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Polydimethylsioxane Fluidic Interconnects for
Microfluidic Systems

Shifeng Li and Shaochen Chen

Abstract—This paper presents novel polydimethylsioxane = PDMS is receiving increasing interest in the field of
(PDMS) based interconnects for microfluidic systems with a low micro-electro-mechanical systems (MEMS) [9]-[11]. Many
dead volume. Through-hole type and {" type PDMS intercon-  ppyvs-related micro and nano-fabrication techniques have
nects have been designed, fabricated, and tested for glass an devel d 191, Unlike traditi | material h il
plastic capillary tubing. Oxygen reactive ion etching and epoxy een develope _[ ]. Unlike tradi ana materials suc _as stlicon
bonding methods are empioyed to bond PDMS interconnects to and glass used in MEMS, PDMS is a low cost material. More-
different substrate materials including silicon, glass, polymer over, microfabrication processes for PDMS are simple and
and other thin film materials. Leakage pressure, leakage rate, rapid compared to traditional etching and bonding approaches
and pull-out force are characterized for these interconnects. For ;, MEMS. The primary advantages of PDMS material for

reusable PDMS interconnects, the maximum leakage pressure . . L . . .
reaches 510 kPa (75 psi) and the maximum pull-out force is about microfluidic applications include ease of bonding, optical

800 mN. For nonreusable PDMS interconnects, the maximum transparency (from 230 nm to 700 nm wavelength) for precise
leakage pressure is found to be 683 kPa (100 psi) and the maximumalignment, softness for molding, and biocompatibility in a
pull-out force is 2 N. For both types of PDMS interconnects, the biological environment. Moreover, one can bond PDMS to
leakage rate test demonstrates that the leakage is not detectablegjgrarent materials reversibly and irreversibly. These materials
ataworking pressure of 137 kPa (20 psi). include conventional microfludic substrates such as silicon and
Index Terms—Bonding, fluidic interconnect, microfluidics, poly-  glass, thin films likeSiO, and SixNy, and polymer substrates

dimethylsioxane. such as polystyrene and PDMS.
This paper reports new PDMS-based interconnects for
l. INTRODUCTION microfluidic system applications. Through-hole type arjd “

- . o - . type PDMS interconnects for glass and plastic capillary tubing

UEﬂTg. THEtdImCUI.tyt n fabrlc?tlng mkc))nollth_lc M will be designed, fabricated, and tested. We will investigate
crofiuidic -systems, ‘interconnects are becoming m%%nding PDMS interconnect to different substrate materials

and more important in integrated microfluidic systems th%hch as glass, silicon, and polymer, as well as thin films

may involve micropumps, microvalves, micromixers, or Mit cluding Si0, and Si.N, using oxygen reactive ion etching

crochannels. Interconnects are also imperative to bridge(FgIE) bonding and epoxy bonding. The maximum leakage
microfluidic component to its macro-environment. Gonzalez '

X ressure, leakage rate, and pull-out force will be measured for
al. fabricated a modular type coupler that used deep react&% PDMS interconnects

ion etching [1]. Yacet al. developed a reusable silicone rubber
coupler for microfluidic interconnection. After several times
of use, the silicone coupler still has a similar performance [2].
Wijngaart et al. directly melted polyethylene capillary tubes Two types of PDMS interconnects were designed as shown
on the silicon substrate and then applied epoxy to reinforfeFig. 1: through-hole and[” type, used for both glass and
the tubing [3]. Armaniet al. developed polydimethylsioxanePlastic tubing. To fabricate these interconnects, a curing agent
(PDMS) based pressure-fit-type interconnectors with moldir@)d PDMS prepolymer (SYLGARD 184 Silicone Elastomer
[4]. Puntambekar and Ahn fabricated a self-aligning fluidiKit, Dow Corning, Midland, MI) in a 1:10 weight ratio were first
interconnect. Due to its self-aligning nature, this interconnetoroughly mixed. Then the prepolymer mixture was degassed
has a significant reduction of dead volume and pressufea 20—25 mm Hg vacuum chamber for one hour to remove air
drop [5]. Grayet al. developed several novel interconnectgubbles from the mixture and to ensure complete mixing be-
for micro-fluidic systems. These interconnects can be easfiyeen the two components. After placing a 4 in polished silicon
assembled [6]. Tsai and Lin presented a method to insert MyWgafer on a 5 in glass plate and heating the stack to°14%or

into a micro-to-macro interconnection discretely and integral§gveral minutes, the prepolymer mixture of 20 ml was poured
[7]. Recently, Pattekar and Kothare melted plastic tubing a®to the silicon wafer and covered with a transparency film with

applied epoxy to achieve high performance interconnectors [8fre to prevent any bubble formation at the interface. The trans-
parency film provided an easy way to separate the cover plate
from the PDMS layer after curing. The entire stack was then

Manuscript received February 1, 2003; revised June 1, 2003. This work V\%Hred for1hat145Cona hot_plate. After curing, the' PDMS
supported by the Microelectronics Research Center, University of Texaslayer was peeled off from the silicon substrate. The thickness of
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Digital Object Identifier 10.1109/TADVP.2003.817961 with a blade. A glass capillary (O.D. 0.84 mm and I.D. 0.60 mm,

Il. DESIGN AND FABRICATION PROCESSES

1521-3323/03$17.00 © 2003 IEEE



LI AND CHEN: POLYDIMETHYLSIOXANE FLUIDIC INTERCONNECTS 243

Tubing through-hole type PDMS interconnect was successfully bonded

PDMS Interconnect ] / onto a glass substrate [Fig. 3(a) and (b)] aftitype PDMS
interconnect was bonded onto a PDMS substrate [Fig. 3(c)].
In some cases, using oxygen plasma to activate the surface
Substrate as mentioned previously may not be compatible with the de-
vice fabrication process since some critical dimensions may be
changed due to plasma etching. A possible solution to such a
case isto use UV or thermally curable epoxy to bond the PDMS
interconnects onto the substrate as shown in Fig. 4. Following
the previous processes, the PDMS squares (4<x@hmm) were
punched and then cleaned to keep the bonding surfaces par-
ticle and dust free. The substrate and PDMS interconnects were
= baked for 30 min at 99C to dry out the bonding surfaces. After
that, the PDMS and the substrate were bonded together. But this
PDMs Interconnect Tubing bonding is reversible. In order to stand a high pressure during
device operation, UV or thermally curable epoxy was used to
reinforce the PDMS interconnect to the substrate as illustrated
in Fig. 4. In this work, UV curable DYMAX epoxy (DYMAX
Bonding 1186-M series, DYMAX Corporation) was used to seal the in-
terconnect. After a 20-min curing in the aligner, the epoxy glued
the PDMS interconnect to the substrate. Although this bonding
is reversible, we found that there is no epoxy seeping to block
Substrate  the holes and channels during curing (Fig. 5). For precise align-
ment of the interconnect, we used isopropyl alcohol to spray the
““““““““ S bonding surfaces in order to avoid immediate bonding during
alignment. Then the entire stack was put on a hot plate to dry
out the isopropyl alcohol for reversible bonding.
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Fig. 1. Schematic of the PDMS interconnect: (a) through-hole type and (b . .
“ [9 type. @ 9 yP ®) In order to characterize the PDMS interconnect performance,

three important measurements were conducted: leakage pres-

) . ... sure measurement, leakage rate measurement, and pull-out
Vitrocom. Inc, NY) was used to punch connecting holes in the 9 P
rce measurement.

PDMS squares. We found punching the hole is critical for PDM
interconnects as PDMS is a soft material with Young’s modulus
of 700-800 kPa, which is much less than that of silicon or glads, -eakage Pressure Measurement
If punched improperly, the holes will not be circular as shown The leakage pressure characterizes the maximum working
in Fig. 2(a). A noncircular interconnecting hole can not hold theressure that the PDMS interconnect can stand. The mea-
capillary at a high pressure. In order to get circular holes, one lrmgement was conducted by connecting a syringe to the
topunchthe PDMS square slightly atfirst using the capillary tud#DMS interconnect as illustrated in Fig. 6. A pressure gauge
and then slowly rotate the tube until the glass tube is punch@ble-Parmer 1202-5000, Cole-Parmer Instrument Company)
through the PDMS square [Fig. 2(b)]. was coupled with the syringe by a three-way pressure gauge
After punching the hole, the substrate and PDMS intetee (Upchurch U.433, Upchurch Scientifics). The PDMS
connect were put into a petri dish for ultrasonic cleaninigiterconnect was bonded to different substrate materials by
using de-ionized (DI) water and isopropyl alcohol for 5 minQ, RIE bonding and UV epoxy bonding. A force was applied
respectively. This is to ensure a clean surface for follow-up push the syringe cylinder until leakage occurs. From the
bonding. The petri dish was then put into a baking oven for 3®upled pressure gauge, the leakage pressure was recorded and
min at 90°C to remove the residual water molecules, followedummarized in Table | for different substrate materials.
by oxygen plasma surface activation in a Plasma Thermo RIEFrom Table |, the PDMS interconnect can stand a pressure up
system. The working parameters of the RIE were set as 70té8/510 kPa (75 psi) fob, RIE bonding. The leakage took place
at 75 mtorr with an oxygen flow rate of 20 sccm and 15 around punched holes. This implies that the friction force be-
etching time. After activation, the PDMS interconnects werveen the sidewall of the PDMS hole and the capillary surface
bonded onto the substrate immediately and put on a hot plaecritical for a high leakage pressure of the PDMS intercon-
for 30 min at 145°C in order to enhance bonding strength. Ihect. Therefore, the circularity of the hole punched is impor-
precise alignment is necessary, isopropyl alcohol could be ugadt for PDMS interconnects. For the interconnect with a non-
to avoid immediate bonding. The alignment can be controlleicular hole, the experiment showed the leakage pressure could
with a reasonable accuracy (less than /&f) since PDMS be less than 6.8 kPa (1 psi). For UV epoxy bonding, the mea-
is transparent in the UV and visible ranges [10]. In Fig. 3, sured leakage pressure ranges from 68 kPa (10 psHifo¥,

I1l. PDMS INTERCONNECTCHARACTERIZATION
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(@) (b)

Fig. 2. (a) Noncircular hole and (b) a circular hole punched with a glass capillary (O.D. 0.84 mm).

@ (b)
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Fig. 3. Through-hole type PDMS interconnect bonded to a glass substrate (a) for glass capillary tube, (b) for plastic capillary tubind,"@apdg@DMS
interconnect bonded to a PDMS substrate.

thin film to 485 kPa (71 psi) for the silicon substrate. Most dieve ultrasonic cleaning itself can not guarantee adequate clean-
the time, the leakage occurs at the bonding interface. This is Ipess for UV epoxy bonding. Our experiments demonstrated that
cause UV epoxy is very sensitive to surface cleanness. We héirasonic cleaning followed b§, RIE cleaning of the bonding
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Fig. 4. Schematic for (a) epoxy glued reusable PDMS interconnect and (b) nonreusable PDMS interconnect; (c) fabricated, reusable, and (&) PDiM&usab
interconnect bonded to a silicon substrate using UV curable epoxy.

(@) (b)

Fig. 5. Optical micrograph of the PDMS interconnects using (a) a glass capillary tube (O.D. 0.84 mm) and (b) plastic capillary tubing (O.D. 1.8&&timy, in
no epoxy blockage in the tube.

surfaces for 15 s can stand a leakage pressure of about 683 BP&eakage Rate Measurement
(100 psi) for UV epoxy bonded PDMS interconnect as SNown | gakage rate is another important measure for interconnect

in Fig. 4(b). performance. Usually, the leakage rate was measured under a
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Fig. 8. Results of leakage rate measurement for the PDMS interconnect
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Fig. 9. Results of pull-out force measurement for plastic tubing and glass
capillary.

the tubing and interconnect for the first 30 min during which
the volume of liquid inside the syringe decreased significantly.
After this the fluid volume inside the syringe remains constant
indicating the leakage is so minimal it is difficult to detect.

PDMS Interconnect
C. Pull-Out Force Measurement

Fig. 7. Experiment setup for leakage rate measurement. The required force to separate the interconnect from the mi-
crosystem was characterized by a pull-out test. A Teflon PTFE
constant working pressure [12]. Since a working pressure mhstic tubing (O.D. 1.02 mm, [.D. 0.60 mm, Hamilton, 9064)
136 kPa (20 psi) is typical for microfluidic system applicationand a glass capillary (O.D. 0.84 mm, I.D. 0.60 mm, Vitrocom,
[12], we used a weight of 1.25 kg to establish a pressure 6%6084) were chosen to characterize the pull-out force. The
136 kPa (20 psi) in the gastight syringe with a diameter of abopiiastic tubing was directly plugged into the interconnect and
10 mm. The experimental setup is shown in Fig. 7. The 5 nightened on a force gauge tip. The pull-out force was recorded
syringe was connected to the PDMS interconnect via a Teflfnom a digital force gauge (CE, FG-20KG). We glued the glass
PTFE tube (O.D. 1.02 mm, I.D. 0.56 mm, Hamilton Companygapillary with a Teflon plastic tubing (O.D. 1.47 mm, |.D.
The interconnect was bonded to a silicon wafer throOgRIE  0.86 mm, Hamilton) and then plugged the glass capillary tube
bonding and UV epoxy bonding. The water volume in the syato the PDMS interconnect. One of the major advantages of
ringe was recorded every 30-min over 5 h. Fig. 8 shows the BDMS interconnects is that they are reusable. After several
sults of leakage rate measurement. It is found that water filliches of plugging and unplugging, the results for the pull-out
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force measurement of the PDMS interconnects are similar. Inj5] A. Puntambekar and C. H. Ahn, “Self-aligning microfluidic intercon-
Fig. 9, for the plastic tubing, there is no significant change of nects for glass- and plastic-based microfluidic systemsMicromech.

Microeng, vol. 12, pp. 35-40, 2002.

the pull-out force even.after reusing the plastic tubing ten times.i; 5| "Gray, D. Jaeggi, N. J. Mourlas, B. P. Van Drieenhuizen, K. R.
But for the glass capillary tube, the pull-out force decreases  Wwilliams, N. 1. Maluf, and G. T. A. Kovacs, “Novel interconnection tech-
from 750 mN to 250 mN for the 10th cycle. This indicates that nologies for integrated microfluidic system&énsors Actuators,Aol.

77, pp. 57-65, 1999.

the glass tube tends to damage the side_wall of the PDMS hOIe['7] J. H. Tsai and L. W. Lin, “Micro-macro fluidic interconnectors with
When we used UV epoxy to seal the tubing and the sidewall of  an integrated polymer sealant]’ Micromech. Microeng.vol. 11, pp.
the hole for nonreusable interconnects [Fig. 4(b)], the pull-out _ 577-581, 2001.

[8] A. V. Pattekar and M. V. Kothare, “Novel microfluidic interconnec-

force was found to be as b'g as 2 N. tors for high temperature and pressure applicatiah,’Micromech.

Microeng, vol. 13, pp. 337-345, 2003.
IV. CONCLUSION [9] Y. N. Xia and G. M. Whitesides, “Soft lithographyAnnu. Rev. Mater.
Sci, vol. 28, pp. 154-184, 1998.

We have demonstrated that PDMS material can be used &1 B.H.Jo, L. M. Lerberghe, K. M. Motsegood, and D. J. Beebe, “Three-di-

interconnects for glass and plastic tubing in microfluidic ap-

mensional micro-channel fabrication in Polydimethylsiloxane (PDMS)
elastomer,’J. Microelectromech. Systol. 9, no. 1, pp. 76-81, 2000.

plications. A PDMS interconnect can be easily applied in dif-[11] M. A. Unger, H. P. Chou, T. Thorsen, A. Scherer, and S. R. Quake,
ferent microfluidic systems made of glass, silicon, polymer and  “Monolithic microfabricated valves and pumps by multilayer soft lithog-

other MEMS materials such &0, andSi.N, thin films at the

raphy,” Sciencevol. 288, pp. 113-116, 2000.
X. Yang, C. Grosjean, and Y. C. Tai, “Design, fabrication, and testing

low cost using either UV curable epoxy or RIE plasma activa- ~ of micromachined silicone rubber membrane valvek, Microelec-
tion. Leakage pressure, leakage rate, and pull-out force testing tromech. Systvol. 8, pp. 393-402, 1999.

showed that PDMS interconnects have excellent performance.

Key factors for strong bonding strength are the circularity of the

hole punched in the PDMS and cleanness of the surfaces to be

bonded. Moreover, PDMS interconnects are re-usable and their

fabrication is simple and cost-effective.
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