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Hydraulic Actuation Based on Flow of Non-wetting Fluids in Micro-channels 

By 
Phillip G. Wapner 

And 
Wesley P. Hoffman 

Abstract: 

The behavior of non-wetting fluids in micro-channels can be utilized to create an unusual 
form of micro-hydraulic technology that enables fabrication of various kinds of micro- 
actuators and micro-bearings. In addition, this same technology can be used to construct 
micro-pumps capable of generating flows of wetting fluids in micro-channels and to 
manipulate and control these flows. 

Text: 
Hydraulic actuation and control is a mature technology that is widely used in a variety of 
applications in the macroscopic world in which we live. Its use in 
microelectromechanical systems (MEMS), however, is just beginning to be explored. 
The reason micro-hydraulics is still in its infancy results from the fact that it is not easy to 
construct miniaturized analogs of macroscopic hydraulic-system using traditional MEMS 
fabrication techniques, such as photolithography of(LlG^. Tight-clearance pistons that 
do not allow bypass flow, for example, are difficult to fabricate in micro-devices. 
Fortunately, the very fact that MEMS devices are so tiny enables a very different kind of 
hydraulic technology to be used. It is based on surface tension and wettability 
phenomena associated with the flow of non-wetting fluids in micro-channels (1). 

The utilization of pressurized incompressible fluids to achieve_positive displacementsof 
inechamc^devicjs^|sarelatively straightforward concept. VMotion of a piston within a 

f "hydraulic system, for example, will takeplaceproviding three conditions are met./First, 
the pressure applied"to the~pistön by thTlncompresli'bTeiniidTnust be grearer-tnan the 
force opposing piston displacement. Second, there must be no leaks or fluid bypass. And 

\   third, there must be nojjjgmiicjn^ systemT The first conditioh~must be~ 
^-satisfied-or motiorTcan not take place. The second condition/nsures reproducible 

pressurization and preservation of the hydraulic fluid, while the third condition 
guarantees immediate transmittal of pressure in the incompressible fluid to the piston as 
well as other system surfaces. In macroscopic hydraulic systems, the use of good system 
mechanical design and construction ^nsures that the first and second conditions are 
fulfilled. The third condition is addressed in two ways. First^pf all<air bubbles are 
excluded from the system by careful fluidic layout (i.e., well-placed bleed valves) and 
precise filling techniques. Second, a hydraulic fluid is selected which wets system 
surfaces. This is done for a number of interdependent reasons^kTne primary reason being' 
that if the hydraulic fluid does not wet system surfaces, tiny gaps and crevices will 
remain empty until sufficient pressure is created within the hydraulic fluid to generate the - 
small-radius convex surfaces needed to fill them.   This would be a direct result of the 
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surface properties of any such non-wetting hydraulic fluid. These gaps and crevices 
would therefore act as voids similar to air bubbles^resulting in reduced system 
performance. They would also greatly lessen the ability of the hydraulic fluid to lubricate 
moving parts and prevent corrosion of the system as a whole. Non-wetting fluids are 
therefore not well suited for use in macroscopic hydraulic systems. 

. In microscopic hydraulic systems, the reasons for choosing a wetting versus a non- 
wetting hydraulic fluid are not as straightforward. That is, as the dimensions of the 
hydraulic system decrease, pressure within a non-wetting fluid gradually becomes 
elevated over any externally applied pressure, such as that generated by a piston acting 
upon the fluid in a cylinder. 

Non-wetting fluids, by definition, do not enter into capillaries without pressure being 
applied. Once a column of such fluid has been forced into a capillary, however, this 

. insertion pressure becomes an integral component of the parameters defining the nature 
. or state of the fluid while it is contained within the capillary. The total pressure, Pt, 

existing within the column then becomes the sum of the insertion pressure, Pt, and any 
externally applied pressure, P^. 

v      -/ 
Pt=Pi + Pex (1) 

Thus, in micro-hydraulic systems operating with non-wetting fluids, three different 
pressures must be taken into account. No corresponding situation exists in macroscopic 
hydraulic systems using either wetting or non-wetting fluids, or in micro-hydraulic 
systems employing wetting fluids. 

The differences resulting from dimensional decrease can be demonstrated by considering 
a hypothetical hydraulic system employing a non-wetting incompressible fluid such as 
mercury, with a surface tension of 473 dynes/cm and a contact angle of 140 degrees that 

'ft is actuated with an externally applied pressure of 100,000 dynes/cm2 (i.e., P« equals 
\j^ #" 100,000 dyne/cmj) or 1.45 psi). As the scale of such a system is reduced from 

macroscopic to microscopic size, an interesting crossover point is found. The pressure 
needed to insert fluid into the hydraulic system, Ph begins to exceed the external pressure 
applied to the fluid, P^, when the radius of system components falls below 100 microns. 
This is a direct consequence of the Young and Laplace equation governing differential 
pressure drop across curved liquid surfaces that are not in contact with any other surfaces 
(2,3): 

APd = rP/r1 + l/r2) (2a) 

If the droplet is spherical ie.j-j = r2 equation 2a reduces to: 
T 

APd = 2r/r (2b) 

The associated relationship describing capillary pressure in terms of surface tension and 
wettability (4) is given by: 

h if 
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(e of a spherical drop 
tension of the fluid, 
forms a free surface, 
surface resulting in a 
dly directed pressure 
at the surface. This 

id are surrounded by, 
and attracted to, other liquid molecules in all directions. At the/surface, this is not true 
and the unbalanced interior attractions resuhVin the pressure differential that is often 
referred to as internal pressure and is detailed in equation 2. It is very important to < 
recognize that whenever a pressure difference exists across a free and unconstrained 
liquid surface, it must assume a curved geometry having at least one radius less than 
infinity.   The converse is alsp^rue, jft [the presence of a free and unconstrained liquid 

jsur^tirop manifest itself across that surface^ and that it be 

In these equations, APd is the difference inpfessure between the/msi 
and the outside, r is the radius of the spherical surface, A is 
and #is the contact angle. Equation 2 is applicable whenever 
whether this is a free-falling drop, or a fluid that doesr^tf wei 
sessile drop. The radius of any such free surface produces/an 
due to the unbalanced nature of forces acting on liquioVmolecul 
surface results from the fact that molecules in the b 

surface requires that a pressur^tirc 
described by equation 2. /* 

Equation 3 is derived from equation 2 using a simple force balance carried out along a 
capillary wall in contact with a fluid whose wetting or contact angle is 9. It allows 
calculation of the pressure needed to insert a column of fluid into a capillary of radius^rc. 
Once this pressure is known, it can be substituted back into equation 2 for the pressure 
difference between the inside and outside of the column of fluidjand then be solved to 
obtain the radius of curvature of the fluid surface, r, on either end of the capillary. This 
radius will always be greater than the radius of the capillary unless the contact angle is 
exactly zero or 180 degrees. For non-wetting fluids, of course, a positive pressure is 
needed to insert the fluid into the capillary. Once the column is completely contained 
within the capillary, the insertion pressure does not disappear but remains a very real and 
measurable component of forces existing within the non-wetting fluid. Its existence is 
confirmed by observing that the ends of the column, which are free and unconstrained, 
assume convex shapes that have the form of truncated hemispheres of radius r. 

When the radius of our hypothetical hydraulic cylinder, rc, equals 100 microns, equation 
3 indicates that the insertion pressure needed to force a non-wetting column of mercury 
into such a cylinder is 72,470 dyne/cm2 (1.05 psi). Thus, at these dimensions, the 
pressure needed to create a non-wetting column of fiuid,(ie) P-h is the same order-of- 
magnitude as the hydraulic pressure hypothetically assumed to exist in such a system. If 
the radius becomes even smaller, the pressure needed to fill the system can become much 
larger than the externally applied pressure. This does not mean that the micro-hydraulic 
system cannot be fabricated. It simply means that some initial insertion pressure has to 
be employed to form the column of non-wetting fluid. Any external pressure applied 
after that point, by an actuating piston, for example, is added to the insertion pressure and 
increases the total pressure inside the fluid. Only the pressure applied externally, 
however, will be able to perform any external work as long as capillary dimensions in the 
micro-hydraulic system remain constant.   If capillary dimensions vary, the potential 
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energy contained within the non-wetting column of fluid will also vary, depending on 
actual geometry employed. This creates the possibility of the non-wetting hydraulic fluid 
performing more work than is provided by the pressure applied externally to it. This 
would occur, for example, if a column of non-wetting fluid suddenly entered a capillary 
having a larger diameter with a piston inside it. The non-wetting fluid would then rush 
into^tpthe larger capillary because the insertion pressure is lower there. By carefully 
designing such a system, the potential energy contained within the column of non-wetting 
fluid could be converted to external work performed by the piston. Of, course, the 
amount of external work that could be performed must be equal to or less than the 
potential energy created during insertion of the non-wetting column of fluid into the 
smaller capillary initially. The behavior of non-wetting fluids in capillaries having 
variable axial geometry does not really fit within the scope of this paper. However, this 
topic is quite relevant to design of other MEMS devices and is discussed in some detail 
elsewhere (5). 

To illustrate these concepts in greater detail, consider the column of mercury contained 
within the capillary with a radius of 10 microns illustrated in Figure 1. jnjngure la, no 
hydraulic pressure is applied to the mercury column, whereas iirlb an actuating piston is 
shown pushing the mercury column into a wall. The pressure within the mercury column 
inJa is 724,700 dyne/cm2 (10.5 psi) calculated from equation 3. This is, after all, the 
pressure needed to insert the mercury into the capillary with a lO^micron radius in the 
first place. It is also the pressure that the column of mercury exerts on the capillary wall 
wherever contact is made. The radius of curvature of both ends of this non-pressured 
column can be found by setting the internal pressure in equation 2b equal to 724,700 
dyne/cm2J^nd solving for the radius rla. The result is 13.1 microns. In Figure lb, a 
force, Fib, acting on the piston generates hydraulic pressure arbitrarily assumed to be 
100,000 dyne/cm2 (1.45 psi). The internal pressure is now raised to 824,700 dyne/cm 
(12.0 psi) and can again be used to calculate the radius of curvature, rib, of this 
hydraulically pressurized column from equation phj? It is 11.5 microns. Thus, the 
radius of curvature of the free surfaces (i.e., unconstrained corners) at both ends of the 
mercury column has decreased. It should be noted at this point that since the total 
pressure within the mercury column is equal at every point, the radius of curvature of 
every free surface in the column must be identical. Thus, assuming no flow and no 
pressure drop due to differences in elevation, the radius of all free surfaces will have 
decreased to 11.5 microns in this example 

Referring now to Figure 2, the piston in our hypothetical micro-hydraulic system is made 
smaller so that it fits into the cylinder with a uniform radial clearance c. This clearance is 
of such magnitude that in Figure 2a the mercury column has the same appearance as in 
Figure lb. Clearly, these two pistons exert the same hydraulic pressure on the column of 
mercury and no bypass flow will take place in either system until the situation is reached 
in Figure 2b. At the higher value of hydraulic pressure generated by force F2b in Figure 
2b, the mercury will begin to flow around the smaller piston and the system will no 
longer be leak free. If the clearance is small relative to cylinder diameter, on the order of 
Je» percent or less, the hydraulic pressure needed to cause such bypass flow can be 
approximated quite well by using its value for the radius in equation 3.   Setting this 
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radius to 2 microns and solving for Pa gives 3,623,400 dyne/cm2 (52.55 psi). Thus, at 
any pressure less than this, the system will still be capable of reproducible and repeatable 
hydraulic activation even though the conditions stated previously that are needed for such 
activation macroscopically are not rigorously enforced. 

The pressure within the column of non-wetting fluid enabling hydraulic activation need 
not be generated mechanically as has been done thus far. It can also be generated 
thermally as is illustrated in Figure 3. Here a piston is employed to act as a valve when a 
heating coil in a pressurizing reservoir is energized. Figure 3 a shows the valve open and 
figure 3b shows it closed. The control-arm capillary branching off the reservoir contains 

%. continuity circuit. When contact is made with the expanding non-wetting fluid, the 
controller turns off the heating coil^preventing over-pressuring. Whenever the fluid is 
located within the control-arm capillary, the total pressure within the system remains 
constantAprovided the capillary has a constant radius. The radius of the control-arm 
capillary is determined primarily by two considerations. As before, it must be larger than 
the piston clearance to prevent bypass flow. In addition, it must be small enough to 
generate a total pressure within the non-wetting fluid sufficient to keep the piston firmly 
seated when the valve is closed. This hydraulic-fluid pressure is determined by the 
pressure of the fluid entering the valve and the diameter of the valve seat. If the valve 
seat cross-sectional area is smaller than the piston area contacted by hydraulic fluid, a 
multiplier effect is generated common to all hydraulic systems. In that case, pressure in 
the hydraulic fluid can be lower than the inlet fluid pressure and still completely stop 
flow through the valve. It should be noted that the scale of the pressurizing reservoir has 
been deliberately reduced so that it fits easily into the figure. It must, of course, have a 
much larger volume than the valve stem so that the relatively small increase in volume of 
the non-wetting fluid caused by heating will completely fill the valve stem in the closed 
position. 

One shortcoming of such a micro-hydraulic valve is that it is only in the closed position 
when the heating coil is energized. Even if the control circuitry turns on the coil only 
intermittently, power would still be consumed at some average rate. This would not be 
desirable on long-duration applications such as space missions to other planets. In that 
case, a phase-change technique can be employed using a dual heating coil arrangement 
and a non-wetting hydraulic fluid that is only liquid at temperatures above those planned 
for the application. Figure 4 illustrates such a valve. It consists of a "locking" heating 
coil placed around the enlarged portion of the valve stem in addition^he heating coil in 
the pressurizing reservoir. The non-wetting hydraulic fluid is noSTselected from one of 
the numerous metals or metal alloys which solidify at temperature slightly above ambient 
for the particular application. Examples are gallium, indium, and tin, and alloys such as 
the Cerro-bismuth and Cerro-indium series. If both coils are energized as in Figure 4a, 
the fluid will be fully liquefied and the valve will be closed just as in Figure 3b. If the 
"locking" heating coil is then turned off, the fluid in the expanded section of the valve 
stem will solidify firmlysholding the piston against the valve stem as in Figure 4b. This 
will be especially true if one of the Cerro alloys is used since these expand slightly upon 
solidification. The heating coil in the pressurizing reservoir can then be turned off^_ 
conserving power. Before the reservoir solidifies, it would draw still molten non-wetting 
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fluid back into itsel£ending up looking somewhat like Figure 3a. The plug of solid metal 
now firmly wedged into the expanded portion of the valve stem would not move, 
however, and the valve would remain closed. To open the valve, both heating coils 
would be energized, and then only the pressurizing reservoir coil would be turned off. 
This is not shown. Turning off the "locking" coil would then keep the valve in the fully 
open position with no use of power. Figure 5 is a picture of such a valve in the closed 
position with all power turned off. Again, the scale of the pressurizing reservoir is 
smaller than actually required. 

Rather than use expanding non-wetting fluid to open and close valves, micro-actuation 
can also easily be arranged. Figure 5 illustrates a constant force double-action micro- 
actuator. The right-hand pressurizing reservoir heating coil is turned on causing the 
actuating piston to move to the left. The force that is generated on the piston is simply 
the total pressure in the non-wetting fluid multiplied by the cross-sectional area of the 
piston in contact with the fluid. As before, radius of the control-arm capillary determines 
the total pressure. The same limitations on capillary size also apply. The most important 
is that the piston clearance as well as actuator arm clearance must be less than control- 
arm capillary radius to prevent bypass flow. If the heating coil on the right is turned off 
and the one on the left turned on, motion of the piston will be to the right. If both 
control-arm capillaries have the same radius, actuating forces in both directions will be 
equal. Otherwise they will differ. 

A positive aspect of using heating coils to achieve pressurization is that it allows 
controlled motion of the actuating piston, whether it be in a valve or a mechanical 
actuator. Simply reducing or increasing power sent to heating coils controls the rate of 
thermal expansion, and therefore piston velocity. This is true only within certain upper 
limits, however. Instantaneous pressurization cannot take place because of heat transfer 
limitations. A much more rapid pressurization device is illustrated in Figure 6. It is a 
hybrid device that uses a solenoid as well as multiple control-arm capillaries. The 
control-arm capillaries do not need continuity and control circuitry when used in this 
fashion, however. Their function now is topassively control non-wetting fluid pressure 
using equation 3, as before, but also to sew act as a storage location for the pressurized 
fluid. In Figure 6a, the solenoid has not been activated and non-wetting fluid is not 
contained within any of the multiple control-arm capillaries. Total pressure within the 
hydraulic fluid is very low because of the relatively large diameter of the pressurizing 
reservoir. In Figure 6b, the solenoid has been turned on causing very rapid filling of the 
control-arm capillaries. This instantaneously increases the total pressure within the non- 
wetting fluid shutting the valve. Of course, the solenoid plunger itself could be used to 
shut the valve. However, this might not be possible or desirable in some applications, 
such asjon a micro-chip, for example. In a remote setup, the transfer line, which can be 
fabricated to close tolerances by microtube technology (5), could have virtually any 
length and configuration which greatly expands the design possibilities. This is, after all, 
one of the primary benefits of hydraulic systems. 

In both kinds of micro-valves actuated by non-wetting pressurized fluids, there is ample 
opportunity for contact to take place between the hydraulic fluid and the fluid being 



controlled because of piston clearance. This may or may not be a problem depending on 
the particular chemical nature of the fluids involved. However, it must certainly be taken 
into consideration in the design phase. Only if both fluids are non-wetting might contact 
not take place. 

While the discussion up to this point has all centered around circular capillaries, which 
can be manufactured using microtube technology (5), equivalent arguments can be made 
for capillaries, or micro-channels, having non-circular cross-sections as well, which can 
also be manufactured by the same technique. A square piston in a square micro-channel 
having a uniform clearance on all sides would behave virtually identical^to its circular 
analog. Moreover, such square or rectangular cross-sections are much more easily 
fabricated using conventional MEMS techniques, such as photolithography or LIGA, 
than circular profiles. Micro-hydraulic actuation using non-wetting fluids is therefore 
also applicable in these situations as well. 

Another feature of micro-hydraulic systems based on non-wetting fluids is the ability to 
"float" surfaces away from one another reducing friction. Figure 7 illustrates two devices 
that perform this feat. In Figure 7a, a rotary-translational micro-bearing is fitted around a 
center shaft. The outer race consists of a collar, both ends of which have some small 
amount of clearance with the center shaft. The inside of the collar has been removed 
leaving an annular gap within the collar much larger than the clearance at either end. 
Non-wetting fluid has then been injected into this gap filling it to the point where bypass 
flow is becoming imminent. This will, of course, require some insertion pressure, P„ just 
as before and can be calculated from equation 3. Because the non-wetting fluid 
completely surrounds the center shaft, this insertion pressure will push it uniformly away 
from the outer race in all radial directions causing it to "floa\y() The center shaft can now 
rotate or translate freely without contacting the outer race, which can then be mounted to 
some other fixed surface. In Figure 7b, a rotary-thrust micro-bearing is illustrated. The 
center shaft can now rotate, but not translate. In either type of micro-bearing, filling of 
the annular gaps could be accomplished through a side port on the race. 

In summary, the use of non-wetting fluids in micro-hydraulic applications has many 
benefits. The existence of clearances between sliding surfaces does not prevent hydraulic 
actuation if proper design protocols are adhered to. Capillaries having non-circular cross- 
sections, or micro-channels, can be used which allows conventional MEMS fabrication 
techniques to be employed. Many types of pressurization techniques are possible 
including mechanical, thermal, and electrical. Precise control of hydraulic pressure is 
assured since surface tension and wettability are the controlling variables in micro- 
channels. And, the non-wetting fluid itself has the ability to function as a bearing 
separating moving surfaces and thereby minimizing friction. 
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