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Control Mechanism of an Organic Self-Regulating
Microfluidic System
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Abstract—The control mechanism and fluid dynamic properties  biochemical mechanisms. So, interest in organic microsystems
of a previously developed organic pH regulation system are ana- without electrical components is growing in the fields of
lyzed. The system regulates an output fluid stream to a pH of 6.7 yiqtechnology and clinical medicine. Recently, polymer based

with varying input flow rates. A pH sensitive hydrogel post acts as . t tilizi ft actuat d plumbing h b
the feedback pH sensor and flow regulator. The control mechanism MICTOSYSteMS LILIIZING SOit actuators and piumboing have Deen

of the system is studied through numerical modeling of the regu- €mployed to replace silicon based devices due to lower cost
lator and the model is validated through experimentation. Analysis and shorter fabrication times as compared with traditional

of the fluid dynamics at a T-channel junction, in which two buffer  MEMS. Polymer based microsystems have diverse applications
streams merge into one, is performed by solving the Navier-Stokes in the field of biotechnology [10], [11]. Specifically, stimulus

equation with commercial software. Various areas of a star-shaped ive hvd s h licati includi |
orifice are occluded by a flexible membrane to throttle the rate responsive nydrogels have many applications inciuding , valves

that compensating buffer is fed back into the system. The relation- [12], drug delivery actuators [13], self-regulating devices [14]
ship between orifice open area and volume of compensating buffer and artificial muscles [15]. Responsive hydrogels are polymers

through the orifice was analyzed numerically. The axial and lat- whose swelling behavior is sensitive to changes in environ-
eral visualization of the hydrogel post was obtained via optical mi- \nanta| conditions which can be classified according to the
croscopy. The model of the regulation system successfully predlCtSStimuli they respond to as: temperature [16], pH [17], electric
experimental results. [957] | they resp : P ) , ele
_ ) ) [18], light [19], glucose [20], antigen [21] and magnetic field
re":l‘ljaet’i‘nTerms_A”a'yt'ca' modeling, CFD, hydrogel, organic self- - 1251 sensitive, with some responding to multiple stimuli. In pH
9 g sensitive hydrogels the polymer network changes from neutral
to charged due to protonation of amine groups or deprotonation
|. INTRODUCTION of acid groups. After the protonation or deprotonation, the
RGANIC mechanisms control the human body at aﬁg/(iro?elthundergozs da :/(?ur;e ttransmor;_ from the coIIap:szdb
scales, from the whole body down to the single cell. Th%aél o the catxpgn eds ate i ue otr?sr?_o '(Cj pretssur:(a e>r<]er ed by
demonstration of self regulating and biocompatible syste oorie counter-ions neutralizing the fixed network charges
ithin the hydrogel network [23]. One important application

that mimic natural regulation is an area of active research in H ve hvd Is is t trol the t | rel
crofluidics. Microfluidic systems have advantages over mac I PHi responsive Nydrogels Is to controt tne temporal release
pharmaceuticals.

systems due to reduced diffusion times associated with th&lr

smaller size. The dimensions of silicon based microelectrome—Recemly’ pH control and regulation systems that do not re-

ﬂuire any electrical control components have been demonstrated

chanical systems (MEMS) are on the order of a single ce Y21 1141 In th lati i imul . |
Examples of MEMS technology include microsensors [1]-[3 ]’_ [14]. In rne reguiation system, a SUmUILS responsive poly-
eric material replaces the major components (micro sensor,

fluid control devices [4], [5] cell separation tools [6], flow tat . d perioheral circuit ired
injection reaction analysis [7], cell patterning devices [8] an ICro actuator, microprocessorand peripherai circui S) require
a conventional microfluidic pH regulation system. To in-

cell manipulators [9]. However, silicon-based devices increa: e th ve hvd I «di ter- int
system complexity and manufacturing difficulty when an elecﬁ—fraﬁra ed' € res_ponTlv?()a Dy rc_)geﬂpgds_ ( |a:ne %'@tﬁm'?‘ °
trically driven feedback control system is employed. Electriclj]® hree-dimensiona (3-D) microfluidic netwoik;situ pho-

feedback systems require micro sensors, amplifier circui gpolymerization _iS _utilized [25]. The microfluidic de_vice can
micro-actuators, microprocessors and peripheral circuits, constructed within one day and feedback control is achieved

contrast to the human body that is controlled through efficie ile mamtammg_ system elegance (diverse _functlonallty a_nd
ease of construction) through the use of hybrid system designs

combining a 3-D micromolded channel network with in situ

construction of stimuli responsive components. The pH self-reg-

Manuscript received November 5, 2002; revised July 25, 2003. Subject Edilﬂrating system demonstrated stable control of the pH of a mi-
A. J. Ricco. T . .
S. Lee is with the Department of Biomedical engineering, Dankook Univefrofluidic stream under a range of input flow conditions [14].

sity, Cheonan, 330-714, Korea and also with the Department of Biomedical En-The objective of the current study is to analyze the control
gineering, University of Wisconsin-Madison, Madison, WI 53706 USA (e-mailhechanisms of the pH regulation system by Comparing sim-
dbiomed@dankook.ac.kr). . . . . .

D. T. Eddington and D. J. Beebe are with the Department of Biomedical EH—Ianns and experiments. To make the numerical simulation
gineering, University of Wisconsin-Madison, Madison, W1 53706 USA (e-mailnodel, a block diagram of the system is established with the pH
dbeebe@engr.wisc.edu). _ . responsive hydrogel post as the feedback element. The numer-

Y. Kim and W. Kim are with the Department of Mechanical Engineering . . . . .
Hanyang University, Ansan 425-791, Korea (e-mail: wskim@hanyang.ac.kr)r.Cal model of each block in the simulation is obtained by the-

Digital Object Identifier 10.1109/JMEMS.2003.820292 oretical and experimental methods. The property of fluid flow

1057-7157/03$17.00 © 2003 IEEE



LEE et al. CONTROL MECHANISM OF AN ORGANIC SELF-REGULATING MICROFLUIDIC SYSTEM 849

in the microchannel is analyzed with computational fluid dy- Swelling & HY]‘)’;;’tge'
namics (CFD) software based on Navier—Stokes equations. Th Shrinking
performance of the pH regulation system model was evaluate( »
i Input Fl
through experiments. Output Flow +- ﬂh ' <«—— Input Flow
Il. SYSTEM OPERATION Compensating £
—> Membrane

Flow,

The pH regulation system consists of a hydrogel post, PDMS
membrane, star-shaped orifice and mixing T-channel as showi. Orifice

in Fig. L. The system is fabricate-d as c_jescribed previously [1§ 1. Schematic diagram of the pH self-regulating system. Crosssectional
TV\{O.Inlet Channels_enter the device with one Channe_l supplyi @a of input and outpugtJ channel : 280170u111,gand cgmgensaﬁng channel:
acidic (pH 2) solution and the other channel supplying a comeox 100,m. Distance from the T-intersection to the center of hydrogel post:
pensating basic (pH 12) solution. The two inlet flows are drivefy* mm. Diameter of hydrogel post: 3pan.
by a water column. The pressure at the input channel is varied

from 10cmH,0 to 50cmH5 O, while pressure at the compen-

sating channel is fixed at 5@nH>O. The dimensions of the

input channel and output channel are 20070 ym and the

compensating channel is 280100 xm. Due to the size of the m m
channels and pressures applied, the flow remains laminar as

travels past the hydrogel. The input and compensating strear

are stacked vertically causing the top of the gel to be constantl

exposed to acidic solution and the bottom exposed to basic sol ||][:> <:|I]ﬂ

tion. However, the pH is measured at the outlet of the device an

assumed to be totally mixed due to the dimensions of the outlet. (@)

A pressure increase at the input causes the elevation of ing-+*
flow and the pH at the output channel becomes more acidi A
As the hydrogel shrinks in the acidic solution, the membran

seals off a smaller area of the star orifice, allowing more con

pensating buffer solution to pass through the orifice as shown

Fig. 2. The increased compensating solution increases the pH C
the output channel, causing the hydrogel post to swell and d

Leaflet

crease the amount of compensating buffer solution allowed -g—;’f b
pass through the orifice. The time response of the system w El';ter_r

found to be about five minutes. G Slope of AB :

E O F
I1l. M ODELING OF THE FH REGULATION SYSTEM ®)

Key components of the pH regulation system include Rg. 2. (a) Schematic explaining the relationship between hydrogel size and
T-channel, hydrogel post, membrane, and star-shaped oriffP&" orifice area. (b) Geometrical model of the hydrogel post and orifice.
as shown in Fig. 1. Since the pH at the output channel is
determined by the flow ratio of the two inlet channels, a pH Pressure Flow
converter (relating flow ratio to output pH) is incorporated in Ratio Ratio
the numerical model. Fig. 3 shows the block diagram with the Input g .
T-channel and pH converter included in the feed-forward 00| | Pressure
and the hydrogel post and star-shaped orifice in the feedba
loop. The T-channel mixes the solutions from the input ant

1

L Outlet pH
\M

pH Converter

T-Channel

compensating channels at a rate determined from the dime

sions and applied pressure of each channel. The modeling —7| | Saturator Orifice with

the pH converter and the shrinking and swelling propertie 4 Gai Membrane

of the hydrogel post are experimentally investigated. Thi o . N '
star-shaped orifice, membrane and hydrogel post regulates t Converted —~— [¢% )] J il

feedback flow. Assuming the membrane is thin and sufficiently Compensating

Pressure Hydrogel Post

flexible, the influence of the membrane on the hydrogel pos Reguiate‘}
can be ignored. The saturator models the limit on compensatir C"m]‘;f:vsv“‘“g 1

solution flow due to physical effects (channel size, driving
pressure). The numerical model was implemented in S'mU“'ﬂlﬁ,. 3. Block diagram of the self pH regulating system implemented on
(MatLab 6.0). Simulink.
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Fig. 4. Plot of velocity magnitude contour with (a) Input channel: @QH,O, compensating channel: 56nH,O and (b) Input channel: 50mH-,0O,
compensating channel: 58nH,O and Plot of multi-section slice contour (c) Input channel:&30H,O, compensating channel: 56nH,O and (d) Input
channel: 5mH,O, compensating channel: 5nH,O.

A. Fluid Dynamics in T-Channel tional contour is shown in Fig. 4(c) and (d) and the effect of

The size of microsystems causes different fluid flow propePr€Ssure in the inlet channel can be clearly seen at the mixing
ties than flow in macrosystems. In conventional fluid dynam#osition of the T-channel. The average flow velocity of both
theory, Navier—Stokes equations with no slip conditions aff'@nnels is calculated using the following equation:
used to predict flow properties with close correlation to exper- oA
iments. A number of flow characteristics normally ignored in V= JapV -7dA . 1)
conventional macro flow, must be considered at the microscale pA
to achieve accurate simulations. B R

A fundamental understanding of the flow characteristics ¢f: mean velocity,V: velocity, p: density,7: normal vector to
the regulation system, such as velocity and pressure distributiBiif surfaceA: cross-sectional area of channel.
is critical to the performance optimization. For the numerical Fig. 5 shows the ratio of fractional flows at the output channel
simulation of a T-channel, a geometric model of the pH regithen the applied pressure at the input channel changes from 30
lation system was established, and the simulation was carrfggt20 to 60 cmH,0O and the compensating channel driving
out using a commercially available modeling package (STARfessure is fixed at 56mH,O.

CD, CD-Adapco). Body-fitted structured grids are used and the
total number of cells is approximately 12 000 in all cases. THe Modeling of pH Converter

Semi-Implicit Pressure-Linked Equation (SIMPLE) method is The pH at the output is determined by the ratio of two so-
implemented for pressure-velocity coupling. lutions with different pH values. Phosphate buffer with ionic
In the model, the pressure at the input was changed fr@iiength adjusted to 0.2 M through the addition of NaCl was
30, 40, 50, and 6@mH,0O while the compensating pressureysed in the experiment at pH 2(inlet) and pH 12(compensating).
was fixed at 5mH-0. Fig. 4 is representative modeling re-To obtain a relationship between flow ratio and pH, the two solu-
sults showing velocity contours for two distinct cases. The fir§hns are mixed with different volume ratios and a microcombi-
case [see Fig. 4(a)] has an input and compensating pressyion pH electrode (PHR-146, LAZAR) measures the pH of the
of 30 cmH>O and 50cmH,0 respectively, while the secondmixed solution and the relationship between the flow ratio and
case [see Fig. 4(b)] has the input and compensating pressyyEss obtained. Piecewise linearization was used to obtain the

at 50cmH>O and 50cmH- O respectively. As the pressure oftransfer function relating flow ratio to pH at the output channel
the input channel increases, the flow fraction from the inleind the equations are as follows:

channel becomes higher and the pH at the output channel be-
comes more acidic. In contrast, a decrease in input pressure _ 141 12 <L
makes the output solution more basic. The velocity multi-sec- y=—lalot T=3
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(4]

- . - - . ; related to the square of the distance from the leaflet peak to the
' edge of hydrogel post.

FR=8.3PR*~8.9PR+2.8
(FR:Flow Ratio, PR:Pressure Ratio) Vil

E -

IV. RESULTS

The hydrogel post was monitored through an optical micro-
scope (BX-60, Olympus). Initially the hydrogel post swells
sufficiently to seal the orifice completely and prime the system.
When the input flow is initiated the hydrogel post begins to
shrink, thereby allowing the compensating solution to flow
again. The compensating solution travels through the orifice
and enters the input channel at the T-channel junction. The time

* Calculated response of the hydrogel is less than two minutes and around

- —— Fitted Curve . . A
B five minutes for the system to reach equilibrium.
0 1 : . ' . - The lateral visualization of the hydrogel post coupled to the
05 06 P 07 ({: ti :"9 m; 11 12 13 membrane was analyzed using a stereo-microscope as shown in
ressure Ratio(input/Compensating) Fig. 6. Fig. 6(a) shows a shrunken hydrogel post and Fig. 6(b)
_ _ , _ shows the completely swollen hydrogel post. These pictures
Fig. 5. Graph showing how the pressure ratio relates to the flow ratio. demonstrate that the open orifice area can be correlated to the
diameter of the hydrogel post taken in the plane of the top sur-
. 1 ) face of the orifice as we assumed in the numerical modeling.
y=-04dr+73 (3 <Ts 4) By using the modeled equation of each block, the total feed-
y=-294r — 57 (4<z<5) and back control system is implemented on the Simulink platform
) of MatLab as illustrated in Fig. 3. The gaih, is incorporated
into the feedback loop to convert the regulated compensating
flow to compensating pressure. We obtain the conversion gain
from experiments and its measured value is 70. The saturator
is inserted at the feedback loop to account for the limitations on
compensating solution flow due to channel dimensions. The ap-

Equilibrium swelling of the acrylic acid-hydroxyethyl pjied pressure in the compensating channel determines the max-
methacrylate (AA/HEMA) hydrogel was investigated by mongnum value of the saturator.
itoring the dimensional change of a hydrogel when exposedBy using this numerical model, the pH in the output channel
to 0.05 M phosphate buffer with pH ranging from 2 to 12 aith the feedback loop is calculated and shows good agree-
25 C. The total ionic strength of each buffer was adjusted fgent with experimentally measured data as shown in Fig. 7.
0.3 M by the addition of a calculated amount of NaCl. Thehjs figure shows the value at the equilibrium state and the tran-
buffer solution flow rate was 10Q1/min in a microchannel sjent state is omitted. In the system with feedback, the output pH
with a hydrogel post (35@m diameter, 17Q.m height). The s maintained while the input pressure is varied from 30 to 50
diameter of the hydrogel post was monitored using optical,i,0 and the compensating pressure is fixed atH0L,0.
microscopy. The swelling isotherm for the hydrogel is obtaingg the experiment, the pH is measured every two minutes. When
as a function of pH and is similar to those previously reportgfe input pressure is more than 6@H,0, the flow of acidic
[24]. The hydrogel swells in basic solutions and shrinks igy|ytion increases to the point that the compensating channel
acidic solutions, with the volume transition occurring betwee@jue to channel size and driving pressure) cannot provide suf-
pH 4-8. ficient compensating solution to neutralize the input solution.

The star shaped orifice as shown in Fig. 2 has four shagpg when the input flow is less than HH,O0, back flow is
leaflets. We assumed the flow passing through the orifice is dgsserved in the simulation. From the simulation, the ratio be-
pendent on the diameter change of the hydrogel post. To mak@@en input and compensating flow at the output channel is cal-
simple model for the open orifice area, we assumed the hydrogg|ated to be 4:1 when the input pressure is:601,0.
post moves only in they plane, with no shrinking or swelling
in the 'z’ direction due to the system constraints. From the ge- V. DISCUSSION
ometry of leaflets and hydrogel post, the opening area of the
orifice can be approximated from the geometric model shown The simulation uncovered phenomenon not observed experi-

«
T
I

N
L
!

Flow Ratio{lnput/Compensating)
e

y=275 (z>05)
wherey is pH value and: is the flow ratio.

C. Modeling of Hydrogel Post and Orifice

in Fig. 2(b) and the following equation: mentally such as the presence of backflow under low input flow
rates. The system responded to the backflow autonomously and
403(b —1r)? maintained a steady output pH value demonstrating the robust-

Area = 1+ a2)2 () ness of the design. The interactions of the orifice and hydrogel

post play a key role in the successful regulation of the pH. The
where« is the slope of star shaped orifice s the diagonal shape of the orifice occluded by the hydrogel greatly affects the
length of orifice and- is the radius of the hydrogel post. Equaproperties of the system. However, like all control systems, the
tion (3) shows that the opening area of the orifice is linearlymits of the design are reached when the input flow rate is above
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of compensating solution occurred at the intersection of the
T-channel. Fig. 8 demonstrates the velocity vector contour and
experimental image at the intersection when the input pressure
is 10cmH>0. At the intersection of the T-channel, the higher
pressure region [shown in Fig. 8(b)] separates the compensating
flow causing the back flow as shown in Fig. 8(a). When back
flow occurs, the pH value at output channel becomes strongly
basic. Even in this situation, the pH regulation system maintains
constant pH after equilibrium of the hydrogel occurs demon-
strating the system’s ability to efficiently self-regulate under a
variety of flow conditions.

The orifice and hydrogel postinteraction plays a key role in
the compensating flow regulation. In earlier devices, the orifice
shape was circular, but it displayed an oscillatory (unstable) re-
sponse under constant input stream flow. Incorporation of the
star shaped orifice produced a throttle valve functionality pro-
viding stable operation. Fig. 9 shows the opening area of the
orifice according to the variation of the hydrogel post diam-
eter. The model used a 270n-radius hydrogel post because the
length of the star is 270m. In the case of the circular orifice,
the diameter was 200m. At the beginning of orifice opening,
the opening area of the circular orifice is a few hundred times
larger than that of the star shaped orifice. This means a rapid
increase of flow in a valve with a circular shaped orifice occurs
at the opening stage and, therefore, acts asnaFF switch
causing the oscillatory response. In contrast, the flow through a
star shaped orifice continuously and smoothly changes resulting
in a stable response.

The system does not effectively regulate pH once the input

() pressure rises above #nH,O. To neutralize the elevated
Figd- 66 _lmgge of t|||1e lateral viewlog the rf]\yd%;’al post (al))in the Tslf:runcl{(en S]Eaimput flow, an equal amount of compensating flow is required.
T e s il Pwever,the dimensions and applied pressure of compensating
solid line for clarity. Note the hydrogel only swells and shrinks inthandy ~ Channel are fixed limiting the compensating flow. The saturator
directions and not the direction. in the feedback loop of the model accounts for these limitations.
Fig. 10 shows the output pH cannot be regulated when the
input pressure is 70mH->0O. Without a saturator, the model
predicts the output pH is regulated within a certain broader

8

L 3;:1:;::22 T range of input conditions, but with the saturator, the pH value
decreases to 3.4 at higher input pressures. A similar value is

7L . measured in experiments when the input pressure is increased
to 70cmH>0.

VI. CONCLUSION

Organic self-regulating microsystems without electrical con-
trol components have a wide range of potential applications in-

8¢ i cluding low cost drug delivery devices and chronic blood or
body fluid monitoring systems. The system described in this
55 0 20 30 0 30 80 paper is made from soft materials and a single hydrogel post acts

Time{minute) as a sensor and actuator simultaneously. The numerical model
of the pH regulation system shows good correlation with the
Fig. 7. Simulated and experimental output pH varying input pressures.  experimental data. In the pH regulation system, channel dimen-
sions, hydrogel post and area of orifice occluded are the key fac-
70cmH>0. The reason for this is the orifice is completely opetors in predicting flow regulation. In this paper, the numerical
at this elevated input flow rate and the maximum amount afodel of the T-channel, hydrogel post and orifice is presented,
compensating buffer is injected into the system. and the validity of the model is evaluated through experiments.
In the simulation, the input pressure was varied between 3@e presented numerical model of the pH regulation system
to 50 in steps of 1&mH>,0. Below 30cmH>,0, back flow closely matches experimental data. The model also uncovered
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Fig. 10. Effect of saturator on the system.

previously unobserved variables and phenomenon such as back-
flow, yielding a better understanding of the complete system.
The model can be used for the design and analysis of alterna-
tive regulation device designs. A new regulation system could
be developed using a hydrogel valve sensitive to other param-
eters such as temperature [16], light [19] and biologicals [20],
[21]. For example, a hydrogel sensitive to biologicals, such as
glucose, could be used to maintain constant blood glucose levels
by regulating the amount of insulin infused into the patient.
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