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Abstract

Current formulation and process development relies heavily on empirical trial-and-error. A mechanistic 
predictive framework would enable rational design of fibrous structure. The objective of this study was  
therefore to determine whether fibrous structure formation in food products, meat analogues in this case, can 
be predicted from two dimensionless numbers: the capillary number (Ca) and the Deborah number (De),  
computed from standard rheological measurements. We hypothesize that fibrous structure arises from 
shear-driven elongation of a dispersed phase within a continuous protein matrix, governed by the balance 
between viscous driving forces, interfacial tension, and matrix elasticity. Ca = η·γ̇·R/σ captures whether 
shear flow can overcome interfacial tension to deform the dispersed phase. De = λ·γ̇ captures whether the 
matrix is sufficiently elastic to hold that deformation on the processing timescale. A bounded fibrous 
window is predicted in Ca-De space, outside which structure fails due to droplet break-up (high Ca),  
insufficient  deformation (low Ca),  brittleness (high De),  or  viscous relaxation (low De).  Rheological 
properties were measured for 39 unique formulations spanning soy protein isolate, pea protein isolate, soy 
protein concentrate, wheat gluten, mung bean protein, and blends thereof, at 90-150°C in a closed cavity  
rheometer. Complex viscosity was extracted from the linear viscoelastic regime of amplitude sweeps.  
Relaxation times were obtained by fitting a stretched exponential function to stress relaxation experiments. 
Fibrousness of the products was assessed by AI-assisted macroimage scoring calibrated with a labelled 
dataset. Samples spanned Ca:10-1000 and De:30-3000. Fibrous samples formed a bounded island in Ca-De 
space (Ca 70-300, De 100-600), clearly separated from non-fibrous samples that appeared at extremes. 
However,  scatter  in  the  space  suggests  composition-specific  factors  influence  the  precise  window 
boundaries. As a more controlled test, mung bean protein was analysed at different shear rates of 20-130 s ¹,⁻  
spanning conditions both inside and outside the fibrous window. Microstructural air bubble elongation and 
macrostructural fibrousness both peaked at γ̇=39 s ¹ and declined at higher shear rates. In a targeted⁻  
validation, a formulation that initially fell outside the fibrous window was moved into it by adjusting 
processing conditions and thus yielded fibrous structure as predicted. These results demonstrate that Ca and 
De, derived from two standard rheological experiments, can predict fibrous structure formation across 
chemically diverse plant protein formulations. The framework translates ingredient and process choices into 
physically interpretable coordinates, providing a rational tool for structure design.
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