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Abstract : Microfluidic chips have rapidly developed in the fields of precision medicine, instant diagnosis, drug discovery and
even environmental monitoring due to miniaturization, integration and automation. The in-mold thermocompression bonding tech-
nology based on high dynamic variable mold temperature is conducive to promoting the rapid commercialization of microfluidic
chips. However, the absence of a unified evaluation system for bonding quality has resulted in an unclear correlation between
process parameters and performance, thereby limiting the fabrication of high-performance microfluidic chips. To address the afore-
mentioned challenges, burst pressure, microchannel deformation, and residual stress were adopted as core metrics to evaluate
bonding quality. Process parameters, including bonding temperature, pressure, and duration, were systematically optimized, and the
evolution law between the bonding quality and process parameters of polymethyl methacrylate microfluidic chips was systematically

analyzed and summarized. Through orthogonal experimental design and a multi-objective optimization method based on grey rela-
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tional analysis, a regulation mechanism between bonding process and quality has been established.Results indicate that, by means of
coordinated control over process and quality, the integrated manufacturing from raw materials to cross-electrophoretic microfluidic
chips can be achieved within 5 min. The fabricated chips exhibit the low deformation of microchannels (14.1%), high burst pressure
(541.9 kPa), and controllable residual stress (11.54 MPa). The proposed process regulation strategy includes setting the bonding
temperature 5—8 °C below the Vicat softening point, the bonding pressure at 0.35 MPa, and the bonding time at 4 minutes, respec-

tively. The conclusions of this study are intended to provide theoretically grounded and practically viable guidance for the efficient

and high-quality production of microfluidic chips.
Keywords : microfluidic chips ;

chips ; micro-injection molding
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Highly dynamic tempered in-mold thermocompression bonding Evaluation indicators ~ Process coordination mechanism
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Fig. 1 A graphic abstract for microfluidic chip HD-IMTCB process and quality synergistic regulation
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(c) In-mold bonding
simulation device
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Fig. 2 Structural dimensions of cross-electrophoresis microfluidic chip
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Fig.3 In-mold bonding mold and simulation test setup diagram
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(c) Microfluidic chips with Luer connectors that were
bonded using AB adhesive for the burst pressure testing
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Fig. 4 Burst pressure testing device
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Tab. 1 Factors and levels setting for orthogonal experimental design

Factor
Level -
A/°C B/MPa C/min
1 90 0.30 3
2 95 0.65 4
3 100 1.00 5
4 105 1.35 6
5 110 1.70 7

Notes: 4 is bonding temperature; B is bonding pressure; C is bond-

ing time.
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Tab.2 Orthogonal table L, and the experimental results

Factors and levels  Average burst Microchannel ~ Residual

No. deforma- stress/
4 B ¢ PresuwekPa e MPa
1 A1 Bl (1 1.00 12.83 12.53
2 Al B2 2 1.00 9.53 12.25
3 Al B3 (3 1.00 9.74 12.61
4 Al B4 C4 1.00 9.64 12.37
5 Al B5 C5 1.00 18.27 12.31
6 A2 Bl 2 220.25 17.76 11.83
7 A2 B2 3 386.60 17.00 11.50
8 A2 B3 Cc4 463.20 15.11 12.42
9 A2 B4 C5 533.30 15.81 11.92
10 A2 B5 C1 346.00 13.11 12.64
11 A3 Bl 3 541.87 14.11 11.54
12 A3 B2 Cc4 676.60 25.72 10.82
13 A3 B3 C5 857.00 30.04 10.09
14 A3 B4 C1 708.60 34.53 11.60
15 A3 B5 2 1 000.00 33.36 11.38
16 A4 B1 Cc4 664.25 24.14 9.35
17 A4 B2 C5 1 043.20 54.95 8.80
18 A4 B3 Cl 625.00 51.07 9.57
19 44 B4 (2 943.00 66.21 8.99
20 44 B (3 1184.37 68.00 10.30
21 A5 Bl (5 1790.00 82.85 11.18
22 A5 B2 (1 1479.30 85.36 5.99
23 A5 B3 (2 1 572.00 90.14 8.37
24 A5 B4 (3 1 660.20 91.89 7.17
25 A5 B5 (4 1 845.60 90.20 9.31
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Tab.3 Factors and levels setting for the single factor experimental

Bondi
No. Bonding temperature/°C Bonding pressure/MPa -ondm-g
time/min
1 97,100,103,106,109,112 1.7 5
0.3,0.65,1.0,1.35,1.7,
2 103,105 2.05.2.4 5
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Tab. 4 Mean response table of burst pressure to factors.

Facors K, K, K, K, K Range Rank

A 1.00 389.87 756.81 891.96 1669.42 1668.42 1
B 643.47 717.34 703.64 769.22 87539  231.92 2
C 63.98 74725 75481 730.13 84490 21292 3

Notes: K, is average value of burst pressure at level i, kPa.
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Tab.5 ANOVA results of burst pressure

Source Degrees of freedom Sum of squares Mean square F-statistic Probability value
A 4 7779 463 1 944 866 97.46 4.80x107° (<0.05)
B 4 151 608 37902 1.9 0.175 (>0.05)
C 4 115126 28 781 1.44 0.28 (>0.05)
Residual error 12 239 460 19 955
Total 24 8285 657
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Fig. 7 Variation of burst pressure , microchannel deformation and

height with bonding temperature and bonding pressure
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Tab. 6 Range analysis results of microchannel deformation

Facors K, K, K, K, K Range Rank
A 12.00 1576 27.55 52.87 88.09 76.09 1
B 3034 3651 3922 4466 4264 1432 3
C 3930 4538 38.15 4296 3748  7.90 2

Notes: K, is the average value of the microchannel deformation at

level i, %.
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Tab.7 ANOVA results of microchannel deformation

Source Degrees of freedom Sum of squares Mean square F-statistic Probability value
A 4 20 008.6 5002.14 84.74 0 (<0.05)
B 4 637.8 159.46 2.7 0.08 (=>0.05)
C 4 294.3 73.58 1.25 0.343 (>0.05)
Residual error 12 708.4 59.03
Total 24 21 649.1
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Fig. 8 Morphology of microchannels scanned by laser confocal microscopy changes with increasing bonding temperature
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Tab. 8 Range analysis results of residual stress

. K, K, K, K, Range Rank
A 1241  12.06 11.09 9.40 8.40 4.01 1
B 1129  9.87 10.61 1041 11.19 142 2

C 10467 10.56 10.62 10.85 10.86  0.39 3

Facors K

Notes: K, is average value of residual stress at level i, MPa.
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Tab.9 ANOVA results of residual stress

Source Degrees of freedom Sum of squares Mean square F-statistic Probability value
A 4 59.486 8 14.8717 144 0 (<0.05)
B 4 6.770 9 1.692 7 1.64 0.228 (=>0.05)
C 4 0.626 3 0.156 6 0.15 0.959 (>0.05)
Residual error 12 12.3917 1.032 6
Total 24 79.275 7
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bonding temperature
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