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Mathematical Modeling and Simulation Verification of Complex Path
Planning in Digital Twin for Nuclear Additive Manufacturing

YAN Pengfei

Eighth Research Institute of Nuclear Industry, Shanghai 201800, China

Abstract: Metal additive manufacturing (AM) is a pivotal approach for achieving high-reliability components of nuclear-
oriented components, wherein the digital twin (DT) of in-process melt pool monitoring represents a critical developmental
direction. However, the absence of a generalized digital modeling methodology for transient spatial localization of moving
lasers under complex scanning paths remains a primary algorithmic bottleneck for thermomechanical simulation and closed-
loop control. This paper proposes a mathematical model and a corresponding computational algorithm for determining the
spatial coordinates of moving heat sources under arbitrary complex path planning. By reformulating the initial path con-
straints of AM equipment and introducing a temporal-spatial mapping mechanism, the computational uncertainties regarding
real-time track identification and transient spot localization are theoretically eliminated. Furthermore, the proposed algo-
rithm was implemented and validated within a finite element environment, demonstrating its accuracy and efficiency in ex-
tracting thermal history and reconstructing characteristic temperature fields for complex scanning strategies. This study suc-
cessfully establishes the foundational modeling for the DT of complex path planning, overcoming the traditional reliance on
simplified scanning paths. It provides a complete and independent theoretical and algorithmic framework for high-fidelity
DT in nuclear AM, with significant potential for transferability to extrusion-based AM processes.
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Fig. 1 Reconstructed temperature field of a printed layer acquired by
the Ruimou melt pool monitoring system (Data represents computa-
tionally reconstructed thermal characteristics, not raw instantaneous

measurements)
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Fig.2 Schematic of layer-wise path planning
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Fig.3 Geometry and laser scanning configuration
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Table 1 Path planning data-Track start points

ch Py i ch i i
x/mm y/mm x/mm y/mm

1 0.282 8 0 12 0.505 4 6.0

2 0 0.848 5 13 6.0 1.071 1

3 1.4142 0 14 1.636 8 6.0

4 0 1.9799 15 6.0 22024

5 2.5456 0 16 2.768 1 6.0

6 0 31113 17 6.0 3.3338

7 3.677 0 18 3.899 5 6.0

8 0 42426 19 6.0 4.4652

9 4.808 3 0 20 5.0309 6.0

10 0 5.374 21 6.0 5.596 6

11 59397 0
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Table 2 Path planning data-Unit velocity vectors

ch ch ch ch

v ve Ve Ve

ch x/nim y/mm ch X/mm y/mm

1 -0.7071 0.7071 12 0.7071 -0.7071
2 0.7071 -0.7071 13 -0.7071 0.7071

3 -0.7071 0.7071 14 0.7071 -0.7071
4 0.7071 -0.7071 15 -0.7071 0.7071

5 -0.7071 0.7071 16 0.7071 -0.7071
6 0.7071 -0.7071 17 -0.7071 0.7071

7 -0.7071 0.7071 18 0.7071 -0.7071
8 0.7071 -0.7071 19 -0.7071 0.7071

9 -0.7071 0.7071 20 0.7071 -0.7071
10 0.7071 -0.7071 21 -0.7071 0.7071
11 -0.7071 0.7071

®3 TAEREE- YA K B AR R
Table 3 Path planning data -Track lengths

ch " fmm ch [*"/mm

1 0.4 12 7.770 6

2 1.2 13 6.970 6

3 2.0 14 6.170 6

4 2.8 15 5.370 6

5 3.6 16 4.570 6

6 4.4 17 3.770 6

7 5.2 18 2.970 6

8 6.0 19 2.170 6

9 6.8 20 1.370 6
10 7.6 21 0.570 6
11 8.4

F4 BETEBRMN“ER-LEHE TR ERE AL
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Table 4 Path planning data Cumulative times (Computed via Eq. (2))

ch 1" (s) ch 7"(9)

1 4.0000E-04 12 5.6171E-02
2 1.6000E-03 13 6.3141E-02
3 3.6000E-03 14 6.9312E-02
4 6.4000E-03 15 7.4682E-02
5 1.0000E-02 16 7.9253E-02
6 1.4400E-02 17 8.3023E-02
7 1.9600E-02 18 8.5994E-02
8 2.5600E-02 19 8.8165E-02
9 3.2400E-02 20 8.9535E-02
10 4.0000E-02 21 9.0106E-02
11 4.8400E-02
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Fig. 4 Simulated transient temperature field at a specific moment
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