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Abstract

The integrated development of micro total analysis systems (UTAS) has put forward higher require-
ments for the heterogeneous integration of 3D-printed microfluidic chips and flexible printed circuits
(FPC). However, the poor interfacial adhesion and the easy capillary blockage of microchannels by ad-
hesive during the integration seriously impair the device performance. To address these issues, this pa-
per proposes a composite packaging process combining interfacial composite modification and solvent-
assisted edge cleaning, and constructs a rigid-flexible heterogeneous integration architecture. The pol-
yimide surface of FPC was modified by ultrasonic treatment with anhydrous ethanol for 25 minutes
combined with oxygen plasma treatment for 3 minutes to improve the interfacial wettability and me-
chanical interlocking capability. A 1 mm “adhesive-free buffer zone” was constructed at the edge of mi-
crochannels via solvent-assisted technology to completely eliminate adhesive blockage. Experimental
results show that this process achieves conformal sealing of the chip, extending the stable operation
lifetime of the device from less than 24 hours to more than 7 days with stable electrode conduction per-
formance. This study provides an effective technical solution for the high-reliability rigid-flexible heter-
ogeneous integration of microfluidic systems.
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Figure 1. Heterogeneous integration architecture and design schematic of the chip
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Figure 2. Design and physical characterization of key chip components: (a) Physical photograph and microscopic morphology
of the 3D-printed microchannel cover plate; (b) Comparison between the design drawing and physical object of the FPC elec-

trode array
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Figure 3. Effect of ultrasonication time on the surface contact angle and surface free energy of the PI substrate
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Figure 4. Variation of water contact angle as a function of oxygen plasma treatment time
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Table 1. Effects of different surface treatment processes on the wettability and bonding quality of the PI substrate
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Figure 5. Schematic of the composite packaging process: (a) Synergistic modification; (b) Adhesive coating; (c) Edge cleaning;
(d) Alignment and bonding; (¢) UV curing
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Figure 6. Microscopic comparison of the effects of different buffer zone widths on the overflow behavior of UV adhesive
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Figure 7. Physical and microscopic morphology of the heterogeneously integrated microfluidic chip: (a) Photograph of the
fully packaged chip; (b) Microscopic image of the intersection area between the microchannel and the electrode

7. RRERBRITE A SURMATR (o) SHEFHESYE O) RESERIXEEEHEA
3. R
3.1. HRBEREL

NE BEVPAL A DU T 200 S i S T B SR P R T RCR AR 1 B T R v i e KT
&, WK 8 fr, ARG H AR TN R JeE BRI T 4, PRGSO R, &R
HEH PSS H K 20 cm, AR 0.5 mm ) PEEK 4, A& HRL LR RS RE 1 15, A8 T a0 A B R I

IR

PEEK#

Figure 8. Schematic of the pressure resistance test system for chip packaging strength based on the limit flow velocity method
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Table 2. Comparison of chip pressure resistance under various processing schemes
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Figure 9. Architecture of the monitoring system for the long-term electrical stability of the chip
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Figure 10. Comparison of normalized current fluctuation curves for the chip over 168 hours of operation using the original PI
and the composite modification process
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