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Fig. 1. Through a combination of bulk fabrication processes and layered assembly, we arrive at a composite material
that contains both computational elements (a) and embedded, mechanical mesostructures. One such mesostructure is
an electrostatic valve (b), which enables pneumatic control of soft surfaces (c). We refer to this particular composite (the
electrostatic valve array) as Stoma-Board, an allusion to the pores in plant leaves (stomata) that regulate air exchange.

Programmable surfaces, which can be instructed to alter their shape or texture, may one day serve as a platform for tangible
interfaces and adaptive environments. But so far, these structures have been constrained in scale by a challenging fabrication
process, as the numerous constituent actuators must be built and assembled individually. We look towards emerging trends
in mechanical engineering and consider an alternate framework — layer-driven design, which enables the production of
dynamic, discretely-actuated surfaces at multiple scales. By centering the construction around patterning and stacking,
forgoing individual assembly in favor of bulk processes such as photo-etching and laser cutting, we avoid the need for
multiple manufacturing steps that are repeated for each of the many actuators that compose the surface. As an instance
of this layer-driven model, we build an array of electrostatic valves, and use this composite material (which we refer to as
Stoma-Board) to drive four types of pneumatic transducers. We also show how this technique may be readily industrialized,
through integration with the highly mature and automated manufacturing processes of modern electronics.
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1 INTRODUCTION

Every day, we interact with dozens of physical surfaces that are largely static. Forward-looking designers have
perceived an opportunity in this space — anticipating a suite of tangible, shape-changing interfaces that are as
mutable as their digital relatives [57]. But such surfaces, clearly, are far from commonplace today.
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Fig. 2. A module-driven design (a), in the form of a solenoid array, is contrasted with a layer-driven design (b), in the form
of an electrostatic valve array. Actuators in (a) are distinct mechanisms; actuators in (b) are cells in a common substrate.
Communication in (a) is centralized (one-to-many); communication in (b) is distributed (neighbor-to-neighbor). Energy in (a)
is transmitted via independent branches; energy in (b) is accessible through a global, unified reservoir.

The few existing objects that do adapt to our inputs (tactile displays’, for instance) are specialized devices,
only able to achieve a physical state change through the complex manipulation of multiple independent elements
[13, 21]. This modular design, while workable in cost-agnostic settings, is limited in practice by a labor-intensive
construction process [1]. If we are interested in making shape-shifting surfaces pervasive within our world, then
this discretely-assembled machinery must be replaced with a more fabrication-friendly alternative.

Layered construction provides a solution. Among some mechanical engineers, there is an emerging migration
from multi-piece mechanisms to cleverly-designed composites — soft and flexible structures that arise from
the stacking of patterned films [40, 47]. In this paper, we adopt layer-driven design as a method for building
programmable pneumatic surfaces that are inherently scalable. We introduce an electrostatic valve array (Figure
1), which we refer to as Stoma-Board — an allusion to the micro-scale pores (stomata) that regulate air intake
from the surface of plant leaves.

By orienting our fabrication process around bulk procedures — actions that can be performed in one or more
"sweeps", such as casting, photo-etching, and laser cutting — we eliminate the many individual manufacturing
steps that are common in more module-driven designs. These modular pneumatic surfaces consist of separate
cells that are each tied to independent solenoid valves [11, 35]; in contrast, our approach allows for the creation
of variable-sized arrays within a fixed number of fabrication steps.

This layer-driven design integrates well with the type of composite transducers that have taken hold within
the soft robotics community [2], providing a scalable bed of actuators that can replace networks of individually
connected tubes. Such a system may be well-suited for the production of room-scale pneumatic surfaces [59, 61],
which, like current toolkits [22, 37, 53], have so far relied on a modular approach. Composite arrays such as
Stoma-Board, which simplify manufacturing through the use of bulk-fabricated layers, may bring large-scale
structures and high-resolution surfaces within reach.

2 LAYER-DRIVEN DESIGN

In Figure 2, we illustrate the driving principle of our design process: functionality arises from a stacked configu-
ration of bulk-fabricated layers, rather than the assembly of many individual parts. (We observe that sufficiently
mature robotic processes, such as “pick-and-place” or 3D-printing, may also be considered bulk procedures.)
Though this imposes an additional engineering challenge during the development of the primary actuation
mechanism, the resulting material cell will necessarily be scalable under this framework. Such designs are
distinguished by four characteristics:

!https://en.wikipedia.org/wiki/BrailleNote
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(1) Constituent actuators are not distinct components, but instead cells within a common substrate. In our imple-
mentation, this substrate is a patterned electrode array, with each node able to exert an attractive force on
one section of a shared diaphragm.

(2) Communication, and in some cases computation, is not centralized, but instead distributed throughout the
surface. Neighboring cells exchange messages with each other, which our system exhibits by means of a
daisy-chained control scheme.

(3) Energy is not delivered through individual connections, but instead made available through a globally accessible
reservoir. Analogous to the power and ground planes that have long been a staple of multi-layer circuit
boards, the base layer of our system is a vacuum-connected cavity that acts as a global pneumatic sink.

(4) Pattern generation precedes fabrication and assembly. In a module-driven design, actuators may be built
independently, and then placed in positions across a surface. In our system, patterning must take place
earlier in the design process, as all actuators are built concurrently during the layer-stacking assembly
procedure. We implement a simple computational tool to generate these layouts.

We demonstrate the validity of this approach through the fabrication of a programmable surface, which serves
as a "raw" base layer for mounting multiple types of pneumatic transducers.

3 BACKGROUND AND RELATED WORK
3.1 Shape-Changing Surfaces and Tactile Displays

Programmable surfaces can be broadly separated into two categories — dynamic matter (collections of actuators)
that can be arbitrarily reconfigured [25, 32, 50, 69], and “morphing” materials, for which certain shape-changing
capabilities are encoded as part of the fabrication process [12, 43, 64]. Our system is an instance of the former,
but we leverage the composite material fabrication techniques that are common in the latter.

A popular instance of the first type of material is the “pin display” [27]. This is a two-dimensional surface,
composed of linear actuators (pins) that can independently extend out-of-plane. Pins can be rigid, driven by
miniature lead screw assemblies [54, 68], as well as soft, driven pneumatically [44]. This type of modular
construction trades scalability for precise actuation — pins move independently, but the discrete assembly process
imposes a practical limit on the number that can be fabricated.

Work by Zarate et al. [69, 70] hints at a solution. Their variant of a tactile display, while still consisting of
individual (magnetic) pins, is driven by coils that are patterned on a printed circuit board. Since these multiple coils
are all formed as part of a single fabrication step (photo-etching, during the printed circuit board manufacturing
process), this act of patterning reduces the ultimate assembly time for the device. These copper traces can similarly
be used for within-plane steering of magnetic markers [39, 58], and stand in contrast to prior approaches that
employed beds of individually packaged solenoids [38, 65]. Notably, there is a trade-off here — while these layered
coils can be replicated across large surfaces with relative ease, they are generally less powerful than their discrete
counterparts (owing to the reduced number of turns).

One way to circumvent this dilemma is by using patterned elements as a means of "tapping in" to a larger
energy source. Under this paradigm, power and control are fully decoupled, and the actuators serve as gateways
to a global reservoir. Qiu et al. [42] employ this approach, spray-coating an array of resistive traces onto an
electroactive polymer film, which is suspended above a pressurized pneumatic chamber. Through targeted
Joule-heating of the film (via the resistive traces), they force heat-softened sections of the membrane to deflect
outward and raise a layer of pins. Previously, Besse et al. [6, 7] demonstrated a similar design, fabricating a
shape-memory polymer membrane with integrated heating elements. This membrane was mounted over an
alternating pressure source — positive pressure pushes the selected areas upward, and negative pressure pulls
them back down.
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Our Stoma-Board system makes use of this "patterned gates" strategy as well, with an array of layered, miniature
valves that connect an upper transducer layer to a pneumatic sink. In contrast to related approaches, which
use an external bank of solenoid valves to inflate sections of a membrane [36, 49], our actuators are directly
integrated into the surface, and do not need to be discretely assembled. Layered composites, then, may be key in
creating programmable surfaces that can scale in size and density.

3.2 Soft and Foldable Robots

Roboticists, in recent years, have been drawn to composites as well — with some eschewing traditional linkages
in favor of flat materials that fold or stretch [40, 47]. By stacking layers with dissimilar mechanical properties, or
by cutting patterns into overlapping sheets [56], sections of the resultant material can be constrained to move
along predefined paths when actuated. In a soft robot, for example, a bending motion might be achieved by
depositing a compliant silicone layer on top of a more rigid, strain-resisting substrate. When subjected to an
axial force, either via piezoelectric [66], electrostatic [5], or pneumatic actuation [29], the material curves in the
direction of the less-stiff layer.

By micro-machining these individual layers (selectively removing material), bending behaviors can be further
restricted to specific regions of the composite. This enables "pop-up" mechanisms, such as the origami-inspired
joystick by Mintchev et al. [33], or the millimeter-scale delta robot by McClintock et al. [31]. In each of these
systems, the composites consist of a flexible layer (polyimide), sandwiched between two rigid layers (fiberglass,
or carbon-fiber). Strategic cuts in these layers give rise to Sarrus linkages, which lift sections of the composite
out-of-plane. (These particular mechanisms are both driven by external base-stations, though other researchers
have begun to explore foldable composites with self-actuating inner layers [60].)

Further embracing deformation, roboticists such as Kellaris et al. [20] achieve out-of-plane motion through the
manipulation of flexible, fluid-filled membranes. These sandwich-style actuators are characterized by "zippering"
motions — as portions of the outer membranes are squeezed together, an inner layer of fluid flows into a predefined
pocket, causing the membranes to bulge outward. This squeezing is initiated by an applied electrostatic force,
similar to the operation of dielectric elastomer actuators. Artificial muscles such as these can be fabricated
from stacked thermoplastic sheets, which are then heat-sealed, filled with fluid, and patterned with compliant
electrodes [34]. Other researchers have used similar constructions for the production of wearable haptic interfaces
[28], indicating that this may be a viable technique for the creation of programmable surfaces.

For these devices, electrostatic actuation is a reasonable choice. It is a low-power method, only drawing current
during transient periods; and at small distances, these actuators can provide a significant amount of force. We
discuss this further in the next section.

3.3 Electrostatic Actuators

Two charged objects of opposite polarity, when placed in close enough proximity, will begin to move towards
each other as they experience an attractive electrostatic force. This seemingly straightforward transformation of
electrical energy into mechanical work has seeded a significant body of research relating to electrostatic actuators
— perhaps most widely in the MEMS community. Here, investigators have leveraged this principle to develop
micro-scale (sub-millimeter) sensors, switches, pumps, and valves [72]. Many of these devices incorporate some
displacement mechanism, consisting of an anchored electrode that pushes or pulls a moveable plate.

At the meso-scale (centimeter) and larger, this attractive electrostatic force has been harnessed for braking
and locking — modulating the frictional force between two electrodes that slide against one another. Diller et
al. explored this through the construction of an electrostatic clutch, engaging and disengaging spring elements
in a leg exoskeleton [9]. Hinchet et al. developed a similar concept, for grasping in virtual reality [14]. Their
slimmer strips were worn on the fingers, constraining hand movement when a voltage was applied. Recent work

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 6, No. 1, Article 12. Publication date: March 2022.



Layer by Layer, Patterned Valves Enable Programmable Soft Surfaces « 12:5

by Zhang et al. [71] has adapted this technique for use in for shape-changing pin displays — individual braking
mechanisms will lock brass pins in place as a global upward force is applied, resulting in a reconfigurable height
field.

An advantage of this friction-based mechanism is that during operation, the components are always in close
proximity, where electrostatic forces are strongest. (Theses forces fall off with the square of the distance between
charged elements.) Consequently, such systems have been able to bear human-scale forces (up to 100 N for the 10
cm wide electrode pairs in [9]). A key consideration is that the direction of actuation is normal to the applied
electrostatic force (i.e. attraction up and down prevents sliding from left to right).

This has not typically been the case with regard to valves, for which electrostatic forces must resist an applied
pressure directly. In the most basic construction [41], a flexible conductive diaphragm sits on top of an insulated
electrode, covering a hole in the center of that electrode. When a voltage is applied, the attractive electrostatic
force creates a seal over the hole, restricting air flow (Figure 6).

The difficulty here is that as soon as a small gap emerges, a peeling effect rapidly dislodges the diaphragm. As
a result, valves with this construction are often constrained to operate within low pressure conditions (1 kPa) [8],
or to be driven with high voltages (600 V) [3].

To address this limitation, researchers have used additional pneumatic ports, which serve to balance the applied
pressure and hold the diaphragm in place [4, 62, 67]. This, however, requires a second pneumatic source (one that
sits just below the input pressure), which increases the overall fabrication complexity. In the next section, we
introduce a novel valve design that overcomes this problem without the addition of extra pneumatic channels. By
inverting the diaphragm actuation mechanism, such that it acts as a check valve rather than a lid or a cap, we
are able to regulate pressures 80 times larger than comparable implementations [8] — a necessary performance
increase for working with human-scale forces.

4 PATTERNED VALVES FOR PROGRAMMABLE SURFACES

In the remainder of this paper, we describe the design and fabrication of a material that emerges from our
layer-driven framework: Stoma-Board. This is an array of patterned, electrostatic valves, situated on top of a
global cavity (Figure 3a, 3b). By switching individual valves on and off, we are able to control the flow of air into
a transducer layer on top of the board. For instance, as shown in Figure 3d, we can regulate airflow into discrete
pockets of an elastic substrate (causing these cells to inflate, buckle, or bend, depending on the geometry).

Many programmable surfaces, if they are discretely actuated, more often resemble collections of machines
than they do continuous matter. This is due in part to the limitations of a module-driven design — if actuators are
assembled as independent components, increased resolution comes at a high manufacturing cost. Our aim at the
outset of this work was to solve this by identifying a fabrication process for which assembly time is proportional
to the number of layers, rather than the number of actuators. This decoupling allows us to pack more actuators
into the same area with little or no additional time loss.

Researchers in MEMS have long embraced lithography as a means of achieving this type of feature density
[63]. However, industrial processes in the this area are usually optimized for the production of singular devices
at the micro-scale (accelerometers, gyroscopes, etc.), as opposed to networks of actuators that extend over a
centimeter-scale surface area or larger. For this more expansive application, we looked towards the already-mature
process of printed circuit board (PCB) manufacturing, and focused on integration into that pipeline.

PCB manufacturing is characterized by patterning, etching, and layup (stacking and bonding layers) [16]. Most
fabricators start with a copper-clad fiberglass sheet, and begin production by applying a photosensitive coating
and printed mask. They follow these steps with a chemical procedure that selectively removes exposed copper
from the substrate. For boards with more than two layers, additional material is then stacked around the core and
laminated together — usually with an insulating dielectric on both sides of the sheet, and copper foil on the outer
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Fig. 3. One of our 19-cell Stoma-Boards (a). Directly below the top circuit board is a conductive diaphragm (b), which
regulates air flow into a global reservoir. Cells are individually addressable. We treat Stoma-Board as a "raw material", using it
with different transducer layers to build a variety of devices. Example transducers include: (c,d) Bistable dome, part of a larger
cast membrane. (e,f) 3D-printed bellows-style transducer, which contracts under negative pressure. (g,h) Rigid Luer-lock
attachment, connected to a syringe for linear actuation.

layers. This new material can be etched again, and the process may be repeated as more layers are added (such
that a multi-layer board is effectively a sandwich of smaller sub-boards). Some complex PCBs, particularly those
with embedded electronic components, are actually composites of other fully drilled, plated, and soldered circuit
boards [55].

From this standpoint, the Stoma-Board layers that we introduce can be seen as an extension of this manufac-
turing process — a few extra steps during the layup and bonding stage. The result of our procedure is a composite
material with integrated electronic and pneumatic components (Figure 4). From top to bottom, these layers are:

(1) An application-dependent transducer. (For example, an elastic surface, with air-filled pockets that buckle
or bend when actuated.)

(2) A printed circuit board, with control circuitry on top, and patterned electrodes on the underside.

(3) A metallized polyester diaphragm (Mylar, 25 pm), which regulates air flow.

(4) A natural rubber spacer (150 pm), through which the diaphragm travels.

(5) A second printed circuit board, with patterned electrodes on top.

(6) An SLA 3D-printed cavity, which serves as a global pneumatic sink.

Note that although each layer is manufactured by a bulk process (casting, etching, laser-cutting, or machine
placement), we still retain the ability to dynamically actuate discrete subsections of the finished surface.

4.1 Working Principle

Air flow through each valve is regulated by a metallized polyester diaphragm, which rests underneath an insulated
copper electrode (Figure 4). This diaphragm cell is connected to the greater membrane layer by three hinges
(Figure 4i), which allow it to flex out of plane.
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Fig. 4. Exploded view of the Stoma-Board structure. The transducer layer (a), in this case, is an elastic surface, composed of
multiple pockets that can inflate, buckle, or bend independently. Air flow into this layer is regulated by a flexible, conductive
diaphragm (c, i). When a vacuum is applied, this diaphragm deflects downward though a rubber spacer layer (d, j), and is
pulled flat against an outlet (e, k). This closes the valve and (in this example) traps air inside the pockets of (a). To open the
valve and allow air to flow, a electric charge is applied to an electrode (h) on the underside of a printed circuit board (b).
Electrostatic forces retract the diaphragm from the valve outlet, allowing air to move from the transducer layer (a) to a global
sink (f). Cells are hexagonally packed, with an 18mm pitch.

In the active state (when a voltage is applied), electrostatic forces hold the diaphragm in place, and air passes
freely from inlet to outlet (Figure 5a). In the non-active state, negative pressure at the valve outlet instead pulls
the diaphragm downstream, blocking the outlet and impeding further flow (Figure 5b). To mitigate leakage in the
non-active state, an optional secondary electrode at the outlet can be activated and used to further seal the valve
(Figure 5c). Throughout this paper, we will refer to the first electrode as the valve-opening electrode, and the
second electrode as the valve-sealing electrode.

The attractive force between (either) electrode and the valve diaphragm is expressed by the relationship:

where F is the electrostatic force, A is the overlapping electrode area, V' is the applied voltage, and d is the distance
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Fig. 5. The three states of operation. (a) Active state: A voltage is applied between the valve-opening electrode and the
conductive diaphragm. The resulting electrostatic force causes the diaphragm to adhere to this electrode, allowing air to pass
underneath. (b) Non-active state: If no voltage is applied, a pressure differential will pull the diaphragm flat against the valve
outlet, restricting air flow. (c) Sealed state: A voltage is applied between the conductive diaphragm and the valve-sealing
electrode. Electrostatic forces pull the diaphragm tight against the outlet, mitigating leakage. (d,e) Diaphragm and valve-
opening electrode in active (open) and non-active (blocking flow) states. To show actuation in these photographs, a clear
acrylic plate is used in place of the opaque valve-sealing electrode. (f) An image of the valve-sealing electrode, by itself.

between the electrode and the diaphragm [3]. For an electrostatic valve, the parameter of greatest concern is
the distance d (the other two right-side variables can be readily controlled, but this distance will vary during
operation). Since the attractive force decreases with the square of this value, small fluctuations in distance have
large consequences for valve behavior.

In particular, electrostatic latching mechanisms such as these are often susceptible to “peeling” [18]; and some
valve geometries are more vulnerable than others. One of these configurations is shown in Figure 6, in which
the diaphragm is positioned to block incoming flow from below, as opposed to sealing outgoing leakage from
above. As soon as a minor gap emerges under the diaphragm (due to pressure fluctuations, surface roughness,
or other environmental factors), the electrostatic force at that interface is greatly diminished. This reduction in
force means that a section of the diaphragm may begin to balloon or lift away, propagating until the seal is fully
broken. Our earliest prototypes were built in this style, and (just as in similar implementations [8]), they were
unable to regulate pressures above several kilopascals.

It is possible to address this limitation by adding additional pneumatic sources and channels, in order to
keep the pressure differential around the diaphragm within a small threshold [4, 62, 67]. But seeking a simpler
construction, we took an alternate approach — by inverting the diaphragm configuration as described earlier
(Figure 5a-c), we were able to take advantage of a “zippering” effect [52] to actuate the valve.
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Fig. 6. Early Stoma-Board prototypes used an alternate valve configuration, inspired by common MEMS implementations
[41]. The diaphragm rests above the valve inlet, and when actuated, blocks air flow from below (b). At pressures beyond 1
kPa, small gaps begin to emerge at the valve inlet, which propagate across the surface and eventually dislodge the diaphragm
[8]. When no voltage is applied, air passes through the valve unimpeded (a).

“Zippering” motions, in our system, start at the hinges of the diaphragm and move inward. Consider the valve
in the non-active state (Figure 5b): negative pressure has pulled the diaphragm flat against the outlet. This is
150 pm below the valve-opening electrode — small on a human scale, but large enough for electrostatic forces
to be noticeably weakened. The diaphragm hinges, by contrast, are ten times closer — separated only by a thin
dielectric layer, just 15 pm thick. When we switch to the active state, strong electrostatic forces near the hinges
allow us to retract a diaphragm that would otherwise be out of reach at high negative pressures (> 80 kPa).

4.2 Insulating Dielectric and Driving Voltage

When we apply a voltage between an electrode and the valve diaphragm, an insulating layer is needed in the
middle to prevent electrical shorts. In early prototypes, we used 25 um polyimide sheets, hand-laminated onto
bare copper electrodes. (This technique is similar to [14], though we did not use any adhesive.) Polyimide is
a natural choice for this layer — with a breakdown voltage in excess of 250 V/um, we can administer several
kilovolts before the insulating layer fails and conducts.

Our system, however, operates between 150V and 300V (drawing a low and safe 50 pA). At these levels, a thin
layer of solder mask (breakdown voltage around 25-30 V/pm) is sufficient insulation, with the additional benefit
of a smaller minimum distance d between conductors. Consequently, we use only solder mask to separate the
valve-opening electrode from the metallized side of the diaphragm.

The valve-sealing electrode is left exposed (bare copper). It does not contact the metallized side of the diaphragm
— the 25 pm Mylar sheet itself provides adequate insulation.

4.3 Daisy-Chained Electronic Communication

Fully distributed computation is a target that arises from the layer-driven model (and is addressed briefly in
Section 7). This is desirable not only from a fabrication perspective (eliminating multiple physical connections to
a central hub), but also important for making robust programmable materials that scale without regard to the
processing power of a master controller.
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A first step towards this objective is casting each material subsection as a distinct computational node, capable
of communication with its immediate neighbors. We implement this (somewhat simply) in our system by means
of a daisy-chained control scheme.

Physically, this communication takes place in the layer above the valve diaphragm (Figure 4b). Each material
cell contains several discrete electronic components, as well as the patterned copper circuitry that connects them,
which includes the valve-opening electrode. A shared clock line and global power sources (high-voltage rails for
actuation and low-voltage rails for signaling) run across the surface and are accessible by each cell.
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Fig. 7. Electronic components within a Stoma-Board cell. Cells are daisy-chained, and change state in response to a global
clock signal.

A simplified schematic is shown in Figure 7. An electrode may be connected to either of the high voltage rails
through a pair of opto-isolated solid-state relays?. A discrete flip-flop® drives the LEDs of the opto-isolater, and
also serves as the main communication element. On every clock pulse, the cell as a whole follows two rules:

(1) Pass the current cell state to the right-side neighbor.
(2) Receive a new cell state from the left-side neighbor.

With this configuration, an external microcontroller upstream can quickly send data to all nodes in the chain.
This operation is similar to that of the addressable LED strings (such as the APA102 or WS2812) that in recent
years have served a material-like role in maker and DIY communities [30]. Our clock signal runs at 300 kHz,
which allows us to set the state of 300 valves per millisecond. This rapid switching means that in practice, the
overall refresh rate of the surface is generally independent from the number of valves, and instead a function of
the pneumatic control scheme (see Section 4.4).

Opto-isolated relays are not the only driver option. In earlier prototypes, we used resistor-transistor logic to
control the valve array — electrodes were either actively switched low or passively pulled high. Though smaller
in footprint, which is desirable, this design wastes power on the actuation side, continuously sending current
through the resistor when the electrode is held low. A more efficient half-bridge topology was also considered,
but ultimately discarded due to the need for additional high-voltage bias supplies. While the package size of the
solid-state relays did limit our electrode density, we decided that the reduced complexity, low-power actuation,
and isolation benefits made them a reasonable choice for this implementation.

2Cosmo Electronics KAQY214S
3Texas Instruments SN74LCV1G74
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Fig. 8. The "push-pull" actuation sequence for driving Stoma-Board prototypes using bi-stable silicone domes. (The alternating
pressure source is represented by a moving piston, in gray.) Initially, the system is at rest (a). When positive pressure is
created in the global reservoir, all diaphragm cells are pushed upward towards the top electrodes (b). At this stage, we may
apply a voltage to latch one or more diaphragm cells in place (c, left). When negative pressure is created in the global reservoir,
air exits the latched cells, and the elastic structures buckle (d, left). Note that in the unlatched cells, the elastic structures
remains upright, as the diaphragm prevents air from escaping (d, right). If we remove the applied voltage, the valves may
close, but the buckled cells remain unchanged (e, left). To restore these cells, we can again create a positive pressure (f), at
which point we may choose to actuate another group of cells by the same process (f-h). The global pressure oscillations
effectively determine the "refresh rate" of the Stoma-Board.

4.4 Pneumatic Push-Pull Control Scheme

The bottom layer of our Stoma-Board (Figure 4f) is a global reservoir, which typically acts as a pneumatic sink
(negative pressure, pulling air down through the material). The presence of this common driver has implications
for the design of the transducer layer, as well as for the actuation control scheme.

Consider the following example, relating to the silicone domes in Figure 3c. An open valve allows air to flow
from a pocket in the top layer to the global sink, deflating or depressurizing that top pocket in the process. Closing
the valve will restrict that air flow, preventing further deflation — but this stoppage alone can not put the top
pocket back in the inflated or neutral position.

In order for this layer to “rebound”, spring forces in the elastomer must overcome the negative air pressure
within the cell. One way to address this is by strategically adding drain holes in the top layer, allowing outside
air to leak into the cell so that the pressure can begin to equalize. However, for more predictable behavior, we
can instead use the "push-pull" actuation scheme outlined in Figure 8. Under this scheme, a global reservoir is
connected to an alternating pressure source (such as the syringe pump in Figure 9). During the "pull” stroke, air
flows out of the Stoma-Board, and actuated cells buckle under the negative pressure. During the "push” stroke,
positive pressure restores all cells to their upright positions.

For this procedure, the global reservoir is connected to a variable source, which alternates between positive
and negative pressure. To generate this behavior, we use a custom syringe pump (Figure 9). In the “push” stage,
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Fig. 9. The linear-actuator syringe pump used to pneumatically drive our Stoma-Board surfaces.

air is forced upward through the valves, into every cell of the top layer. In the “pull” stage, air is drawn out of the
system — but only through valves that are in the active state.

Note that since every cell is affected by the "push” stroke, the transducer layer is fully inflated between refreshes.
For some applications, such as refreshable Braille displays, this is sufficient [48]. However, if more dynamic
control is desired, then a secondary valve layer is necessary to block the positive pressure from the "push” stroke.
(We describe such a construction in Section 8.4.)

While we use a syringe pump in our applications, any alternating pneumatic source will suffice. Ultimately, it
is the frequency of this source that determines the refresh rate of a Stoma-Board surface. If fast refreshes are
necessary, then the flow rate of the pump must large enough to quickly pressurize and depressurize the global
cavity.

5 FABRICATION PROCESS
5.1 Cutting: Diaphragm and Spacer

The Stoma-Board diaphragm is laser-cut from a 25 pm thick Mylar film, metallized on one side (CS Hyde 48-1F-1M).
It is important that this film is held flat during the cutting process — if manufactured imprecisely, it may kink or
buckle out-of-plane when aligned with the electrode array. We solve this by first laminating the uncut Mylar film
onto a sacrificial acrylic sheet (using isopropyl alcohol and a rubber squeegee), which lies flat on the laser bed.
After the cut, we peel the finished diaphragm off of the acrylic substrate in a single step, with no weeding or
deburring necessary.

Notice that our diaphragm is cut with a small tab near the bottom edge (Figure 10c). Later, in the layup process,
we use silver epoxy (MG Chemicals 8331) to adhere this tab to an exposed copper pad on our circuit board.

The spacer (Figure 4d) that separates the diaphragm from the valve outlet is cut from a sheet of natural gum
rubber, 150 um thick (McMaster-Carr 8611K11). The fabrication process is similar to the one described above —
the rubber is laid flat on an acrylic sheet prior to the cut, and peeled away afterwards in a single motion. We first
experimented with rigid spacers (polyester sheets ranging from 50 to 250 pm), but ultimately found that a more
compliant material led to better valve performance, perhaps due to a tighter pneumatic seal.

For some prototypes, we used this same rubber material as a bottom gasket layer, which sits between the
valve-sealing electrodes (Figure 4e) and the common cavity or printed piping structure (Figure 4f). These gaskets
were cut in the same manner as the spacer.
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Fig. 10. To fabricate the diaphragm, we first use isopropyl alcohol and a rubber squeegee to laminate a metallized Mylar film
onto an acrylic sheet (a). The diaphragm pattern is then laser cut (b), and the finished diaphragm is removed (c).

5.2 Casting: Upper Gasket and Soft Transducers

For the top layer of our system, we tested a variety of custom-made transducers. Some of these were 3D-printed
(Formlabs Elastic Resin 50A), and some of them were cast (Smooth-On Dragon Skin 30 and Mold Star 30).
Additionally, some experiments required a rigid manifold, which sat on top of a cast gasket layer.

To begin the casting process, we first spray a release agent (Mann Ease Release 200) onto a two-piece 3D-printed
mold (Figure 11). This mold is left to sit for ten minutes. In that interval, the uncured silicone is mixed and
degassed at -27 inHg, in order to remove any large air pockets. The silicone is then poured into the mold, and left
to cure at room temperature for 16 hours.

Fig. 11. A 3D-printed mold used to cast one of our soft transducer layers (the bistable dome array).

5.3 Printing: Global Reservoir and Upper Manifold

Our Stoma-Board valves rest on common reservoir, used as a global pneumatic sink (Figure 12). While this could
be a single, open cavity (CNC-milled, for example), we chose to 3D-print a connected pipe structure, in order to
minimize the reservoir volume and allow for quicker pressure changes.

We also printed rigid manifold layers (Figure 19a) for mounting some of our elastic transducers. While these
transducers could be fixed to the upper PCB directly, we found that the manifold helped to ease prototyping, as
transducers of different geometries could be more easily swapped and tested.
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Fig. 13. Our command-line interface auto-generates KiCad-compatible design files, for hexagonal Stoma-Board patterns at
multiple scales. (a) A single cell, with valve-opening electrode in green, pads for surface-mount components in red, valve
inlets in yellow (small), and transducer mounting holes in yellow (large). (b,c) Patterns of 7 and 127 cells. (d,e) Fabricated
circuit board, with electronic components on top (d) and patterned electrodes on bottom (e). Note that while our design
software can produce Stoma-Board patterns at various scales, all actuation characteristics are measured from a 19-valve test
rig, not the 127-valve board.
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6 ACTUATION CHARACTERISTICS

There are two ways we might wish to actuate a cell of our Stoma-Board. We can either start with the global
vacuum active and try to lift the valve diaphragm upwards; or we can first latch the valve diaphragm in the raised
state, and apply a vacuum only after the valve is already open.

We make the distinction because Stoma-Board valves exhibit a degree of hysteresis (Figure 14). Once the
diaphragm has been pulled close to the valve-opening electrode, the newly strengthened electrostatic forces tend
to hold it in place, even if the voltage drops. (Recall that the electrostatic force between two objects is inversely
proportional to the squared distance.)

1000

o o o ©= (b) latching mode
800

600

Flow Rate (mL)

—=®= (a) lifting mode

0] @0 =m@O= @0 =0~

150 175 200 225 250 275 300
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Fig. 14. Average flow rate through a single Stoma-Board valve (AP = 30 kPa, n = 3) over a range of applied voltages.
The behavior differs in lifting (vacuum-first) and latching (voltage-first) modes. (a) Lifting: Below 200V, negative pressure
dominates this interaction and keeps the valve diaphragm closed. Beyond this point, air flow grows linearly as electrostatic
forces lift the diaphragm away from the valve outlet. (b) Latching: If a valve is latched open before negative pressure is
applied, electrostatic forces are stronger due to the reduced diaphragm distance. Above 200V, the valve remains fully open.
Below this value, the diaphragm is pulled away from the valve-opening electrode, and behavior is similar to the lifting mode.

While the lifting mode is arguably more dynamic, the latching mode allows us drive the board at lower voltages,
and circumvents some of the dielectric charging issues that we discuss in Section 7. This is also the mode used in
our push-pull control scheme (Figure 8). However, for completeness, we report the actuation characteristics for
both lifting and latching modes.

To facilitate our measurements, we attached a rigid manifold to the top of a 19-cell Stoma-Board (in place of
the transducer layer). With Luer lock fittings for each cell, we were able to quickly add and remove mass flow
sensors for evaluating actuator performance (Figure 15).

6.1 Opening Voltage

The opening voltage is associated with the lifting mode - it is the point at which electrostatic forces upward
surpass pneumatic forces downward, and air begins to pass through the cell.

To measure the opening voltage for a given valve, we first applied a global negative pressure, which pulled the
valve diaphragm closed. We then increased the voltage between the diaphragm and valve-opening electrode, in
increments of 10V, until the diaphragm was attracted upwards and significant air flow through the valve was
observed (25 mL/min).

Figure 16a charts the Stoma-Board opening voltage as a function of pressure (the differential between valve
inlets and the global reservoir). At higher pressures (80 kPa), this approaches 300V, which we chose as the limit
of our system. Beyond this point, we noticed an increase in parasitic effects.
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Fig. 15. Test rig for measuring the flow characteristics of a 19-cell Stoma-Board. A 3D-printed manifold with Luer-lock
fittings allows for individual connections to flow sensors. A vacuum pump acts as a global negative pressure source, which
can be manually adjusted with a breaker valve. Valve inlets are left at atmospheric pressure.
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Fig. 16. Average opening voltage (lifting mode) and holding voltage (latching mode) across a range of pressure differentials.
Valves were sampled uniformly from the 19-cell test rig in Figure 15. Error bars represent 25th and 75th percentiles (n=7).

Though the valves in our application examples all occupy discrete “on” and “off” states, we can achieve variable
flow rates (between “fully on” and “fully off”) by driving the system at higher or lower voltages respectively.
Figure 17 shows this relationship for six valves at several operating pressures (sampled randomly from our test
rig). Below 150 to 200 volts, the applied vacuum dominates this interaction. As the voltage increases beyond this
point, air flow through the valve increases as electrostatic forces lift the diaphragm away from the valve outlet.
We did not observe any pneumatic crosstalk during these tests — flow rates through neighboring valves stood
unchanged.

Stoma-Board cells remain robust throughout repeated actuations. In Figure 18, we plot the average opening
times for an additional six valves, over the course of one hundred trials. Operating at 300 volts, and subject to 80
kPa, the average valve opens in less than 40 milliseconds. Notice that there is no degradation over repeated trials
— the average opening time for the final 25 actuations (36 ms) is comparable to the average opening time for the
first 25 actuations (38 ms). We discuss reliability further in Section 8.
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Fig. 17. Flow rates for six randomly sampled Stoma-Board valves, as a function of opening voltage. Note that for one valve
(middle, bottom) there was a flow rate spike at 30 kPa and 240 V. This anomaly did not reoccur during a second test of the
same valve, but we include it here for transparency.
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Fig. 18. Average opening times for six randomly sampled Stoma-Board valves, over 100 trials. (Opening times are averaged
on a per-valve basis, and then these values are averaged to produce the green data points.) Note that opening times remain
consistent throughout the experiment. Operating conditions: 80 kPa, 300 V. Error bars represent 25th and 75th percentiles.

6.2 Holding Voltage

Since our applications use an alternating pressure source, we are able to take advantage of the latching mode,
and activate valves before a negative pressure is applied. In this context, the quantity of interest is the holding
voltage — the minimum voltage required to keep the valve from closing (once the pressure in the global reservoir
drops). This value is smaller than the opening voltage, due to the reduced distance between the diaphragm and
the valve-opening electrode in the initial state.

To measure the holding voltage (Figure 16b), we first applied 300 volts to the valve of interest. We then applied
a negative pressure, and recorded the steady-state flow rate. Finally, we progressively lowered the valve voltage
(in increments of 10 volts), until the flow rate dropped below ten percent of the steady-state value. This drop-off
does not happen gradually — as show in Figure 14, there is a "cliff" at which point the valve transitions from
fully-open to nearly-closed.
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7 PROGRAMMABLE STOMA-BOARD SURFACES

From a stock piece of wood or plastic, a craftsperson can construct a multitude of objects, each with mechanical
properties that are (in part) a function of the original workpiece. Porous sheets of fiberboard, for instance, can be
shaped into a vacuum table; and compliant strips of bamboo can be woven into a flexible basket. Similarly, we
envision a process in which a fabricator may start with a sheet of “raw” Stoma-Board, and through the addition
of custom transducers, arrive at a variety of programmable surfaces and mechanisms. Importantly, the scalable
production of this base material (i.e. patterned valves) is only made possible by the layer-driven manufacturing
techniques that we employ.

In this section, we showcase four surfaces (using three types of transducers) that are built upon our “raw”
Stoma-Board surface.

7.1 Tactile Patterns from a Bistable Membrane

7.1.1  Standard Pitch. Bistable mechanisms do not require an external energy source in order to maintain their
state, which makes them an attractive transducer option in low-power applications [46]. For our first demo, we
cast an elastic silicone membrane (Smooth-On Dragon Skin 30), composed of bistable, hemispherical cells (Figure
19). While it’s possible to attach to this membrane to the raw Stoma-Board directly, we opted to use a 3D-printed
manifold as an intermediate layer for ease of mounting.

Initially, all cells are in the raised state. To render a tactile pattern, we latch open the relevant valves, and apply
a global negative pressure — this causes the selected cells to buckle into the collapsed state. To return the cells to
the raised state, we apply a global positive pressure.

Fig. 19. We mount a cast array of bistable domes (b) on a 3D-printed manifold (a). By activating specific valves, we can
render tactile patterns (c,d). Domes are 14 mm in diameter.

7.1.2  Compact Pitch. By altering the channel structure of the upper manifold, we can modify the apparent
density of the Stoma-Board surface. In our second demo (Figure 20), a set of converging pipes decreases the cell
pitch to 2.5 mm (Braille spacing), such that six transducers can fit within the area of a human fingertip. At this
scale, the raised domes are more readily perceived as a texture, as opposed to a group of distinguishable objects
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[26]. While the perimeter of the Stoma-Board is still determined by the electrode and membrane layers, this
flexibility in piping can hasten the prototyping of fine-grained (and variable-pitch) tactile interactions.

Fig. 20. A set of converging pipes, as seen in the manifold cross-section (a), shrink the transducer pitch to 2.5 mm (b). The
Braille transducer (c,d) is cast silicone (Smooth-On Mold Star 30), and individual dots can be lowered when the corresponding
Stoma-Board valves are opened.

7.2 Bellows-Style Robotic Actuators

Among soft roboticists, the bellows-style actuator (Figure 3e, 3f) is well-established as a means of converting
pneumatic energy into linear motion [10]. When pressurized, it expands along a single axis. When de-pressurized,
it contracts. If two or more are connected in parallel, an applied pressure differential will result in a bending
motion, which forms the basis for many soft robotic joints [17].

Pneumatic routing is often a challenge when integrating these types of soft actuators. Since every bellows
structure needs to be pressurized independently, many research prototypes rely on bundles of tubes, which tether
the individual actuators to an external bank of valves.

With Stoma-Board as a base material, these valves can instead be embedded in the robot structure directly. In
our third demo (Figure 21), three bellows-style transducers (SLA 3D-printed with Formlabs Elastic Resin 50A)
are fixed to a raw Stoma-Board and used to drive a 2-DOF joint. By selectively opening valves and contracting
individual transducers, we can determine the roll and pitch of an attached platform. These embedded valves may
enable modular stacking, in a manner similar to the continuum robots by Robertson and Paik [45].

Fig. 21. 3D-printed bellows-style actuators control the orientation of an attached platform.
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7.3 Spoke-Propelled Rimless Wheel

The "rimless wheel" is a rudimentary legged robot, suitable for traversing rough and uneven terrain [19]. In a
typical implementation, the spokes of the wheel are passive elements, and a hub-mounted motor is used to drive
the structure forward or backward [51]. To enable additional modes of locomotion, variants of this design have
incorporated spokes that are independently actuated, which propel the robot by extending and contracting on
command [15, 24]. This modification eliminates the heavy, motorized hub, but requires a separate mechanism for
each leg of the robot. Building such an assembly can be cumbersome.

With a raw base of patterned valves, constructing this prototype becomes as simple as adding a custom
transducer layer. In our fourth demo, we showcase a spoke-propelled rimless wheel (Figure 22), which can "walk"
forward via a sequential extension of pneumatically-actuated legs. Note that in this example, the transducer layer
and common cavity are swapped — we use a global pressure source instead of a pressure sink.

Fig. 22. An actuated rimless wheel, with spokes (syringes) that can extend independently. The syringe manifold is attached
to a hexagonal Stoma-Board, which is connected to a single pressure source. In the stable position (a), two spokes maintain
contact with the ground. When the left spoke is extended (by opening the appropriate Stoma-Board valve) the wheel tilts to
the right (b). The wheel falls to a new stable position (c), and the extended spoke is retracted (d).
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& DISCUSSION, LIMITATIONS, AND FUTURE WORK
8.1 Long-Term Use

From a distance, electrostatic actuation appears deceptively simple — a straightforward mapping of an applied
voltage to a resultant force. In reality, there are parasitic effects which can reduce the long-term reliability of
such systems. The most significant of these, well-recognized by the MEMS community, is dielectric charging [23].
This is a molecular-scale phenomenon, which results from a displacement of polarized components within the
material. If unaccounted for, this can lead to “sticky” switches (or in this context, valves).

In our Stoma-Board actuators, the dielectric layer is a thin coating of solder mask, which separates the
conductive diaphragm from the valve-opening electrode. If a permanent charge develops in this dielectric layer,
the diaphragm will always cling to the solder mask, and the valve will be unable to close. This parasitic charging
often occurs after an extended period of exposure to a constant, applied voltage [14].

We were able to mitigate this effect by driving our actuators with a bipolar square wave (as opposed to a DC
source), and reducing the peak voltage (no higher than 300 V). While this balancing of polarity over time was
sufficient for our applications, it is possible that such adjustments may only reduce or delay this effect. Further
reliability testing is needed in order to assess valve performance beyond the 100 trials described in Section 6.1.

8.2 Towards Larger Surfaces

A second concern relates to pneumatic actuation, and arises when working with large transducer membranes.
Since these membranes are cast from 3D-printed molds, the printer’s working area determines the maximum size
of a cast membrane. Larger membranes can be assembled from these smaller sections, but discontinuities at the
section boundaries can lead to air leakage, and unpredictable actuation behavior. Future revisions may benefit
from a less-dense actuator packing (allowing for a thicker, more robust section boundary) or flexures between
cells to mitigate PCB bowing (which can become significant at larger scales, such as our 127 valve array).

In addition, the global cavity, instead of being 3D-printed, could itself be fabricated via a layer-driven approach.
(Indeed, commercial manifolds* exist that utilize this technique.) Stacking and bonding milled sheets may scale
more easily than a purely additive procedure.

8.3 Towards Denser Surfaces

The electronic components that we use — in particular, the opto-isolated solid state relays — determine the
minimum pitch of the raw Stoma-Board surface (18 mm). It is worth noting that these particular components are
overpowered for our application, capable of switching currents that are orders of magnitude larger than necessary.
With more refined electrical engineering, it is conceivable that this pitch could be reduced. However, as the size
of the electrostatic actuators decrease, so too does the force. The tradeoffs in this area should be evaluated.

8.4 Bidirectional Valves

As noted in Section 4.4, valves in our system are designed to withstand pressure in only one direction. For many
applications, such as those demonstrated in Section 7, this is sufficient. However, if bidirectional switching is
necessary, a variation of this construction can be used. By adding an additional membrane (Figure 23), effectively
placing two flap valves "back-to-back”, we can block (and switch) pressure in both directions. Though we have
built some early prototypes with this construction, these new valves have yet to be fully characterized — this is
an area of future work.

4https://www.theleeco.com/products/electro-fluidic-systems/manifold-technology/
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Fig. 23. Concept for a bidirectional Stoma-Board valve, consisting of an upper and lower membrane (two switchable flap
valves, back to back). Such a construction resists both positive and negative pressures.

8.5 Stoma-Board as a Raw Material

Ultimately, we envision programmable surfaces that can function as "raw materials" (i.e. available for broad
use by designers, not necessarily engineered for one particular application). An LED strip, for example, can be
purchased, cut, and applied to an object — in the hands of a user, it is closer to a roll of decorative tape than a
flexible circuit board. Such a future may be possible for tactile programmable materials as well, but not within
the constraints of a module-driven design.

We see the four characteristics of these layer-driven programmable surfaces (outlined in Section 1) as branching
points for subsequent research. For instance, while cell communication within Stoma-Board is neighbor-to-
neighbor, the original messages are still generated upstream — a truly information-responsive material could
perform this act internally. Future implementations might benefit from a transition towards fully distributed
computation. Onboard pressure sources, such as electrostatic or piezoelectric micropumps, can also bring this
closer to becoming a fully untethered programmable material.

9 CONCLUSION

We observe that a layer-driven fabrication process, characterized by patterning and stacking, can give rise to
programmable surfaces that may scale more readily than their module-driven counterparts. Instead of building
and assembling actuators individually, actuators in our framework are formed all at once, during the layup
process. The resulting cells are composite mesostructures, cross-sections of which are distributed across the
functional layers of our material.

We introduce Stoma-Board as a programmable surface that exemplifies this model. In this particular implemen-
tation, the actuator cells are electrostatic valves, which communicate digitally with their neighbors, and regulate
the flow of air between a pneumatic transducer layer and a global reservoir. The valves themselves are a novel
structure that can resist human-scale pressures of 80 kPa (an order of magnitude larger than earlier variants). As
the cells are ultimately responsive to information sources upstream, we are able to use Stoma-Board as a "raw
material" to construct several dynamic, pneumatically-powered devices.

Moving forward, research in discretely-actuated programmable surfaces may benefit from this layer-driven
lens, adopting composite fabrication techniques and distributed computation paradigms from materials science
and robotics.
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