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Abaqus Specific Modelling Details
Sequential element activation is achieved by extracting the information from the corresponding GCode file and importing it to the FE software (Trofimov et al., 2022).  This file usually consists of five columns including time, location (x, y, and z), and a binary column to indicate if the nozzle is depositing material or not (On / Off). Early models in Abaqus achieved this with the development of bespoke subroutines (Cattenone et al., 2019, Aljarrah et al., 2019, Roy et al., 2019, Huang et al., 2024, Trofimov et al., 2022), but Abaqus now comes with an “AM Modeler” add-in that helps to simplify the process for both heat transfer, stress and eigen strain approaches (Abaqus, 2023). For simplicity, the filament cross section is assumed to have a rectangular shape (Trofimov et al., 2022). 
As per examples provided with the Abaqus software, ReplicatorG was initially used to generate the G-Code to print the bridge sample as per the work by Trofimov et al.( 2022). This code was then converted to Event Series files using the supplied Python script (generateEventSeries.py). As far as possible, the toolpath used was similar to that described by Trofimov et al.( 2022), with a layer height of 0.2 mm, a bead width of 0.4 mm and a speed of 40 mm.sec-1. This resulted in a printing time of 669.35 secs, which included 60 seconds cooling on the build platform, before removal from the print bed to cool to room temperature. “Follow Deformation” was chosen so that elements that have not yet been activated are allowed to follow the movement of the active elements to prevent excessive distortion.  “Free Surface” (for user subroutine UEPACTIVATIONFACET) was also chosen for the heat transfer analysis so that only the active element volume is used for convection and radiation calculations, as opposed to using the full element size. “Partial” element activation was chosen with Minimum volume fraction threshold for partial activation = 0; Maximum volume fraction threshold for partial activation = 1.0; Maximum volume fraction threshold for full activation = 1.0.  Other parameters were left at their default values. 
The type of elements used can have a significant impact on the computational cost and accuracy of the model. For the heat transfer model, 8-noded linear brick elements with full integration have been used previously (Abaqus DC3D8 (Roy et al., 2019, Huang et al., 2024, Trofimov et al., 2022); Ansys SOLID70 (Chen et al., 2023, Yu et al., 2025)), which offer a good compromise between computational cost and accuracy. Similarly, for the stress-displacement analysis 8-noded linear brick elements have been used (Abaqus C3D8 (Huang et al., 2024); Ansys SOLID185 (Chen et al., 2023, Yu et al., 2025)) and also 20-noded brick elements (Abaqus C3D20R (Trofimov et al., 2022)). The 20-noded brick elements are computationally more expensive, so the reward for using these elements needs to be balanced with coarser meshes.  For coupled temperature displacement models, second-order structured brick elements have been used, with the element height maintained to the order of the layer height (0.1 – 0.3 mm) in the build direction (Syrlybayev et al., 2021). 
As with the previous (Trofimov et al., 2022) work, DC3D8 elements were used for the thermal analysis in this study.  However, C3D8 fully integrated elements were used for the stress-displacement analysis as the 20-noded elements used by Trofimov et al. (2022) required a large amount of computing resources and resulted in convergence errors when the maximum time increment was decreased. Abaqus recommends the C3D8 elements for this type of analysis (Abaqus, 2023) – mesh density studies were undertaken to observe the effect on overall distortion and are discussed in section 2.4 of the main paper (Mesh Density).  
Heat Transfer Coefficient Calculation
The built part cools through 1) conduction to the build plate and to the previous layers of material; 2) convection and 3) radiation to the surrounding air. Conduction between the part and the build plate and between layers tends to dictate the cooling rate and is defined by the thermal conductivity (Costa et al., 2017, Trofimov et al., 2022). All of these boundary conditions are prescribed to new surfaces as elements are activated (Roy et al., 2019, Cattenone et al., 2019, Trofimov et al., 2022).
Radiation losses tend to be small when the heat transfer coefficient is large (Yu et al., 2025, Syrlybayev et al., 2021, Chen et al., 2023, Zhu et al., 2021), so can be ignored when the heat transfer coefficient is greater than 60 W.m-2.K-1 (Trofimov et al., 2022, Costa et al., 2017).  Researchers that have included radiation losses have used an emissivity of =0.92 (Huang et al., 2024, Trofimov et al., 2022) from experimentally determined values (Morgan et al., 2017, Prajapati et al., 2018):
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Where qr – Radiation heat flux;  – Stefan-Boltzmann constant;  – Emissivity; Tp – Temperature of the surface of the printed part; Ts – Temperature of the surrounding air. 
The heat transfer coefficient is dependent on the ambient temperature, the part temperature and airflow around the part which is influenced by the presence of an enclosure and cooling fan settings on the printer (Syrlybayev et al., 2021, Trofimov et al., 2022, Costa et al., 2017). Reported enclosure temperatures for ABS are around 85 °C (Cattenone et al., 2019) and 60 °C for PLA (Trofimov et al., 2022).  Some examples of heat transfer coefficients used for FFF printing models are presented in Table 1. 
	HTC / W.m-2.K-1
	Tam /K
	Tb /K
	Material
	Ref.

	3.96
	293.15
	323.15
	PLA
	(Zhu et al., 2021)

	8
	296.15
	373.15
	ABS
	(Huang et al., 2024)

	15
	303.15
	363.15; 373.15; 383.15
	PLA
	(Alzyod and Ficzere, 2023b)

	15
	296.15
	303.15; 323.15; 363.15
	ABS
	(Alzyod and Ficzere, 2023a)

	21
	303.15
	358.15
	ABS
	(Roy et al., 2019)

	25
	298.15
	298.15
	ABS
	(Chen et al., 2023)

	71
	333.15
	325.15
	PLA
	 (Trofimov et al., 2022)

	80
	295.15
	358.15 to 378.15
	ABS
	(Syrlybayev et al., 2021)

	86
	298.15
	323.15
	PLA
	(Yu et al., 2025)


[bookmark: _Ref170829664][bookmark: _Ref224115482]Table 1 Summary of heat transfer coefficient (HTC) values, enclosure temperatures (Tam), and build plate temperatures (Tb) used in previous finite element analyses of FFF
This work assumes that the heat transfer acts on the entire surface rather than on one strand of the extrudate. The convective heat flux is calculated as:
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Where qc – Convection heat flux; hp – heat transfer coefficient at the surface of the built part. 
Based on the original work by Churchill and Ozoe (1973) presented in Bejan’s book on Heat Transfer (Bejan, 1993), the heat transfer coefficient can be estimated for simple shapes according to the following equation:
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Where h̅x – average heat transfer coefficient for a flat part with characteristic linear scale of x. kair is the air thermal conductivity which is 0.032 W.m-1.K-1 at the film temperature, Tf (Bejan, 1993). 
Nux is the average Nusselt number of the distance x and is given by:
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Where Pr is the Prandtl number and is equal to 0.7 at Tf (Bejan, 1993). 
Re is Reynolds number and is calculated from:
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Where U∞ – Velocity of air relative to the surface which is assumed to be 0.4 m.s-1 in this case (Costa et al., 2017); v – is the Kinematic viscosity of air = 0.23 cm2.s-1 at Tf (Bejan, 1993).  The calculated value of Reynolds number (2.11) is low which indicates laminar flow across the surface of the plate, which validates use of equation 4. Furthermore, the Peclet number,  >100 further validating this calculation, where  is the thermal diffusion coefficient at Tf (Bejan, 1993).  
These heat transfer coefficient values are largely estimated based on previous work, but Trofimov et al. (2022) calculated the values for the extruded filament from first principles based on the work of Costa et al. (2017)  using the Hilpert correlation equation.  Following this approach, a heat transfer coefficient of h̅x = 12 W.m-2.K-1 was calculated for the build based on the assumption that the velocity of air at the surface was 0.4 m.s-1. 
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