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Abstract

:

Intraocular pressure (IOP) is an essential indicator of the diagnosis and treatment of glaucoma. IOP has an apparent physiological rhythm, and it often reaches its peak value at night. To avoid missing the peak value at night and sample the entire rhythm cycle, the continuous monitoring of IOP is urgently needed. A wearable contact lens IOP sensor based on a platinum (Pt) strain gauge is fabricated by the micro-electro-mechanical (MEMS) process. The structure and parameters of the strain gauge are optimized to improve the sensitivity and temperature stability. Tests on an eyeball model indicate that the IOP sensor has a high sensitivity of 289.5 μV/mmHg and excellent dynamic cycling performance at different speeds of IOP variation. The temperature drift coefficient of the sensor is 33.4 μV/°C. The non-invasive IOP sensor proposed in this report exhibits high sensitivity and satisfactory stability, promising a potential in continuous IOP monitoring.
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1. Introduction


Glaucoma is the second most prolific cause of irreversible blindness diseases in the world, and it is estimated that the number of people affected by glaucoma worldwide will reach 111.8 million in 2040 [1]. While elevated intraocular pressure (IOP) is no longer part of the definition of glaucoma, it is recognized as the only modifiable risk factor for the development and progression of the disease [2]. The accurate value of IOP is an important reference for the diagnosis and treatment of glaucoma. The IOP is a dynamically changing parameter, and the peak of IOP commonly occurs at night [3], which makes the diagnosis of glaucoma difficult. Continuous 24-h IOP monitoring is helpful for the early detection and timely intervention of patients with glaucoma [4]. For patients with early glaucoma, the use of IOP-lowering drops can control the IOP within the normal range for a period of time to slow down the progression of the glaucoma disease, but it is difficult to figure out the specific time of the medical treatment for different patients and find the best time for them, which makes it impossible for doctors to develop personalized treatment plans for patients and prevent the loss of the visual field of patients [5]. Therefore, the continuous real-time monitoring of IOP is of great significance for diagnosing and treating glaucoma.



The Goldmann applanation tonometer (GAT) is considered the “gold standard” for measuring IOP [6], and it is also the most commonly used method of measuring IOP in hospitals. However, the operation of GAT to measure IOP is complicated, and only intermittent IOP values can be obtained. It is impossible to fully understand the patient’s IOP fluctuations throughout the day with GAT, which makes the early diagnosis of glaucoma difficult. Therefore, there is an urgent need to develop portable, easy-to-operate, and low-cost devices that can continuously monitor IOP in real-time. The development of micro-electro-mechanical (MEMS) technology has promoted the widespread use of wearable medical electronic devices to monitor and treat human health physiological indicators [7,8], such as flexible electronic skin [9] and smart contact lens [10,11]. Researchers have proposed many IOP detection devices based on different principles to achieve continuous IOP measurement in recent years. According to the way the sensor is worn, IOP sensors can be divided into invasive and non-invasive types. Invasive IOP sensors [12,13,14,15,16,17,18] require the surgical implantation of pressure-sensitive elements inside the eyeball to measure IOP changes directly. The irreversible damage to the eyeball caused by implant surgery is still hard to accept for most people, which limits its clinical application. It is found that there is a certain correlation between corneal curvature and IOP. An IOP change of 1 mmHg will cause a change of central corneal curvature of about 3 um (for a corneal curvature of 7.8 mm) [19]. According to this feature, when the contact lens follows the cornea to deform conformally, the sensor integrated on the contact lens can detect the contact lens’ deformation to monitor IOP changes in real-time. Based on the sensing mechanisms, non-invasive IOP sensors are divided into two types, optical type [20,21,22,23] and electrical type [24,25,26,27,28,29,30,31,32,33]. Campigotto et al. built a microfluidic channel in a contact lens and injected dye reagents into the channel to sense the IOP [22]. When the IOP changes, the microfluidic channel volume will change with the deformation of the cornea, causing the dyeing reagents in the channel to move. The IOP changes can be monitored by reading the displacement of the dyeing reagent. Maeng et al. fabricated a photonic crystal film on a contact lens [23]. The photonic crystal film’s lattice structure changes with the variation in IOP, resulting in changes in the photonic crystal film’s peak reflection wavelength. The changes in the reflection wavelength peak were detected by a spectrometer. The optical IOP sensors integrated into the contact lens are relatively simple, but most of them require complex external equipment to amplify and read the optical signal. Additionally, it is difficult to achieve IOP detection when the eyelids are closed. Compared with optical methods, electrical methods of detecting IOP are less disturbed by eyelid movement. Electrical IOP sensors can be divided into three types by the sensing elements: capacitive type [24,25,26], inductive type [27,28], and piezo-resistive type [29,30,31,32,33]. In 2013, Chen et al. integrated a capacitive strain sensor into the contact lens [24], which contains an LC oscillator circuit composed of a curvature-sensitive capacitor and a toroidal inductor in series. The frequency response sensitivity measured by a vector network analyzer is 23 kHz/mmHg. In the same year, they fabricated an inductive strain IOP sensor [27], which achieved a sensitivity of 8 kHz/mmHg. They integrated a curvature-sensitive inductance coil and a capacitor in series to form an LC oscillation circuit. Either capacitive or inductive sensors require a frequency or phase discriminator to read the signals. The discriminator, similar to optical reading equipment, is not portable due to its large size, resulting in difficulty in achieving continuous monitoring of IOP in the clinic. Different from the optical or the LC oscillator sensor, the resistance strain sensor and its reading system can be miniaturized [30]. However, the sensitivity of the resistance strain IOP sensor is only 113 μV/mmHg. Increasing the sensitivity of the sensor will improve the precision and capacity of resisting disturbance. Besides this, it can reduce the demand for the reading precision of wireless reading devices to lower the cost.



In this work, our aim was to develop a non-invasive wearable contact lens sensor with high sensitivity, high linearity, and satisfactory stability for continuous IOP monitoring. The structure and parameters of the sensor were optimized by simulating the corneal deformation with COMSOL. The contact lens sensor was fabricated with a Pt strain gauge wrapped in a polyimide (PI) insulating layer, prepared by an MEMS process and packaged into the transparent polydimethylsiloxane (PDMS). The sensor showed a sensitivity of 289.5 μV/mmHg and high linearity of 0.9987, in the pressure range of 15–35 mmHg, in a simulated eyeball model test. Besides this, it exhibited an excellent dynamic cycling performance at different speeds of IOP changes. Therefore, the contact lens sensor proposed in this report is of high potential to be applied in continuous IOP monitoring under various physiological conditions.




2. Materials and Methods


To optimize the location and the structure of the strain gauge, the deformation of the cornea was analyzed by finite element analysis. A cornea model was constructed with COMSOL. The uniform pressures of 0 mmHg, 20 mmHg and 40 mmHg were applied to the inner surface of the eyeball, respectively, and the simulation results are shown in Figure 1a,b. The simulation results show that the corneal deformation is anisotropic and mainly concentrates in the circumference of 9–13 mm diameter (the corneoscleral junction position) of the cornea. Therefore, the strain gauge should be placed along the circumferential direction of the contact lens to maximize the strain sensitivity.



The strain gauge adopted the Wheatstone bridge structure to improve the sensitivity. The strain gauge was composed of two strain resistances (R1 and R3) and two reference resistances (R2 and R4), as shown in Figure 1c. The strain resistances were designed in a circular ring shape, located in the corneoscleral junction position, to deform the most. The reference resistances were designed in the radial direction, and remained almost unchanged when the IOP changed.



The four initial resistances could be designed to be the same value (R1 = R2 = R3 = R4) by using the same electrode length for each. To obtain the linear relationship between the output voltage and the resistance changes, a constant current source I0 was supplied to the Wheatstone bridge, as shown in Figure 1d. The output voltage caused by the strain gauge changes can be expressed as the following formula:


   V e  =   Δ R  2   I 0  ≈ ρ   c π Δ d   W H    I 0   



(1)




where   Δ R   is the variation in strain resistance of the strain gauge, ρ is the resistivity of the strained material, c is the number of turns of the strain resistance,   Δ d   is the changes in the radius of the strain resistance coil, and W and H are the width and thickness of the strain resistance, which are approximately considered as constant values under weak deformation. Changes in IOP can cause the contact lens’ deformation, but the arc length of the contact lens remains unchanged during the deformation process because there is no force tangentially to the lens, as shown in Figure 1e. Therefore, the changes of the strain gauge coil radius   Δ d   can be expressed as the following formula:


  Δ d = ( r + Δ r ) sin  [    α r   2  (  r + Δ r  )     ]  − r sin  α 2   



(2)




where r is the initial curvature radius of the contact lens,   Δ r   is the changes in the cornea’s curvature radius, and α is the initial opening angle of the strain resistance. It can be seen that the relationship between   Δ d   and   Δ r   is not linear, but considering that   Δ r   << r, Formula (2) can be simplified to:


  Δ d ≈  (  sin  α 2  −  α 2  cos  α 2   )  Δ r = m Δ r  



(3)




where m is a constant, equal to   sin  α 2  −  α 2  cos  α 2   . Variations in IOP can cause changes in the corneal curvature radius. The expression is as follows:


  Δ r = n Δ P  



(4)







  Δ P   is the changes of IOP, and n is a constant, which depends on the eyeball mechanics’ biological characteristics, here n = 3 [19]. Derived from Formulas (1), (3) and (4), we can get:


   V e  ≈   3 π c m ρ  I 0    W H   Δ P  



(5)







The output voltage is approximately linearly related to the changes in IOP. Reducing the width W and thickness H of the strain gauge coil film, increasing c and α, and using metal materials with high resistivity ρ can improve the sensor’s sensitivity. The parameters of the designed sensor are shown in Table 1. The strain gauge was designed far from the center of the cornea to avoid the view being obstructed.




3. Fabrication


The sensor’s fabrication process is shown in Figure 2. (1) A four-inch silicon wafer was cleaned with acetone, absolute ethanol, and deionized water in sequence. (2) A 2 μm thick PI (bottom PI) was spin-coated on the silicon wafer and we employed curing by stepwise heating to 300 °C. (3) The negative photoresist (AR-N 4340) with a thickness of 1 μm was spin-coated onto the surface of the bottom PI and prebaked at 110 °C for 2 min. (4) A mask template was used to irradiate the photoresistor under an exposure machine. Then, the mask pattern could be formed on the surface of the bottom PI after baking and developing. (5) An oxygen plasma system was used to remove the residual photoresistor for 2 min, which is beneficial to the adhesion of a deposited metal layer to the PI substrate. Next, a titanium (Ti) layer with a thickness of 10 nm and a Pt layer with a thickness of 90 nm were deposited by thermal evaporation in sequence, and then the silicon wafer was stripped in an acetone solution to obtain the patterned metal film layer. (6) A 2 μm thick PI (top PI) was spin-coated on the surface of the metal layer. (7) A layer of 6 μm thick positive photoresistor (AZ 4620) was spin-coated on the top PI. (8) The positive photoresistor was exposed with a mask template under the exposure machine. After developing and post-baking, the designed patterns could be formed on the top PI. (9) The positive photoresistor was used as the masking layer. A reactive ion etching machine was used to etch the PI layer to acquire the strain gauge. (10) The strain gauge was peeled from the silicon wafer. (11) The electrode of the strain gauge was connected to the conductive wires by conductive silver glue. (12) PDMS (Sylgard 184, Dow Corning) with the weight ratio of prepolymer to curing agent of 10:1 was prepared. PDMS was cast onto the contact lens mold, and then the fabricated strain gauge was attached to the contact lens mold. After that, PDMS was dripped on the strain gauge again and cured at 90 °C for 2 h. Finally, a curved contact lens sensor was peeled off the mold.



The strain gauge before being packaged into a PDMS-made contact lens is shown in Figure 3a. Because PDMS has the advantages of high permeability, transparency, flexibility and biocompatibility [34,35,36], the contact lens sensor has excellent flexibility and transparency, as shown in Figure 3b.




4. Testing


4.1. Setup of the Testing Systems


The impedance of the strain gauge was tested by a digital multimeter (Agilent U1241B). The Wheatstone bridge was powered by a source meter (Agilent B2902A), and the voltage changes caused by stress were detected and recorded by a source meter (KEITHLEY 2450) connected to a computer.



Figure 4 shows the simulating eyeball test system. The silicone eyeball model was made with PDMS. The PDMS eyeball model was approximately a hollow sphere. The thickness of the sphere well was 200 μm, and the outer radius was 8.6 mm. The hollow sphere was filled with saline. An infusion bottle filled with saline and a liquid manometer was connected to the simulating eyeball. Changing the height of the infusion bottle could change the pressure of the simulating eyeball. A stepping motor was used to control the height of the infusion bottle. The liquid manometer was connected to a computer to record data. The contact lens sensor was attached to the simulating eyeball. A 100 μA constant current was supplied to power the sensor. The output voltage of the sensor was recorded with variations in the pressure.




4.2. Temperature Characteristics


To investigate the effect of temperature on the sensor, we tested the output voltage of the sensor working at different temperatures. The contact lens sensor was fixed on a glass plate and placed in an oven. The temperature was gradually increased from 32 °C to 36 °C.



When the sensor is working, the current will generate heat in the resistors. To verify the sensor’s safety on the human body, the temperature of the contact lens sensor was tested. Under an ambient temperature (24 °C), the heat generations were monitored by an infrared thermal imager (Fotric 226) during the running of the sensor with and without constant current source input.





5. Results and Discussion


The average resistance of each arm of the strain gauge is 27.6 ± 0.3 kΩ, and such a high impedance value can reduce the power consumption of the sensor. Figure 5 shows the corresponding output voltage value of the IOP sensor under different pressure values. Within the range of 15–35 mmHg, the sensitivity of the IOP sensor is 289.5 μV/mmHg. The correlation regression coefficient is 0.99867. The sensitivity is two times higher than the previous works on the same type of IOP sensors [30]. Table 2 compares the sensitivity of the proposed IOP sensor with other IOP sensors.



The pressure of the simulating eyeball was controlled to perform multiple cycles of testing within the range of 16.5–35 mmHg. The output voltage versus pressure of the sensor is shown in Figure 6a. In the range of 16.5–35 mmHg, the average sensitivity of the sensor is 287.6 μV/mmHg. The pressure was maintained at the peak value for some time to further test the stability and response performance of the sensor. The results of the peak value lasting for 6 s and 30 s are shown in Figure 6b,c. When the pressure is maintained at the peak, the sensor output voltage is also maintained at the peak for the same time. The amplitude of the output voltage in the cyclic test has been kept constant and has satisfactory repeatability. These indicate that the sensor has high stability and can accurately detect static IOP. The sensor’s output voltage curve almost coincides with the pressure curve, indicating that the sensor has high linear responsiveness and can monitor pressure changes in real-time. The voltage output characteristics at different speeds of pressure variation were also tested, as shown in Figure 7d. When the pressure cycle test is performed with pressure change rates of 0.46 mmHg/s, 0.92 mmHg/s, and 1.33 mmHg/s, the voltage output amplitude hardly changes. The response speed can satisfy the pressure change ratio at 1.33 mmHg/s. This rate of IOP change rarely happens in humans. It proves that the sensor has excellent dynamic response characteristics and can monitor IOP changes at different speeds.



The zero-strain output voltage of the sensor at different temperatures is shown in Figure 7a. The sensor’s output voltage rises with the increase in temperature. It is worth noting that the output voltage of the sensor under zero-strain is about 11.83 mV. The strain gauge was deformed when it was packaged into the curved PDMS contact lens. The deformation causes the output voltage of the sensor at “zero-strain” to be 11.83 mV.



The rise in temperature will bring about changes in both the impedance and the strain of the Pt resistance. Although the temperature coefficient of the Pt impedance is as high as 3850 ppm/°C [37], the construction of the Wheatstone bridge can well eliminate the impact of temperature fluctuations. As far as the strain caused by the temperature is concerned, the bridge’s geometric structure is not symmetrically distributed on the contact lens. Compared with the reference resistances located near the center, the strain resistances are fabricated closer to the edge. We suppose that the rise in temperature causes different thermal strains on the PDMS-made contact lens, which changes the strain gauge, resulting in the voltage shift. The sensor’s temperature drift coefficient is about 33.4 μV/°C, and a temperature change of 1 °C can cause a measurement error of about 0.12 mmHg pressure, as shown in Figure 7b. The usual range of human corneal surface temperature is 32.9–36 °C [38], and the corresponding IOP fluctuation is 0.339 mmHg. The maximum IOP value caused by temperature fluctuation is no more than 0.4 mmHg, which satisfies the general accuracy requirements of the tonometer [39].



The heat generations of the sensor without current source input and working at a constant current source of 100 μA are shown in Figure 8. When the ambient temperature is about 24 °C, the maximum temperature without current source input is 26.8 °C in the sensor area. In comparison, the maximum temperature under the input of 100 μA constant current source for 30 min is 27.2 °C, so there is no noticeable temperature difference between them. It is proven that the contact lens sensor has low power consumption during working, and will not subject the human body to the harm caused by heat generation.



To achieve the wireless reading of IOP data, it is also necessary to design the application-specific integrated circuit (ASIC) combined with the radio frequency identification (RFID) technology. In addition, the sliding of the sensor at different positions of the cornea will produce a slight deviation in the sensitivity of the sensor, so the measurement data needs to be corrected by some related algorithms [40]. We will focus on the research of these problems in our next-step work.




6. Conclusions


In summary, this report presents the development of a non-invasive wearable contact lens sensor to monitor IOP changes in real-time continuously. A Wheatstone bridge composed of two strain resistances and two reference resistances was designed to improve the sensitivity and precision of the sensor. The design parameters of the sensor were optimized to further improve the sensitivity under the guidance of the simulation results of corneal deformation. The Pt strain gauge was fabricated by a MEMS process and packaged into the PDMS layer to form the contact lens sensor. The average sensitivity of the contact lens sensor is 289.5 μV/mmHg in the IOP range of 15–35 mmHg, which is higher than the previous works on the same type of IOP sensors. Moreover, it exhibits excellent repeatability and a dynamic response to different speeds of IOP changes. The temperature drift coefficient of the sensor is 33.4 μV/°C, which ensures that the measurement error of the sensor caused by temperature will not exceed 0.4 mmHg. Finally, the maximum temperature change of the sensor is only 0.4 °C when tested under a 100 μA constant current source for 30 minutes, which proves the sensor’s safety during wearing. As such, the IOP sensor proposed in this paper has broad application prospects in continuous IOP monitoring for glaucoma patients.
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Figure 1. (a) Finite element simulation analysis of corneal deformation profile under the IOP of 0 mmHg, 20 mmHg and 40 mmHg. (b) Finite element simulation analysis of corneal von Mises stress distribution and deformation profile of cornea under the IOPs of 0 mmHg, 20 mmHg and 40 mmHg. (c) Strain gauge structure design diagram. (d) Wheatstone bridge schematic diagram. (e) Schematic diagram of contact lens deformation caused by changes in IOP, resulting in changes in the radius of curvature   Δ r  . 
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Figure 2. Process flow of sensor fabrication. 
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Figure 3. Physical image of (a) strain gauge and (b) contact lens sensor. 
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Figure 4. (a) Schematic diagram of the IOP test system. (b) Physical photo of the IOP test system. 
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Figure 5. The response of the sensor’s output voltage to variations in silicone eyeball pressure. 
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Figure 6. Dynamic performance of a contact lens sensor on the eyeball model. (a–c) The dynamic cyclic performance of the sensor under different pressures when staying for 0 s, 6 s, and 30 s at the peak, respectively. (d) The dynamic cycle performance of the sensor at different speeds of IOP variation. 
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Figure 7. (a) Changes in the sensor’s output voltage when the temperature increases from 32 °C to 36 °C. (b) Related measurement error when the temperature increases from 32 °C to 36 °C. 
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Figure 8. (a) Infrared thermal image of the sensor without current source. (b) Infrared thermal image of the sensor after working for 30 minutes under a 100 μA constant current source. 
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Table 1. Sensor design parameters.
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	Number of strain resistance turns
	3



	Outer diameter of strain resistance
	10 mm



	Inner diameter of strain resistance
	9.71 mm



	Outer diameter of reference resistance
	9.68 mm



	Inner diameter of reference resistance
	7.87 mm



	Width of strain gauge
	5 μm



	Thickness of strain gauge
	100 nm



	The diameter of the contact lens
	14 mm
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Table 2. Performance comparison with previous reports.
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	Reference
	Invasive or Non-Invasive
	Method
	Sensitivity





	[12]
	invasive
	capacitance
	160 kHz/mmHg



	[16]
	invasive
	capacitance
	15 kHz/mmHg



	[22]
	non-invasive
	microfluidic
	28 μm/mmHg



	[24]
	non-invasive
	capacitance
	23 kHz/mmHg



	[27]
	non-invasive
	inductance
	8 kHz/mmHg



	[28]
	non-invasive
	inductance
	35.1 kHz/mmHg



	[29]
	non-invasive
	resistance strain
	8.37 μV/mmHg



	[30]
	non-invasive
	resistance strain
	113 μV/mmHg



	[32]
	non-invasive
	resistance strain
	20 μV/mmHg



	This work
	non-invasive
	resistance strain
	289.5 μV/mmHg
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Output voltage (V)

12009

195

nsa

n Eaprinent
- riting

05y

o

Relativ o ()

Relativ e A
Fing P

SR S KRG T
Temperstre(€)

(a)

R R TR
Temperaure (€)

(b)






media/file4.png
(1)

Cleaning silicon water

Spin coating P1I

(3)

Spin coating negative photoresist

[ PRI RNN ] | _— | ____FEFENFY | ]

(4)

Develop after exposure

(3)

Stripping atter sputtering TiPt

(6)

Spin coating PI

D

Silicon

I rt/Ti

e T——m—
(7)

Spin coating positive photoresist
(8)

Develop after exposure

Reactive 1on etching
(10) sesesns = = L LLELLL
Stripping from silicon surface

(11) #essnss ﬂ’ ‘“i\ LTI

Iead out the conductive wire

(o

(12) o k.,

Transter to PDMS

U Negative photoresist

PDMS B Positive photoresist





nav.xhtml


  micromachines-12-00108


  
    		
      micromachines-12-00108
    


  




  





media/file16.png
roTRIC roTRIC






media/file2.png
g n§ £
e % 20 mmHg g 40 mmHg 1o g
100 ,’%‘ jg‘ 1o ;;:.
- 0 B |
80 80
60 60
40
o 10 0
i_-_ . . o Lr o
(a)

)
oq
von Mises Stress(N/m”)
| o |
o
% .
A 0Q |
von Mises Stress(N/m”)
NN
o
3
=
oq
A "\oﬁ"\h;ﬁ SFres;\'\Y 'm*3

Strain resistance

() (d) e





media/file5.jpg





media/file3.jpg
)
Cleaning silicon wafer
@
in coating PT
o

Spin coating negative photoresist

4

Develop after exposure

)

Stripping after sputtering Ti Pt

©
Spin coating PI
Silicon [ 5
I T

T
W]

Spin coating positive photoresist

B
®)

Develop after exposure

o
Reactive ion etching

(10) s = = -

Stripping from slicon surface

ap e £ %

TLead out the conductive wire

)

L,
“

12

Transfer to PDMS

I Neative photoresist

PDMS [ Positive photoresist





media/file1.jpg





media/file7.jpg





media/file10.png
JE—
o0]

—
~J

Output voltage (mV)

f— —_—
(G ('S}

—_—
[a—

k.
(@)}

[a—
N

o

~1 Experiment

—- Fitting 5 -~
ﬁ’ F
3 Ve
lé 2
o € R“=0.99867
r @,

=hd ’

15 20 25 30 35

Pressure (mmHg)






media/file12.png
40

Pressure
Output voltage 18
35
gn 16 é
30F g
2 152
& =
@25k 2
= 14 2
20 u u l 13
12
15 2 5 2 '
100 200 300 400
Time (s)
(a)
40 r r 19
Pressure
Output voltage 8
35
e} g
= 30} {116 2
£ &
2 S
= 15 &
52T &
i 414 ©
PRI RIRIRIR
112
15 i i i 2 ! L i i 2
0 100 200 300 400 500 600 700 800 900 1000

Time (s)

(¢)

40 -
Pressure
Output voltage

35
= 30F
=
F
2
2 25¢
&

RIRIRIRIRIRIRIRIRE

l 5 2 2 2 2 2

100 200 300 400 500
Time (s)
(b)
45 - T
Pressure
Output voltage
40
0.46 mmHg/s 0.92 mmHg/s 1.33 mmHg/s
A —N— A

(4

Pressure (mmHg)
(VS] [9%]
= N

3]
wn

20

h)

0

200 400 600 800 1000 1200 1400 1600 1800 2000

Time (s)

(d)

L
(] (@) ~J oo

~

Output voltage (mv)

Output voltage (mv)





media/file9.jpg
Output voltage (mV)
- T

=)

1 Experiment

—- Fitting , 2
5
S
o ,
L °=0.99867
&
15 20 25 30 35

Pressure (mmHg)






media/file0.png





media/file14.png
Output voltage (mV)

12.00

1:1.95

1.1.90

11.85

11.80

W Experiment
- - - Fitting %

32 33 34 35 36
Temperature (°C)

(a)

Relative error (mmHg)

S

e
W

e
~

S
w

S
S}

0.0

m Relative error "
— ~ ~ Fitting d
s ’I
s
I/’ .
1
32 33 34 35 36

Temperature (°C)

(b)






media/file8.png
Pressure (mmHg)

s
E
P
3
s
s
3
2
s
<

Output

+0~10V
1 A
+100 u. Input

Manometer I0P sensor

= Motor

Eye model






media/file11.jpg
o

oo |,

N e
@ ®

S |y o

# ‘I _otompugs_ cormes tsmues |

i R0 00 o0 0
Tine )

(c)

00000 R0 T T T T T T
T

(d)





media/file6.png
S5mm






media/file15.jpg





