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Control of soft machines using actuators operated
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One strategy for actuating soft machines (e.g., tentacles, grippers, and simple walkers) uses pneumatic

inflation of networks of small channels in an elastomeric material. Although the management of a few

pneumatic inputs and valves to control pressurized gas is straightforward, the fabrication and operation

of manifolds containing many (>50) independent valves is an unsolved problem. Complex pneumatic

manifolds—often built for a single purpose—are not easily reconfigured to accommodate the specific

inputs (i.e., multiplexing of many fluids, ranges of pressures, and changes in flow rates) required by

pneumatic systems. This paper describes a pneumatic manifold comprising a computer-controlled Braille

display and a micropneumatic device. The Braille display provides a compact array of 64 piezoelectric

actuators that actively close and open elastomeric valves of a micropneumatic device to route pressur-

ized gas within the manifold. The positioning and geometries of the valves and channels in the

micropneumatic device dictate the functionality of the pneumatic manifold, and the use of multi-layer

soft lithography permits the fabrication of networks in a wide range of configurations with many possible

functions. Simply exchanging micropneumatic devices of different designs enables rapid reconfiguration

of the pneumatic manifold. As a proof of principle, a pneumatic manifold controlled a soft machine

containing 32 independent actuators to move a ball above a flat surface.
Introduction

One emerging class of soft machines comprises tools fabri-
cated by molding pneumatic channels or features into elasto-
meric polymers;1–4 these channels provide desired actuation
upon pressurization and inflation. Pneumatic actuation using
air as a working fluid has many advantages in the operation
of soft machines: pressurized air has low viscosity, low mass,
high availability, no environmental impact, and little cost. In
order to automate actuation using pneumatic technologies,
computer-controlled valves are usually used to regulate the
delivery of pressurized gas, and the functions provided by
the valves dictate, in turn, the level of control possible for the
resulting machines.
This paper describes a reconfigurable manifold useful
for controlling pneumatically actuated soft machines;1–7 it is
composed of a computer-controlled Braille display, which
provides a compact array of piezoelectric actuators, and an
interchangeable micropneumatic device, which dictates the
routing of pressurized fluids between inputs, outputs, and
elastomeric valves. This design is based on an analogous use
of a Braille display by Takayama et al. to control aqueous
flows in microfluidic systems.8

Microfluidic devices can be designed to actuate elasto-
meric valves pneumatically to perform on-chip pumping
and routing of fluids.6,7,9–12 Because they are reliable,
and can accommodate a wide range of pressures and flow
rates, banks of computer-controlled solenoid valves are the
most commonly used controllers for multi-channel pneu-
matic systems.2,3,6 With this approach, reconfiguring inter-
connections among valves to enable different functions is
difficult. This difficulty becomes progressively greater as the
number of solenoid valves increases.

There are several methods to reduce the number of exter-
nal solenoid valves needed to control a large number of
pneumatic outputs, and these methods can be classified into
three categories: i) parallel instruction, ii) serial instruction,
and iii) embedded instruction.13 Serial instruction and
hip, 2014, 14, 189–199 | 189
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embedded instruction are relatively new methods of control
that configure elastomeric valves to have functions similar to
those of electronic logic gates and/or of the feedback loops that
control fluid flow.14,15 The benefit of these methods is that the
number of external valves does not scale with the number of
addressable outputs for a given device. The design of such
devices to operate effectively, however, remains difficult.

Parallel instruction, the most commonly used form of con-
trol for microfluidics, uses a set of solenoid valves to control
a set of elastomeric valves directly.6,10,11 This form of control
is intuitive to design, and provides the fastest actuation,
since there are no time-dependent steps between the sole-
noid and elastomeric valves. Although multiplexing schemes
increase the number of elastomeric valves addressed by a
given set of solenoid valves, most approaches only address a
single set at a given time.10,11 The most advanced scheme
addresses 8953 independent outputs with only 10 control
lines by using elastomeric valves that are responsive to differ-
ent levels of pressure, and thus require additional external
valves.11 Similarly, schemes addressing several sets of valves
in parallel require additional solenoid valves, and suffer from
time-delays due to consecutive actuation steps.9 Control of
elastomeric valves, with or without multiplexing schemes,
would therefore benefit from a pneumatic manifold with
many outputs, and ideally one that would deliver several dif-
ferent regulated levels of pressure.

Soft robots achieve complex motion and functionality
(e.g., grasping, mobility, and camouflage) by passing fluids
(i.e., gases or liquids) into channels embedded in elastomers
with anisotropic mechanical responses.1–3,16–22 The basic
mechanism of actuation is programmed pneumatic inflation
of a series of elastomeric chambers. Simple fabrication,
portability, low cost, resistance to damage, and the ability to
use an environmentally benign working fluid (pressurized
air) as a source of power, all also contribute to the rapid
adoption of pneumatic actuation in soft robots.2,3,19,20,22

Although a wide range of movements is possible using a lim-
ited number of actuators, or even a single actuator, more
sophisticated motions require additional (e.g., >10) indepen-
dently controlled inputs. Soft robots in some senses are simi-
lar to microfluidic systems, in that they use solenoid valves
for regulation of pressurized gas to each actuator. Soft robot-
ics, therefore, may benefit from control systems previously
developed for other complex microfluidic devices.5–7,14,15,23–27

One such control system uses a computer-controlled Braille
display to control the flow of liquids.8

A Braille display provides dynamic tactile information
(particularly from computers) for blind individuals by using
arrays of piezoelectric actuators to lift pins above a flat surface.
Each pin of a standard Braille display provides a force of
~0.18 N, a maximum stroke (i.e., vertical displacement) of
~0.7 mm, and a response time of ~25 ms. The Braille pins,
when lifted by the piezoelectric actuators, can close an elasto-
meric valve in a polydimethylsiloxane (PDMS) microfluidic
device to control the flow of liquid, a system shown previously
to be useful for automated cell culture.8,28,29 This Braille-based
190 | Lab Chip, 2014, 14, 189–199
cell-culture system, however, is not directly applicable for
pneumatic actuation of soft machines since it depends on
peristaltic pumping of liquids (~nL min−1) through micro-
channels (with heights of 30 μm) with high resistance to
liquid flow.

To achieve higher flow rates (~L min−1), we designed
a micropneumatic device (i.e., a microfluidic device filled
with pressurized gas) with larger elastomeric valves to control
the delivery of pressurized gas. This paper describes
micropneumatic devices with different networks of valves,
fabricated using both single- and multi-layer soft lithogra-
phy.30,31 As a proof-of-principle, we also designed and fabri-
cated a soft machine that controlled the movement of a ball
on an elastomeric substrate by moving and directing it with a
series of pneumatically inflated “nudges”. We believe the
Braille-based pneumatic manifold will promote the develop-
ment of sophisticated, pneumatically actuated soft machines.

Materials and methods
Computer-controlled Braille display

The commercially available Braille display (SC9 module, KGS
America) has 64 individually addressable pins, each with a
diameter of 1.3 mm and a pitch of 2.4 mm. This Braille display
can receive its commands and power through a universal serial
bus (USB) via a custom circuit board-based controller (see
Fig. S1† and Table S1† for details);28,29 other commercially
available Braille displays (e.g., Ninepoint Systems, VisionCue,
Freedom Scientific) are available with differing numbers of
pins and modes of communication (e.g., Bluetooth), but all the
pins have a similar response time, force, and stroke.

Custom software and data acquisition

A custom-written LabVIEW program systematically controlled
the sequence of actuating Braille pins while simultaneously
recording any data provided by a pressure transducer (Digi-Key
Part #480-1920-ND, Thief River Falls, MN) and a flow sensor
(D6F-P0010A1, Omron, Mansfield, TX). To acquire the analog-
based electrical signals from these transducers, we used a data
acquisition device (USB-6210, National Instruments, Austin,
TX) connected to a laptop via a USB cable. The LabVIEW soft-
ware enabled rapid modification of code for addressing the
varying inputs of a particular micropneumatic design by
containing three hierarchical levels of code. The top level pro-
vides the user with control options directly corresponding to
the inputs and outputs of the micropneumatic device. The
intermediate level contains algorithms converting the user
inputs into a time-sequence of binary “on” and “off” states for
each of the 64 pins. The lowest level of code works with the
Braille drivers to control the actuation of the Braille pins.

Fabrication of micropneumatic devices

We used standard soft lithography to fabricate the micro-
pneumatic devices and a high-resolution 3D printer (Objet
Connex500) to create the master. Briefly, the height and width
This journal is © The Royal Society of Chemistry 2014



Fig. 1 Braille manifold setup. A) Braille display in a custom holder
interfaced with a micropneumatic device. B) Image of the Braille setup
with five connected tubes (one pressure input, four of the 32 available
output tubes) and USB controller circuit connected. Scale bar: 2 cm.
C) Perspective view of the Braille display in both an off and on state in
which the single Braille pin elevated 700 μm. Scale bar: 1 cm.
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for the pressurizing and venting/vacuum channels were both
1 mm; the channels over the Braille pins were semi-ellipses
with a width of 0.5 mm and a height of 0.1 mm, unless other-
wise specified. We enlarged the molds by a factor of 1.008
to compensate for the shrinking of PDMS (Dow Corning
Sylgard 184) during curing, and to ensure the channels would
align to the Braille pins. We mixed PDMS using a 1 : 10 ratio
(cross-linker : polymer) and baked at 65 °C for at least 4 hours.
PDMS membranes were fabricated by spin coating (1500 rpm
for 60 seconds for a thickness of 30 μm, and 200 rpm for
60 seconds for a thickness of 200 μm) uncured PDMS on a
silanized (tridecafluoro-1,2,2-tetrahydrooctyl-1-trichlorosilane)
glass slide and baking at 80 °C for at least 1 hour.

The slave manifold—the device in Fig. 4—consists of three
layers of thick (3 mm) PDMS with embedded channels, and
one thin (30 μm) membrane made of a mixture of PDMS and
Ecoflex 10 using a 1 : 2 ratio (PDMS : Ecoflex 10). We bonded
these layers by oxidizing the surface using a plasma etcher
(SPI PPII, West Chester, PA) for 30 seconds,32 and then we
bored holes through the top layer using a dermal biopsy
punch (Harris Uni-Core, Hatfield, PA) with a diameter of
0.75 mm. Finally, we used Tygon tubing (0.7 mm ID) con-
nected to a 20-gauge blunt needle (Techni-tool, Worcester,
PA) to connect with the micropneumatic device.

Ball manipulation demonstration

The soft machine in Fig. 6 contains two elastomeric layers
replicated from masters produced using a 3D printer. The
mold for the top layer consists of an array of posts (diameter of
6.5 mm diameter, height of 5 mm, and a center-to-center spac-
ing of 9 mm). The material of the top layer is Ecoflex 30 mixed
with crystal violet to generate a purple color. The top wall of
the Ecoflex 30 chamber is the thinnest (~2 mm) and therefore
preferentially expands upon pressurization. We bonded the
layer of Ecoflex 30 to a featureless bilayer of PDMS and Ecoflex
30 using silicone glue (Elastosil E951, Wacker, Adrian, Michigan).
The Ecoflex 30 in the bi-layer enabled bonding to the silicone
glue and the PDMS layer provided a stiffer substrate than
Exoflex 30, for easier handling. We then punched 1 mm holes
into the chambers of the soft machine to insert tubing from
the pneumatic manifold. The soft machine rested on a com-
mercially available bottomless 96-well plate.

Results and discussion
Using the Braille display as a pneumatic manifold

We required three components for our Braille-based pneu-
matic manifold: i) a holder to interface the pins of the Braille
display with the elastomeric valves of the micropneumatic
device, ii) a set of elastomeric valves to control the flow of
pressurized gas, and iii) a network of connecting channels to
route pressurized gas within the micropneumatic device.

i) Design of the holder. A custom-made holder held the
micropneumatic device and the Braille display together for
proper alignment. The holder consisted of top and bottom
pieces, sandwiching the Braille display (Fig. 1). The top piece
This journal is © The Royal Society of Chemistry 2014
was a sheet of poly(methyl methacrylate) (i.e., acrylic) with a
thickness of 9 mm, and through-holes cut with a laser
engraver (VLS 2.50, Universal Laser Systems). The through-
holes in the top piece aligned with the input and output
ports of the micropneumatic device. We designed the bottom
piece of the holder in SolidWorks, and fabricated it using
a 3D printer. Screws and wing-nuts on the periphery of the
holder securely positioned the top and bottom pieces around
Lab Chip, 2014, 14, 189–199 | 191
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the PDMS device and Braille display. The footprint of the
combined holder and Braille display was 76 mm × 89 mm
with a total mass of 264 grams.

ii) Design of elastomeric valves. Each elastomeric valve in
the system consisted of a microchannel, elastomeric
membrane, and a Braille pin. As the piezoelectric actuator
moved the pin upward, the Braille pin deflected the
elastomeric membrane into the microchannel. Proper closure
of a valve depended on the force acting on the Braille pin,
the maximum displacement of the actuator, the stiffness of
the elastomeric membrane, and the geometry of the channel.
Without making changes to the hardware of the Braille
display, we fabricated functional valves by creating an
elastomeric membrane thin enough to deflect and block
channels with appropriately sized and shaped cross sections.

As with elastomeric valves for microfluidic systems,
we used channels with rounded cross-sectional profiles to
allow the membrane to contact the entire interior surface of
the channel; square-channel geometries with sharp corners
are more difficult to seal completely.6 A high-resolution
(16 μm) 3D printer (Objet Connex 500) created the molds
with curved-channel features. We tested whether a Braille pin
could completely block channels with different cross-sections
by measuring the flow rate for input pressures ranging up to
60 psi (414 kPa) (Fig. S2†). The elastomeric valves we tested
used three different types of membranes: i) PDMS with a
thickness of 200 μm, ii) PDMS with a thickness of 30 μm,
and iii) a mixture (2 : 1) of Ecoflex 10 and PDMS with a
thickness of 30 μm. We measured the elastic moduli of these
composite membranes for different mixing ratios of Ecoflex
10 and PDMS (Fig. S3†) and found, empirically, that a mixing
ratio of 2 : 1 (Ecoflex : PDMS) resulted in a membrane capable
of fully blocking a channel and maintaining a bond to
another layer of PDMS, after oxygen plasma treatment.

Among the several elastomeric valves that functioned
properly (i.e., could be opened and closed repeatedly),
the valve achieving the maximum flow rate of air (~1 L min−1,
P = 15 psi, 103 kPa) through a channel had a cross-sectional
shape of a semi-ellipse (e.g., the half of an ellipse along
the major axis), with a width of 1 mm, a height of 0.25 mm; this
valve used a 30 μm-thick composite membrane. The valve hold-
ing the highest pneumatic pressure (60 psi, 414 kPa) had a
cross-sectional shape of a semi-ellipse with a width of 0.5 mm, a
height of 0.05 mm, and used a 200 μm-thick PDMS membrane.
The flow rates through the valves are dependent on their proper
alignment over the Braille pins and the pressure with which the
micropneumatic device is pressed against the Braille pins.

iii) Design of channel network. The channel networks
within a pneumatic manifold regulate fluid flow by splitting
and combining flow paths through a combination of valves.
The design of these networks, thus, determines the number of
inputs and outputs the pneumatic manifold can accommodate.
Soft lithography is used to fabricate these channel networks
since it allows rapid prototyping of a variety of channel
designs. The only limitation of the design of the channel
networks is that i) the elastomeric valves must align over the
192 | Lab Chip, 2014, 14, 189–199
array of 64 Braille pins and ii) the entire micropneumatic
device must fit within the holder.

One design of a network of channels for a micropneumatic
device (referred to as the “master manifold”) has 32 outputs,
and each connects to two separate inputs through two elasto-
meric valves (Fig. 2). One input connects to a source of pres-
sure and the second input connects to the atmosphere. The
actuation of the individual pins of the Braille display closes
each of the 64 elastomeric valves in the PDMS manifold. Clos-
ing one of the two valves connects the outlet to either a source
of pressure or a vent, and closing both of the valves holds the
pressure of the outlet (for tens of minutes). The timing of the
actuation of the Braille pins is pre-loaded using a script writ-
ten in a text file, or dictated in real-time by selecting buttons
on a graphical user interface of the LabVIEW software.

To establish that the Braille pin would close the elasto-
meric valve reproducibly over many cycles, we performed a
10 000-cycle quality test (Fig. 2D, E). The test measured the
pressure of an output programmed to switch between 5 psi
(34 kPa) and atmospheric pressure (Fig. 2D). We averaged
the peak pressure for the first and last 1000 cycles of the
10000-cycle run (Fig. 2E). Although there was a statistically sig-
nificant difference of 0.1 psi (0.7 kPa) between the two aver-
ages, this difference is, however, only a 3% change from the
original values. The points below the mode value of the output
pressure is due to the sticking of the Braille pin to the mem-
brane of the micropneumatic device. This may be overcome by
permanently attaching the Braille pin to the piezoelectric actua-
tor so that the Braille pin is actively pulled downward to release
from the membrane of the micropneumatic device (currently
the pin falls due to gravity).

We conclude that these would probably outlive the soft
machines that they actuated in most immediately plausible
applications.
Characterization of a single output

To characterize the performance of the master manifold, we
measured a range of flow rates, the response time of the
Braille pins, and the ability of the Braille pins to maintain an
outlet at a given pressure. Fig. 2G shows a plot relating the
pressure at the input port to the flow rate at the output port.
For this experiment, we used elastomeric valves with a cross-
sectional geometry of a semi-ellipse, with a width of 0.5 mm
and a height of 0.1 mm. The connecting tube between the
flow sensor and the Braille manifold was 37 cm long with an
inner diameter (I.D.) of 2.5 mm (Fig. 2F). The slope of the lin-
ear regression plot represents the inverse of the fluidic resis-
tance of the channel network. The measured fluidic resistance
for a single output of the Braille manifold, including
connected tubing, is 28.0 psi LPM−1 (1.16 × 1010 kg s−1 m−4),
which yields flow rates greater than 0.5 L min−1 for pressures
above of air 15 psi (103 kPa).

We measured the response time for equilibration of pres-
sure for various actuation times by connecting a pressure
sensor directly to a single output of the Braille display
This journal is © The Royal Society of Chemistry 2014



Fig. 2 Micropneumatic device. A) The circuit comprises 32 subunits consisting of two Braille pins and one outlet. Four different states are possible
depending on the combination of Braille pins actuated. B) Schematic of the PDMS device with 32 independently addressable outputs (yellow
circles) fed from a single pressure source via small rounded microchannels (red) and large square channels (white). C) Actual image of the PDMS
device interfaced with the Braille display. Scale bar: 5 mm. D) Pressure profile (red line) of a single output actuated at 5 Hz (peaks are marked with
blue crosses). E) Comparison of first and last set of 1000 peaks of a test of 10000 cycles. F) Schematic of experimental setup for determining
fluidic resistance of a single flow path through the pneumatic manifold. G) Flow rates of pressurized air for a range of pressures for a master
manifold with 32 outputs. The slope of the linear fit provides the inverse of the fluidic resistance.
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(Fig. S5A†). In this setup, the regulator provided a constant
pressure of 10 psi (69 kPa), and the output port of the master
manifold connected directly to the pressure sensor using
Tygon tubing with I.D. of 0.7 mm and length of 20 cm.
Fig. S5A† shows the pressure profiles for a single outlet alter-
nated between the pressurizing and venting states shown in
Fig. 2A with six different durations for the pressurizing state.
The relatively small volume and rigid material of the tubing
was responsible for the rapid (<100 ms) equilibration of
pressurizing and venting pressures. Pressurization of softer
objects, or objects having larger volumes, such as those com-
monly found in soft robotics, would generate profiles of pres-
sure with smaller slopes than those shown here.

Results from the previous experiment demonstrated
appropriate switching between the pressurizing and venting
states. To test the performance of the holding state, we con-
tinuously measured the pressure of an outlet equilibrated to
10 psi (69 kPa), set the outlet to the holding state, and manu-
ally switched the pressure of the input on and off using an
external valve. If the holding state operated correctly, the
measurement of the output should have been unaffected by
the fluctuation in the pressure of the input. Fig. S5B† shows
measurements of one input and three outputs taken simulta-
neously. Outlets connected to sensors 3 and 4 functioned
properly (i.e., were not affected by the change in the pressure
of the input). While these outputs worked properly, passive
leaking of gas through the elastomeric material (PDMS is
quite permeable to non-polar gasses33) caused the outputs to
depressurize slowly (it took ~10 min for the output to decline
to ~50% of its original pressure). The output connected to
sensor 2 shows perturbation in pressure since the elasto-
meric valves were improperly aligned over the Braille pins.
Viewing the Braille pins under a magnifying glass or stereo-
scope can improve alignment of the micropneumatic device
to avoid faulty elastomeric valves.
Fig. 3 Independent output control. A) Flow diagram of experimental
setup and corresponding pressure readings from four of the 32 outputs
of the Braille-based pneumatic manifold when actuated using a pre-
programmed timing sequence. B) Flow diagram of experimental setup
and corresponding pressure readings from three outputs programmed
with a feedback control loop so the Braille pins change states in order to
reach a desired pressure. The pressure for output 1 changes between
pressure values of 0, 9, 1, 3, 6, and 2 psi (0, 62, 7, 21, 41, and 14 kPa);
the other two outputs hold a constant value of 5 psi (34 kPa) and 0 psi
(0 kPa). The same source of pressure (10 psi, 69 kPa) pressurized all outputs.
Control of multiple outputs

The ability to address many outputs, in parallel, from a single
input of pressure, is one advantage of the master manifold.
We demonstrated this ability by switching between the pres-
surizing and venting states of different outputs, while mea-
suring their pressures (Fig. 3A). Specifically, we measured
four outputs that alternate sequentially between a single
source of pressure (i.e., a tank of pressurized air) set at 10 psi
(69 kPa) and atmospheric pressure. The four outputs of the
system had little cross-talk; this observation suggests that the
elastomeric valves segregate the outputs into distinct flow
paths. The repeatability of the pressures for each output also
suggests that both sources of pressure (i.e., the tank of pres-
surized air and the atmosphere) supplied gas at a sufficient
rate that the response times of the valves were not limited by
the mass transport of air through the manifold.

To demonstrate the ability of the system to actuate many
objects pneumatically, we visualized the output of the system
by inflating an array of 32 balloons (Fig. S6†). We connected
194 | Lab Chip, 2014, 14, 189–199 This journal is © The Royal Society of Chemistry 2014
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each balloon to the master manifold using a 1 mL pipette tip,
tubing, and a blunted stainless steel needle (Fig. S6A, B†).
Movie S1† illustrates the range of dynamic control available
with this system, including independent and parallel actua-
tion, and inflating/venting/regulating pressure control.

Use of pressure sensors for controlled pressurization

The demonstrations we have described thus far only switch
between the pressure of the input and the pressure of ambi-
ent atmosphere. In principle, however, each output can hold
any pressure between these two levels. We achieved this con-
trol by regulating the duration an outlet is in the pressuriz-
ing, venting, and holding states. To determine the duration
of each state, we implemented a feedback loop consisting of
software, Braille manifold, and pressure sensors. The soft-
ware uses a simple algorithm that changes the state of the
outputs based on the values of pressure sensors. The algo-
rithm dictates: i) if the pressure at the outlet is lower than
the set pressure (within a desired range), then the output is
switched to the pressurizing state, ii) if the pressure at the
outlet is higher than the set pressure (within a desired
range), then the output is switched to the venting state, and
iii) if the pressure at the outlet is within the desired range of
pressure, then the output is switched to the holding state.

To demonstrate the performance of the feedback loop,
we measured the pressures of three outputs, each set to a
different pressure (Fig. 3B). The pressures for output 1 were
changed dynamically by entering different values into the
software in real-time, and the other two outputs were kept at
0 psi and 5 psi (34 kPa) to show they were unaffected by the
changes occurring in the first output. The data for output 1
contained four short periods of oscillation in pressure (three
oscillations when the outlet is at 9 psi (62 kPa) and one oscil-
lation when the outlet is at 3 psi (21 kPa)). There are two rea-
sons for these periods of oscillation: i) the first oscillation at
9 psi (62 kPa) occurred due to an inability of the feedback loop
to respond more quickly than the change in pressure of the tub-
ing (i.e., the tubing pressurizes/vents more quickly than the
Braille pin can switch between states due to the small volume of
the tubing, ~77 mm3). Actuation of objects with larger volumes,
or objects made from more compliant materials than the tubing
used, would have longer pressurization times than the response
time (~100 ms) of the feedback loop, since larger volumes of gas
would have to move through the valves. ii) The second and third
oscillations occur because the pressure in the outlet tubing
dropped below the desired value set in the software due to
passive leakage of gas, reinitiating the feedback loop.

Design of manifolds with varying number of outputs

Changing how the network of channels distributes the input
pressure can customize the micropneumatic device for a
given application. One can vary several parameters including:
i) the number of inputs, ii) the number of outputs, iii) the
distribution of inputs to outputs, iv) the structure of the net-
work of channels connecting sensors, at any point in the
This journal is © The Royal Society of Chemistry 2014
network, and v) the size of valves. For example, to increase
the flow rate at each of the outputs, the system can use larger
valves, but with the limitation of operating only at lower pres-
sures since the increased area of the valve induces a larger
force on the Braille pin than valves with smaller areas. Alter-
natively, outputs can be combined to actuate a set of valves
in parallel, and thus to decrease the overall resistance of the
flow path; the tradeoff for this design would be a loss in the
total number of outputs available for independent actuation
(for instance, combining four sets of valves yields eight (32/4)
outputs). Another variation would be the number of inputs
the system could accommodate. For a given output to deliver
multiple gases and/or liquids (a useful capability for micro-
fluidic devices or soft robots utilizing many fluids), one could
design channel networks to multiplex a number of inputs
and outputs;2 the tradeoff, again, would be a decrease in the
total number of outputs.
Design of multi-layer manifolds

For all the micropneumatic devices previously described, we
used single-layer soft lithographic design and fabrication,30

and the space available for channels and elastomeric valves
was therefore limited by the distance between Braille pins.
Multi-layer soft lithography, however, overcomes this limita-
tion by incorporating features in layers above the Braille dis-
play; bonding additional elastomeric membranes allows for
integration of elastomeric valves into any layer. Another
advantage of the multi-layered design is the construction of
different manifolds by simply mixing and matching layers. As
an example, we constructed a manifold containing six layers
(Fig. 4). The bottom two layers formed the master manifold
(Fig. 2 shows the same 32-output design). The additional four
layers formed another manifold, referred to as a “slave mani-
fold”, which multiplexes four pressure inputs to eight out-
puts. The outputs of the master manifold actuated the
additional 32 elastomeric valves in the slave manifold. We
bonded the slave manifold directly to the top of the master
manifold. Alternatively, we could have separated the slave
manifold from the master manifold to overcome the restric-
tion of the spacing between the Braille pins, but this would
have required 32 tubes to connect the outputs of the master
manifold to the pressure chambers of the slave manifold.

A significant advantage of the multi-layered design is
larger elastomeric valves in the slave manifold (e.g., 1.5 mm
wide and 0.75 mm tall) than those possible for the master
manifold, since the deflection of the elastomeric membrane
is independent of the stroke (0.7 mm) and size (1.3 mm in
diameter) of the Braille pin. This feature enables higher flow
rates that can be useful in actuation of soft machines that
consist of larger volumes (>1 cm3). Fig. 5A shows a sche-
matic of how the actuation of Braille pins controls the states
of the elastomeric valves in both the master and slave mani-
folds. For simplicity, we show only one valve, though the
device contained four valves per outlet of the slave manifold.
In this configuration, the Braille pins actuate small
Lab Chip, 2014, 14, 189–199 | 195



Fig. 4 Layer-by-layer fabrication of manifolds. Schematic of the slave
manifold composed of four layers bonded to the top of the master
manifold. The 32 outputs of the master manifold actuate 32 chambers
in the slave manifold, similar to a “Quake valve”. The Ecoflex–PDMS
membrane allows large deformations to close the slave valves of
1.5 mm diameter width and 0.75 mm height. The 32 large elastomeric
valves multiplex the delivery of four input pressures to eight outputs of
the slave manifold.

Fig. 5 Performance of master/slave manifold. A) 2D schematic depicting
a Braille pin working with a master manifold and a slave manifold for
both the venting and pressurizing states. B) Flow diagram of the
experimental setup consisting of three sources of pressure, the Braille
system, four pressure sensors, a DAQ, and a computer. The four pressure
sensors measure one of the four inputs and three of the eight outputs of
the slave manifold. C) Output of a slave manifold switching among three
pressure inputs. Sensor 1 was connected to one of the positive pressure
inputs (data from the vacuum and atmospheric pressure input were not
collected). The pressure measured at sensor 2 alternated among three of
the pressure inputs, the pressure at sensor 3 was atmospheric, and the
pressure at sensor 4 was the input for vacuum.
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elastomeric valves in a master manifold in a manner similar
to that used in the system described previously in Fig. 2. The
outputs of the master manifold directly connected to an adja-
cent layer containing chambers actuating a second elasto-
meric membrane. When the master manifold is in the
pressurizing state, the second membrane actuated and closed
the valve of one of the pressure inputs in the slave manifold.
Alternatively, when the master manifold is in the venting
state, the second membrane did not actuate; this combina-
tion allowed the valve in the slave manifold to remain open.

The master and slave manifolds required separate sources
of pressure to operate properly (Fig. 5B). The input pressure
for the master manifold must be at least 5 psi (34 kPa)
196 | Lab Chip, 2014, 14, 189–199
greater than the input pressure of the slave manifold to over-
come the elastic force of the membrane and ensure proper
closure of the elastomeric valves. The flow rate in the slave
manifold was four times greater than the master manifold
due to the larger elastomeric valves in the former (Fig. S4C†).
Fig. 5C shows pressure profiles for one of the four input pres-
sures of the slave manifold and three of the eight available
outputs. We switched one output between three inputs
connected to pressures of i) 5 psi (34 kPa), ii) −1 psi (−7 kPa),
and iii) 0 psi (0 kPa). The input pressure and the other two
This journal is © The Royal Society of Chemistry 2014



Fig. 6 Manipulating a ball with an array of expandable chambers. A)
Four chambers expanded at a constant inlet pressure of 5 psi (34 kPa)
for 100 ms, 250 ms, 500 ms, 1000 ms (left to right). B–E) Time-lapse
images of a ball moved to the right by systematic expansion of the
chambers in the array. B) The ball held in place by four chambers
expanded for 250 ms. C) The ball tilted to the right by further expanding
the chamber to the left of the ball for an additional 250 ms. D) The ball
rolling to the right upon venting of the chamber to the right of the ball.
The four chambers around the next position of the ball expand to guide
the movement of the ball. E) The ball held in place in its new position.
The left-most chamber, previously used to tilt the ball, is venting.
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outputs were unaffected by the changes in pressure of the
first output; this observation demonstrates that the valves of
the slave manifold functioned properly.
This journal is © The Royal Society of Chemistry 2014
Using the Braille-based pneumatic manifold
to manipulate objects

To demonstrate the utility of the Braille display for control-
ling soft machines, we made an array of 32 expandable cham-
bers that manipulated the movement of a ball (diameter
9 mm and mass 3 g). Fig. 6A shows four chambers pressur-
ized for different durations at ~5 psi (34 kPa) that resulted in
different amounts of expansion. We programmed a series of
steps to manipulate the ball on the array of chambers by
timing the expansion of specific chambers in contact with
the ball. First, pressurizing the four chambers surrounding
the ball for 250 ms held the ball in place (Fig. 6B). Second,
pressurizing the chamber to the left of the ball for an addi-
tional 250 ms caused the ball to tilt towards the right
(Fig. 6C). Third, the chamber on the right of the ball was
vented, allowing the ball to roll to its new position. Simulta-
neously pressurizing the four chambers around the new posi-
tion of the ball for 250 ms stopped its movement (Fig. 6D).
Lastly, the four newly inflated chambers held the ball in its
new position as the remaining chambers were vented
(Fig. 6E). The ball could then move in any direction using
these same series of steps (Movie S2†). Although this soft
machine is relatively simple, it has the potential (with some
modifications), to provide haptic feedback for surgeries34

(i.e., electrical signals from instruments converted so expan-
sion of chambers represent intensity of different signals),
mechanical stimulation to biological cells28 (i.e., stretching
of a membrane to induce strain on cells attached to the
membrane), or sorting of object.35 Despite its simplicity, this
demonstration illustrates the level of control possible using
the Braille manifold and its utility for operating more sophis-
ticated soft machines with many (>30) actuators.

Conclusions

Pneumatically powered soft machines require control systems
sophisticated enough to regulate the timing of both the pres-
surization and depressurization of each actuator independently.
Current systems for pneumatic control, whether comprising
hand-operated mechanical valves or computer-operated sole-
noid valves, are useful when operating a few control lines, but
become too cumbersome and expensive for more advanced
applications. The Braille display is a commercially available
system that provides a compact array of electrically controlled
actuators capable of regulating gas flows in an elastomeric
microfluidic device. To develop the Braille display to be a
pneumatic manifold, we incorporated mixtures of silicones
with new networks of channels to meet the demands of the
high flow rates required by macro-scale machines. We have
shown this system can function as a pneumatic manifold
by controlling up to 32 independently addressable outputs
and that the multiplexing schemes are easily reconfigurable
by exchanging the micropneumatic device. Moreover, the
layer-by-layer design of the micropneumatic device allows an
efficient means to create manifolds of greater complexity. The
Braille manifold is useful in applications such as controlling
Lab Chip, 2014, 14, 189–199 | 197
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elastomeric valves in microfluidic devices, actuation of pneu-
matic soft robots, and controlling strain layers for studies
involving the stretching of cells.

The current drawbacks of the Braille manifold are primarily
set by the physical limitations of the hardware of the Braille
display, and the material properties of PDMS. Since the com-
mercial Braille display is optimized for providing tactile infor-
mation to human fingertips, the spacing, stroke distance, and
force of the pins, although useful in the commercial device
we used, could be designed to accommodate larger pressures
(>60 psi, 414 kPa) and flow rates (>1 L min−1) without
compromising the number of available outputs. Alternatively,
the use of other technologies including shape memory alloys
and dielectric elastomers could, in principle, replace the piezo-
electric actuators.26,36 The permeability of PDMS allows diffu-
sion of gasses that depressurize the system when in the
holding state. Other elastomers, such as polyurethanes, are less
permeable, and have the potential to circumvent this issue.

We believe this system has potential to be widely useful as
a portable pneumatic manifold that will be useful to provide
control to medical assistive soft machines, an untethered soft
robot, and complex microfluidic devices for cell culture.
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