
Academic Editor: Francesco Giuseppe

Della Corte

Received: 30 April 2026

Revised: 15 June 2026

Accepted: 2 July 2026

Published: 21 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Simulation Study on the Micro Chip Mounting Technology on
Complex Curved Surfaces by Anisotropic Conductive Adhesive
Shan Jiang 1,2, Bin Xie 3, Long Bai 1,2 and Pin Zhang 1,2,*

1 Aviation Key Lab of Science and Technology on High Performance Electromagnetic Windows,
Ji’nan 250023, China; jiangs060@avic.com (S.J.); bail008@avic.com (L.B.)

2 Innovation Center for Electromagnetic Functional Structure, Ji’nan 250023, China
3 School of Mechanical Science and Engineering, Huazhong University of Science and Technology,

Wuhan 430074, China
* Correspondence: zhangp016@avic.com; Tel.: +86-0531-85665060

Abstract

To investigate the influence of substrate curvature and process deviations on the bonding
quality of microchips mounted on curved surfaces, a thermo–mechanical coupled finite
element model was developed in ANSYS 19.2 using a 0402 microchip as a representative
component. The model was employed to evaluate the effects of substrate curvature radius,
chip placement position, chip angular misalignment, and thermocompression-head angu-
lar deviation on the stress distribution and bonding behavior during conformal assembly.
The simulation results were further validated through thermocompression bonding ex-
periments. The results show that decreasing the substrate curvature radius significantly
increases the stress concentration in the chip-pad region and leads to a more non-uniform
stress distribution. In addition, placement errors and loading-direction deviations ad-
versely affect bonding quality by altering the contact stress distribution and increasing
the tendency for chip displacement and sliding. Quantitative analysis reveals the relative
sensitivity of bonding performance to different geometric and process parameters, provid-
ing insight into the dominant thermo–mechanical mechanisms governing curved-surface
assembly. Experimental results further demonstrate that excessive thermocompression
tilt angles can significantly reduce bonding strength and increase chip sliding, suggesting
that the tilt angle should be controlled within an appropriate range to ensure assembly
reliability. The proposed thermo–mechanical modeling approach provides a quantitative
tool for evaluating the influence of process variations on curved-surface microchip assem-
bly and offers practical guidance for process parameter selection, tolerance control, and
reliability-oriented design of conformal electronic packaging.

Keywords: curved circuit; surface mounting; microchips; thermo–mechanical coupling;
finite element simulation; process window

1. Introduction
With the continuous advancement of semiconductor technology, conventional planar

assembly techniques have become increasingly inadequate to meet the growing demands
of emerging applications [1,2]. Ranging from aircraft skins and radar detection systems
related to national security to flexible electronic displays and wearable devices widely used
in civilian fields, conformal assembly on curved surfaces, as a critical process in surface
packaging, has attracted extensive attention from researchers worldwide [3–6]. Current
approaches to chip assembly on curved or non-planar substrates mainly include transfer
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printing techniques, robotic pick-and-place assembly, anisotropic conductive adhesive
(ACA)-based thermocompression bonding, and laser-assisted local bonding technolo-
gies [7–11]. Transfer printing methods are widely used in flexible electronics due to their
excellent conformability; however, their alignment accuracy and large-area integration
capability remain limited. Robotic assembly systems combined with machine vision and
multi-degree-of-freedom motion platforms can achieve high-precision placement on curved
surfaces, but they generally suffer from low manufacturing efficiency and high system
complexity. ACA-based thermocompression bonding has attracted increasing attention
because of its low-temperature interconnection capability and compatibility with miniatur-
ized electronic packaging [12–14]. Typical failure modes in curved-surface chip assembly
include chip sliding, pad misalignment, interfacial delamination, local stress concentration-
induced cracking, and conductive failure of the ACA layer caused by insufficient contact
stability [15–18]. In particular, the coupling effect between substrate curvature and ther-
mocompression loading may significantly aggravate interfacial shear stress and stress
non-uniformity, thereby reducing packaging reliability [19–23]. Therefore, understanding
the thermo–mechanical behavior and failure mechanisms during curved-surface bonding is
essential for process optimization and reliable conformal packaging. However, systematic
studies on high-precision chip assembly processes for curved substrates remain limited,
and related technologies and equipment in China are still at an early stage of development.
Therefore, to support the independent development of advanced manufacturing technolo-
gies and equipment, there is an urgent need to establish mature and reliable conformal
chip assembly processes for curved surfaces. Compared with planar assembly, surface
curvature not only reduces the efficiency of solder encapsulation but also amplifies the ad-
verse effects of process parameter deviations on assembly quality. Consequently, to reduce
process development costs and optimize assembly performance, it is necessary to conduct
finite element simulations of the curved-surface thermocompression bonding process to
realistically reproduce practical conditions, investigate the effects of key parameters on
bonding quality, and determine the process window boundaries for conformal assembly
on curved substrates.

Lau et al. [24] conducted simulation analyses of ball grid array (BGA) packaging
using computational fluid dynamics (CFD) and finite element software, and proposed
a general finite element simulation methodology to investigate solder joint stress distri-
butions and potential defects induced during solder phase transformation. However,
the solder materials considered in their study were conventional metallic alloys, whose
mechanical behaviors differ significantly from those of conductive adhesives. K. N. Chi-
ang et al. [25] employed nonlinear finite element simulations to investigate the assembly
process using anisotropic conductive adhesive (ACA), and developed a one-dimensional
equivalent spring model to significantly reduce CPU computation time. Their work further
examined the effects of processing conditions, such as thermocompression temperature
and applied load, on assembly quality. Nevertheless, this study primarily focused on
the mechanical behavior of microscale conductive particles within the ACA under com-
pressive loading, while the influence of process parameters on the macroscopic force
transfer and stress distribution between the conductive adhesive and the chip was not
comprehensively addressed.

In the present study, a thermo-mechanical coupled finite element model is established
based on the ANSYS 19.2 Workbench platform to systematically investigate the effects of
surface curvature and other key process parameters on chip assembly quality. In this study,
a 0402 packaged chip was selected as the representative component because it is one of
the most widely used miniature surface-mounted devices in flexible electronics, wearable
systems, and high-density conformal circuits. Due to its small geometric dimensions and
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high sensitivity to positional deviation and interfacial stress concentration, the 0402 chip
provides a suitable platform for investigating the influence of substrate curvature and
process parameters on curved-surface thermocompression bonding behavior.

2. Bonding Materials and Processes
Anisotropic conductive adhesive (ACA) has been extensively adopted in miniaturized

and high-density electronic packaging owing to its environmental friendliness, low process-
ing temperature, and cost effectiveness. Compared with conventional metallic solder alloys,
ACA enables finer interconnection pitch, simplified bonding processes, and reduced ther-
mal budget, thereby improving packaging efficiency and manufacturing yield [26]. Owing
to its intrinsic anisotropic electrical characteristics, ACA provides electrical insulation in
the in-plane directions (x–y) while ensuring electrical conductivity in the through-thickness
direction (z), which significantly relaxes the requirements for precise adhesive dispens-
ing. In practice, uniform coating of ACA on the bonding pads is sufficient to achieve
reliable interconnection.

A schematic illustration of the ACA bonding process is shown in Figure 1. Under the
combined effects of applied pressure and thermal loading, the adhesive deforms, allowing
conductive particles within the ACA to establish vertical contact between the chip pads
and substrate electrodes. During curing, volumetric shrinkage of the adhesive increases the
compressive contact force on the conductive particles, leading to the formation of stable
electrical conduction paths [26,27]. Consequently, the electrical interconnection in ACA-
based assemblies is governed primarily by the deformation behavior of conductive particles
under contact pressure. The electrical and mechanical reliability of the joint is strongly
dependent on the local contact stress and effective contact area. Therefore, enhanced contact
stability and sufficient bonding pressure are critical factors in improving the reliability of
ACA interconnections [28,29].

Figure 1. Schematic diagram of the ACA bonding principle. (a) ACA coating; (b) Thermocompression;
(c) End of bonding.
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3. Finite Element Modeling
3.1. Geometric Modeling

To address the technical requirements of conformal chip assembly on curved sur-
faces, a finite element model consisting of the thermocompression head, chip, solder
material, bonding pads, and curved substrate was established. The objective of this model
is to elucidate the effects of substrate curvature and key process parameters on interfa-
cial thermal stress distribution and stress concentration during the thermocompression
bonding process, thereby providing quantitative guidance for process optimization and
design improvement.

In this study, a 0402 packaged chip with dimensions of 1 mm × 0.5 mm was selected
as the representative component, while the substrate was modeled as a cylindrical surface
with a prescribed curvature. Subsequent analyses investigate the influence of varying
substrate curvature radii and process parameters on bonding quality. As a representative
case, a substrate curvature radius of 5 mm was considered, with no lateral or angular
misalignment of the chip and with the thermocompression force applied along the surface
normal direction. The corresponding geometric model was constructed using SolidWorks
2025 and is illustrated in Figure 2.

Figure 2. Geometric model of conformal mounting on a curved surface.

Conformal assembly on curved surfaces involves the simultaneous application of
thermal loading and mechanical pressure, and therefore constitutes a thermo-mechanically
coupled problem. Accordingly, the steady-state thermal and steady-state structural mod-
ules in ANSYS 19.2 Workbench were employed to perform the coupled analysis. The
three-dimensional geometric model was imported into ANSYS 19.2 Workbench, and the
material properties of each component were assigned as listed in Table 1 [5].

A sweep meshing strategy was employed for the imported model. Since the chip and
the anisotropic conductive adhesive (ACA) were the primary objects of interest, local mesh
refinement was applied to these regions to improve computational accuracy. After meshing,
the model consisted of 143,144 elements and 370,176 nodes. The meshed model is shown in
Figure 3.
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Table 1. Material property settings for the simulation analysis.

Material Density
(kg/m3)

Thermal
Conductivity

(W/m·◦◦◦C)

Specific Heat
Capacity
(J/kg·◦◦◦C)

Elastic
Modulus (GPa) Poisson’s Ratio

Coefficient of
Thermal

Expansion
(×××10−6/◦◦◦C)

Thermocompression
bonding head 7850 60.5 460 200 0.3 12

Chip 2330 120 708 129 0.28 2.6

ACA 1550

0.43@21 ◦C
0.47@100 ◦C
0.51@140 ◦C
0.56@190 ◦C

1100@21 ◦C
1250@100 ◦C
1500@140 ◦C
1500@190 ◦C

3.30@21 ◦C
1.65@100 ◦C
0.8@140 ◦C
0.8@190 ◦C

0.42@21 ◦C
0.43@100 ◦C
0.45@140 ◦C
0.45@190 ◦C

45@21 ◦C
65@100 ◦C

85@140–190 ◦C

Pad 8933 400 390 130 0.3 16.5
Substrate 3100 120 710 300 0.35 4.0

 

Figure 3. Geometric model after mesh generation.

3.2. Constraints and Boundary Conditions

Conformal mounting on curved substrates involves large deformation of the
anisotropic conductive adhesive (ACA), rendering the process highly nonlinear. To ensure
the accuracy of the numerical results and to improve the convergence of the model, the
following constraints and boundary conditions were applied in the simulation:

1. All interfaces in the model were defined as frictional contacts. Appropriate friction
coefficients were assigned according to the contacting material pairs. An asymmetric
contact formulation was adopted, and the Lagrange multiplier method was selected
as the contact algorithm.

2. The initial temperature of the thermocompression bonding head was set to 200 ◦C,
while the initial temperatures of all other components and the ambient environment
were set to 22 ◦C. Convective heat transfer with air was applied to all surfaces except
the direct contact interface of the bonding head, with a convection coefficient of
10 W m−2 K−1. Thermal radiation was neglected due to the relatively low heating
temperature and heat generation power of the bonding head.

3. The temperature field obtained from the thermal analysis was fully imported
into the subsequent static structural analysis to account for thermomechanical
coupling effects.

4. A fixed constraint was applied to the bottom surface of the substrate, while a pres-
sure load of 12.5 MPa was applied to the top surface of the thermocompression
bonding head.

The detailed simulation parameters and boundary conditions used in the finite element
model are summarized in Table 2.
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Table 2. Simulation Parameters and Boundary Conditions.

Parameter Value Description

Chip size 1 mm × 0.5 mm Silicon chip dimensions
Pad size 0.25 mm × 0.30 mm Upper/lower pad dimensions

ACA thickness 0.025 mm Initial adhesive layer thickness
Thermocompression

temperature 200 ◦C Initial temperature of bonding head

Ambient temperature 22 ◦C Initial environmental temperature
Contact type Frictional contact Applied to all contact interfaces

Friction coefficient
(head/chip) 0.15 Frictional interaction parameter

Friction coefficient
(chip/ACA) 0.20 Frictional interaction parameter

Friction coefficient
(ACA/pad) 0.30 Frictional interaction parameter

Thermal convection
coefficient 10 W·m−2·K−1 Natural convection condition

4. Simulation Results and Analysis
4.1. Temperature Field Simulation Results

The primary objective of the thermocompression process was first clarified. During
thermocompression bonding, heat is transferred from the bonding head through the chip
to the ACA layer, while simultaneously inducing a thermal effect on the substrate. This
process is governed predominantly by heat conduction and convective heat transfer mech-
anisms. Based on the modeling assumptions and boundary conditions described above,
thermal simulations were performed. After the temperature field reached a steady state,
the temperature distributions of the individual components were obtained, as shown in
Figure 4.

 

Figure 4. Results of the steady-state thermal simulation. (a) The whole simulation domain; (b) The
micro chip domain; (c) The substrate domain; (d) The bottom surface of the micro chip; (e) The
copper layer.
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As illustrated in the figure above, the temperature gradually decreases during heat
transfer from the thermocompression bonding head to the substrate. Owing to the low
thermal conductivity of the ACA, a pronounced temperature gradient is observed across
the ACA layer, with temperatures ranging from approximately 20.1 ◦C to 197.5 ◦C. Such
a significant temperature difference results in spatially varying material properties of the
ACA along the thickness direction, which subsequently leads to nonuniform deformation
behavior in the static structural analysis.

4.2. Thermo-Mechanical Simulation Results and Analysis

The temperature field obtained from the steady-state thermal simulation was imported
into the steady-state structural analysis module. Based on the boundary conditions defined
in the previous section, a thermo-mechanical stress analysis was performed to evaluate the
thermal stress distribution within the model. The resulting stress contour of the anchored
chip after thermocompression bonding is shown in Figure 5.

 

Figure 5. Stress contour of the anchored chip: (a) front view; (b) bottom view.

As shown in Figure 5, the maximum stress experienced by the chip reaches approx-
imately 1.1 GPa, with stress predominantly concentrated at the solder pad region on
the bottom surface of the chip. Owing to the presence of substrate curvature, the stress
distribution across the chip–pad interface is markedly non-uniform. Specifically, stress
concentration occurs mainly on the inner side of the pad, i.e., the side closer to the apex
of the curved substrate. For ACA-based bonding systems, higher packaging reliability
is strongly associated with stable interfacial contact and sufficiently high bonding stress.
Excessive stress concentration at the chip pads may not only exceed the mechanical strength
limits of the chip, leading to potential damage or failure, but also indicate poor contact
stability, which is detrimental to the overall bonding quality. In the following sections, the
effects of varying substrate curvature and key process parameters on the curved-surface
thermocompression bonding process will be systematically investigated to further elucidate
their influence under different operating conditions.

4.3. Effects of Process Parameters
4.3.1. Substrate Curvature

To investigate the influence of substrate curvature on the curved-surface thermocom-
pression bonding process, three substrates with different curvature radii were designed
and analyzed in this study. The selected curvature radii were 10 mm, 5 mm, and 2 mm.
For all cases, the minimum thickness of the applied ACA bonding layer was maintained
within the range of 0.02–0.03 mm. The temperature of the thermocompression bonding
head was fixed at 200 ◦C, and a normal pressure of 12.5 MPa was uniformly applied to the
upper surface of the bonding head. No positional or angular misalignment of the chip was
introduced during placement. After simulation, the stress distributions at the chip solder
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pads corresponding to the different substrate curvature radii were obtained, as shown in
Figure 6.

Figure 6. Stress contours of the chip under different substrate curvature radii. (a) R = 2 mm;
(b) R = 5 mm; (c) R = 10 mm; (d) Variation of maximum stress value with increasing substrate
curvature radius.

As indicated by the results in Figure 6, when the substrate curvature radius is relatively
large, the curved-surface bonding process approaches that of planar bonding. Under this
condition, the maximum stress is relatively low and the stress distribution at the chip
solder pads is more uniform, indicating improved compression uniformity of the ACA.
This results in a larger effective conductive contact area and enhanced contact stability,
thereby contributing to higher packaging reliability.

As the curvature radius decreases from 10 mm to 2 mm, the maximum stress increases
significantly from 664.2 MPa to 2072.5 MPa. However, the peak stress becomes increasingly
concentrated at the inner side of the solder pads, and the degree of stress concentration
intensifies with further reduction in curvature radius, which adversely affects the bonding
quality. If excessive thermocompression pressure is applied, severe stress concentration
may occur at the inner region of the solder pads, potentially leading to chip damage.
Conversely, insufficient pressure fails to ensure adequate compression of the ACA over
most regions outside the stress concentration zone, resulting in a reduced conductive
contact area and poor contact stability, which ultimately compromises the bonding quality.

4.3.2. Chip Angular Misalignment

To further investigate the influence of process parameters on bonding quality, a series
of comparative finite element simulations were conducted. This subsection focuses on
the effect of chip angular misalignment on the bonding performance. The simulation
case with a substrate curvature radius of 5 mm, no positional or angular misalignment,
and a normal thermocompression pressure of 12.5 MPa was selected as the reference
condition. Based on this baseline, an additional simulation was performed in which only a
5◦ angular misalignment was introduced to the chip during placement. The comparative
stress distribution results are presented in Figure 7.
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Figure 7. Stress distribution with chip angular misalignment. (a) 0◦ angular misalignment; (b) 5◦

angular misalignment.

As shown in Figure 7, when a 5◦ angular misalignment is introduced during chip
placement, the maximum von Mises stress increases from 1092.9 MPa to 1244.2 MPa.
This increase can be attributed to the alignment error between the chip pads and the
substrate pads caused by the angular deviation. Under a constant applied pressure, the
effective contact area is reduced, resulting in a higher stress concentration. Moreover,
the stress distribution becomes more non-uniform, with peak stress localized at the pad
corners. Such stress concentration further reduces the effective conductive contact area,
which is detrimental to the formation of stable electrical interconnections and ultimately
compromises the packaging reliability.

4.3.3. Lateral Misalignment of the Chip

To further investigate the influence of lateral misalignment on the conformal bonding
process, the simulation case with a substrate curvature radius of 5 mm, no angular or
positional deviation, and a normal applied pressure of 12.5 MPa was selected as the
reference condition. Based on this baseline, a series of simulations were conducted with
chip lateral offsets of 0.025 mm, 0.05 mm, and 0.075 mm, respectively. The corresponding
stress distribution results are presented in Figure 8, while the variation in the maximum
stress as a function of lateral offset distance is summarized in Figure 9.

As indicated by the results in the above figures, increasing the chip placement offset
from 0 to 0.075 mm leads to a progressively larger misalignment between the chip pads
and the substrate pads. Assuming that both the upper and lower pads have identical
dimensions of l × l and the lateral offset is ∆x, the effective contact area can be expressed
as l × (l − ∆x). This relationship indicates that positional misalignment reduces the total
load-bearing contact area, resulting in an increase in the maximum stress experienced by
the chip from 1.1 GPa to 1.58 GPa, while simultaneously decreasing the effective conductive
contact area and thereby degrading the bonding quality.

Further examination of the stress contour plots reveals that the overall stress unifor-
mity on the chip pads is not significantly affected under small lateral offsets, and stable
conductive contact can still be maintained to ensure normal post-bonding operation of the
chip. However, as the offset distance increases, the maximum stress becomes concentrated
on one side of the pad, leading to asymmetric load distribution, which may accelerate chip
degradation and increase the risk of mechanical failure.

4.3.4. Pressure Misalignment Angle

In practical bonding processes, deviations may occur between the applied thermo-
compression force direction and the surface normal of the substrate. To investigate the
influence of pressure misalignment on the bonding performance, a reference case was first
established with a substrate curvature radius of 5 mm, zero positional and angular chip
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misalignment, and a purely normal applied pressure of 12.5 MPa. Based on this reference
condition, the effect of thermocompression force deviation was analyzed.

 

Figure 8. Stress distribution with chip lateral offset. (a) 0 mm; (b) 0.025 mm; (c) 0.05 mm; (d) 0.075 mm.

Figure 9. Variation in maximum stress with different lateral offset distances.

Two representative loading cases were considered: (i) a normal pressure of Pz = 12.5
MPa combined with a lateral pressure component of Px = 1.25 MPa, and (ii) a normal
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pressure of Pz = 12.5 MPa combined with a lateral pressure component of Px = 2.5 MPa.
The corresponding simulation results are presented in Figure 10.

 

Figure 10. Chip stress distribution under a tilted thermocompression loading direction (Pz = 12.5 MPa).
(a) Px = 0 MPa; (b) Px = 1.25 MPa; (c) Px = 2.5 MPa; (d) Variation of maximum stress value with
increasing lateral pressure.

Because the thermocompression force misalignment does not introduce pad mis-
registration, the total effective contact area between the upper and lower pads remains
unchanged; consequently, the overall magnitude of the applied stress is largely preserved.
However, the misalignment significantly affects the uniformity of the stress distribution.
Analysis of the stress contour maps reveals that when the thermocompression force is
inclined toward the positive x-direction, the pads located on the negative x-side experience
lower stress, whereas those on the positive side are subjected to higher and more uniformly
distributed stress. This asymmetric stress distribution leads to pronounced differences in
electrical contact behavior between the opposing pads. As a result, satisfying the bonding
conditions on the positively loaded side does not necessarily guarantee adequate bonding
on the negatively loaded side. Furthermore, the presence of a lateral force component
induces a tendency for in-plane chip sliding. Although the anisotropic conductive ad-
hesive (ACA), serving as the bonding medium, provides a certain level of resistance to
sliding, excessive force misalignment may still result in chip displacement or even lateral
tilting. Such phenomena pose significant challenges to the stability and reliability of the
thermocompression bonding process.

In summary, this study systematically analyzes the effects of key process parameters—
including substrate curvature, chip angular misalignment, lateral positional offset, and
thermocompression force misalignment—on the bonding quality in conformal surface
assembly. More importantly, a detailed finite element simulation methodology and pro-
cedural framework are established. Based on this approach, the adaptability of anchored
chips to various curved substrates can be thoroughly evaluated, and the maximum tolerable
process parameter deviations under different manufacturing precision requirements can be
quantitatively determined. These findings delineate the process window boundaries for
curved-surface thermocompression bonding and provide valuable guidance for the design
and optimization of conformal bonding processes.
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5. Thermocompression Experimental Analysis
It should be noted that the finite element results represent local thermo–mechanical

stress fields, which cannot be directly measured in experiments. Therefore, experimental
validation is performed through measurable macroscopic responses such as chip displace-
ment, angular deviation, and bonding strength, which serve as indirect but quantitative
indicators of the underlying stress evolution predicted by the simulation. Based on the pre-
ceding thermo–mechanical coupled simulation analysis, thermo-compression experiments
on curved surfaces were conducted using a thermocompression bonding head to further
elucidate the practical process behavior and underlying mechanisms of chip bonding under
curved conditions. In the experiments, the thermocompression system was first adjusted to
a preset thermocompression tilt angle. Subsequently, the processes of adhesive dispensing,
chip placement, and thermocompression bonding were carried out sequentially. After
bonding, the morphological characteristics of the 0402 chips were measured and analyzed
to evaluate their displacement, angular deviation, and interfacial stability, thereby enabling
a quantitative comparison with the simulation predictions through these macroscopic
response parameters.

The experimental results are shown in Figure 11. Within a thermocompression tilt
angle range of 0–12◦, the post-bonding positioning accuracy and displacement behavior of
the chips were systematically investigated. The results indicate that the thermocompression
tilt angle has a pronounced influence on the final placement position and interfacial stability
of the chips. When the tilt angle is smaller than 4◦, the chips maintain good positional
stability on the substrate, and no obvious offset or sliding is observed, demonstrating
that both alignment accuracy and interfacial bonding requirements can be simultaneously
satisfied within this range.

Figure 11. Morphological characterization of chips under different thermocompression tilt angles:
(a) 0◦; (b) 2◦; (c) 4◦; (d) 6◦; (e) 8◦; (f) 10◦; (g) 12◦.

As the thermocompression tilt angle further increases, particularly at 6◦ and above,
the chip displacement increases markedly and is accompanied by pronounced tangential
sliding, leading to a significant degradation in placement consistency. These results suggest
that an increasing tilt angle alters the distribution of normal and tangential forces at the
bonding interface. While maintaining the normal compressive load, a non-negligible
tangential force component is introduced, which promotes chip sliding. Once the tilt angle
exceeds a critical threshold (approximately 6◦), the tangential effect becomes dominant,
resulting in reduced interfacial bonding stability and an increased risk of packaging failure.

The observed experimental phenomena are in good agreement with the predicted
effects of pressure inclination obtained from the finite element simulations presented earlier,
thereby experimentally validating the proposed simulation model and the associated
mechanistic analysis.
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As shown in Figure 12b, the thermocompression tilt angle has a pronounced effect on
the bonding strength of the chip–ACA interface. With increasing tilt angle, the maximum
push–pull force decreases monotonically, indicating a continuous degradation of interfacial
adhesion. When the tilt angle increases from 0◦ to 12◦, the maximum push–pull force drops
from 4.4 N to approximately 1.2 N, demonstrating a substantial reduction in interfacial
bonding strength. Once the tilt angle exceeds 10◦, the push–pull force falls to a critical level,
at which chip detachment is likely to occur and the structural stability of the package is
severely compromised. This behavior suggests that increasing tilt angle alters the distribu-
tion of normal pressure and tangential forces at the interface during thermocompression,
leading to a significant increase in interfacial shear stress and, consequently, chip sliding.

Figure 12. Performance evaluation of thermocompression-bonded samples: (a) Schematic of the
thermocompression process; (b) Pull-off force under different tilt angles; (c) Angular misalignment
induced at different tilt angles; (d) Lateral displacement induced at different tilt angles.

As illustrated in Figure 12c,d, variations in the thermocompression tilt angle markedly
affect both the angular offset and the tangential sliding behavior of the chip. When the tilt
angle increases from 0◦ to 6◦, the angular offset rises significantly while tangential sliding
remains limited, indicating that chip displacement in this range is primarily governed
by angular misalignment. As the tilt angle further increases to 10◦, the angular offset
decreases, whereas tangential sliding increases rapidly, suggesting that under larger tilt
angles, tangential sliding becomes the dominant factor controlling the overall chip displace-
ment and partially compensates for the angular offset. When the tilt angle reaches 12◦, both
the angular offset and tangential sliding attain their maximum values, and the interfacial
bonding state becomes highly unstable, resulting in a substantially increased risk of failure.
This behavior is likely associated with the coupled effects of enhanced interfacial shear
stress and reduced adhesive strength of the conductive adhesive layer.

Overall, the experimental results are in excellent agreement with the trends predicted
by the finite element simulations presented earlier. To ensure reliable bonding between the
chip and the pad, it is therefore essential to properly control the thermocompression tilt
angle. The experimental data indicate that once the tilt angle exceeds 6◦, chip sliding is
significantly aggravated and packaging stability deteriorates markedly. Accordingly, it is
recommended that the thermocompression tilt angle be maintained below 6◦ in curved-
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surface mounting processes to effectively suppress chip displacement and interfacial failure,
thereby improving the reliability and consistency of the packaged structure. This conclusion
provides important experimental guidance for optimizing process parameters in multi-chip
synchronous thermocompression packaging under curved conditions.

6. Conclusions
To investigate the effects of surface curvature and process parameters on mounting

quality during conformal assembly on irregular curved surfaces, this study adopts a curved-
surface thermocompression bonding process. A 0402 packaged chip was selected as the
anchor chip, and anisotropic conductive adhesive (ACA) was used as the bonding material.
A geometric model comprising the thermocompression head–chip–solder–pad–substrate
assembly was established on the ANSYS 19.2 Workbench platform. Thermo–mechanical
coupled simulations of the thermocompression process were performed to analyze their
influence on curved-surface mounting quality, and the simulation results were further
validated experimentally. The main conclusions are summarized as follows:

• During conformal bonding on curved surfaces, the stress acting on the chip pads
is predominantly concentrated on the inner side of the curvature. As the substrate
curvature radius decreases, the maximum stress increases significantly and the stress
distribution becomes increasingly localized. Excessive substrate curvature may not
only cause the chip to experience excessive peak stress, potentially leading to mechan-
ical failure, but also exacerbate stress non-uniformity, thereby reducing the effective
conductive contact area of the ACA. This degradation adversely affects the reliability
and stability of the bonded interconnections.

• When angular misalignment occurs during chip placement, misregistration between
the upper and lower pads is introduced, resulting in a reduction in the effective
load-bearing area. Consequently, the maximum stress increases and becomes more
concentrated at the pad corners. Consistent with the above analyses, angular misalign-
ment accelerates chip damage and reduces the effective conductive area of the ACA,
thereby severely degrading the bonding quality.

• In the presence of lateral misalignment during chip placement, misregistration between
the upper and lower pads leads to a substantial reduction in the effective contact area.
As a result, the maximum stress increases and is asymmetrically distributed across
the pads on both sides. However, the overall stress distribution remains relatively
uniform, and the contact stability is largely preserved. Therefore, small lateral offsets
do not significantly deteriorate the bonding quality.

• When an angular deviation exists in the thermocompression loading direction, no
misalignment occurs between the upper and lower pads, and the effective contact
area remains unchanged. Consequently, the overall stress magnitude is nearly unaf-
fected, while the stress distribution is altered. The pressure angle deviation induces
non-uniform loading on the pads at both sides and generates a tendency for lateral
sliding. Although the ACA can suppress sliding to a certain extent, excessive pressure
angle deviation may still cause chip displacement or even tilting. Therefore, minor
deviations in the thermocompression direction do not significantly impair bonding
quality; however, large pressure angle deviations must be avoided, as they may lead
to severe misalignment and ultimately result in bonding failure.

• Experimental validation was conducted under various thermocompression tilt angles,
and the results show excellent agreement with the trends predicted by the preceding
finite element simulations. The experimental data further indicate that when the tilt
angle exceeds 6◦, chip sliding is significantly intensified and the packaging stability
deteriorates markedly. Therefore, it is recommended that the thermocompression tilt
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angle be maintained below 6◦ in curved-surface mounting processes to effectively
suppress chip displacement and interfacial failure.
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