). In
gas law @,V; = nRT) in terms of time, and setting =  €'MS of pressure modulation, two such valves require three
: Vi — , =

PV . . . different pressure settings that result in three diffefeow

T the fill resistance is found to be speeds through the systesiow where none of the valves

close,mediumwhere only the sensitive valves furthest from

il = v (2) the pressure source close, dadt where both valves close.
P, T op Figure 2(c) shows the transition diagram where the three
different transitions are labeled. For example, startirognf

A chamber that has either a large volufijeor that expands state 000 the three different pressurization speeds result in

easily, i.egl‘ﬁ is large, has a low resistance to volumetrighree different states:00, 110, or 111.

flow that is diverted to change the pressure inside the cham-Note that the separation requirement is between flows

ber. Assuming equal pressures in chambend upstream of two neighboring band-pass valves and not between the

chambers, the flow/*~! coming into chambei splits so  shutoff flows in the two directions of a single band-pass

that the flowV? going into the next valve is given by valve. In our physical experiments, Sec. IV, we relax the
‘ symmetry assumption to get better separation between actu-
Vi— Ry, Vil 3) ation pressures in the physical device. However, the above

Rl + R strategy still applies directly.
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IIl. VALVE DESIGN

The device described in this section is a prototype design
for demonstrating how pressure configurations in a multi-
chamber system can be set by modulating the pressure
profile from a single source, see Sec. IV. The valve has
no active components and the internal parts that determine 1
the operational characteristics can be easily swapped to (3=
facilitate exploration of the parameter space. We were table
find enough combinations to implement two independently
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addressable band-pass valves (and a fifth valve that allows ey
us to disconnect the pressure source), see Fig. 2. We kept - (
the internal geometry relatively simple to facilitate theure =%

development of completely soft and/or miniaturized vetsio

A. Physical Design

Our leaky check valve consists of three main functional
features contained in a 3D-printed housing: an acrylica®ifi
plate, a plastic separator to induce leaking, and a rubber fla
There are three operating regimes. In the forward direction
flow deforms the rubber flap, but there are no features for
it to seal against. In the backward direction, under low flow
conditions, the deflection of the rubber flap is not suffictent
cause it t(-) -Seal against the orifice plate. However, und-ér hig, 3. Picture of valve. (a) Diagram of operational prifeiprhe housing
ﬂo_w conditions, the rubber ﬂ?‘p deforms a_nd Sea_ls against t 6wﬁ as a hashed crbss-section, holds the orifice platbv(&elspacer’
orifice plate. Once the flow is shut off, differential pressur (black), and valve flap (red). All forward flow is unimpededw backward
across the valve maintains the seal, see Fig. 3(a). The thrfstggll dﬁiei Qgékw:%eﬂzt\;vfﬁg;?; %fgfy;?\?;i?lg ina ﬂ;?ngltatlxg g%?af:ﬁéﬁf_hz
internal components Of_a valve are shown in Fig. 3(b). Iocaiiong of the two internal O-rings are sovSn i?l gray. (b)émdifférent

The 3D-printed housing has two halves that are attach@flernal components that determine the shutoff pressuificeoplate, spacer,
with screws so that the internal components can be quick d valve flap. (c) Exploded view of valve assembly, omittidgings and
and easily exchanged. Grooves in the valve body hold tw"e"s: (@) Picture of assembled valve.

O-rings: one underneath the orifice plate to prevent air from

leaking past the valve and another sealing the two halves of _ .

the housing, see Fig. 3(c). The orifice plate, spacer, amvmmpnotomcal_ly. The relatlo_n of the shutoff pressure to the
flap are laser cut from their respective stock materials: 3 mRyifice size is more complicated as several factors seem to
acrylic, 0.13mm (5mil) PET film, and natural latex rubbercOmpete at these size and pressure scales. On the one hand, a
sheets, durometer 40A, of various thicknesses. The out@f9er orifice size decreases the flow resistadteqllowing

diameter of these parts is, 14.5mm, and the inner diamet@re flow ata given pressure. Since moving air has to change

for the spacer and flap are 7.5mm and 9.5 mm respective omentum to flow around the valve flap, the increased flow

(b) Orifice Plat Space Valve Flap
(

| I

The width of the flap is 5.5mm, see Fig. 3(b). hould result in a greater deflection and thus a lower shut off
' pressure. On the other hand, larger holes are more difficult
B. Device Characterization to seal and we suspect that the low shutoff pressures for the

We characterized the shutoff pressure for various p&_.S mm orifices are due to the fact that the smaller holes were

rameter combinations by connecting the device to a harR#Sier to close. g .
operated syringe pump while recording pressure profiles, There_ are many opportunities for further charactenz!ng
see Fig. 4. During the test the syringe was connected @'d OPtimizing of this type of valve. However, an exhaustive
the output port of the valve, so that the syringe could b8€Sign optimization is beyond the scope of this work. Since
freely filled. Pushing air back out, we moved the plungef® goal here is the demonstration of a novel actuation
at a steadily increasing speed until the pressure reachgijatedy, we focused on identifying a set of valves with suffi
several psi. The increasing flow rate increases the press@gntly different shutoff pressures to perform the experits
across the valve, see Fig. 1(b). When the pressure is bel@tlined in the next section. ,

APauon air is vented through the input port. However, In ad(_:htlo_n to the data using O.13rT_1m (6_m|l) spacers, pre-
once the shutoff pressure is reached, the venting stops apfl'ted in Fig. 5, we also tested configurations with 0.05mm
the plunger movement causes compression and a rapid rigdnil) spacers and 0.25 mm (10 mil) spacers. For the thinner
in the measured pressure. For each valve combination \WB&Cer, some configurations acted like a regular checkvalve
repeated this process multiple times to assess repesgaili @"d closed immediatelyXPspuorr = 0). For the thicker

a particular valve and to get better estimates of the shutgipacer, some configurations never closed with the pressure
pressure. differentials we were able to generat®& Rspyioff >~ 5 psi).

The table in Fig. 5 shows some of the working parameter
combinations and the measured shutoff values. As one would
expect, thicker (and as a result stiffer) valve flaps redulte By using several of the valves described in the previous
in higher shutoff pressures. The values in each row increasection, we were able to create band-pass valves and reach

IV. EXPERIMENTAL RESULTS
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Fig. 6. Photo of experimental setup showing three soft{ioqmneumatic
(b) I actuators and five valves, see Fig. 2. The pressure sourcethe tleft of
. . . . the picture. The thin white pressure lines that fork off tlwtuator supply
Fig. 4. (a) Pressure trajectories for characterizing shpi@ssure. Each  jinag are connected to digital pressure sensors. The whitesbshow the

colored trace represents a different trial. (b) The tesipsebnsisted of a  arameters of the valve below: direction, shutoff pressoriéice diameters,
large syringe connected to a data-logging pressure sensotha valve to spacer thickness, and flap thickness.

be characterized. When generating a steadily increasiegspre profile the
valve closes and the measured pressure suddenly incrddeepressure at
which this kink occurs was estimated by looking for suddeangfes in the

derivative (blue circles). Each valve was repeatedly ddeeget an estimate . ;
of the mean and the repeatability of a particular valve. Low shutoff pressures and ﬂ.OW.S I.Imlt the actuatlo_n speed,
and the number of chambers is limited by the required sep-

Valve Flap Thickness in mm aration between the shutoff pressures/flows. The separatio

Orifice # | 0.15 0.30 0.36 0.50 0.76 must obey the restrictions given in Egn. (4) and (5) and

15mm 10037 021 057 083 316 additionally account for limits on the modulation accuracy
20mm | 0.069 035 064 1.71 2.37 of the pressure source. Thus overall system performance can
25mm X 019 0.44 073 1.21 be improved by designing better pressure sources with finer

3.0mm X 011 032 039 1.45 pressure control, improving valve manufacturing with more
3.5mm X 021 031 032 1.22 precise shutoff pressures, and employing higher operating

pressures that can accommodate more pass-bands.

Fig. 5. Shutoff pressures (psi) for different parameter limations. Each We focused on binary pressure combinations, but inter-

column represents a different thickness flap and each rovesepts a dif- mediate pressure levels should be equally easy to achieve

ferent orifice size. The spacer in all these configuratior®iSmm (Smil).  \jth 3 similar strategy. Also, we focused on a simple serial

The X's indicate combinations were the valve flap burst durperation. . . . L A

Bold entries correspond to valve parameters used in theriexgets. connection, but for some robotic or microfluidic applicaso
parallel arrangements could be advantageous. The presente
band-pass valve design control strategy could easily be

stable pressure configurations with three pneumatic softdapted to such new scenarios.

robotic actuators that act as pressure chambers, see Fig. 6.

The valves that connect them are completely passive, and the V. CONCLUSION AND FUTURE WORK

only controlled input is a hand-operated syringe pump. We presented an idealized valve model and a control

Asymmetric pass-bands resulted in good shutoff pressustrategy that allows filling multiple connected chambers to
separation in both the pressurizing and depressurizing diifferent pressure levels. The operational theory of thise
rection. The smaller orifices in the second band-pass vali® to deliberately introduce a gap to allow backward flow
compared to the first also resulted in better pass-bandaepanto a check valve design. Connecting two of these valves
tion according to Eqn. (5). The separation was large enoug series results in a band-pass valve, which can be used to
to allow reliable manual operation. selectively gate different chambers from being filled/dei.

We performed a depth-first traversal of the configuratiomhe simple design should allow this type of valve to be
tree shown in Fig. 2 starting in configuration 000 and exploimplemented with different materials and at different lgng
ing the branches top to bottom. Figure 7 shows the measurschles. We demonstrate the approach with serially conthecte
pressures of all three actuators and the input pressure asddt-robotic actuators and a prototype valve design on a cm-
function of time. The single modulated pressure source wasale. The main limitation of our approach is that filling
sufficient to reach all eight configurations. The 15 states thpressures need to be controlled more accurately than filling
had to be visited for a complete traversal are highlightesingle pressure chambers, and that it introduces depeiedenc
above and below the pressure traces. between state variables: at a given time possible fillingsrat

The beginning of the traces shows that the pressure sourfee a given chamber depend both on the connection topology
can be disconnected while the network maintains its pressusf chambers and their pressure states.
configuration. The pressur®, is high (P, = 1), while B For both soft-robotic and microfluidic applications, the im
is low (P, = 0), see Fig. 7(b). The slow transitions tomediate next step is to design valves that can be incorgbrate
go between state800 and 111 are particularly clear in the in the existing manufacturing processes. Since the key-func
pressure traces, see Fig. 7(g)—(h) and (n)—(0). tional component is a flexible flap with carefully controlled
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Fig. 7. Pressure profile of input pressure (bottom) and tessures”;, P», Ps in the three connected chambers. The chambers reach aibleosmary
(hihgh/low pressure) combinations via a depth-first treakof the configuration tree, Fig. 2(c). The 15 states aldwgttaversal are marked in time by
vertical lines and shown above and blow the traces as video€s.

thickness and spacing, we expect that incorporating it intgs]

soft

lithography (microfluidics) and casting (soft robots)

possible. This would allow producing less expensive robot 6]
with fewer complex components and microfluidic chips with
fewer external pressure lines.
By more carefully modeling and characterizing thesef;
band-pass valves we expect much more aggressive controﬂ

strategies to be possible. The models presented here al@
idealized linear versions, and we ignore pressure lossegal

connecting lines. Especially in microfluidic applications

where the chamber volumes are small and the routing line
comparatively long, creating more complete models woul
likely improve the reliability of operating many addreskeab

pressure chambers from a single supply line. Similarly, wi
chose a serial network topology because it results in a sim
control strategy, but parallel connections or mixtureshaf t
two are possible and might simplify actuation for specifi

applications or provide robustness to device failures.
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