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1. INTRODUCTION 

Injection molding is one of the most widely 

used manufacturing technologies for polymer 

products because it offers high productivity, 

dimensional repeatability, and suitability for 

mass production of complex parts. It is widely 

applied to the manufacture of thin-walled, high-

quality, and functional polymer components for 

automotive, consumer, medical, and electronic 

applications (Hopmann et al., 2024; Do, Huynh, 

Son, & Minh, 2025; Do, Thuan, Uyen, et al., 

2025). In injection molding technology, the mold 
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surface temperature governs melt flowability, 

surface quality, dimensional accuracy, and the 

prevalence of defects such as weld lines, sink 

marks, and shrinkage; furthermore, it is closely 

linked to thermal control strategies aimed at 

cycle time optimization (Sánchez et al., 2021; 

Xiao et al., 2021). Consequently, rapid and 

localized heating solutions at the cavity or insert 

regions have gained increasing attention to 

enhance product quality while minimizing global 

thermal loading and cooling time (Guerrier et al., 

2016; Do, Huynh, Son, & Minh, 2025). 

Among various heating technologies, 

induction heating generates heat directly within 

the metallic substrate via eddy currents, enabling 

surface temperature elevation within seconds and 

making it highly suitable for Rapid Heat and 

Cooling Molding (RHCM) (Guerrier et al., 2016; 

Guo et al., 2023). However, induction heating 

can also induce thermal non-uniformity and 

localized hot spots due to its strong dependence 

on coil geometry, coil-to-surface gap, and 

clamping conditions (Guerrier et al., 2016; Xiao 

et al., 2021). Research on RHCM optimization 

therefore emphasizes the need to simultaneously 

balance thermal response rates and surface 

temperature uniformity to achieve technological 

efficiency (Qi et al., 2025; Xiao et al., 2021). 

Indeed, localized induction configurations, 

including both internal and external 

arrangements, have been shown to improve the 

flow length and mechanical performance of thin-

walled products when the thermal field is 

properly controlled (Do, Thuan, Uyen, et al., 

2025; Do, Huynh, Son, & Minh, 2025). 

Compared with a conventional 2D planar 

induction coil, a 3D induction coil provides 

greater geometric flexibility for adapting the 

heating source to localized mold regions, 

especially cavity-like or non-planar inserts. This 

spatial adaptability improves the match between 

the electromagnetic field and the functional 

heating zone, making the 3D configuration more 

suitable for localized mold heating (Guerrier et 

al., 2016; Xiao et al., 2021). Building upon these 

foundations, this paper aims to: (i) design a 3D 

induction coil for localized mold heating; (ii) 

develop a COMSOL multiphysics model under 

reference conditions (𝐼 = 1450 A, 𝑓 = 75kHz, 

3-6 s, 25 °C); and (iii) validate the model using 

infrared thermography to analyze thermal 

distribution and propose optimization pathways 

for enhancing thermal uniformity in injection 

molding applications. 

2. MATERIALS AND METHODOLOGY 

This study employs a framework integrating 

system design, numerical modelling, and 

experimental validation. The induction heating 

system and 3D coil serve as core components, 

generating localized thermal fields on the mold 

surface to facilitate comprehensive thermal 

uniformity analysis. 

2.1. Experimental System and 3D Coil Design 

The heating setup uses an induction unit to 

deliver high-frequency alternating current to the 

coil, thereby generating an inductive magnetic 

field on the target surface. Water cooling is 

applied to both the power supply and the coil. 

The system operates at a maximum power of 30 

kW with a 380 V supply, a peak current of 52 A, 

and a frequency range of 20-28 kHz; K-type 

thermocouples are integrated for temperature 

monitoring (Figure 1). 

A 3D induction coil is designed to enable 

localized heating across different mold-plate 

sizes (Figure 2). The coil is fabricated from 

copper tubing (8 mm outer diameter, 0.5 mm 

wall thickness) with internal water circulation, 

and its total length is approximately 1.2 m. 

The coil and mold plate are mounted on 

brass fixtures to enhance electrical and thermal 

conduction. The contact surface is precision-

ground, and the fixture incorporates M5 tapped 

holes for clamping as well as two M13 tapped 

holes for water connectors. Test specimens 

include rectangular C45 carbon-steel plates with 

dimensions (L-W-T) defined in the experimental 

matrix, along with concave/convex geometries 

representative of practical cavity inserts. 
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The surface thermal field was monitored 

using an Avio NEO THERMO TVS-700 infrared 

camera (sensor wavelength: 3-5.4 µm, frame 

rate: 0.1 s, sensitivity: 0.08°C, and measurement 

range: -20 to 500°C). Data were recorded and 

processed via specialized software to extract 

temperatures at specific locations on the 

measured surface. 

Additionally, temperature data were 

acquired using a Center 306 contact thermometer 

(measurement range: −200°C to 1370°C, 

accuracy: ±0.3% rdg + 1°C, resolution: 0.1°C), 

enabling the recording of real-time temperature 

fluctuations and data logging for comparative 

analysis. 

 

Figure 1. Experimental Induction Heating System 

 

Figure 2. 3D Coil Dimensions (a), (b) and Actual 

Image (c) 

2.2. Numerical Modeling in COMSOL 

A multiphysics model was developed in 

COMSOL Multiphysics 6.0 to predict the 

temperature field generated by the proposed 3D 

induction coil and to analyze the effects of mold 

geometry and installation conditions on localized 

heating. The numerical framework employed a 

sequential one-way electromagnetic-to-thermal 

coupling. First, the electromagnetic field was 

solved in the frequency domain using the eddy-

current formulation, in which the alternating 

current flowing through the copper coil 

generated a time-varying magnetic field and 

induced eddy currents inside the C45 steel mold 

plate. The volumetric electromagnetic loss was 

then calculated and transferred to the thermal 

model as an internal heat source. The penetration 

of induced current into the workpiece was 

interpreted using the skin-depth relation, 𝛿 =

√𝜌𝑒/(𝜋𝜇𝑓), where 𝜌𝑒 is the electrical resistivity, 

𝜇 is the magnetic permeability, and 𝑓 is the 

excitation frequency. Subsequently, the transient 

temperature field was obtained by solving the 

heat conduction equation with Joule heating as 

the source term. The initial temperature of all 

domains was set to 25 °C, while heat losses from 

exposed surfaces were modeled by convection to 

the ambient environment. The model consisted 

of the 3D copper coil, the steel mold plate, and 

the surrounding air domain, with local mesh 

refinement applied near the coil, the coil-to-

surface gap, and the heated region to capture 

steep electromagnetic and thermal gradients. The 

reference simulation condition used for 

validation was 1450 A, 75 kHz, and 3-6 s heating 

time. The main outputs included center-point 

temperature, peak temperature, and surface 

thermal distribution, which were compared 

directly with infrared thermography results. All 

simulations were performed in COMSOL 

Multiphysics 6.0 on a workstation equipped with 

an Intel Core i7-13620H CPU (2.40 GHz), 16 GB 

(b) 
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RAM, and Windows 11 64-bit, using a 

frequency-domain solver for electromagnetics 

and a time-dependent solver for heat transfer. 

Table 1: Main operating conditions and 

material properties used in the numerical model 

Parameter Symbol Value Unit 

Current 

intensity 
I 1450 A 

Frequency f 75 kHz 

Heating time t 3-6 s 

Ambient 

temperature 
T∞ 25 °C 

Coil outer 

diameter 
D0 8 mm 

Coil wall 

thickness 
tc 0.5 mm 

Coil length Lc 1.2 m 

Density of 

C45 steel 
ρ 7800 kg m-3 

Specific heat 

capacity of 

C45 steel 

Cp 495 J kg-1 K-1 

Relative 

magnetic 

permeability 

of C45 steel 

𝜇𝑇
  

200  

Magnetic 

permeability 

of free space 

𝜇0 4π×10-7 H m-1 

2.3. Uniformity Metrics and Optimization Plan 

To optimize the proposed 3D induction coil 

for localized mold heating, both thermal 

response and surface temperature uniformity 

were evaluated using a consistent protocol for 

COMSOL simulations and infrared 

thermography. A region of interest (ROI) 

corresponding to the functional heated area of the 

mold surface was defined for each case. For each 

heating duration (3 s and 6 s), temperature data 

were extracted as the center-point temperature 

(𝑇𝑐𝑒𝑛𝑡𝑒𝑟) for validation, together with area-based 

thermal statistics over the ROI for uniformity 

assessment. The performance metrics considered 

in this study were the average heating rate, peak 

temperature (𝑇𝑚𝑎𝑥), and thermal non-uniformity 

within the ROI, expressed through the spatial 

temperature variation. When comparing cases 

with different overall temperature levels, the 

coefficient of variation was additionally used to 

provide a normalized measure of thermal 

dispersion. Optimization focused on three 

installation-related variables identified as 

dominant factors: coil-to-surface gap (𝑔), 

clamping configuration/position (𝐶), and power-

lead orientation (𝑂). A two-stage procedure was 

adopted: (1) numerical screening in COMSOL 

by parametric sweeps to reduce thermal non-

uniformity while maintaining sufficient heating 

performance, and (2) experimental verification 

by infrared thermography for the best-

performing configurations. This approach 

enabled the selection of practical operating 

conditions that balance rapid localized heating 

with acceptable temperature uniformity for 

injection mold applications. 

3. RESULTS  

This section presents the simulation and 

experimental results obtained from the high-

frequency induction heating system, focusing on 

evaluating the correlation between the COMSOL 
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multiphysics model and infrared thermographic 

measurements. 

3.1. Validation: Simulation vs. Infrared 

Thermography 

To validate the COMSOL model, surface 

temperatures were measured using an Avio NEO 

THERMO TVS-700 infrared camera (spectral 

range: 3-5.4 µm; scan period: 0.1 s; accuracy: 

0.08 °C). The emissivity was set to ε = 0.95 and 

the measurement range to −20 to 500 °C. Heating 

tests were performed on mold plates with fixed 

length L=100 mm and thickness T = 3 mm while 

varying the width W. Heating durations of 3, 6, 

and 9 s were applied under 30 A and 380 V. The 

center temperature was recorded five times and 

averaged for comparison. 

(i) Quantitative validation (T_center): For 

𝑊 = 20mm, the simulation predicted center-

point temperatures of 306 °C at 3 s and 506 °C at 

6 s, while the experimental averages were 307.8 

°C and 508.2 °C, respectively. The 

corresponding relative deviations were only 

0.58% (3 s) and 0.43% (6 s), demonstrating 

excellent agreement between the coupled 

electromagnetic–thermal model and experiments 

under the standardized conditions of this study. 

(ii) Qualitative validation (thermal maps): 

Both thermography and simulation consistently 

showed a localized hot spot near the coil-affected 

region, followed by temperature decay along the 

plate length/width. For representative cases, the 

simulated peak temperatures were ~276.9 °C (3 

s) and >371.6 °C (6 s) for the 100×20×3 mm 

plate; ~204.9 °C (3 s) and ~324.5 °C (6 s) for the 

100×40×3 mm plate; and ~178.6 °C (3 s) and 

~324.4 °C (6 s) for the 100×60×3 mm plate. The 

close match in hot-spot location, heat-spreading 

patterns, and time-dependent temperature rise 

supports the validity of the COMSOL setup and 

underlying physical assumption. 

 

Figure 3. Comparison of surface temperature 

distribution after t = 3 s between COMSOL 

simulation and infrared thermographic measurement 

for mold plates with dimensions L×W×T = 

100×W×3 mm: (a) W = 20 mm, (b) W = 40 mm, (c) 

W = 60 mm. 

 

Figure 4. Temperature variation over heating time 

for mold plates with different widths (W = 20, 40, 

and 60 mm) 

3.2. Thermal Distribution Characteristics of 

3D Coil 

The combined simulation–experimental 

results indicate that the 3D induction coil delivers 

strong localized heating in the region directly 
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exposed to the magnetic field, leading to two 

salient characteristics of the surface thermal 

field: the emergence of a peak-temperature zone 

(“hot spot”) near the magnetic-field 

source/power-lead region, and the development 

of a temperature gradient that propagates from 

the heated zone toward the remaining area of the 

mold plate. 

Effect of heated-surface size (variation in 

W): hot spots become more pronounced as W 

increases. 

For mold plates with identical length and 

thickness but varying width W, the thermal field 

tends to become increasingly non-uniform, with 

higher temperatures concentrated near the 

magnetic-field source (Figure 3). Quantitatively, 

the center temperature decreases sharply with 

increasing W (Figure 4). At a heating time of 3 

s, the 100×20×3 mm plate reaches approximately 

307.8 °C, whereas the 100×40×3 mm and 

100×60×3 mm plates reach only about 110.2 °C 

and 59.4 °C, respectively (experimental 

averages); the COMSOL predictions show the 

same trend (306 °C, 109 °C, and 58 °C). This 

behavior reflects the increased thermal mass and 

enlarged heat-transfer pathways associated with 

larger dimensions, which reduce the localized 

temperature rise and make the widthwise thermal 

gradient more significant, thereby intensifying 

hot–cold contrasts across the surface. 

Effect of plate thickness (variation in T): 

trade-off between heating rate and temperature 

uniformity. 

For plates with the same length and width but 

increasing thickness T (Figure 5), a consistent 

trend is observed: thicker plates exhibit a more 

balanced temperature distribution, yet the 

achievable surface temperature (and heating rate) 

is lower due to the larger thermal mass and 

stronger conduction into the interior. This 

represents a key trade-off in 3D coil design: 

configurations optimized for rapid temperature 

rise tend to exacerbate gradients and hot spots, 

whereas designs targeting improved temperature 

uniformity typically require accepting a lower 

peak temperature or increasing heating time 

and/or input power. 

 

Figure 5. Effect of mold plate thickness (T) on the 

surface thermal field characteristics of the 

100×20×T mm specimen: (a) T = 3 mm, (b) T = 7 

mm, (c) T = 11 mm, (d) T = 15 mm (with the same 

heating duration of 6 seconds). 

Effect of mold/insert geometry (concave 

mold plate): improved uniformity with heat 

concentrated in the central region. 

For the concave mold plate, the study observes 

that the thermal field tends to be more balanced, 

with heat primarily concentrated in the central 

region of the plate (Figure 6).  

 

Figure 6. Surface temperature distribution of the 

mold cavity plate with varying width W: (a) W = 20 

mm, (b) W = 40 mm, (c) W = 60 mm (with the same 

heating duration of 6 seconds). 

This finding is noteworthy because a 

cavity/insert-like geometry that is closer to 

practical mold configurations may inherently 

“self-balance” the surface temperature 
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distribution compared with a wide flat plate, 

thereby reducing hot-spot severity and 

improving temperature uniformity in the 

functional region. 

Summary of thermal-field characteristics 

and implications for 3D coil design. 

From the above observations, it can be inferred 

that the thermal field generated by a 3D coil is 

highly sensitive to the geometry of the heated 

component: as H–T–W decreases, the heating 

rate increases, but the risk of pronounced hot 

spots and large gradients also rises, particularly 

when W varies. Consequently, optimizing 

temperature uniformity should be treated as a 

multi-objective balancing problem between 

achieving rapid heating and minimizing surface 

temperature differentials. This provides the 

rationale for the subsequent optimization of 

installation-related variables (coil-to-surface 

gap, clamping configuration, and power-lead 

orientation). 

3.3. Optimization: Effects of 

Gap/Clamping/Power-Lead Orientation 

Influence of the gap between the 3D coil and 

the mold surface 

In induction heating, the gap between the 

coil and the target surface is a critical parameter 

that directly affects magnetic coupling and eddy 

current density, thereby governing heating 

efficiency. As established in the coil design 

phase of this study, a smaller gap leads to higher 

heating efficiency. The overall findings reinforce 

this trend for 3D coil operation: the closer the coil 

is to the mold surface, the more favorable the 

heating process becomes. Consequently, 

optimization of the design and fixtures should 

prioritize configurations that allow for a stable 

reduction of the gap (to avoid vibrations or 

collisions) while ensuring that localized 

overheating at the boundaries is prevented. 

Influence of clamping position on heating 

rate and thermal distribution 

Simulation and infrared thermography show 

that workpiece clamping strongly affects peak 

temperature and thermal non-uniformity (Figure 

7). In the baseline configuration, end-clamping 

yields a markedly higher peak temperature 

(~359.7 °C) than top-clamping (~227.7 °C) or 

mid-clamping (~226.5 °C). A similar trend is 

observed when the plate is placed closer to the 

magnetic source, with ~303.9 °C for end-

clamping versus ~218 °C for mid-clamping. 

Overall, clamping locations closer to the 3D coil 

produce higher heating rates and higher peak 

temperatures. This is likely because the clamp 

behaves as a heat sink and modifies contact 

boundary conditions and magnetic coupling, 

which can shift the hot zone. Accordingly, 

optimization should (i) place clamps to minimize 

heat loss from the target region and (ii) 

standardize clamping force and contact area to 

improve repeatability. 

 

Figure 7. Comparison of the effect of clamping 

position on the surface temperature distribution in 

simulation: upper clamping configuration (a), 

middle clamping (b), and end clamping (c) 

(Maximum temperatures are 227.7°C, 226.5°C, and 

359.7°C, respectively) 

Influence of power-lead orientation on 

thermal uniformity 

Experimental results indicate that when the 

power-lead orientation is perpendicular to the 

mounting fixture, the thermal distribution on the 
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heating surface becomes more uniform. A direct 

evidence of this is observed with the 100×60×3 

mm plate, where the 'perpendicular power-lead' 

configuration recorded a Temp max of ~122.6°C 

after 3 s, exhibiting a well-distributed thermal 

profile (Figure 8). These findings suggest that 

the orientation of power-leads and connections 

can alter the near-field distribution of the coil and 

shift the location of hot spots. Consequently, in 

the design of 3D induction coils for localized 

heating, the power-lead orientation must be 

considered a mandatory optimization variable 

rather than a mere installation detail. 

 

Figure 8. Illustration of the effect of power-lead 

orientation: (a) simulation, (b) experiment 

4. DISCUSSION 

The validated COMSOL multiphysics 

model showed high predictive reliability, with 

relative deviations between simulated and 

experimental center-point temperatures 

remaining below 0.6% (e.g., 306 °C vs. 307.8 °C 

at 3 s). This close agreement confirms that the 

simulation framework is suitable for rapid design 

screening and parametric sensitivity analysis 

prior to physical prototyping in injection molding 

applications, where mold surface temperature 

strongly affects melt flow, surface quality, 

dimensional accuracy, and process efficiency. 

From a thermal-design perspective, the 

proposed 3D induction coil provides localized 

and rapid heating of the functional mold region, 

while also enabling greater geometric 

adaptability for cavity- or insert-like 

components. The results show that localized 

induction heating inherently produces hot spots 

and steep thermal gradients, and these effects 

become more pronounced as plate width (𝑊) 

increases, thereby aggravating thermal 

imbalance near the magnetic source. In contrast, 

increasing plate thickness (𝑇) improves thermal 

equilibrium but lowers peak temperature, 

indicating a clear trade-off between heating rate 

and temperature uniformity. Concave mold 

geometries were found to provide more balanced 

heating, with thermal concentration shifted 

toward the central region. 

In addition to geometry, installation 

variables play a decisive role. A smaller coil-to-

surface gap improves heating efficiency, 

clamping position alters both peak temperature 

and hot-zone location, and a perpendicular 

power-lead orientation improves thermal 

uniformity. These findings support the practical 

use of the proposed 3D coil as an engineering 

basis for localized induction heating 

optimization in injection molding. 

5. CONCLUSION 

This study validated a 3D induction coil for 

localized mold heating in injection molding 

using a combined numerical-experimental 

methodology. The COMSOL multiphysics 

model accurately predicted surface temperature 

distributions and showed strong agreement with 

infrared thermography, supporting its use as a 

reliable tool for rapid coil evaluation and 

process-oriented design optimization. 

The heating behavior was found to be 

strongly dependent on component geometry and 

installation conditions. Smaller dimensions 

promoted faster heating, whereas increasing 

plate width (𝑊) intensified thermal imbalance 

and hot-spot formation near the magnetic source. 

Increasing thickness (𝑇) improved temperature 

uniformity but reduced peak temperature, 

revealing a trade-off between rapid heating and 
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thermal balance. Concave geometries produced a 

more uniform thermal field, indicating that the 

proposed 3D coil is particularly suitable for 

cavity or insert heating where geometric 

adaptability is required. 

The study also identified key installation 

variables affecting thermal performance. 

Reducing the coil-to-surface gap increased 

heating efficiency, clamping configuration 

shifted the hot zone and affected peak 

temperature, and a perpendicular power-lead 

orientation improved surface temperature 

uniformity. Overall, these results demonstrate 

the practical advantages of the proposed 3D 

induction heating system and provide a useful 

technical framework for optimizing localized 

mold heating in industrial injection molding 

applications. 
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THÔNG TIN CHUNG TÓM TẮT 

Ngày nhận bài:  29/01/2026  Công nghệ ép phun được sử dụng rộng rãi trong chế tạo các chi 

tiết polymer, trong đó gia nhiệt khuôn nhanh và cục bộ đóng vai 

trò quan trọng trong việc cải thiện khả năng chảy của nhựa nóng 

chảy, chất lượng bề mặt, độ chính xác kích thước và khả năng 

kiểm soát thời gian chu kỳ. Nghiên cứu này đề xuất một thiết kế 

cuộn dây cảm ứng 3D mới dùng cho gia nhiệt cục bộ bề mặt 

khuôn ép phun, với trọng tâm là tối ưu độ đồng đều nhiệt thông 

qua cách tiếp cận kết hợp mô phỏng số và thực nghiệm. Hệ thí 

nghiệm tích hợp nguồn gia nhiệt cảm ứng công suất 30 kW với 

cuộn dây 3D làm mát bằng nước, được chế tạo từ ống đồng đường 

kính ngoài Ø8 mm. Trường nhiệt độ bề mặt được đo bằng ảnh 

nhiệt hồng ngoại để xác thực mô hình đa vật lý COMSOL dưới 

các điều kiện tham chiếu (𝐼 = 1450 A,  𝑓 =

75 kHz, thời gian gia nhiệt = 3–6 s). Đối với tấm kích thước 

100 × 20 × 3 mm, nhiệt độ tại điểm trung tâm do mô hình dự 

đoán có sai lệch tương đối chỉ 0,58% và 0,43% tương ứng tại 3 s 

và 6 s, qua đó khẳng định độ chính xác cao của mô hình. Mô hình 

cũng tái hiện tốt hình thái vùng nhiệt độ cao cục bộ (“hot spot”) 

và các gradient nhiệt quan sát được trong thực nghiệm. Phân tích 

tham số cho thấy khi tăng bề rộng tấm (𝑊), nhiệt độ cực đại giảm 

và mức độ không đồng đều nhiệt tăng; trong khi tăng chiều dày 

(𝑇)giúp cải thiện sự cân bằng nhiệt nhưng làm giảm nhiệt độ lớn 

nhất. Các cấu hình khuôn lõm cho thấy khả năng gia nhiệt đồng 

đều hơn. Ngoài ra, khoảng cách giữa cuộn dây và bề mặt, vị trí 

kẹp chặt và hướng dây cấp nguồn được xác định là những biến 

số then chốt để nâng cao độ đồng đều nhiệt trong quá trình ép 

phun có hỗ trợ gia nhiệt cảm ứng. 
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TỪ KHOÁ 

Cảm ứng từ; 

Cuộn dây cảm ứng 3D; 

Khuôn phun ép; 

COMSOL; 

Ảnh nhiệt hồng ngoại. 
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