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Abstract  Continuous-flow microfluidic biochips (CFMBs) have emerged as a promising techno-
logical platform that enables complex biochemical experiments by precisely manipulating fluids

within micrometer-scale channels. Compared with traditional laboratory methods, CFMBs offer
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several significant advantages, including low reagent consumption, rapid analysis speed, high in-
tegration density, and strong automation capability. These advantages enable CFMBs to integrate
various laboratory operations, such as mixing, transportation, reaction, and detection on a single
chip, thereby providing a compact and highly efficient experimental platform, which makes them
widely used in biomedical analysis, disease diagnosis, and drug discovery. With the increasing
complexity of biochemical assays implemented on CFMBs, the design of efficient and reliable con-
trol logic has become an important issue in ensuring the correct execution of experimental proce-
dures. To ensure the sequentiality and controllability of each step in biochemical assay reactions,
CFMBs typically employ multiplexer-based control logic to precisely actuate flow valves within
the chip. In this architecture, core input signals are transmitted to control valves through control
channels, enabling dynamic switching of fluid paths and precise manipulation of microscale flu-
ids, thereby ensuring accurate execution of complex biochemical protocols on the chip. However,
the fabrication and integration of control valves are costly, and the number of valves directly af-
fects the design complexity and manufacturing cost of biochips. Therefore, the number of control
valves in the multiplexer architecture should be reduced to lower manufacturing costs and simpli-
fy the control logic structure, thereby improving the feasibility of large-scale production. In addi-
tion to cost considerations, the reliability of control valves is another critical factor that influences
the performance of CFMBs. In a multiplexer-based architecture, each control valve can be regar-
ded as a potential failure point. During biochemical operations, certain valves may be switched
frequently, which can lead to elastic degradation and structural instability, thereby reducing the
overall reliability and lifetime of the biochip. However, existing control pattern assignment
methods mainly focus on minimizing the number of control valves, while the switching frequency
distribution among valves is often neglected. As a result, certain valves may be excessively
switched, which increases the risk of valve failure and limits the robustness of the control sys-
tem. To address the above challenges, this paper proposes a control pattern assignment algo-
rithm for CFMBs that considers valve-switching balance. The proposed method simultaneously
minimizes the number of control valves and the maximum switching times of control valves. Spe-
cifically, the algorithm is developed based on a discrete particle swarm optimization (DPSO)
framework, in which a role-based learning strategy together with a feasibility-constrained cross-
over-mutation learning mechanism is introduced. These strategies form a multi-subpopulation co-
operative evolutionary framework. Within this framework, particles with different roles ex-
change information during the optimization process, thereby improving the diversity of the popu-
lation and enhancing the search capability in the discrete solution space. Experimental results
show that the proposed algorithm achieves an average reduction of 16.40% in the number of con-
trol valves used in multiplexers, and an average reduction of 12. 15% in the maximum switching
times of control valves, while demonstrating promising performance in practical biochemical ap-

plications.

Keywords  continuous-flow microfluidic biochips; control pattern assignment; valve-switching

balance; discrete particle swarm optimization; role-based learning strategy
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