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Abstract. We present the design, fabrication and characterization of a novel microvalve 
realized by combining micro and fine machining techniques. The design is for high flow rates 
at high pressure difference between inlet and outlet, burst pressure of up to 15 bars, there is no 
power consumption required for the valve to maintain its position during operation in any 
intermediate state and the process gas does not interact with the actuation mechanism. The 
microvalve was experimentally characterized with airflows. It is shown that flow rates of 220 
ml/min at a pressure difference of 4 bars could be achieved with the minimum accurate flow 
rate of 2-8 ml/min.  

1.  Introduction 
Many efforts have been made to develop various microvalves to meet different requirements such as 
high flow rates at high inlet pressure, low power consumption, low leakage and process gas isolation 
from actuation mechanism for specific applications [1-9]. Though, the configurations of these valves 
could be different (open or closed valve) but the structures are very similar. Generally they have a 
deflectable membrane and a valve seat with inlet and outlet. When the membrane is deflected, it seals 
the inlet on the valve seat and closes the valve. Some of these valves meet most of the requirements, 
such as, high inlet pressure, low leakage and process gas isolation but have relatively low flow rates 
and [2-3]. In addition, these valves have relatively high power consumption and no control of flow at 
intermediate states between open to closed position [3-5]. These valves use different actuation 
mechanisms such as thermal, pneumatic, thermo pneumatic, electromagnetic and piezoelectric etc. 
The valves with thermal [6] and thermo-pneumatic [7] actuation provide large force through large 
stroke but show slow response time (>100 ms) to complete a cycle. Thermally actuated valves also 
suffer from the risk of random valve opening if ambient cooling or heating occurs. It results in an 
uncontrolled initiation of the actuation mechanism. On the other hand, electromagnetic valves [8] offer 
large force but high heat dissipation and large power consumption. To generate larger pressure, 
piezoelectric actuators [9] are used but they use high voltage as well. In a nutshell, a vast majority of 
the valves presented above is unable to fulfil the requirements such as to precisely control the high 
flow rates at considerably high inlet outlet pressure difference. Additionally, the existing valves do not 
meet the requirement to control the flow without power consumption at different intermediate states 
during valve operation.    

In this paper, we describe the design, fabrication, and characterization results for a high flow rate, 
leak tight microvalve, operating under high inlet pressures. We present a new approach, based on the 
combination of fine and micro machining. The valve is composed of two main parts. The first is fine- 
machined actuation part. It includes a stepper motor (an electromagnetic actuator) along with metal 
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screw to convert rotary motion into translational motion. The second part is the microvalve, realized 
by standard micro-machined techniques. This new design provides the benign feature of controlling 
the flow accurately at a pressure difference of 4 bars at inlet and outlet. It offers the control of flow at 
any intermediate state from open to close position. It is not open or closed valve in the sense that there 
is no power required to keep the valve open in any desired state. Additionally process gas is isolated 
from the actuation part. This specific configuration of microvalve also assures leak tightness.  

2.  Design and Modelling 
The schematic cross sectional view of the valve is shown in Figure 1. The core components of the 
microvalve are divided into two parts: Fine machined and Micro machined respectively. The first part, 
which is fine machined, comprises of a metal block along with a screw, which is rotated by the micro 
stepper-motor mounted on a spring. The screw mechanism is used to convert the rotary motion of the 
stepper-motor into translational motion in order to deflect the silicon membrane. 

The second part is the micro machined valve made from three wafers (see Figure 2). Pyrex wafer 
has the inlet and the outlet orifices. The middle wafer is from silicon which caries the valve-seat that 
acts as variable resistance, and also contains a rectangular channel at its bottom, which acts as a static 
resistance. The rectangular channel is connected to the valve seat by an orifice. The top wafer is also 
from silicon having a square membrane with a boss, which upon deflection controls the gas flow. 

To derive specifications of the microvalve that can withstand high pressure and can precisely 
control high flow rates, a new approach of integrating two resistances in series is adopted. The two 
resistances, in which one is variable and other is static resistance, are designed to achieve linearity 
over a wide range. For the variable resistance, a theoretical model for circumferential gas flow is 
introduced [10]. Figure 3 shows the typical design for a circumferential gas flow when using silicon 
micro-machining techniques. In this design, flow is controlled by the gap height s. By changing the 
gap height, the resistance is changed.  

Assuming laminar, incompressible and fully developed flow, the variable resistance is calculated 
by [10]:  
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Figure 1: Cross sectional view of microvalve Figure 2: Micro-machined part 
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where µ is the fluid viscosity, a1 and a2 are the inner and the outer radius of the valve seat respectively 
as shown in Figure 3. Similarly, for the static resistance, the gas flow is modelled in a rectangular 
cross section and is given by: 
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where l is the length of the channel and w and h are the width and height of the channel 
respectively. 

The flow rate can then be written as: 
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The valve is designed for a maximum flow of 220 ml/min at inlet/outlet pressure difference of 4 
bars. Typical dimensions of 0.2 and 2 mm are chosen for a1 and a2 respectively to achieve the flow 
rate of 220 ml/min. Similarly, dimensions of 400 m, 60 m and 32 mm are chosen for w, h and l
respectively for rectangular channel. Figure 4 shows the flow rate as a function of gap height s for the 
variable resistance only and for both resistances in series. It can be seen from graph that in case of 
variable resistance only, the flow rate rises steeply, which makes control difficult. But from the second 
curve, it can be observed that the introduction of static resistance in series with the variable resistance 
provides more linearity. In fact, the static resistance controls the flow for the large opening of the 
variable resistance, while for smaller opening; the variable resistance controls the flow. It can also be 
seen that the combination of these resistances provides a larger range of deflecting the membrane for 
controlling the gas flow. The membrane can deflect 22 m instead of 9 m, which is important for the 
better controllability.  

The performance of the valve is also measured in terms of fluctuation in the flow velocity. This 
particular configuration improves the performance of the valve by reducing the flow velocity as 
transonic speeds originate shock waves. It can be seen that in case of variable resistance the Mach 
number is 0.9 at the maximum flow rate (see Figure 5). This value is too high as it produces shock 
waves. For the case of static resistance in series with variable resistance, the Mach number reduces 
from 0.9 to 0.65 and it decrease linearly with the radial distance of the variable resistance.  

Figure 3: Circumferential flow Figure 4: Flow rate as a function of gap height “s” 
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In order to check the theoretical model, we simulated the gas flow through the variable resistance. 
Compressible gas flow model is simulated as the theoretical model suggest compressible flow 
(Ma>0.3). It is found that the theoretical model does not show much deviation from the numerical 
model CFDRC (Computational Fluid Dynamics). 

The fine-machined part consists of an aluminium block and the micro stepper motor as shown in 
Figure 6.  The metal block includes inlet and out let grooves. The micro valve is placed and tightened 
in such a way that inlet and outlet are aligned with the metal block. The micro stepper motor is 
mounted vertically on the top of the silicon membrane to deflect it. To deflect the membrane for 
controlling the flow, torque of 23 Nm is calculated. It is found the smallest available stepper motor 
ADM0620 [http://www.faulhaber-group.com] can provide the required torque (see Figure 6b) [11].   

3.  Fabrication 
The fabrication process of the proposed microvalve is very simple. It includes the standard 
micromachining of three wafers as shown in Figure 7. The square membrane with a boss is realized by 
KOH etching. The variable resistance, static resistance (rectangular channels) and orifice in the middle 
wafer are fabricated by DRIE etching. The inlet and outlet in the Pyrex wafer are realized by powder 
blasting. The first two silicon wafers are fusion bonded at 1100 C in N2. The final step is to 
anodically bond the fusion bonded silicon wafers and Pyrex wafers. The anodic bonding is performed 
on a hot plate setup.  

We could not optimize the etching process for the different sizes of static resistances and for 
different valve openings which results in devices not having required static resistance (w=800 m, 
h=60 m and l=32 mm) with valve opening size of 60 m. The details of the fabrication process will 
be presented else where.  

Figure 6: a) Metal block b) Stepper motor Figure 5: Mach number as function of gap height “s” 

Figure 7: Micromachining Figure 8: Schematic view of experimental set up 
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4.  Results and Discussions 
A schematic of the measurement setup is shown in Figure 8. A flow meter of Bronkhorst is used to 
measure the gas flow. The maximum volumetric flow for the flow meter that has been used is 220 
ml/min. The precision of the flow meter is 1% of the maximum flow. In front of the flow meter an air 
filter is placed to purify air from dust particles, to avoid congestion of the valve. The pressure is 
measured by the pressure gauge in between the flow meter and the valve. 

The flow rate is measured as a function of gap height. The measurement procedure starts with 
applying the pressure and closing the valve till a volumetric flow of 2 ml/min. Then the valve is 
gradually opened up to a gap height of 24 m and the flow rate is measured. The step size is set to 
approximately 1 m. The volume flow rate is measured with four different pressure differences of 1, 
2, 3 and 4 bars between inlet and outlet. Valves with five different lengths of the static resistance (8, 
12, 16, 20 and 24 mm) were characterized. Figure 9 shows the measured volumetric flow rates at a 
pressure difference of 4 bar for a valve with static resistance of 24 mm in length. It can be seen that the 
results predicted by the incompressible gas model are in good agreement with the measurements. 
Moreover it can be observed that the volumetric flow rate exceeds a value of 200 ml/min at a gap 
height of approximately 9 m. We attribute this increase in flow rates to the comparably low static 
fluidic resistance of the valve as we could not get the devices with higher static fluidic resistance (see 
paragraph fabrication). The devices, used for experiments were with very low static resistance. That is 
why the flow reached the required value of 200 m at smaller gap height of 9 m than in 20 m.

The performance of the stepper motor has also been examined. Figure 10 shows the volumetric 
flow rate as a function of number of steps for a motor with a gear reduction ratio of 120:1. It can be 
observed from the plot that the volumetric flow rate of 220 ml/min is achieved within the 68 steps and 
with the equivalent gap height of 8 m which is in agreement. It can also be observed that a couple of 
small steps are followed by larger steps. This might be caused by the friction in the screw shown in 
Figure 10. During small steps tension is built up due to the friction and when the force is high enough 
it takes the larger steps to overcome the friction. This phenomenon limits the controllability to 2 to 8 
ml/min for per step (see zoom view in Figure 10). Finally leak testing of a microvalve was performed 
using a helium leak detector with atmospheric pressure at the inlet and vacuum (1x10-09 bar) at the 
outlet and extremely low leakage of 1.6 x 10-15 [kg/s] was observed.  

Summing up the results we did not find any deviation from our theory within the accuracy of our 
measurement. The good agreement of theory and experiment confirms our modeling assumption. 
Moreover modeling shows that it is very difficult to include more pressure regimes in this particular 
design as the difference in resistance is large for the pressure difference higher than 5 bars. The valve 
performance can be affected by several factors including wear and tear in the screw mechanism and 
misalignment of the seat to the membrane. The frequent movement of the screw to deflect the 
membrane can cause wear which ultimately stops valve operation. Misalignment will increase the 

Figure 9: Experimental and theoretical comparison Figure 10: Stepper motor performance 
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power necessary to seal the valve for a given flow. It is difficult to optically verify the alignment after 
assembly as the valve is in silicon.  

5.   Conclusions 
We have presented a novel stepper motor actuated microvalve design. This technique enables us to 
control high flow rates at higher pressure. This new idea of mechanical transmission (conversion of 
rotational motion into the translation motion using stepper motor) not only allows us to control the 
valve at any intermediate state but also the valve does not need any power to keeps it geometry. 
Additionally, this design prevents the interaction of the process gas with the actuation part, which 
enhances its robustness. A hard seating configuration, using fine and micro machining combination, 
contributes to the enhanced leak tight microvalve operation. Extremely low leak rates of 1.6 x 10-15

[kg/s] were detected with atmospheric pressure at the inlet and vacuum (1x10-09 bar) at the outlet. 
Another promising feature is that it uses simple and straightforward fine and micromachining process 
to realize microvalve.  

The promising results from the microvalve characterization presented in this paper provide the 
assurance that it is possible to meet the demanding requirements of high quality chemical analysis. 
The microvalve technology presented here is capable of integration into fluidic devices and with other 
MEMS components. There are certain issues for future study. The robustness of the valve for practical 
applications against repeatability and aging needs to be tested. Finally, the geometrical design will be 
optimized to accommodate more pressure ranges in a single design. 
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