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Extrusion-based bioprinting exposes encapsulated cells to complex mechanical 

loading that extends well beyond simple shear. While shear stress during 

nozzle flow has been extensively studied, the contribution of elongational 

stress, arising from the converging flow at the nozzle entrance and outlet, 

remains largely overlooked. In this work, we systematically decouple shear and 

elongational contributions by independently varying five process and material 

parameters in a full 2⁵ factorial design: xanthan hydrogel concentration (3 and 

5 % (w/v)), nozzle inner diameter (0.15 and 0.20 mm), nozzle length (0.5 and 

1.5 inch), feed rate (0.5 and 1.0 mm/min), and recovery time post-printing 

(d0 to d4). 

 

Fibroblast viability was quantified using a PrestoBlue metabolic activity assay. 

A stepwise multilinear regression model incorporating linear, quadratic, and 

pairwise interaction terms was fitted to the experimental data, yielding an 

adjusted R² of 0.87 with 16 statistically significant terms (p < 0.05). The 

analysis reveals that recovery time is the single strongest predictor of cell 

viability, followed by nozzle geometry parameters that govern the balance 

between shear and elongational deformation. Notably, conditions associated 

with elevated elongational stress consistently reduce viability, whereas 

moderate shear stress appears to stimulate metabolic activity. This finding 

challenges the prevailing assumption that all process-induced mechanical 

stress is harmful. 

 

Based on the fitted model, we compute the gradient vector in the five-

dimensional parameter space, indicating the direction of steepest increase in 

cell viability. Following this gradient provides a rational, data-driven strategy 

for stepwise evolutionary optimization of bioprinting parameters without 

exhaustive experimental screening, enabling targeted next experiments from a 

minimal initial dataset of 32 parameter combinations. 


