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Abstract: We report the design, fabrication and characterization of micromachined 
Parylene structures for self-sealing liquid encapsulation applications. Automatic sealing is 
enabled through the use of an integrated annular-plate stiction valve which greatly reduces 
device footprint over in-plane configurations. We achieve automatic wafer-level liquid 
entrapment without using adhesives or processing at elevated pressures or temperatures. 
The ability to track changes to the internal liquid volume through the use of electrochemical 
impedance measurements is also presented.  
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1. Introduction 

Many interesting MEMS applications such as variable-focus liquid lens optics [1], electrolysis 
actuators, and electrowetting devices employ encapsulated liquids [2]. These applications require 
appropriate fabrication techniques and structures for long term encapsulation of small liquid volumes. 
The application of thermal or chemical bonding techniques is often challenging as the liquid must be 
made compatible with the additional steps introduced into the process.  

One such approach utilized thermo-compressive bonding of Parylene C to successfully encapsulate 
water within microreservoirs for several days [3]. The technique required thermal excursion >200 °C, 
and as such, the chemical stability of liquids other than water (or biologic material contained within: 
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proteins, cells, etc.) remains a concern. Various room temperature techniques have been proposed to 
address this challenge including chemical vapor deposition of Parylene C directly on droplets of low 
vapor pressure liquids [1]. Others have exploited UV-curable resins to perform on-demand  
bonding-in-liquid with some success, however, alignment was found to be a critical factor [4].  
Wafer-level room temperature sealing was demonstrated in gold microreservoirs patterned on silicon 
wafers and sealed through physical embossing of matching gold rings a glass sealing wafer. The seal 
was shown to be hermetic but the embossing process required high pressure, epoxy reinforcement and 
very smooth gold surfaces that were realized through additional lapping steps [5]. A sealing 
mechanism that introduces a minimum number of additional steps and simplifies the sealing process 
would be an attractive alternative to current methods.  

Stiction has been investigated as a possible sealing mechanism due to its simplicity and notoriously 
strong surface interactions. Stiction is usually considered an unwanted failure mechanism in MEMS 
and can render devices inoperable unless accounted for appropriately [6,7]. This phenomenon, 
however, is beneficial when utilized as a sealing mechanism in valve structures for trapping fluid. 
Parylene-based stiction valves have demonstrated excellent performance in wafer-level sealing of 
liquids within microchambers [8,9], but are currently placed externally in relation to the liquid 
chamber and active structures of the device. This configuration increases the overall device footprint 
and limits the ability to tailor the microchamber characteristics since the shared fabrication steps must 
also satisfy the stiction valve design constraints. Decoupling the valve construction by integrating it 
within the active structure itself was attempted by [3] but liquid retention was limited to several 
minutes due to suboptimal valve design. Here we combine the optimal annular-plate valve design 
guidelines derived by [8] in an integrated device to reduce overall footprint by nearly 50% and achieve 
automatic long-term liquid encapsulation [10]. 

2. Design and Fabrication 

2.1. Device Design 

The fluid encapsulation device consists of three main components: (1) an annular-plate stiction 
valve; (2) peripheral fluidic access ports; and (3) a microchamber. The valve is connected via short 
microchannels to the fluidic access ports located on the periphery and base of the microchamber 
structure (Figure 1). Initially, the interior of the chamber and channels are filled with a sacrificial 
material. After removing the sacrificial layer using a wet solvent, the chamber is filled by passive 
soaking at the wafer level in the desired filling solution. Removal from the bath and exposure to 
ambient conditions induces evaporation through the peripheral access ports. The evaporating liquid 
fronts move along the connecting channels toward the stiction valve. The freed annular plate, if 
mechanically compliant, can be pulled down to contact the substrate by capillary forces and if the 
adhesion energy is large enough, will remained pinned to the substrate forming a seamless 
circumferential seal. The stiction-induced collapse and sealing of the integrated annular-plate traps the 
remaining liquid in the chamber above the plate (Figure 2).  
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Figure 1. (Top): Top-view of device footprint with key radii indicated.  
(Middle): Cross-section taken through connecting channel and fluidic access ports. 
(Bottom): Cross-section through electrodes. 

 

Figure 2. Principle of operation. Evaporation through the fluidic access ports moves the 
liquid fronts along the connecting channels toward the stiction valve. Capillary forces seal 
the annular plate of the stiction valve against the substrate trapping liquid inside the 
chamber ([10]© IEEE 2010). 

 

2.2. Stiction Valve Design 

Parylene-based stiction valves were designed according to the guidelines developed by  
Wang et al. [8,11]. Stiction occurs when the critical number, Nc, exceeds 1: 
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where σ = 2γLAcosθC is the surface energy of the Parylene-liquid interface, D = (Et3/12(1− υ2)) is the 
flexural rigidity of the plate, γLA is the liquid-air surface tension, θC is the Parylene contact angle, E is 
Young’s modulus, t is the membrane thickness, h is the membrane height, υ is Poisson’s ratio, φ is the 
ratio ri/ro, and p is a numerical function of φ and υ and has been evaluated through the use of numerical 
methods. A combination of parameters that satisfy the design constraints were selected for the  
device (Figure 3, Table 1). Nc for these valve dimensions is well above 1, ensuring that  
stiction occurs. 

Figure 3. Partial cross-section of a fluid encapsulation device indicating key design parameters. 

 

Table 1. Stiction valve radii and calculated critical number Nc. Valves were fabricated with 
film thickness tv = 2 µm and height hv = 2 µm. 

Dimension (µm) Design Parameter Critical Number 
ro/ri φ Nc 

63/20 0.32 3.14 
75/25 0.33 6.26 
88/30 0.34 11.14 
100/35 0.35 18.23 

2.3. Fabrication 

The entire fabrication process is realized at relatively low temperatures (90 °C) (Figure 4) which 
enables its use on a variety of polymer-based substrates and facilitates adoption in temperature 
sensitive processes. Standard soda-lime glass wafers were utilized as the carrier substrate. Fabrication 
began with optional platinum electrodes (2,000 Å) patterned on a 10 µm Parylene film followed by a  
1 µm Parylene insulation layer. The 10 µm Parylene film allows for release/handing of structures and 
devices from the soda-lime carrier substrate for applications where flexibility is required. The optional 
electrodes are exposed to the liquid within the chamber and serve as an electrical interface for 
electrochemical measurement or actuation applications. In this work, electrodes were used for 
electrochemical measurements to track the sealing capability of the stiction valves and to monitor 
water vapor transmission through the Parylene film.  

Photoresist was then spun-on and patterned (2 µm, AZ 4400, AZ Electronic Materials, Branchburg, 
NJ, USA) forming the sacrificial mold for the valve structure. Parylene was then deposited (2 µm) 
forming the valve membrane (tv) and sidewalls. Parylene over the valve center and access ports was 
removed in oxygen plasma (100 W, 100 mT) using a photoresist mask, thereby completing the annular 
valve structure (ri) and access ports. The exposed state of the sacrificial photoresist forming the valve 
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layer (step c, d) made it difficult to remove the photoresist etch mask without erosion of the underlying 
valve structure. For this reason, the chamber sacrificial layer was spun and patterned directly on top of 
the etch mask (12 µm, AZ 4620, AZ Electronic Materials, Branchburg, NJ, USA), (rc = 150 µm). A 
4.2 µm Parylene film was then deposited (tc) to enclose the chamber and a final Parylene etching step 
was necessary to re-open the fluidic access ports (step h). Test dies were then diced and following 
sacrificial photoresist removal in acetone, IPA, and DI water, the chambers were filled in a batch 
process by immersion in the desired fluid (DI water). Adhesion to the carrier substrate was realized 
through treatment of the carrier wafer with A-174 silane prior to deposition of the base Parylene layer. 
If desired, release from the soda-lime carrier substrate can be accomplished by skipping the A-174 
treatment. This allows for a simple release from the substrate by cutting the Parylene film with a razor 
blade and peeling; a process that is greatly facilitated if performed under water. 

Figure 4. Low temperature (90 °C) multi-layer Parylene-C fabrication process. 

 

3. Results and Discussion 

3.1. Stiction Valve Sealing 

Stiction valve sealing and liquid encapsulation capability were evaluated by optical observation of a 
sample die containing several devices. The devices were filled, as described previously, with DI  
water. The die was then removed from the bath and exposed to ambient laboratory conditions  
(typically <5 min) to initiate the fluid encapsulation process. Following sufficient fluid evaporation, 
successful stiction valve sealing was observed and marked by the appearance of a dark central region 
indicating conformal contact between the annular plate and substrate. Emergence of interference rings 
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between the central region and the peripheral plate anchors indicated proximity of the valve plate to 
the substrate as the valve plate transitioned from contact with the substrate to freestanding near the 
anchors (Figure 5). The mechanical deformation produced during stiction of the Parylene membrane is 
predominantly elastic in nature and is consistent with small deflection models that assume maximum 
deflections less than or equal to membrane thickness. Compared to more traditional diaphragm 
materials like silicon nitride (E~300 GPa), the mechanical loading of the relatively soft Parylene 
material (E~4 GPa) produces only nominal stresses that fall well below the yield point of the material, 
as verified through finite-element-modeling of membrane during deflection (data not shown here).  

Figure 5. Optical micrograph of 300 µm diameter device filled with DI water. The 
chamber is free standing while the valve is collapsed and pinned to substrate. The dark 
central region indicates the seal between the annular-plate and substrate while interference 
rings indicate proximity to substrate as plate transitions from contact at the center to 
freestanding at the anchored edges ([10] © IEEE 2010). 

 

3.2. Liquid Encapsulation 

Successful encapsulation of liquid was evidenced by the appearance of a liquid front within the 
chamber after several hours of complete encapsulation. Initially, the chambers appeared uniform due to 
complete filling and entrapment of liquid within the chamber [Figure 6(a)]. This was followed by the 
appearance of a liquid front several hours later as a result of water vapor transmission [Figure 6(b)]. 
This is the first demonstration of uniform and complete device filling; in earlier attempts, air pockets 
were often observed and thus, liquid entrapment was incomplete [3,11]. For comparison, devices 
without a valve were also fabricated and tested [Figure 6(d–f)]. Within 1.5 h, valveless devices were 
completely dry while devices with a valve successfully encapsulated liquid up to 9 h at ambient 
conditions (20 °C, ~30% RH). The formation of a liquid front, even in valved devices, clearly 
indicated that liquid loss still occurred. Water vapor transmission through the chamber membrane and 
not the valve seal was hypothesized to be the root liquid loss mechanism; however a method to 
quantitatively track internal volume was needed. The following section describes the use of 
electrochemical impedance to track liquid volume within the chamber. 
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Figure 6. Sequence of optical micrographs depicting the chamber state from filled to 
empty conditions. (a) Completely filled chamber with valve immediately after removal 
from immersion bath. (b) Valved chamber after 8 h of evaporative drying at ambient 
conditions. Complete valve seal evidenced by interference rings and darker central annular 
region. (c) Empty chamber at 9 h. Valve remains pinned to the substrate. (d) Chamber 
without valve immediately after removal from immersion bath. (e) Chamber drying occurs 
rapidly; liquid evaporation front appears at 1 h. (f) At 1.5 h, the chamber is completely dry 
indicating rapid evaporation without a stiction valve ([10] © IEEE 2010). 

 

3.3. Impedance-Based Volume Measurement 

When metal electrodes are immersed in liquid, the spontaneous creation of the so-called double-layer 
interface is responsible for capacitive behavior at each electrode interface. In parallel with this 
capacitance is a charge transfer resistance which is typically very high and accounts for perturbations 
of the double-layer interface when a potential is applied. The bulk solution, however, behaves much 
like a liquid resistor that varies with path length and cross-sectional area, and lies in series with the 
interfacial components. Utilizing a simplified model of this interface based on Randle’s equivalent 
circuit, the measured impedance can be expressed as: 

s
dlct

ct R
CjwR

RwZ +
+

=
1

2)(      (2) 

where Rct is the charge transfer resistance of the interface, Cdl is the double-layer capacitance and Rs is 
the solution resistance term.  

The impedance of the liquid between the electrodes depends complexly on the volumetric 
conduction path of current-carrying ions in the solution as well as the total volume contained within 
the chamber. As volume is lost through water vapor transmission, the chamber’s top surface deforms 
to accommodate the lost volume resulting in changes to the volumetric cross-section over time. During 
this liquid-loss phase, the impedance magnitude and phase vary due to changes in Rs which are directly 
related to the bulk liquid volume. The impedance magnitude and phase are expressed as follows: 
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In order to relate impedance with liquid volume, Rs needs to be determined. To make the analysis 
more tractable, a simplification of this system assumes that bulk resistance is inversely proportional to 
the cross-sectional area through the central axis of the chamber through the simple relation Rs ≈ ρl/A, 
where l is the distance between electrodes and A, the cross-sectional area, is calculated through the 
center of the device. In reality, the solution resistance calculation requires a more complex expression 
that integrates the differential cross sectional area dA over a path dl that accounts for the changing 
membrane deflection profile with radius. The cross-sectional area through this mid section of the 
chamber can be easily calculated from the standard deflection equation for a circularly clamped 
membrane of uniform thickness given by: 

222
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where y is deflection, P is pressure, t is membrane thickness, a is diaphragm radius, E is modulus of 
elasticity, r is radial distance, and µ is Poisson’s ratio. This simplification overestimates the 
contribution of cross-sectional area to solution resistance as it assumes that the maximum deflection 
profile is constant along the entire length of l, as would be case in a rectangular channel, however this 
approach still provides an adequate description of the observed phenomenon. Integrating a sweep of 
Equation (5) using polar coordinates yields an expression for volume contained within the chamber: 
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Substituting y0 = y(r = 0) (maximum membrane deflection) into Equation 6 yields: 

3
0

2 yrV cπ=        (7) 

Through a similar substitution into the simple area integral of Equation (5), cross-sectional area can 
be expressed in terms of maximum deflection as A = y0rc/10. Substituting in Equation (7) yields  
an approximation that is useful for relating chamber volume with solution resistance and  
ultimately impedance: 

V
lrR c

s 3
10πρ≈        (8) 

3.4. Liquid Loss Mechanism 

In order to verify that water vapor transmission through the chamber membrane was the primary 
liquid loss mechanism, four devices were monitored optically under a microscope and electrochemically 
by solution impedance measurements via the integrated microelectrodes [Figure 7(a)]. Electrochemical 
impedance of the encapsulated liquid was measured (5 kHz, 100 mVpp) over time using an Agilent 
precision LCR meter (E4980A, Agilent Inc, Santa Clara, CA, USA). Impedance measurements were 
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consistent across multiple devices and clearly tracked liquid volume changes over time [Figure 7(b)]. 
By correlating time stamped optical micrographs with measured impedance data, liquid loss was 
quantitatively tracked and measured (Figure 8). Phase angle measurements clearly followed a linear 
relationship with volume. As liquid was lost, the phase angle approached −90°, indicating the 
transition from a mostly resistive phase angle contribution (i.e., solution present) to capacitive (i.e., no 
solution present).  

Figure 7. (a) Optical micrograph of device fabricated with optional electrodes (shown 
while immersed in DI water). (b) Top: Impedance magnitude measured over time. Bottom: 
Phase angle approached −90° indicating a switch from resistive solution impedance (wet 
chamber) to capacitive impedance (dry chamber). 

  
 (a) (b) 

Figure 8. Liquid volume measured over time (mean ± SD, n = 4). The measured WVTR 
agreed closely with previously reported values for Parylene films at ambient conditions. 
This indicated that the duration of liquid encapsulation was primarily limited by the water 
vapor transmission of the Parylene film and not valve sealing. Volume was tracked 
optically and measured using phase angle of impedance measurements ([10] © IEEE 
2010). 
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Four different valve designs were utilized in these experiments to assess the dependence of the 
stiction seal footprint on sealing performance. Generally for a given set of valve thickness and height, 
the stiction footprint increased with valve diameter. Although the impedance magnitude data seemed 
to indicate that that the larger valve diameter produced relatively smaller impedance changes and thus 
maintained liquid volume somewhat more effectively, there was no significant benefit observed in the 
phase data. In addition, no significant difference was observed via optical methods. These observations 
suggest that any potential performance gains of using larger valves versus smaller valves are minimal 
and that the key requirement for valve sealing remains the initiation of stiction. 

The change in liquid volume over time corresponds to a measured water vapor transmission rate 
(WVTR) of 5.6 × 10−12 g·µm/µm2·h through top surface of the chamber. This value agrees closely with 
the previously reported WVTR value of 5.78 × 10−12 g·µm/µm2·h (20 °C, 30% RH) for Parylene C 
films [12]. This result confirms that the liquid loss mechanism is indeed water vapor transmission 
directly through the Parylene membrane and not the stiction valve seal. Electrochemical impedance 
measurements provide a simple and reliable method to quantitatively track internal liquid volumes 
over time. 

3.5. Applications 

The performance-limiting factor for liquid encapsulation duration is the water vapor transmission 
rate through as-deposited Parylene films. To further improve performance, additional techniques can 
be implemented to enhance encapsulation lifetime (hencapsulation). The parameters affecting hencapsulation 
are identified below: 

encapsulation
Mth

WVTR SA
=

⋅  (9)

where M is mass of water (grams), t is thickness of the Parylene membrane (µm), and SA is exposed 
surface area available for transmission in (µm2). Increasing membrane thickness improves 
encapsulation lifetime proportionally while WVTR and exposed surface area are inversely proportional. 
The WVTR of as-deposited Parylene-C films can be reduced by nearly 50% with additional high 
temperature annealing steps [3,12]. Furthermore, deposition of thin films such as gold or aluminum 
can also be used to reduce the SA available for transmission and provide a nearly impermeable 
protective coating [11]. The use of a combination of these techniques can feasibly extend 
encapsulation time for sub-nL volumes (in the current design) out to several days. 

In addition to water, it is expected that this encapsulation technique is compatible with a variety of 
other liquids provided that they are volatile (even if only weakly) and that the surface energy density 
and contact angle for the desired solution is taken into consideration. The energy of Parylene-liquid 
interface will vary according to the value of these parameters and appropriate design adjustments need 
to be made to ensure conditions for stiction are preserved. For example, many common organic 
solutions including acetone, methanol, ethanol, acetic acid and most oils have known surface energy 
densities ranging 20–30 mJ/m2 at room temperature [13]. Typically these solutions also exhibit much 
lower contact angles; use of organic solvents such as methanol and acetone are routinely used during 
cleaning of Parylene and readily wet the surface indicating contact angles close to 0°. 
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Many common aqueous salt solutions such as KCl, NaCl and Na2SO4 exhibit slightly higher surface 
energy densities than pure water (73.4, 73.6 and 74.7 mJ/m2 respectively at 1 M) and vary linearly with 
concentration following the approximate realation γLA = γLAH2O + MΔγ, where M is molar concentration 
and Δγ is typically between 1–2 mJ/m2 for most salt solutions. Contact angle values for water on 
Parylene have been reported throughout the literature but values for other liquids such as acids and 
liquid metals, to our knowledge, have yet to be reported.  

The valve-in-chamber configuration is useful for applications in electrochemical-based transducers 
such as force and pressure sensors. The capability of small encapsulated liquid volumes to measure 
contact forces and hydrostatic pressures has been demonstrated with excellent sensitivity [14,15]. 
Furthermore, electrolysis-based actuation can be fully exploited by this design as increasing chamber 
pressure further enforces the seal between the valve plate and substrate in contrast to previously 
reported in-plane designs in which the valve opened at sufficiently high internal pressures [9,11].  

Figure 9. Additional configurations utilizing the valve-in-chamber design. Complex 
encapsulated microfluidic systems can be realized. White dots indicate dummy electrode 
sites for impedance-based measurements. 

 

There are numerous applications and configurations for such devices beyond single valve-chamber 
configurations. Complex interconnected geometries are possible through the use of multiple valves 
distributed throughout a microfluidic network (Figure 9). This approach reduces to the clearing time of 
the sacrificial material while still maintaining sealing capability thus allowing for encapsulation within 
larger structures. The introduction of microelectrodes throughout such structures enables multi-point 
impedance measurement which has been demonstrated and applied to biomimetic tactile sensing 
applications at the macroscale [16]. The ability to realize a diverse array of sensor configuration  
using this liquid encapsulation technology is also potentially useful across a wide array of  
biomedical applications including tactile feedback for minimally-invasive surgery [17], tissue health  
diagnostics [18-20], and surgical tool instrumentation [21].  

4. Conclusions  

The technique utilized here improves encapsulation performance by integrating an optimized 
stiction valve within a chamber structure. This reduces overall device footprint by nearly 50% over  
in-plane approaches, extends encapsulation lifetime, is performed in batch at the wafer-level, involves 
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no high temperature or pressure steps and is achieved without adhesives. This is accomplished at the 
cost of only a few additional standard micromachining processing steps. This improved approach has 
the potential to enhance many applications where liquid encapsulation is required. 

Acknowledgments 

This work was funded in part by the Engineering Research Centers Program of the NSF under 
Award Number EEC-0310723 and the Bill and Melinda Gates Foundation (CG). The authors would 
like to thank Donghai Zhu and the members of the USC Biomedical Microsystems Laboratory for their 
assistance. 

References  

1. Khiem, N.B.; Matsumoto, K.;  Shimoyama, I. Polymer thin film deposited on liquid for varifocal 
encapsulated liquid lenses. Appl. Phys. Lett. 2008, 93, 124101. 

2. Lee, J.; Kim, C.-J. Surface-tension-driven microactuation based on continuous electrowetting.  
J. Microelectromech. Syst. 2000, 9, 171-180. 

3. Matsumoto, S.; Ichikawa, N. New Methods for Liquid Encapsulation in Polymer MEMS 
Structures. In Proceedings of the IEEE 21st International Conference on Micro Electro 
Mechanical Systems, MEMS 2008, Tucson, AZ, USA, 13–17 January 2008; pp. 415-418. 

4. Okayama, Y.; Nakahara, K.; Arouette, X.; Ninomiya, T.; Matsumoto, Y.; Orimo, Y.; Hotta, A.; 
Omiya, M.; Miki, N. Characterization of a bonding-in-liquid technique for liquid encapsulation 
into MEMS devices. J. Micromech. Microeng. 2010, 20, 095018. 

5. Lapisa, M.A.; Niklaus, F.;  Stemme, G. Room-Temperature Wafer-Level Hermetic Sealing for 
Liquid Reservoirs by Gold Ring Embossing. In Proceedings of the International.Solid-State 
Sensors, Actuators and Microsystems Conference, Transducers 2009, Denver, CO, USA, 21–25 
June 2009; pp. 833-836. 

6. Mastrangelo, C.H.; Hsu, C.H. Mechanical stability and adhesion of microstructures under 
capillary forces. I. Basic theory. J. Microelectromech. Syst. 1993, 2, 33-43. 

7. Mastrangelo, C.H.; Hsu, C.H. Mechanical stability and adhesion of microstructures under 
capillary forces. II. Experiments. J. Microelectromech. Syst. 1993, 2, 44-55. 

8. Wang, Z.; Xu, Y. Theoretical and experimental study of annular-plate self-sealing structures.  
J. Microelectromech. Syst. 2008, 17, 185-192. 

9. Gutierrez, C.A.; Meng. E. A Dual Function Parylene-based Biomimetic Tactile Sensor and 
Actuator for Next Generation Mechanically Responsive Microelectrode Arrays. In Proceedings of 
the 2009 International SolidState Sensors Actuators and Microsystems Conference, Transducers 
2009, Denver, CO, USA, 21–25 June 2009; pp. 2194-2197. 

10. Gutierrez, C.A.; Meng, E. Improved Self-Sealing Liquid Encapsulation in Parylene Structures by 
Integrated Stackable Annular-Plate Stiction Valve. In Proceedings of the IEEE 23rd International 
Conference on Micro Electro Mechanical Systems, MEMS 2010, Hong Kong, China,  
24–28 January 2010; pp. 524-527. 



Micromachines 2011, 2 
 

 

368

11. Zhang, H.; Wang, S.; Xu, Y. Study and Applications of a Parylene Self-Sealing Structure. In 
Proceedings of the 19th IEEE International Conference on Micro Electro Mechanical Systems, 
2006. MEMS 2006, Istanbul, Turkey, 2006; pp. 282-285. 

12. Menon, P.R.; Li, W.; Tooker, A.; Tai, Y.C. Characterization of Water Vapor Permeation Through 
Thin Film Parylene C. In Proceedings of the International Solid-State Sensors, Actuators and 
Microsystems Conference, Denver, CO, USA, 21–25 June 2009; pp. 1892-1895. 

13. Joseph, J.J. The surface tension of pure liquid compounds. J. Phys. Chem. Ref. Data 1972, 1,  
841-1010. 

14. Ateya, D.A.; Shah, A.A.; Hua, S.Z. Impedance-based response of an electrolytic gas bubble to 
pressure in microfluidic channels. Sens. Actuat. A 2005, 122, 235-241. 

15. Gutierrez, C.A.; Meng, E. A Subnanowatt Microbubble Pressure Sensor based on Electrochemical 
Impedance Transduction in a Flexible All-Parylene Package. In Proceedings of the 2011 IEEE 
24th International Conference on Micro Electro Mechanical Systems, MEMS 2011, Cancun, 
Mexico, 23–27 January 2011; pp. 549-552. 

16. Wettels, N.; Santos, V.J.; Johansson, R.S.; Loeb, G.E. Biomimetic tactile sensor array. Adv. Rob. 
2008, 22, 829-849. 

17. Eltaib, M.E.H.; Hewit, J.R. Tactile sensing technology for minimal access surgery—A review. 
Mechatronics 2003, 13, 1163-1177. 

18. Han, L.; Noble, J.A.; Burcher, M. A novel ultrasound indentation system for measuring 
biomechanical properties of  in vivo soft tissue. Ultrasound Med. Biol. 2003. 29, 813-823. 

19. Plewes, D.B.; Bishop, J.; Samani, A.; Sciarretta, J. Visualization and quantification of breast 
cancer biomechanical properties with magnetic resonance elastography. Phys. Med. Biol. 2000, 
45, 1591-610. 

20. Samani, A.; Bishop, J.; Luginbuhl, C.; Plewes, D.B. Measuring the elastic modulus of ex vivo 
small tissue samples. Phys. Med. Biol. 2003, 48, 2183-2198. 

21. Tokida, M. Integration of Cell Sheet Sucking and Tactile Sensing Functions to Retinal Pigment 
Epithelium Transplantation Tool. In Proceedings of the IEEE 23rd International Conference on 
Micro Electro Mechanical Systems, MEMS 2010, Hong Kong, China, 24–28 January 2010;  
pp. 316-319. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AharoniBold
    /Algerian
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /Basemic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /DejaVuSans
    /DejaVuSans-Bold
    /DejaVuSans-BoldOblique
    /DejaVuSansCondensed
    /DejaVuSansCondensed-Bold
    /DejaVuSansCondensed-BoldOblique
    /DejaVuSansCondensed-Oblique
    /DejaVuSans-ExtraLight
    /DejaVuSansMono
    /DejaVuSansMono-Bold
    /DejaVuSansMono-BoldOblique
    /DejaVuSansMono-Oblique
    /DejaVuSans-Oblique
    /DejaVuSerif
    /DejaVuSerif-Bold
    /DejaVuSerif-BoldItalic
    /DejaVuSerifCondensed
    /DejaVuSerifCondensed-Bold
    /DejaVuSerifCondensed-BoldItalic
    /DejaVuSerifCondensed-Italic
    /DejaVuSerif-Italic
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /FelixTitlingMT
    /FencesPlain
    /FixedMiriamTransparent
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GentiumBasic
    /GentiumBasic-Bold
    /GentiumBasic-BoldItalic
    /GentiumBasic-Italic
    /GentiumBookBasic
    /GentiumBookBasic-Bold
    /GentiumBookBasic-BoldItalic
    /GentiumBookBasic-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kingsoft-Phonetic
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LevenimMT
    /LevenimMTBold
    /LiberationSansNarrow
    /LiberationSansNarrow-Bold
    /LiberationSansNarrow-BoldItalic
    /LiberationSansNarrow-Italic
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /MingLiU
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /Narkisim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OpenSymbol
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RodTransparent
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 841.680]
>> setpagedevice


