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ABSTRACT

Previoudy, we proposed novel microvalve structures, amenable to bulk micromachining, which effected fully
complementary behavior in the switching of pneumatic (compressible gas) signals from a high pressure state to a low
state, and vice versa. Using our quantitative relations for the flow of compressible gases in microvalves, we described
mathematically the steady-state behavior of these micro-pneumatic logic gates, and derived the transfer characteristic
for switching between pneumatic states. In this work, we extend the steady-state description to encompass a
mathematical treatment of the transient response of micro-pneumatic logic gates. By analogy to MOSFET scaling in
integrated circuits, we aso apply the full transient model to scaled versions of a micro-pneumatic ring oscillator, in
order to illustrate the performance which these devices may afford. As with MOSFETs (which rely on the
compressibility of the electron gas), the ultimate speed of these devices is limited by the velocity of sound of the
compressible gas. Finally, we present structures which can be used to realize micro-hydraulic logic. In micro-hydraulic
logic, because the working fluid is now incompressible, the physical structure must have an alternate means to achieve
capacitance, or storage of mass. Such a means is embodied in a variable-volume component attached to each node in
thelogic circuit.

Keywords: MEMS, microvalve, microfluidics, mass flow control, compact gas flow model, micropneumatic logic,
microhydraulic logic
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Gas constant in p = pRT (8314 m?%/K-sec? divided by molecular weight)
Y oung’ s modulus for the membrane material
Deflection coefficients for the membrane, related to membrane stroke
Microvalve inlet diameter
Microval ve membrane thickness
Microvalve membrane length (of one side)
Microvalve seat perimeter length (usually 4*D)
Microvalve membrane-to-inlet gap
Microvalve membrane-to-inlet gap at zero stroke
Microvalve membrane stroke
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At Microvalve effective flow area

Cy Microvalve inlet coefficient of discharge
C, Microvalve coefficient of flow

p Density of incompressible liquid

1. INTRODUCTION

An analogy between electronic MOSFETs and pneumatic microvalves has recently been suggested [1]. The suggested
analogy leads naturally to the notion of a logic element, based on the flow of a compressible (electrically neutral) gas
[2]. Neither the notion of a pneumatic logic element [3, 4], nor the flow vs. pressure behavior of a pneumatic
microvalve [5], is new. Nonetheless, the extension of the MOSFET-microvalve analogy, to encompass a micro-
pneumatic or micro-hydraulic logic element in microvalve form, and the exciting prospects for such elements (for
instance, to facilitate microflow or microfluidic arrays, or to enable non-electronic computation in environments
hazardous to electronics), warrant substantial further investigation.

Previoudy, we proposed novel microvalve structures, amenable to bulk micromachining, which effected fully
complementary behavior in the switching of pneumatic signals from a PHI pressure state to a PLO state, and vice versa
[6]. Using our quantitative relations for the flow of compressible gases in microvalves [7], we described
mathematically the static behavior of these micro-pneumatic logic gates, and derived the transfer characteristic for
switching between pneumatic states.

In this work, we extend the steady-state description to encompass a mathematical treatment of the transient response of
micro-pneumatic logic gates. Following the suggestion of [8], we also apply the full transient model to scaled versions
of a micro-pneumatic ring oscillator, in order to illustrate the performance which these devices may afford. Note that,
aswith MOSFETS, the ultimate speed of these devicesis limited by the velocity of sound of the compressible gas.

Finally, we extend the concepts related to micro-pneumatic logic, based on flow of a compressible gas, to cover micro-
hydraulic logic, based on the flow of an incompressible liquid. It is shown mathematically that transient behavior of
micro-hydraulic logic elements can be achieved by replacing the compressibility of a gas (which leads to capacitance, a
necessary element of logic circuits), with the expansion capability of a storage element whose volume varies with
pressure. This statement can be given more precisely. In micro-pneumatic logic, mass storage is achieved because the
mass in a fixed volume increases as the pressure of the variable density compressible gas inside the volume increases.
In micro-hydraulic logic, on the other hand, mass storage is achieved because the mass in a variable volume increases as
the pressure of the fixed density incompressible liquid inside the volume increases. Variable volume elements in
microfluidic devices are easily realized using flexible membranes.

2. CONCEPTS

A variety of approaches have been made toward the realization of microscale fluidic logic. For the most part, these
efforts are not primary logic circuits, but secondary. That is. in a primary logic device (such as, for instance, a CMOS
FET NOR gate), a voltage input results in a voltage output. In virtually every attempt at microfluidic logic, except for
Refs. [1, 2, 9, 10Q], the circuits are secondary, insofar as the output is energetically different from the input. For
instance, the well-known work in Refs. [11 and 12] accepts a pneumatic input, and delivers an optical output. For the
most part, microfluidic logic devices take an electric input, and convert it to a fluidic (usually hydraulic) output,
although other modalities (e.g. electrochemical to fluidic) exist [13-17].

It is also important to draw a distinction between pneumatic and hydraulic behavior in microfluidic logic elements. For
the most part, ‘microfluidics’ entails the control and distribution of liquids. ‘Pneumatics, however, refers to
compressible gases, while ‘hydraulics' refers to incompressible liquids. The distinction is important, and will become
clear later in this work, when relatively identical logic structures are used to realize, first, micro-pneumatic logic, and
second, micro-hydraulic logic.



Figure 1 portrays a normally-open microvalve. The microvalve has a flexible membrane, whose position z relative to
the valve seat is controlled by the difference between control pressure P, and the inlet and outlet pressures P; and P,
The work in Ref. [7] described the full behavior of microvalve flow, under sonic and subsonic conditions, while
accounting for the additional non-linearities of flow as the valve first opens. The membrane deflection s from the
equilibrium position 7, is essential to the control of flow. The membrane thicknessis h, the areais a, and the Young's

modulusisE. yis the specific heat ratio for the compressible gas. If an ‘edgeless’ microvalve is used, then most of the
complications associated with inhomogeneous membrane pressure loading (in Ref. [1]) disappear.

It is worth noting that pressure-based mass flow controllers, built using a microvalve and a critical orifice [18], are
simply an ‘enhancement-depletion’ inverter, operated analogically and not digitally.
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Figure 1: Schematic of a typical normally-open microvalve.
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2.1. Normally-closed valve

Figure 2 shows the first basic micro-pneumatic logic element [6]. The microvalve is normally-closed. The central boss,
and the construction process, provide an initial tension, which must be overcome by a threshold control pressure before
the valve opens. Note that the valve opens only when the difference between the inlet pressure and the control pressure
exceeds a threshold value. The quantitative details of the relationship between the threshold pressure and the structural
parameters of the valve are found in Ref. [6].

‘Edgeless  structures distinguish themselves from the enhancement-depletion devices in Refs. [1, 2]. They enable
virtually leak-free behavior when their individual elements are OFF, by placing a smooth membrane against a smooth

valve seat. Alternatively, an elastomeric material can be embodied in the valve seat or the membrane boss, in order to
retain minimum or zero leakage in the OFF state.
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Figure 2: Cross-section of a normally-closed microvalve.

2.2. Normally-closed poppet valve

Figure 3 shows the second basic micro-pneumatic logic element [6]. This microvalve is also normally-closed.
However, the central boss is replaced by a poppet structure. The construction process and the poppet structure provide
an initial tension, which must be overcome by a threshold control pressure before the valve opens. The quantitative



details of the relationship between the threshold pressure and the structural parameters of the valve are found in Ref. [6].
Note that the valve in this instance opens when the difference between the control pressure and the outlet pressure
exceeds a positive threshold value. This relationship seems only subtly different from that of the valve in Fig. 1.
However, the differenceis crucial to the realization of digital pneumatic or hydraulic logic.
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Figure 3: Cross-section of a normally-closed poppet microvalve. Flow directions are indicated by the arrows.

2.3. NOR gate (compressible fluid)

Figure 4 shows two pneumatic logic devices, cascaded together. The cascade allows immediate depiction of the two
logic states of this device. Note in particular how the individual valves of Figs. 2 and 3 are connected. That is. in each
inverter, the control pressures of the two valves are joined to create a signal input pressure, called PIN; and, the outlet
pressure of the valve in Fig. 2 is joined to the inlet pressure of the valve in Fig. 3, to create a signal output pressure
caled POUT. Using this construction, the logic behavior of the device is readily apparent. Using a source pressure of
PHI, and a sink pressure of PLO, and noting in the figure that high pressures are cross-hatched, the first inverter
indicates that, for a high signal input pressure, the upper valve remains closed, because the threshold pressure between
PHI and PIN has not been exceeded. On the other hand, the lower valve is opened, because the threshold pressure
between PIN and PLO has been exceeded. For the right-hand inverter or NOR gate, the situation is reversed. PIN is
now low, having been set by the signal output of the left-hand inverter. As a conseguence, the upper valve is opened,
because the difference between PHI and PIN exceeds the threshold pressure. Meanwhile, the lower valve is closed,
because the difference between PIN and PLO is less than the threshold pressure. Figure 5 shows a 3D rendering of a
single NOR gate. This view shows plainly how the source and sink pressures PHI and PLO can be brought to bear on
the structure. Other logic gates, such as NAND, AND, OR, or XOR, are readily made from the valves of Figs. 2 and 3.
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Figure 4: Two cascaded micro-pneumatic logic elements (two inverters). The upper structure in each inverter is a bossed, normally-
closed valve, while the lower structureisa normally-closed poppet valve. For each element, the logic signal (a pressure field)
arrives fromtheleft, and exits on the right. The ports supplying the PHI and PLO references are out of the plane of this cross-

section. The shaded areas are at pressure PHI.
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Figure 5: Sngle micro-pneumatic logic element (inverter) The port supplying the PHI and PLO reference is shown.

2.4. Ring oscillator (compressible fluid)

Figure 6 shows a schematic of the three-element ring oscillator studied previously for its transient response, and
presented again here for the sake of completeness. Any similar construction of an odd number of NOR gates, connected
in a loop, will result in a oscillation, because the high-low or low-high relationship between the signal input pressure
and signal output pressure of any particular stage will aways be in flux. The details of modeling of the transient
pressure response of this device will be presented in a subsequent section. The structure is completely analogous to the
ring oscillators commonly studied in CMOSFET microelectronic circuits, used to characterize a particular fabrication
technology, but also useful for purposes of generating oscillating signals in integrated circuits.
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Figure 6: Schematic of three micro-pneumatic logic gates, cascaded in order to create a ring oscillator. Note that the input pressure
for Gate 1is P3; for Gate 2, P1; and for Gate 3, P2. ‘NC’ isthe bossed valve of Figure 2; ‘NP’ is the poppet valve.



2.5. NOR gate (incompressible fluid)

To realize microhydraulic logic, only a subtle change is required to the basic NOR gate. The component valves from
Figs. 2 and 3 remain sufficient to the tasks of acting as the pull-up and pull-down elements of the gate. However,
because in microhydraulics the motive fluid is incompressible, the capacitive effect of the compressible gas (the motive
fluid in micropneumatic logic) must be replaced by some other mechanism. That is. a compressible gas facilitates
storage of mass in the fixed volume associated with a pressure node between logic elements. Since storage of mass is
required in order to effect logic, if the motive fluid no longer embodies that feature, then another mechanism must be
found.

To realize mass storage when using an incompressible fluid, it is simple to alter the microstructure, to incorporate a
variable volume, and associate such a variable volume with each pressure node in the microhydraulic circuit. Figure 7
depicts how this relatively simple change may be made, by associating a flexible membrane with each pressure node in
thelogic circuit. The mathematical implication of this replacement will be discussed in the section on modeling.
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Figure 7: Two cascaded microhydraulic NOR gates (inverters). The upper structurein each inverter isa normally-closed valve,
while the lower structureis a normally-closed poppet valve. Accessto POUT and Py is out of the plane of the cross-section shown.

The variable volume, or fluidic capacitor, distends when the nodal pressure rises above PL Q.

2.6. Ring oscillator (incompressible fluid)

Figure 8 shows the circuit representation of a three-stage microhydraulic ring oscillator. The physical mass storage
structures are called out as capacitors. A capacitor is a variable volume, whose volume depends on the nodal pressure.

PHI
NC, NC, NC,
Pl ’_i PZ ’_i P:

NP, NP, NP,

PLO

Figure 8: Schematic of three microhydraulic logic gates, cascaded in order to create a ring oscillator. Note that the input pressure
for Gate 1is P3; for Gate 2, P1; and for Gate 3, P2. ‘NC' isthe bossed valve of Figure 2; ‘NP’ isthe poppet valve. The

‘capacitors are variable volumes; each volume depends on the nodal pressure.



3. MODELING

3.1 Micro-pneumatic models (compr essible gases)

Equations 1 relate the pneumatic boundary conditions, mechanical behavior of a microvalve membrane, and the
microvalve flow model for the normally-closed poppet microvalve [6]. Though not elaborated in this work, the sonic
and subsonic flow equations have close analogies to, respectively, the saturation and linear equations for electron flow
in MOSFETs. Figures 9 and 10 show the results of applying this model to the structure of Fig. 3, using the model
(structural, material, and boundary condition) parameters shown in the figure.
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Left: Figure 9: Control pressure characteristic for a normally-closed poppet microvalve. The gasis nitrogen, and the gas stagnant
temperatureis 298 K. Right: Figure 10: Inlet pressure characteristic for the normally-closed poppet microvalve of Figure 6.

If the compressible gas flow model is applied to two valves, one from Fig. 2 and one from Fig. 3, which are combined
into the NOR gate structure of Fig. 4, then Figure 11 depicts the resulting transfer characteristic. For this design, the
following parameters are employed: silicon is the structural material; the membrane thickness is 50 pum; the membrane
is square, with a side length of 4500 um; the temperature is 298 K; the inlet diameter of the upper (normally-closed)
valve is 51 um; the inlet diameter of the lower (normally-closed poppet) valve is 85 um; Py, in the system is 100000 Pg;
PLo in the system is 100 Pa; the threshold gaps for each device are -4 um (the minus sign indicates the tension in the
membranes which creates the normally-closed condition). Nitrogen is the working fluid.
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Figure 11: Transfer characteristic for a micro-pneumatic, fully-complementary inverter (NOR gate).

Equations 2 show the mathematical model which accounts for transient effects in Figure 6, due to changes in the nodal
pressures associated with the fixed volume between logic elements. These equations arise from applying a control
volume around each logic node, such that the additional mass stored at each node (in the form of a compressed gas)
arises from the difference between the mass entering the control volume from the normally-closed valve, and exiting the
control volume through the normally-closed poppet valve.

dB _ RT /. . d°, _RT /. .
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Micropneumatic Ring Oscillator
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Figure 12: Transient response for a ring oscillator with three logic elements/gates, with the same structural parameters and
boundary conditionsasin Figure 3. The volume associated with the node between gatesis Vout, asindicated in the figure. The
characteristic transition time is approximately 6 ms. 1.16 x 10°® kg of nitrogen gas is consumed, per cycle per stage.



Figure 12 shows the transient response of a three-element ring oscillator, using virtually the same model parameters as
in the transfer characteristic of Figure 11.

In the spirit of Ref. [8], Figure 13 shows the transient response for a three-element ring oscillator, using scaled values of
the model parameters
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Figure 13: Transient response for a scaled three-stage ring oscillator with the following parameters. membrane
thickness 0.2 um; side length 90 um; T=298 K; inlet diameter of the upper NC valveis 5.1 um; inlet diameter of the
lower NP valve is 8.5 um; Py, is 1000 Pa; P, is 10 Pa; threshold gaps for each device are -50 nm. The characteristic
transition time is approximately 0.75 ns.

3.2 Micro-hydraulic models (incompressible liquids)

Equations 3 show the mathematical model which accounts for transient effects in Figure 8, due to changes in the nodal
pressures associated with the variable volume between logic elements. These equations arise from applying a control
volume around each logic node, such that the additional mass stored at each node (in the form of an incompressible
liquid) arises from the difference between the mass entering the control volume from the normally-closed valve, and
exiting the control volume through the normally-closed poppet valve. The liquid flow equation is also called out, where
the effective area has the same functional dependence as in Egs. (1). Also shown is the relationship between the
variation of the storage volume, and the stroke of the membrane associated with the storage volume. This membrane is
not to be confused with the control membranes in either of the microvalves associated with each logic gate.
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Figure 14 shows the results of the application of this model to a three-element ring oscillator comprised of micro-
hydraulic NOR gates. The structural, material, and boundary condition parameters are identical to those for the micro-
pneumatic version of this ring oscillator. The membrane area and thickness for the membrane associated with the mass
storage at each node is shown in the figure title. (The initial portion of the curves in Figure 14 is due to the start-up of
the model from non-ideal initial conditions of nodal pressure.)
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Figure 14: Transient response for a ring oscillator with three logic elements/gates, with the same structural parameters and
boundary conditionsasin Figure 3. The volume associated with the node between gatesis Vout, asindicated in the figure. The
characteristic transition time is approximately 75 ps. 1.47 x 10°® cm® of liquid water is consumed, per cycle per stage.

4. DISCUSSION
While to a certain extent the results speak for themselves, it is worthwhile to draw attention to afew important features.

The response times for micro-pneumatic and micro-hydraulic ring oscillators, built from identical valve structures, are
substantially different. While the size of the fixed volume in the micro-pneumatic model, and the structural variablesin
the variable volume in the micro-hydraulic model, have a great deal to say about the response time, nonetheless to
zeroth order the difference can be attributed to the velocity of sound of the working fluid. So, whether alogic circuit is
created from microelectronic MOSFETS, or from the structures described here, the sound velocity of the working fluid
(water, gas, or electron gas) always determines the ‘speed limit’ for performing calculations. This limit arises because
the sound velacity is, in a fundamental manner, the speed at which information can be conveyed in the circuit.

So, one would expect that micro-hydraulic circuits would exhibit much improved performance, compared to micro-
pneumatic circuits, if both were built according to similar designs. While this expectation will be reasonable at
relatively large dimensions, as the fluidic circuits scale, boundary effects will become increasingly important, and will
limit performance. That is. microelectronic circuits are based on electron flow through solid materials, and flow is
limited primarily by bulk scattering effects, and not boundary scattering. Conversely, microfluidic circuits are largely
limited by boundary scattering (due to the boundary layer developed by flow of a fluid through a physical structure).
There is, therefore, a surface-area-to-volume ratio effect, and microfluidic devices will suffer more from this effect than
will microelectronic devices.

Nonetheless, provided boundary effects are not too limiting, the model predictions for response times in the relatively
large micro-hydraulic ring oscillators of Fig. 14 are 75 ps, which is an impressive number. Similarly, for a scaled
micro-pneumatic ring oscillator, response times on the order of tens of nanoseconds appear feasible, even for
microfabricated structural dimensions quite large compared to present-day integrated circuit microfabrication practice.



Unlike al other reported microfluidic logic structures, the devices reported in Ref. [6] and here are truly
complementary. Provided OFF-state leak rates are low, mass (and therefore energy) are only consumed when logic
gates are in transition; that is, when the logical state associated with a pressure node is changing value. The amount of
mass consumed, even at the relatively large scales of the micro-pneumatic and micro-hydraulic devices modeled here, is
extremely small, suggesting that closed-cycle systems could be developed, wherein mass is conserved at the system
level, and overall energy is consumed only to pump the supply pressures (PHI and PLO) to relatively constant values.
Alternatively, for field situations (harsh environments, or high EM radiation environments) where computation is
desirable, but electronic energy cannot be used or is not preferred, micro-pneumatic and micro-hydraulic circuits could
easily be operated using hand pumps to maintain pressure; or, through the use of disposable or refillable cartridges of
high pressure gas; or, through the evaporation of compact liquid into a high-pressure vapor.

5. CONCLUSIONS

This work builds on our previous efforts related to micro-pneumatic logic. The effect of scaling structural dimensions
of micro-pneumatic ring oscillators is modeled and presented. The micro-pneumatic logic concepts are then extended to
the realm of micro-hydraulics, to cover the control of incompressible liquids. This extension is facilitated by replacing
the mass storage capability of a compressible gas in a fixed volume, with the mass storage capability of an
incompressible liquid in a variable volume.

The results represent a substantial step forward toward the goal of microscale logic structures for the control and
distribution of both compressible gases and incompressible liquids. Applications in automotive, HVAC, and aerospace
engineering, and pharmaceutical or biofluid devel opment, are anticipated.
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