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Figure S 1. 3D model formed by software used by our 3D printer (Julia+ Dual nozzle printer by 

Fracktal Works) showing the cross section of (a) 20% infilled and (b) 50% infilled object. (c) An 

actual cross section of 20% infilled FFF printed object. The outer wall thickness are ~0.6 mm. 

The sides of the hollowed out square lattice are of 6.4 mm long. 

 

S1. Mathematical modeling of the warpage of 3D printed HDPE 

 

Here, we present a mathematical model that was employed to qualitatively capture warpage 

of FFF printed semi-crystalline polymers. The thermo-mechanical model was constructed and 

solved using ANSYS Workbench Additive software tool. The transient heat conduction equation 

solved is given by equation S1.[1–3]  
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where, ρ, c, q, T, t are material density, specific heat, heat generation per unit volume, 

temperature and time, respectively. The thermal conductivities in x, y and z directions are 

represented as 𝑘𝑥, 𝑘𝑦,𝑘𝑧 respectively. The printer head builds the object layer-by-layer. First, a 

layer is built by translating the printer head in the XY plane as it lays down a strand of filament. 

Then, the layer is allowed to cool and subsequent layers are laid down. To simplify the FE 

modelling, we deposited one full layer of material (z-thickness = 0.3 mm) at a time. Standard 

element alive-dead approach of FEM, is employed in both thermal & structural steps to model 

the layer by layer process.[4] Only the elements of the current and previously deposited layers 

are considered alive (viz. they contribute to calculations of conduction, stiffness, mass, etc.). 

Elements of the yet-to-be-deposited layers are dead and do not contribute till they are turned 

alive. Each deposited layer undergoes a heat and cool cycle. The temperature in the molten 



filament deposited is approximated by an automatically computed heat-time for which the 

current layer is kept at its melting temperature. The cooldown-time, before the next layer is 

added is also controlled automatically by the ANSYS additive tool to ensure temperature 

gradients are similar in an actual build. Finally, we capture the full transient solution for the 

temperature using equation S1, that is mapped on the static structure for stress and deflection 

calculations.  

Thermal boundary conditions imposed to solve equation S1 are: Base plate at constant 

temperature = 60 ˚C. The printed part has a heat transfer coefficient = 10 W.m-2.K-1 and 

exchanges heat with a chamber at  25 ˚C. Standard structural finite element equations derived 

using the principle of virtual work are used for the static structural solution as given by equation 

S2.[1–3]  
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where, [𝐾𝑒], [𝐾𝑒
𝑓
], {𝑢}, {𝐹𝑒

𝑡ℎ}, [𝑀𝑒], {𝐹𝑒
𝑝𝑟}, {𝐹𝑒

𝑛𝑑}, are element stiffness matrix, element 

foundation stiffness matrix, primary displacement, element thermal load vector, element mass 

matrix, element pressure vector, element nodal load vector, respectively. Temperature dependent 

material constants like density and thermal expansion coefficient (CTE) are taken from the 

literature for PP.[5] The storage/tensile modulus for PP are measured experimentally and are 

shown in Figure S2. These values are used in the simulations. Other material properties for PP 

e.g. Poisson ratio, thermal conductivity and specific heat are taken from the literature and are 

listed in Table S1. In the current model, the main contribution to the stresses developed is 

volume shrinkage as the polymer crystallizes. We consider that the melt state is stress-free, and 

stresses develop when the polymer shrinks as it cools and crystallizes. 

 

Table S 1. List of parameters used in simulations 

Parameter value Ref. 

Specific heat, cp (Jkg-1K-1) 1050 Polymer Data handbook[5] 

Thermal Conductivity, k (Wm-1K-1) 0.22 Polymer Data handbook[5] 

Heat of fusion, L, (kJkg-1) 165 Polymer Data handbook[5] 

Overall heat transfer coefficient, h, (Wm-2K-1) 10 Order of magnitude approximation 

 



 

Figure S 2. Temperature dependent tensile modulus (Eˊ, left axis) obtained from DMA 

measurements (RSA 3, TA Instruments) of solid samples of PP. Dynamic tensile experiments 

were performed on solid samples in the form of tapes, at a frequency of 6 rad/s and the samples 

were heated from 40 to 150˚C at a ramp rate of 5 ˚C/min. The storage modulus of the melt (Gˊ, 

right axis, measured at ω= 1 rad/s, ARES G2, TA Instruments) is presented as the material is 

cooled from 240 ˚C to 160 ˚C at a rate of 5 ˚C/min. 

 

Base plate clamping is modelled by fixed displacements of the base plate. Appropriate 

dimensions of the glass base plate are used to place the build specimen of dimensions (length × 

breadth × height = 50 mm × 15 mm × 10 mm). FE layered mesh z-height is equal to 0.3 mm and 

other standard machine settings are used. 5070 linear hexahedral elements were used for the FE 

mesh for meshing both print substrate and the printed object (Figure S3). Two geometry variants 

are employed, one with direct build on base plate and another with a larger skirt (“brim”) of 1-

layer height around the build specimen. 

 

Figure S 3. Complete print object on the base plate and their meshing: (a) object without brim 

and (b) object with brim 



We have considered two different height objects to compare the results with the experiments, 

e.g., 50 mm × 15 mm × 10 mm and 50 mm × 15 mm × 20 mm for the objects with brim. These 

objects are shown in Figure S3 and the results of contact stresses generated after cooling the 

object to room temperature are shown in Figure 3, 5 and 7 in the main manuscript. 

S2. Image analysis of warped 3D printed object 

To obtain the accurate warpage of the 3D printed objects, we have scanned the profile of the 

individual objects laid on their side and generated high-resolution (600 dpi) images of each 

printed object. These images were analyzed further using an image processing software (ImageJ) 

to identify the coordinates of the bottom (shown in Figure S4) and top surfaces. The maximum 

warpage is found to be at the edges and the minimum warpage is observed at the center. We have 

also measured the maximum thickness of the object around the center using a micrometer. The 

maximum value of the difference between the top and bottom coordinate in mm is termed the 

absolute warpage (Wabs) and is reported in Figure 4, 6 and 8 of the main manuscript. 

 

 

Figure S 4. Warpage profile of different objects obtained using image analysis. Objects are 

printed with a 4.5 mm brim, 20% infill and 10 mm height, except where specified. The left 

column shows the warpage profiles of PP bars (10 mm height and 20% infill) of different brim 

size. (a) 0 mm, (b) 4.5 mm and (iii) 13.5 mm. The middle column shows the comparison of 

warpage between different height objects with 20% infill and 4.5 mm brim (d) 5 mm (tall), (e) 10 

mm (tall) and (f) 20 mm (tall). The right column shows the effect of infilling on the warpage of 

10 mm tall object with 4.5 mm brim: (g) 20% infilling, (h) 50% infilling and (i) 100% infilling. 
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