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Abstract 
 
Here we introduce a novel micro-hydraulic 
significantly improve performance of many
Using this structure we fabricate and test a 
power, accurate and robust flow sensor in w
appendage is used to translate flow into hy
This pressure is hydraulically amplified an
capacitance that is integrated with the 
system. The air flow sensor can detect flow
from zero to 10 m.s-1 with a resolution of 1 
flow regime and a predicted minimum dete
mm.s-1. 
 

Introduction 
 
Bio-mimetic hair-like structures can provide
with high accuracy and high resolution, and
footprints enable array fabrication to provide
fault tolerance. Previous works using hairs w
or capacitive transduction have very fragil
limit the use of the air sensors in outside en
Also, the high accuracy of these sensors is
expense of dynamic range. Here we exploit a
structure to overcome these shortcoming
conventional capacitive air flow sensors (
based on micro-hydraulic system (3,4
measurement range while maintaining the sa
conventional capacitive sensors, a narrow 
needed to make the device sensitive to small
deflection and thus obtain high sensitivity. 
gaps deteriorate the range. In contrast, wh
assisted capacitive sensing is used, a very 
used on the front side to allow a large rang
back-side gap is used to obtain high sens
capacitive plate area on the back side can co
smaller deflection. In addition, since both ga
liquid and enclosed, the system is robust a
damage in wet, windy or dusty environme
capacitive sensors with exposed gaps o
sensors with narrow and fragile cantilever b
capacitive transduction is very low pow
commonly-used hot wire anemometers (5) 
sensors (6-8).  
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Device Descrip
 

A. Micro-hydraulic system 
 
The basic hydraulic system shown 
trenches on the front and back 
connected by a channel. Both tren
filled with a silicone fluid and the tr
2 μm thick layer of Parylene to enc
system. Each chamber can be c
 

 
Fig. 1 Micro-hydraulic structure with hairs 
The base structure consists of top and bo
electrodes on the bottom membrane for e
capacitive sensing. After integration of the
elastomer epoxy is used to attach the hair ove
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close the micro-hydraulic 
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attached on bossed membrane. 
ottom chambers and a pair of 
either electrostatic actuation or 
 boss to the system, a silicone 

er the boss. 
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internal or external pressure to the flexible Parylene 
membrane on one side, thus forcing the liquid into the other 
chamber, causing its membrane to deflect.  
 
In this hydraulic system, amplification of either force or 
displacement is achievable with a proper choice of the area 
ratio between the chambers. This amplification, which is 
characteristic of the micro-hydraulic system, plays an 
essential role in improving sensor performance. A pair of 
electrodes on the back side can be used for electrostatic 
actuation or capacitive sensing. The fabrication process is 
shown in Fig. 2.  
 
Fabrication starts with DRIE trenches on the front and back 
side of the silicon wafer. A stack of evaporated Cr/Au films 
on the backside forms the first plate of the capacitive sensor. 
In the next step, CytopTM, which is a hydrophobic polymer, is 
spun and patterned on both the front and backside of the 
wafer. This hydrophobic polymer helps to contain liquid 
droplets in CytopTM-free areas. A channel connecting the 
back and front-side chambers is made using DRIE. The 
silicone oil is dispensed and with help of CytopTM it is 
contained only in the chambers and channels. Depending on 
the application, the boss may or may not be included (as 
described in the following section) and after this the whole 
structure is encapsulated with Parylene. Since the silicone oil 
used here (1,3,5-trimethyl-1,1,3,5,5-pentaphenyltrisiloxane) 
has very low vapor pressure, it is not evaporated during 
 

 
 
Fig. 2 Fabrication process. Trenches and through-wafer channels are formed 
by DRIE. CytopTM is a spin on polymer that makes the surface hydrophobic. 
Therefore, the fluid will be contained in CytopTM free areas. In the Parylene 
deposition step, surface tension keeps the liquid in place. Integration of the 
boss is shown in process steps 5-1, 6-1 and 7-1. 

Parylene deposition in a vacuum chamber. For the second 
plate of the capacitance, Cr/Au is deposited through a shadow 
mask onto the top of the Parylene layer. An array of micro-
hydraulic structures are shown in the Fig. 4 inset. 
 
B. Bossed membrane 
 
To make a hair-like air flow sensor or actuator based on the 
micro-hydraulic structure, a hair appendage must be attached 
to the membrane to translate the ambient air flow into 
hydraulic pressure. A simple process is needed for hair 
attachment which allows this transduction without altering 
the rest of the structure. We have developed a technique to 
integrate a silicon boss as a platform for attaching hair 
appendages. As shown in Fig. 2 parts 5-1, 6-1 and 7-1, after 
liquid dispensing, a 100μm-thick silicon disk is put over the 
fluid and Parylene is deposited. The disk does not sink and is 
aligned in the center due to surface tension (Fig. 3,4). After 
boss integration, a pre-fabricated pin can be attached to the 
boss in a minimally invasive way without excessive 
adhesive/paste reflow or residues which might alter the 
Parylene membrane mechanical properties (Fig. 5). We have 
successfully tested an air flow sensor made by attachment of 
a hair on a bossed membrane. The bossed device obtains the 
same performance as an un-bossed device while scaling down 
the device geometry by 2.5× in hair length and 4× in 
capacitance area. 
 

 
 
Fig.3 An array of micro-hydraulic cells with bossed top membranes. As 
shown in the figure, the boss does not sink into the fluid and is self-aligned 
in the center. 

 
Fig.4 Surface profile of one cell with bossed membrane over a 4.5 µm 
trench. As shown in the image the boss is aligned in the center and it rests in 
a fairly flat position.  
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C. Hair sensor 
 
To produce an air flow sensor based on the
system, a hair-like post that extends from th
the plane of the substrate is needed to con
force into pressure and to exert pressure on 
on the front-side membrane. The boss p
toward the back side, deflecting the back-si
pair of metal electrodes is deposited o
Parylene membrane and on the substrate und
capacitor. As flow speed increases, the me
and the capacitance decreases monotonic
capacitive gap is enclosed, this sensor 
compared to structures which locate the ha
cantilever beam or on top of an expo
capacitive plate. Fig. 5 shows a micro-hydr
The boss under the pre-fabricated pin can be 
 
The fabricated devices have been tested in a 
sensors are placed in the laminar flow regi
The air flow speed is monitored with a com
anemometer located next to the sample whil
change is measured with a HP 4284A LC
shows measured capacitance change versus
The sensor operates over a wide range up 
different sensors were fabricated and measur
sensitivity was found to range from 230 t
with an average of 333 fF/(m·s-1). For the 
Fig. 6, the low flow sensitivity is 315 fF/(m
the capacitive readout circuit can detect a ca
of 1 fF, the minimum detectable flow is ~3 m

 

Fig. 5 A hair sensor in which the hair (a prefabricated p
front-side membrane over the boss. On the top left, the
of four cells is shown. 
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mmercial hotwire 
le the capacitance 
CR meter. Fig. 6 
s air flow speed. 
to 10 m·s-1. Five 

red. The low flow 
to 440 fF/(m·s-1), 
device shown in 

m·s-1). Therefore if 
apacitance change 
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pin) is attached to the 
 back side of an array 

Fig. 6 Micro-hydraulic air flow sensor respon
flow region (for 0-1 m·s--1) the capacitive rat
data fit line is a 5th-degree polynomial. The v
the fit line is used to determine the 1 cm·s--1 r
 
D. Simulation 
 
To verify the experimental results
mechanics component in the MEMS
model the micro-hydraulic hair 
dimensions of the fabricated devic
were used in the model (Table I). 
and hair structure are shown in Fig
the resultant drag force on the hair 
This force is then applied to the hai
predicts the resultant deflection o
membrane displacement. From the 
change under the front-side m
Assuming the silicone oil is an inco
the entire liquid volume change is
side, the back-side membrane defle
the capacitance-gap relation of a cu
the expected change in back-side c
The back-side curved electrode geo
used to calculate the volume and 
curved electrode and the flat electro
Note that these equations assume th
droplet is much smaller than its diam
 

TABLE I 
DIMENSIONS OF FABRIC

 
Parameter 
Parylene membrane thickness 
Parylene membrane diameter (Front) 
Parylene membrane diameter (Back) 
Hair height 
Hair diameter 
Boss thickness 
Boss diameter 
Front side recess depth 
Back side recess depth 

 

 
nse to air flow speed. In the low 
te of change is 315fF/m·s-1. The 
variation of measured data from 
resolution of the sensor. 

s, we used the structural 
S module of COMSOL to 

air flow sensor. The 
ce characterized in Fig. 5 
The simulated membrane 

g. 7. For a given air flow, 
is calculated analytically. 

ir tip in COMSOL, which 
of the tip and the 3-D 
displacement, the volume 

membrane is calculated. 
mpressible fluid such that 

s transferred to the back-
ection is calculated. Using 
urved electrode capacitor, 
capacitance is determined. 
ometry and the equations 
capacitance between the 

ode are given in Table II. 
hat the height of the liquid 
meter.  

ATED DEVICE 

Value 
1 µm 
1 mm 

2.24 mm 
1.9 mm 
220 µm 
118 µm 
474 µm 
4.5 µm 

2 µm 
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Fig. 7 Simulation result of a hair deflected in respon
speed of 1 m·s-1 (i.e., a drag force of 0.157 µN is applie
radial displacement is plotted at 128.5x its actual value, 
 

TABLE II 
GEOMETRY AND FORMULAS USED TO CAL

CAPACITANCE CHANGE ON THE BACKSIDE O
SENSOR 

 

Volume 
ߨ ቆܦଶ ൅ 4݄ଶܦଶ ቇ ൈ ൥13 ቆܦଶ െ 4݄ଶܦଶ ൅ 4݄ଶቇଷ െ

ܦ ݂݅ ب ݄ ՜ ݁݉ݑ݈݋ܸ ؆
Capacitance ߝߨ ଶܦ ൅ 4݄ଶ4݄ ݈݊ ൬݃଴ ൅݃

 
For the geometry of the device characte
simulation predicts that at 1 m·s-1 of air flow
the hair tip), the tip of the hair appendage wi
1.103 µm. This deflection is shown on the
where the radial deflection is amplified in th
of 128.5 in order to make it visible. This ca
membrane deflection of 300 nm and a vo
6.28×10-14 m3 under the front-side m
corresponds to a predicted back-side maxi
deflection of 32 nm resulting in a capaci
150 fF. This is of the same order of m
measured result of 230 fF capacitance cha
Differences between the experimental and s
may come from ambiguity in calculations 
force and drag coefficient at very low flow sp
Reynolds’ number as seen in (1,2)), and fro
of the fabricated device, including slight cur
side membrane. Note the ~10x hydraulic am
between the front-side and back-side mem
(300 nm vs 32 nm.) Table III summarizes the

 
nse to air flow with a 
ed to the hair tip.) The 
for visibility. 

LCULATE THE 
OF THE AIR FLOW 

െ ቆܦଶ െ 4݄ଶܦଶ ൅ 4݄ଶቇ ൅ 23൩ 

؆ 8ߨ ଶ ൅ܦ݄ ݄݃଴ ൰ 

erized in Fig. 6, 
w (or 0.157 µN at 
ill be deflected by 
e right in Fig. 6, 
he plot by a factor 
auses a front-side 
olume change of 
membrane. This 
imum membrane 
itance change of 

magnitude as the 
ange for 1 m·s-1. 
simulation results 
of the fluid drag 
peeds (i.e., at low 
om non-idealities 
rving of the front 
mplification ratio 

mbrane deflection 
e results.  

 
TABLE III 

SUMMARY OF RESULTS FOR
 

Simulation results and experi
Maximum deflection of the front side membr
Liquid volume transfer 
Maximum deflection of the backside membra
Backside capacitance change (Modeling) 
Backside capacitance change (Measured) 

 
Conclusion

 
We have introduced a novel hair-lik
a micro-hydraulic structure. The h
fabricated and tested and offers a 
while maintaining high sensit
experimental results are in reasonab
hydraulic system can be used as a 
variety of MEMS devices to improv
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