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A B S T R A C T

The widespread application of microfluidic chips in biomedicine, life sciences, and food safety has generated 
industrialization demands, making it necessary to address key challenges in production costs and scalability. This 
work proposes the fabrication of an innovative microstructure in microfluidic chips to enhance thermocom
pression bonding performance. Through simulation, the stress mitigation effect of the energy-gathering rib (ER) 
and the resulting microchannel deformation are analyzed. This analysis subsequently feeds a redesign of the 
initial reference microchannel structure, acting as a guide. Experimental validation follows to confirm the 
enhancement of bonding performance by the ER. Results demonstrate that compared to the initial microchannel, 
the new design increases bonding strength by 123 % and reduces microchannel deformation by 6–8.46 %. 
Further analysis reveals that bonding strength increases by 160 % in the pressure range of 0.6–1.56 MPa. 
Additionally, this work advances the general understanding of the bonding strength formation mechanism by 
clearly elucidating the evolutionary behavior of interfacial morphology at the bonded interface. The generated 
knowledge accelerates the commercialization of microfluidic chips by directly improving the economic efficiency 
and sustainability of the fabrication process.

1. Introduction

Microfluidic chips consist of channels ranging from the micron to 
millimeter scale and offer high automation and throughput, low cost, 
and compact size [1,2]. These devices are typically fabricated for the 
control and manipulation of fluids [3], droplets [4], mixtures [5], or 
liquid solutions of biological matter (i.e. proteins, cells, bacteria) [6]. 
Microfluidic chips are directly connected with the development and 
progression of important fields [7], including biomedical diagnostics 
[8], drug screening [9], environmental monitoring [7,10], and food 
safety [11,12]. One of the main focuses in microfluidic chip develop
ment currently revolves around cost reduction. Simultaneously, to meet 
the requirements posed by these fields, scale-up is necessary to achieve 
commercialization [13].

Bonding technology is one of the key processes during batch 
manufacturing of microfluidic chips, its quality and efficiency directly 
affect device performance, production cost, and manufacturing effi
ciency [14,15]. Numerous bonding methods have been proposed for the 
fabrication of microfluidic chips, i.e. ultrasonic bonding [16], thermal- 
assisted ultrasonic bonding [17], solvent bonding [18,19], plasma 
bonding [20], and media-assisted bonding [21]. Nevertheless, thermo
compression bonding offers a unique combination of advantages that 
include simplicity, ease of implementation, and the avoidance of sec
ondary pollution [3,15]. Specifically, this method does not require the 
use of volatile organic compounds (VOCs) or solvents, which are 
commonly associated with solvent-based bonding techniques [22,23]. 
Additionally, compared to ultrasonic or laser welding, thermocom
pression bonding does not require specialized (ultrasonic or laser) 
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equipment [24]. However, this method typically achieves low bonding 
strength, occasionally leads to significant shrinkage and deformation of 
microchannels, which hinder its advancement and widespread 
adoption.

In the current literature, efforts focus on refining the thermocom
pression bonding process to improve bonding quality and fabrication 
efficiency. The most notable approaches include bonding parameter 
optimization, surface treatments, and bonding tool design. One 
approach integrates thermocompression bonding technology into a 
microfluidic chip injection mold [25]. This method, also referred to as 
in-mold thermocompression bonding, effectively combines the benefits 
of injection molding with those of thermocompression bonding to pro
mote the commercialization of microfluidic chips. Other researchers 
propose a dynamic tempered in-mold thermocompression bonding 
technique aimed at improving production efficiency for microfluidic 
chips. Results validate that this approach demonstrates optimal bonding 
process characteristics and quality, as evaluated through the variability 
of different bonding indicators in response to different experimental 
factors [26,27]. Another approach uses an orthogonal experiment to 
assess the impact of process factors on the height of triangular channels, 
using height deformation as an evaluation criterion. Their conclusions 
contradict those of others in the literature [26], as they claim that the 
significant factors impacting microchannel height are time, tempera
ture, and pressure [28]. One study compares methods of bonding 
microfluidic devices using chemical-assisted surface modification under 
mild conditions [29], while other work proposes an enhanced vacuum 
bagging technique for manufacturing substrate microfluidic devices and 
multilayer film devices. The latter shows that chips bonded under a 
vacuum pressure of 80–90 kPa can resist rupture pressures exceeding 
550 kPa. However, a bonding time of 2 h or more is necessary to achieve 
optimal results [30].

The above studies indicate that an intrinsic trade-off exists between 
achieving high bonding strength and maintaining low deformation, i.e., 
a bonding performance or quality limitation exists that cannot be 
overcome using traditional approaches. This study, however, proposes 
the use of an innovative energy-gathering rib (ER) combined with 
microstructure design and optimization to address this paradox. The 
proposed ER consists of a tailored microstructure uniformly distributed 
on both sides of a microchannel. This ER is designed to improve overall 
bonding performance through enhanced structural design while result
ing in only a minor increase in cost and complexity. Herein, simulation 
and experiments are combined based on the characteristics of the in- 
mold thermocompression bonding process. Initially, simulation in
vestigates the influence of the ER on microchannel deformation, opti
mizes the ER structure, and establishes design principles. This is 
followed by experiments involving injection molding and thermocom
pression bonding that examine the bonding strength and microchannel 
deformation of ER microfluidic chips in relation to process parameters. 
Analysis of the morphology at the bonded interface follows to elucidate 
the working mechanism and principle by which the ER augments 
bonding strength.

2. Materials and methods

2.1. Materials

The basic material used in this study is Poly(methyl methacrylate) 
(PMMA, ACRYREX®, CM-205, Taiwan). The fundamental properties of 
this material can refer to the literature [26]. Prior to the injection 
molding process, PMMA was dried in a desiccant dryer (SHINI®, SCD- 
20U/30H, Taiwan) at 80 ◦C for a minimum of 8 h to avoid any impor
tant effects of moisture on the experiments.

2.2. Bonding strength

Leakage testing and burst pressure testing are employed to assess the 

bonding strength of the microfluidic chips. Leakage testing is conducted 
by applying pressure to the microfluidic chip and directly observing 
fluid leakage. The principle of burst pressure testing and the connection 
methods of various components are shown in Fig. 1(a). There, a 
microfluidic chip and connector are bonded using epoxy resin. The 
epoxy resin used in this study (5009, LEAFTOP, China) is a commercially 
available adhesive composed of two parts: Part A and Part B. Part A 
contains epoxy resin, fillers, and accelerators, while Part B consists of a 
curing agent, catalyst, and plasticizer. When bonding connectors to 
chips, both parts are mixed in a 1:1 ratio. The connector is then briefly 
immersed in the mixed solution to apply a thin layer and placed at the 
designated position on the chip, followed by curing (Fig. 1(b)). A pres
sure gauge (ConST211, China) with a range of 0–4 MPa and an accuracy 
of 0.05–0.2 % is used to record the pressure change curve and the peak 
pressure within the channel. To ensure a steady pressure increase within 
the channel, a microsyringe pump (HARVARD APPARATUS®, 
HA1100D, USA) is used to provide a constant flow rate of 2 μL/min.

2.3. Microchannel morphology

The quality of injection-molded microstructures is directly influ
enced by the processing quality of the core mold. Therefore, the accu
racy of microstructure replication and the deformation of microchannels 
post-thermocompression bonding require quantification. An inverted 
optical microscope (Nikon Ti-2U, Japan) is used for characterizing 
microchannels and ER cross-sections. A super depth-of-field 3D micro
scope system (KEYENCE®, VHX-5000, Japan) is used to inspect the in
jection molding mold and to evaluate the quality of both injection 
molding and thermal bonding. The inspection parameters and settings 
include 200 × magnification, image stitching, and surround lighting. A 
combination of coatings and a modified measurement technique are 
used to eliminate the influence of optical transparency. A silver metal 
coating is prepared (current: 50 mA, type: directional, time: 300 s) using 
an ion sputtering deposition system (EM ACE200, LEICA, Germany). 
Then a combination of coaxial and ring illumination is employed, with 
the light intensity adjusted until the contours are clearly defined. The 
final contour line of the microstructure is derived by averaging ten 
equidistant contour lines. The deformation of the microchannel is 
calculated from the ratio of the cross-sectional area before and after 
bonding using Eq. (1) [22,26,27]. 

∂ = 1 −
ΔSa

ΔSb
(1) 

where ΔSa is the cross-sectional area of the microchannel after bonding, 
ΔSb is the cross-sectional area of the microchannel before bonding. 
Hence, ΔSa/ΔSb is the bonded microchannel area ratio.

2.4. Scanning electron microscope

Scanning electron microscope (SEM, ZEISS®, Sigma 300, Germany) 
images are acquired to investigate the mechanism underpinning the 
bonding strength. The extra high tension (EHT) is set to 3 kV for 
morphology imaging, and the target material is platinum. This allows for 
the observation of surface morphology trends in the bonding region 
before and after bonding. Injection-molded chips are randomly selected 
for SEM imaging before bonding, while post-bonding samples are chosen 
from chips that undergo burst pressure testing and subsequently sepa
rate into two parts (the cover and the substrate). All samples are cleaned 
with deionized water to remove surface contaminants and residual burst 
test media (ink). Before imaging, the samples are coated with gold to 
enhance the electrical conductivity of the surface and avoid the charging 
effect. The sputter coater (Quorum®, SC7620, United Kingdom) oper
ates for 45 s at 10 mA.
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3. Simulation and experimental details

3.1. Simulation description

Finite element analysis is frequently employed in the design of 
microchannel structures, typically to reduce mold manufacturing costs 
and time [31]. Here, a transient structural analysis in Ansys Workbench 
software simulates the deformation pattern of the microchannel during 
the thermocompression bonding process. The goal is to improve bonding 
performance by designing the ER, as depicted in Fig. 2. This simulation 
investigates how the cross-sectional shape (trapezoidal, rectangular), 
structural parameters (height, h), and position (distance to the micro
channel, Ld) of the ER influence bonding performance. Table 1 presents 
the comprehensive simulation scheme.

3.2. Model

The ER is anticipated to enhance bonding strength and reduce 
microchannel deformation. For the microchannel deformation simula
tion study, a 2D planar model is employed, taking advantage of the 

symmetry of the microstructure (Fig. 2). A systematic mesh convergence 
analysis is performed using a mesh predominantly composed of quad
rilateral elements, with element sizes ranging from 0.2 mm to 0.005 mm 
(Fig. 2(c)). This analysis determines that a mesh size of 0.02 mm 
(approximately 42,000–45,000 elements and 130,000 nodes) provides 
an optimal balance between computational efficiency and accuracy, 
with further refinement yielding diminishing returns (deformation 
change < 0.1 %, Section 4.1). The boundary conditions set are: A- 
bonding processes (bonding pressure, temperature, time); B-friction 
support; C-linear displacement. The simulation model and the boundary 
conditions setup for the thermocompression bonding of the ER are 

Fig. 1. (a) The testing apparatus for evaluating bonding strength, (b) detail showing the microfluidic chips with connector, adhered by epoxy resin. Notice that burst 
pressure testing utilizes a micro-syringe pump, a 1 mm diameter syringe, a pressure gauge, and a pathway that consists of appropriate micro-tubing.

Fig. 2. (a) Schematic diagram of a microchannel with energy-gathering rib. The ER is an elevated microstructure, which is symmetrically distributed on both sides of 
the microchannel. The simulation investigates how the cross-sectional shape (trapezoidal, rectangular), the structural parameters (height: h, width: W), and the 
position (distance to the microchannel: Ld) of an ER influence the bonding performance. The deformation of the rectangular microchannel on the substrate is the 
object of observation. (b) Image showing the boundary condition of the simulation model (A-bonding pressure, B-friction support, C-linear displacement). The 
material properties of the bonding mold and chips are structural steel and PMMA, respectively. (c) Depiction of the mesh type, which is quadrilateral dominated and 
the optimized cell size, which is 0.02 mm.

Table 1 
All parameter levels that are used for the simulation study of the ER.

Cross-sectional shape Ld/μm Height/μm Width/μm

Rectangular 
Trapezoidal

150,200,400  100,200 400
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depicted in Fig. 2(b). The boundary conditions are set using advanced 
process parameters from the literature and experimental conditions 
available for validation, including bonding pressure (1.7 MPa), tem
perature (106 ◦C), and time (4 min) [26]. The literature indicates that 
during the thermal bonding process, there is no temperature difference 
between the bonding interface and the mold surface, meaning that the 
temperature distribution across the chip is uniform. Consequently, 
during the simulation process, the bonding temperature is controlled by 
a specified global temperature. The material properties are configured 
with the PMMA CM 205 material table in the Ref. [26]. Referring to the 
experimental standards ASTMD2990-2001/ASTMD2990-2017, the pa
rameters of the generalized Maxwell model of the material are deter
mined by compression tests [27]. The material constitutive model 
employed in this study has been comprehensively validated through 
experimental testing in our previous work [27]. In that study, direct 
comparisons between measured and simulated stress–strain responses 
and deformation profiles under various loading conditions demon
strated excellent agreement (deviations < 10 %), confirming the accu
racy and reliability of the constitutive parameters used in the present 
simulations. Building upon this validated material model, the current 
work focuses on mesh convergence analysis and boundary condition 
optimization to ensure numerical stability and computational efficiency 
for the specific geometric configurations investigated herein. To ensure 
consistency between the simulation and experimental results in this 
study, the following are incorporated: (1) employ a custom-built ther
mal bonding apparatus with temperature control accuracy of ± 1◦C and 
pressure control accuracy of ± 0.05 MPa [26]; (2) use validated material 
constitutive equations, resulting in thermal bonding simulation errors of 
less than 10 % [27]; (3) apply appropriate boundary conditions for each 
case.

3.3. Injection molding

Following the simulation driven optimization, the ER of the micro
fluidic chip undergoes injection molding. The core of the injection 
molding is shaped with precision electric discharge machining (EDM) 
and grinding (Fig. 3(a)). The injection molding apparatus and mold 
temperature controller are the Arburg 370S (500–100) (Germany) and 
the AODE-05A (China), respectively. The injection molding parameters 
for the ER microchannel chip are derived from the process combination 
of the cross-electrophoresis microfluidic chip, as shown in Table 2 [27].

3.4. Thermocompression bonding

As can be seen in Fig. 3(b), the thermocompression bonding exper
iments of the ER microfluidic chip are carried out on a proprietary 
platform. The bonding system can accurately regulate the surface tem
perature of the bonding cavity and deliver the bonding pressure via a 
servo electric cylinder. More detailed information is described in liter
ature [26]. The detailed plan for single-factor thermocompression 
bonding is outlined in Table 3.

4. Results and discussion

4.1. Design and optimization

Mesh convergence analysis is a crucial analytical procedure prior to 
finite element simulation [32,33]. The impact of mesh size on the 
simulation outcomes is plotted in Fig. 4(a). Given the different scale 
mesh sizes (0.2, 0.1, 0.05, 0.02, 0.005 mm), normal and exponential 
scale x-axes are used for plotting and visual enhancement, respectively. 
As observed, the maximum deformation of the microchannel progres
sively increases with the reduction of mesh size, underscoring the ne
cessity of mesh convergence analysis. When the mesh size reaches 0.02 
mm, the growth rate of the deformation slows down, indicating that the 
influence of mesh quality on the simulation results is progressively 
decreasing. With cell size reduction from 0.02 mm to 0.005 mm, the 
maximum deformation of the microchannel increases by only 0.1 %, 
which is negligible and lies within the tolerance level of the process. 

Fig. 3. (a) The injection molding mold for ER microfluidic chips. The core of the injection molding is shaped with precision electric discharge machining (EDM) and 
grinding. (b) The thermocompression bonding system for microfluidic chips. The mold temperature is provided by electric heating rods, when the chips temperature 
is provided by thick film heater as shown in literature [26].

Table 2 
The injection molding parameters for microfluidic chips.

Melt 
temperature/ 
℃

Injection 
pressure/ 
MPa

Injection 
speed/(cm3/ 
s)

Package 
pressure/ 
MPa

Packaging and 
cooling time/s

260 180 45 100 25

Table 3 
Experimental conditions used for the thermocompression bonding of the ER.

Bonding temperature 
(℃)

Bonding pressure 
(MPa)

Bonding 
time (s)

Detection and 
analytics

97,100,103,106   0.65 
1 
1.35 
1.7

240 Binding Strength 
Microchannel 
Deformation 
Surface Morphology
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Fig. 4. (a) The trend of microchannel maximum deformation with mesh size on normal and exponential scaled x-axis. Notice that when the mesh size is 0.02 mm, the 
growth rate of the most significant deformations slows down, pinpointing the decrease of the influence of mesh quality on the simulation results. Depiction of 
simulation results of microchannel deformation (b, d) and equivalent stress distribution (c, e) for a microchannel. The 200 μm high ER transforms the rectangular 
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Consequently, a mesh size of 0.02 mm is considered appropriate for 
conducting the simulation study in this work.

To evaluate the design method and principles of the ER, a qualitative 
simulation analysis is conducted, followed by experiments to further 
scrutinize the benefits of the ER. It is important to note that the FEA 
simulation study incorporates the impact of the position and structural 
parameters of the ER on microchannel deformation, contributing to 
structure optimization and establishment of design principles. The pri
mary objective of the ER design is to minimize microchannel deforma
tion. Therefore, the bonding pressure is determined with reference to the 
in-mold thermocompression bonding process in the literature [26]. The 
reported deformations of trapezoidal microchannels with top and bot
tom widths and heights of 100, 40, and 40 μm, respectively, reach 68.83 
% when the bonding temperature, pressure, and duration are 106 ◦C, 
1.7 MPa, and 4 min. These process parameters lead to substantial 
deformation or even complete failure of the microchannels. To investi
gate the contribution of the ER to bonding performance, a microchannel 
deformation simulation is subsequently performed using these process 
parameters.

The impact of the ER height on microchannel deformation is illus
trated in Fig. 4(b) and (d). Figs. 4(c) and (e) display the microchannel 
deformation and stress distribution when the ER height is 200 µm and 
100 µm, respectively. The finite element simulations reveal the depen
dence of microchannel deformation and stress concentration on the ER 
height h. Despite employing bonding parameters reported to cause 
microchannel collapse, the tall ER remains incompletely densified and 
instead induces a parasitic bending moment that distorts the rectangular 
microchannel into a trapezoidal cross-section. This deformation arises 
from asymmetric lateral constraint: the compliant ER accommodates 
compressive strain through lateral expansion, generating transverse 
tensile stresses that concentrate at the ER sidewall interface. The 
equivalent stress peaks at 13.53 MPa along the ER lateral edges—a 
manifestation of elastic stress singularity at re-entrant corners, as can be 
seen in Figs. 4(b) and (d). The equivalent stress distribution diagrams 
indicate that stresses are predominantly concentrated on both the sides 
of the ER. Consequently, further increases in bonding pressure or 
bonding temperature would only exacerbate this deformation. All the 
aforementioned phenomena demonstrate that the ER height is exces
sively high in this case. When the height of the ER is reduced to 100 μm, 
the microchannel deformation and the stress concentration are signifi
cantly ameliorated. The maximum deformation decreases to 0.188 mm 
(23 % reduction), while peak stress attenuates to 10.08 MPa (25 % 
reduction), as depicted in Figs. 4(c) and (e). In this case, the sidewalls of 
the microchannels show no significant tilting or deformation. Moreover, 
the microchannel deformation with the ER structure is less than 10 % 
compared to the initial design. However, under identical bonding con
ditions, the microchannel deformation reported in the literature reaches 
68.83 %, clearly demonstrating that the presence of the ER significantly 
reduces microchannel deformation. On the other hand, although the 
maximum stress concentrated around the four corners of the ER de
creases from an initial value of 13.5 MPa to 10.1 MPa, the stress con
centration remains significant. Simultaneously, phenomena such as 
“shoulder corners” or gaps on both sides of the ER persist, preventing 
complete channel sealing—a consequence of residual surface curvature 
(Figs. 4(d) and (e)). The presence of these gaps negatively impacts 
bonding strength, thus further optimization of the ER structure is 
necessary to eliminate the effects of gaps.

Similar to the height, the distance between the ER and the micro
channel axis influences the deformation and the bonding strength. The 
impact of the ER position on microchannel deformation is illustrated in 
Fig. 5. Systematic variation of ER-to-microchannel spacing (Fig. 5(a–c)) 
reveals a design trade-space: when the ER is too close to the 

microchannel (Ld < 150 μm), the gaps connect to the microchannel, 
leading to an increase in the microchannel volume (Fig. 5(a)). This type 
of enlargement in the microchannel reduces the nominal flow rate, and 
negatively affects the analytical results [3]. Additionally, as shown in 
Fig. 5(b), the sidewalls of the microchannels bend under stress, thereby 
exacerbate the deformation. Meanwhile, as depicted in Fig. 5(c), the 
negative impact of the ER on deformation progressively decreases with 
an increased spacing between the ER and the microchannel. Conse
quently, deformation can be effectively mitigated by suitably increasing 
the distance between the ER and the microchannel. Evidently, the po
sition and the height of the ER are the two named variables that need to 
be optimized. The simulation results clearly indicate that the height and 
position of the ER are optimum when set to be half of the microchannel 
depth, and also over double of its width, respectively. Under this 
configuration, the ER's compliant zone decouples substrate stresses 
without inducing parasitic deformation modes.

Despite minimizing the influence of height and position, the pres
ence of gaps may also hinder the improvement of bonding strength. The 
proposed solution is the use of a trapezoidal ER structure. Fig. 5(d–g) 
shows the simulation results of the ER shape on the microchannel 
deformation, the gaps, and the stress distribution. The results reveal that 
transitioning from rectangular to trapezoidal ER cross-sections (Fig. 5
(d–g)) reduces gap volume through graded contact pressure distribution: 
the tapered profile increases effective contact width by approximately 
50 %, redistributing pressures over a larger area and altering the ten
dency to accommodate compressive strain through lateral expansion. 
Simultaneously, the sloped sidewalls redirect principal stress orienta
tions away from the microchannel substrate, mitigating residual stress 
transmission—maximum substrate-side stress decreases from 10.1 MPa 
(rectangular) to 6.5 MPa (trapezoidal), as shown in Fig. 5(g). The sub
strate side, where the microchannels are located, shows no obvious 
stress concentration (Figs. 5(e) and (g)) even with a maximum residual 
stress of 12.1 MPa. These results demonstrate that the proposed trape
zoidal shape for the ER can effectively mitigate residual stress on the 
microchannel side and prevent bending deformation.

Following a series of optimization simulations, Fig. 5(h–j) displays 
the final structure of the ER along with comparison results. Compared to 
the rectangular microchannel, the deformation of the ER microchannel 
is reduced by 16.47 %. Moreover, the thermocompression bonding 
deformation of a trapezoidal microchannel is established and simulated 
in accordance with the literature. In comparison, the deformation of the 
ER microchannel decreases by 35.13 %. It is clear that the ER offers 
benefits in reducing microchannel deformation. These improvements 
derive from three synergistic mechanisms: (1) bending-dominated 
compliance of the ER, (2) stress diffusion via trapezoidal geometry 
eliminating corner singularities, and (3) spatial decoupling of bonding 
loads from fluidic structures. It should be noted that while the initial 
simulation work served as a valuable design tool to explore the ER 
concept and establish design guidelines, the experimental character
ization presented next section represents the ultimate validation for 
practical engineering applications.

4.2. Experimentation and performance

The ER microchannel chip and the injection molding core are shown 
in Fig. 6 (a) and (b) respectively. They are designed in accordance with 
the simulation results from Section 4.1. The injection molding core is 
crafted through precision electric discharge machining (EDM). This 
straightforward process ensures precise control while maintaining low 
material costs. This section presents the experimental verification of the 
ER microstructure's enhancement of thermocompression bonding per
formance. Given this objective, the tolerance for dimensional errors in 

microchannel cross-section into a trapezoidal shape. The equivalent stress distribution diagrams show that the stresses are predominantly concentrated on both sides 
of the ER. When the height of the ER is reduced to 100 μm, the microchannel deformation and the stress concentration significantly ameliorate.
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Fig. 5. Simulation results of the ER position ((a)Ld = 150, (b) 200, (c) 400 μm) impact on the microchannel deformation. (a) The gaps connect to the microchannel 
when the ER is too close to the microchannel, leading to an increased microchannel volume. (b) The sidewalls of the microchannels bend under stress, thereby 
exacerbate the deformation. (c) Microchannels are unaffected by the ER. Effect of (d) rectangular and (f) trapezoidal ER on microchannel deformation and stress 
distribution (e, g). The trapezoidal ER helps to eliminate gaps and reduces stress concentrations compared to rectangular ER. Notice that compared to the trapezoidal 
microchannel, the deformation of the ER microchannel decreases by 35.13 %. (j) Simulation result showing that compared to the rectangular microchannel, the 
deformation of the ER microchannel is reduced by 16.47 %.

B. Zhao et al.                                                                                                                                                                                                                                    Materials & Design 262 (2026) 115448 

7 



Fig. 6. (a) Schematic of the final designed microfluidic chip and of the characterization dimensions of the ER. (b) The injection mold core of the ER microfluidic chip 
that is prepared by precision EDM and grinding. (c) The injection molded ER chip; (d) The microstructural morphology and profile of injection mold core. Notice that 
the super depth-of-field microscopy confirms that the mold core and microfluidic chip meet the bonding requirements, when tolerance for the structural dimensional 
errors is ± 20 mm. (e) Photo of the under-bonded microfluidic chips with bonding pressure 0.3 MPa that fail leakage test. (f) Photo of well-bonded microfluidic chips 
with bonding pressure 0.65 MPa showing no signs of leakage.
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the structure is set at ± 20 μm.
The injection molded microfluidic chip and microstructural 

morphology of the mold core are shown in Figs. 6(c) and (d) respec
tively. Super depth-of-field microscopy confirms that both the mold core 
and microfluidic chip meet the bonding requirements described in the 
previous paragraph. The profile line of the injection-molded chip is 
utilized as the basis for calculating the deformation, excluding any 
manufacturing errors.

Subsequent bonding experiments were conducted involving the 
thermocompression bonding of the microfluidic chip. The results show 
that the introduction of the ER alters both the process window and the 
optimal bonding parameters. Previous studies have demonstrated that 
microchannels without ER structures can be sealed using a bonding 
temperature of 103 ◦C and a pressure of 0.3 MPa [26]. However, to 
successfully seal the shoulder corners in ER-enhanced chips, the bonding 
pressure needs to be increased to approximately 0.65 MPa. Simulation 
results clearly indicate that under these lower bonding process condi
tions, shoulder corners exist on both sides of the ER, which was 
confirmed by leakage testing experiments. The results demonstrate that 
at 0.3 MPa, adequate sealing cannot be achieved at the shoulder corners 
within the designated bonding temperature range (Fig. 6(e)). Well- 
bonded microfluidic chips can be obtained with an increase in pres
sure (Fig. 6(f)), which enables the detection of burst pressure and 
microchannel deformation.

The variation of microchannel deformation and bonding strength 
with respect to bonding temperature and pressure is shown in Fig. 7. The 
influence of bonding temperature on microchannel deformation is 
exponential, and bonding temperatures approaching the glass transition 
temperature (Tg) of the polymer clearly influence the microchannel 
deformation. In contrast, both microchannel deformation and bonding 
strength increase linearly with bonding pressure (Figs. 7(b) and (c)).

Multiple indicators can be employed to assess overall bonding per
formance, with bonding strength being a primary metric. Our previous 
work [26] has demonstrated that microchannel morphology and 
bonding strength exhibit different responses to various process param
eters, highlighting the necessity of identifying an optimal process 
parameter combination to achieve optimal performance. That study 
demonstrated that compared to microchannels without the ER structure, 
the bonding strength increased by ~ 123 % and microchannel defor
mation decreased by ~ 6 % under identical process parameters [26]. It 
should be emphasized that this bonding performance surpasses the vast 
majority of the reported performances for most applications [29,34]. 
When microchannel deformation is 12.62 % (less than the reported 15 % 
threshold), the bonding strength increases by 160 % to 1.56 MPa 
[26,35]. In the present study, when the bonding temperature is 103 ◦C 
and the bonding pressure is 1.7 MPa, the burst pressure exceeds the 
measurement capacity of the test system (Fig. 7(d)), with leakage 
occurring in the test line, clearly demonstrating that the weakest link in 
the test system is no longer the bonded microfluidic chip. Cross-sectional 
analysis was performed using both optical microscopy (Fig. 7(e)) and 
three-dimensional depth-of-field microscopy (Fig. 7(f)) to provide 
comprehensive characterization of the bonding performance. The opti
cal microscopy images (Fig. 7(e)) clearly show the microchannel and ER 
structures after bonding at representative process conditions. Notably, 
the ER exhibits excellent structural integrity without shoulder corners 
on either side, indicating uniform stress distribution and effective en
ergy absorption during the thermocompression bonding process. This 
smooth ER profile confirms that the structure successfully prevents 
localized stress concentration that could otherwise lead to excessive 
channel deformation. The 3D topographical measurements (Fig. 7(f)) 
provide quantitative validation of the bonding quality across different 
process parameters. The color-coded height maps reveal that the 
microchannel maintains its designed geometry with minimal deforma
tion, while the ER consistently shows well-defined profiles that closely 
match the original design. These direct cross-sectional measurements 
corroborate the quantitative deformation data presented in Fig. 7(a–b) 

and provide visual confirmation of the excellent bonding performance 
achieved through ER-assisted thermocompression bonding. The consis
tency between optical and depth-of-field microscopy observations, 
combined with the bonding strength measurements, confirms that the 
optimized process window achieves the dual objectives of high bonding 
strength and minimal channel deformation, meeting the stringent re
quirements for microfluidic applications.

The comparative analysis of different PMMA bonding methods re
veals several significant findings (Table 4). The comparative analysis 
(Table 4) must be interpreted considering methodological variations 
across studies. The ER assisted thermal bonding method achieves 
exceptional burst strength (1.56 MPa) while maintaining precise control 
over processing parameters. This represents a substantial improvement 
over conventional thermal bonding (600 kPa) and other methods, as for 
example solvent-assisted bonding (655–1000 kPa). The enhanced per
formance is attributed to the structural design innovation (ER). While 
some film-assisted methods report higher absolute burst pressures, they 
require additional materials and processing steps, increasing cost and 
complexity. The key advantage of our approach is the simultaneous 
optimization of bonding strength and microchannel integrity through 
structural design rather than process intensification or chemical modi
fication. In addition to being easy to implement, this work offers several 
practical benefits over existing approaches. Unlike film-assisted 
methods, this technique eliminates the need for additional materials, 
whilst the absence of chemical solvents not only simplifies the process, 
but it also prevents potential contamination risks that are common in 
solvent-based bonding.

4.3. Bonding mechanism

The process-property harmonization principle is to set the bonding 
temperature at 5–8 ◦C below the Tg, in combination with the use of the 
lowest possible bonding pressure and time. Bonding pressure is the only 
adjustable factor that does not directly affect microchannel deformation 
or decrease in productivity. It is known that traditional thermal bonding 
faces challenges in achieving synergistic control of bonding perfor
mance, where improving the bonding process parameters simulta
neously leads to increased bonding strength and microchannel 
deformation, and vice versa. However, optimizing the process alone 
cannot simultaneously balance bonding strength and microchannel 
deformation. To address this issue, the ER microstructure proposed in 
this work directly leads to a geometric increase in bonding pressure, 
since the reduced contact area concentrates the bonding pressure on the 
ER, thereby increasing the bonding strength. Hence, the ER micro
structure increases bonding strength while reducing microchannel 
deformation.

The interface of the ER after bonding is shown in Fig. 8. SEM mi
crographs reveal that the surface roughness of the ER increases post- 
bonding. This roughness is influenced by both bonding temperature 
and pressure. The exfoliated polymer layers visible in the images 
showcase the intricate processes occurring at the bonding interfaces, 
including the interdiffusion and the entanglement of molecular chains, 
which are promoted by heat and contribute to the observed increase in 
surface roughness. These results support the hypothesis that the ER 
enhances the bonding strength by promoting chain entanglement. This 
is because the energy required to break or form atomic and molecular 
bonds determines the bonding strength, and is influenced by tempera
ture, pressure, duration, and the properties of the materials involved in 
the process. Specifically, molecular diffusion is a process that involves 
the movement of polymer chains across an interface, and is facilitated by 
heat, which encourages the integration of the two substrates. Entan
glement refers to the complex interweaving of polymer chains at the 
interface and plays a crucial role in the enhancement of bonding 
strength. The observed surface roughness trends (Fig. 8) correlate 
quantitatively with burst pressure measurements (Fig. 7), validating this 
interpretation. Meanwhile, several molecular dynamics (MD) simulation 
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Fig. 7. Effect of (a) bonding temperature and (b) bonding pressure on microchannel deformation (bonding pressure, 0.65 MPa). Notice that the influence of bonding 
temperature on microchannel deformation is exponential, and a bonding temperature close to the glass transition temperature (Tg) of the polymer clearly exacerbates 
the microchannel deformation. The microchannel deformation and bonding strength increase analogously with bonding pressure. (c) Effect of bonding temperature 
and bonding pressure on bonding strength. (d)Picture showing that when the bonding temperature is 103 ◦C and the bonding pressure is 1.7 MPa, the burst pressure 
cannot be measured, due to leakage occurring at the test line, i.e. the connecter fell off. (e) Cross-sectional optical microscopy images of the bonded microfluidic chip 
showing the microchannel and ER structures. The ER maintains excellent structural integrity without shoulder angles on both sides, demonstrating effective stress 
distribution during the bonding process. (f) 3D depth-of-field microscopy characterization of bonded microchannels and ERs under different process conditions (left 
panels show grayscale images; right panels show topographical profiles).
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studies provide additional molecular-level insights that corroborate our 
experimental observations [43]. Zhou et al. [44] conducted MD simu
lations specifically on PMMA thermal bonding for microfluidic appli
cations, showing that molecular penetration occurs predominantly near 
the interface region and that bonding pressure significantly influences 
the diffusion coefficient and joining energy at the molecular level. Their 
computational results support our experimental findings that the unique 
structural design of the ER facilitates geometric amplification of bonding 
pressure, thereby promoting chain interdiffusion and entanglement. Ge 
et al. [45] performed large-scale MD simulations of polymer thermal 
welding and demonstrated that interfacial bonding strength is directly 
proportional to the areal density of entanglements formed across the 
interface. Their simulations revealed that sufficient interfacial entan
glements are essential to prevent catastrophic chain pullout and achieve 
bonding strength comparable to bulk material, consistent with our 
observation that increased surface roughness (indicating enhanced 
chain interdiffusion) correlates with improved bonding performance.

Enhancing bonding performance can be directly and effectively 
achieved by increasing the bonding temperature and pressure, and by 
extending the bonding time. The mechanism responsible for generating 
bonding strength through thermocompression can be summarized as 
follows. The Tg of a polymer signifies the onset of random thermal 
mobility of its molecular segments, which is macroscopically observed 
as a phase transition from a solid to a viscoelastic state. A bonding 
temperature approaching the Tg, provides enough energy for interdif
fusion, entanglement, and van der Waals forces at the bonding interface. 
The bonding pressure and time promote the interdiffusion and the 
entanglement of molecular segments. Therefore, the unique structural 
design of the ER facilitates a geometric increase in bonding pressure, and 
subsequently enhances the bonding strength. Simultaneously, the dual 
benefits of high bonding strength and low microchannel deformation are 
achieved with only a minor increase in the production cost.

The improvement in bonding strength is primarily due to enhanced 

surface fusion (surface diffusion) of the PMMA substrates, which is 
facilitated by the locally concentrated compressive stress generated by 
the ER structure. More specifically, the ER structure serves as the means 
to significantly increase the local compressive stress at the bonding 
interface. This concentrated stress field creates favorable conditions for 
molecular-level bonding. Enhanced surface diffusion and chain entan
glement are the fundamental mechanism and root cause of the bonding 
strength improvement at the microscopic level. Under thermocom
pression bonding conditions, the locally elevated compressive stress 
provided by the ER structure promotes these processes. It is important to 
emphasize that the compressive stress itself does not directly provide the 
bonding strength through mechanical compression. Rather, the elevated 
local stress acts as a driving force that promotes surface diffusion and 
molecular-level fusion. Once the bonding process is complete and the 
compression is removed, the bonding strength is maintained by the 
intermolecular forces and chain entanglement resulting from the 
enhanced surface diffusion, not by residual compressive stress.

This discussion elucidates why the ER structure can significantly 
enhance bonding strength, while reducing microchannel deformation, 
and provides a summary of the mechanism of bonding strength forma
tion. This allows a set of design principles for the ER structure to be 
established as follows: 1) set the width and spacing at 2 × the micro
channel width, 2) set the height at 1/2 the microchannel height, and 3) 
employ a trapezoidal cross-section. During the thermal bonding process, 
the ER ribs, which are uniformly distributed around the microchannels, 
initially come into contact with the cover sheet and undergo deforma
tion under pressure, thereby generating bonding strength. Conse
quently, this results in an asymmetric distribution of localized stress 
concentrations around the ER ribs, which is the primary cause of 
macroscopic deformation as shown in Fig. 4. It is important to empha
size that although the presence of ER ribs leads to slight macroscopic 
deformation, they reduce microchannel deformation while enhancing 
bonding strength compared to the traditional channels, as demonstrated 

Table 4 
The different bonding methods for PMMA-based microfluidic chip in terms of process, burst strength, and efficiency.

Method Material Effective parameters Burst 
pressure

Deformation Supplementary Ref.

Film-assisted thermal 
bonding

PMMA-TPE, 
PMMA-PMMA

Bonding time: 15 min. 
Bonding temperature: 84℃ (PMMA), 
70℃ (TPE). 
Bonding pressure: 2.4 MPa (PMMA), 
1.6 MPa (TPE).

1000 kPa / / [36]

Film-assisted thermal 
bonding

PMMA-film- 
PMMA

Bonding time: 10 min. Over 2 MPa / Polyethylene terephthalate + UV curing 
adhesive

[37]

Solvent bonding PLA-PMMA Bonding time: 30 min. 
UV light. 
Annealing temperature: 50 ℃

1.352 MPa / / [38]

Solvent-assisted 
thermal bonding

PMMA-PMMA Bonding time: 40 min. 
Bonding temperature: 70 ℃. 
Bonding pressure: 10 kPa.

1000 kPa / Multilayer bondingPropan-2-ol,  
(IPA, poisonous)

[39]

Solvent-assisted 
thermal bonding

PMMA-PMMA Bonding time: 20 min. 
Bonding temperature: 60 ℃.

655 kPa / / [40]

Solvent-assisted 
thermal bonding

PMMA-PMMA Bonding time: 15 min. 
Bonding temperature: 68 ℃.

660 kPa / Isopropyl alcohol (poisonous) [41]

Thermal bonding PMMA-PMMA Bonding time: 5 min. 
Bonding temperature: 103 ℃. 
Bonding pressure: 0.3 MPa

600 kPa 15 % Highly dynamic tempered in-mold 
thermocompression bonding

[26,42]

Thermal bonding PMMA-PMMA Bonding time: 5 min. 
Bonding temperature: 109 ℃. 
Bonding pressure: 1.7 MPa

1.77 MPa 7 % Deformation compensation [27]

Thermal bonding PMMA-PMMA Bonding time: 5 min. 
Bonding temperature: 103 ℃. 
Bonding pressure: 0.65 MPa

1.56 MPa 12.6 % Structural design This 
work

Bonding time: 5 min. 
Bonding temperature: 103 ℃. 
Bonding pressure: 1.7 MPa

Over 2.25 
MPa

21.8 %

Note: Direct quantitative comparison is challenging due to variations in: (1) microchannel geometries (width, depth, aspect ratio), (2) bonding area, (3) measurement 
methods, and (4) reported metrics. Where deformation data is unavailable (“/” entries), it was either not reported in the original studies or measured using different 
criteria that prevent direct comparison.
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in Fig. 7. Considering the application scenarios of microfluidic chips, the 
focus of bonding performance clearly lies on the microchannel defor
mation and the bonding strength. The limitations of the ER lie in the 
space occupied by the continuous expansion of the complex micro
channel networks and the potential for higher mold costs. This is 
because the volume of the ER and the distance between the ER and the 
microchannels will significantly increase the proportion of the micro
channel area on the chip.

5. Conclusions and prospects

This work clearly demonstrates that the design of the energy- 
gathering rib significantly enhances the thermocompression bonding 
performance of microfluidic chips. The experimental results show that 
the ER improves the thermocompression bonding strength while 
simultaneously reducing microchannel deformation of the microfluidic 
chip. Using optimal bonding parameters, the ER microfluidic chip ex
hibits a bonding strength of 1.34 MPa, with a microchannel deformation 
of 8.46 %. Compared to conventional designs, bonding strength 

increases by 123 %, while microchannel deformation decreases by more 
than 6 %. Under conditions of comparable microchannel deformation, 
the bonding strength increases by more than 160 % to a value of 1.56 
MPa.

FEA simulation successfully elucidates the principles that govern the 
influence of the ER structure on the microchannel deformation, as well 
as the structural design. The results demonstrate that microchannel 
deformation responds differently to individual ER structures. Addition
ally, the coordination between ER height and position directly in
fluences the microchannel deformation. Furthermore, the shape of the 
ER is interconnected with the distribution of stress and shoulder corners. 
Consequently, for the structural design of the ER, it is necessary to set 
the width and the spacing at twice the width of the microchannel, the 
height at half the height of the microchannel, and employ a trapezoidal 
cross-section.

The observed evolution of interfacial morphology sheds light on the 
mechanism of thermocompression bonding strength formation, 
providing a theoretical foundation and a reference for the advancement 
of the commercialization of microfluidic chips. The different 

Fig. 8. Diagram showing the variation of the ER bonding interface, for different bonding pressures and temperatures. Notice that there is an increasing roughness 
between the ER bonding interface. This roughness is affected by both bonding temperature and pressure. However, the bonding pressure and temperature promote 
the interdiffusion and the entanglement of molecular segments. Therefore, the unique structural design of the ER, facilitates a geometric increase in bonding pressure, 
and subsequently enhances the bonding strength.
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mechanisms and trends by which thermocompression bonding factors 
affect bond strength suggest the existence of optimal bonding parame
ters. These parameters guide the fabrication of the ER to achieve a 
substantial increase in bonding pressure via a unique structure and 
enhance bonding performance. Under optimal conditions, the ER 
significantly enhances bonding performance through its unique struc
ture. However, the ER increases the area occupied by the microchannel 
network and the volume of the microfluidic chip. Despite the promising 
results, several challenges must be addressed before widespread 
implementation. First, the addition of ER structures increases mold 
complexity, particularly for chips with dense microchannel networks, 
potentially raising fabrication costs. Second, while this study focused on 
PMMA, the generalizability of the optimized parameters to other poly
mers remains to be established. Nevertheless, this work provides a proof- 
of-concept framework that can guide similar studies with other poly
mers. Third, complex channel geometries may require adaptive ER 
placement algorithms. Future work should focus on three key directions: 
(1) development of computational design tools that can automatically 
optimize ER placement and dimensions for arbitrary microchannel 
networks; (2) extension of the ER concept to high aspect-ratio micro
channels which present unique bonding challenges. Wherever a more 
detailed microchannel application is required, as for example in bio
functionalized microchannels, more research is needed that will focus 
on new process methods to amplify the bonding performance of the 
microchannels with high depth-to-width ratios.

This work not only underscores the benefits of traditional and in- 
mold thermocompression bonding, but also serves as a valuable refer
ence for accelerating the commercialization of microfluidic chips, as the 
overall bonding quality is significantly improved with minimal increase 
in cost.
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