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Our food system needs to change to provide more sustainable diets in the future. In this transition, new formulations
are being developed with limited knowledge of their impact on structure and texture development during processing
and storage. It is imperative not only to learn the details of the structure but being able to follow the change dynamics
to ultimately control processing. In many process operations, where structures are being developed, the deformation
can be large, resulting in a non-linear response from the material. Large amplitude oscillatory shear (LAOS) allows
measurement of this non-linear viscoelastic behavior. In this work, LAOS rheology was evaluated as a means to char-
acterize the non-linearmechanical response of anisotropic soft foodmaterials during processing. Pizza cheesewas used
as amodel system, due to itswell knowmacroscopic anisotropy of the proteinfibers, as a result of the cheese stretching
process. A newly developed software was created based on data visualization theory to better highlight non-linear
dynamics between samples.
This presentation will demonstrate how novel features of the visualization software can enhance the understanding of
non-linear rheological data, providing better tools to compare sample responses and how to link these responses to
structural differences.
Video to this article can be found online at https://doi.org/10.1016/
j.sctalk.2023.100283.
28 April 2023; Accepted 27 November 2023

er Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.sctalk.2023.100283
https://doi.org/10.1016/j.sctalk.2023.100283
http://dx.doi.org/10.1016/j.sctalk.2023.100283
mailto:jfd@food.au.dk
http://dx.doi.org/10.1016/j.sctalk.2023.100283
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.es/sctalk


J.F. Dahl et al. Science Talks 9 (2024) 100283
Figures and tables
Fig. 1. Schematic illustration of the strain sweep test at afixed frequency. This sweep test can be used for determining the linear andnonlinear viscoelastic region. In the linear
region, the oscillatory shear test is called SAOS (small amplitude oscillatory shear), and the application of LAOS (large amplitude oscillatory shear) results in a nonlinear ma-
terial response. Illustration and text borrowed from [1].

2



Fig. 2. The three-dimensional space of Lissajous curves of a viscoelastic material, and the two-dimensional projections from either the elastic (strain vs. stress) or viscous
(strain rate vs. stress) perspective.

Fig. 3. Lissajous curves from the elastic perspective at different strain amplitudes ranging from 0.1 to 100%.
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Fig. 5. 2D Layover plot of Lissajous curves for pizza cheese during processing and storage at 1% (a) and 100% (b) strain amplitude. Cheese samples taken in the longitudinal
direction to protein stretches. Sample key: L1= (dark blue), L2= during processing (purple), L3= Final cheese (green), L4= final cheese stored 1week (brown) and L5=
final cheese stored 2 weeks (light blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Pipkin diagram of normalized Lissajous curves of pizza cheese samples during the processing and storage at 0.1–100% strain amplitude. Sample taken in longitudinal
direction to protein fibers. L1= curd, L2=during processing, L3=final cheese, L4=final cheese stored 1week and L5=final cheese stored 2weeks. Values formaximum
stress, stiffening ratio and thickening ratio indicated above individual graphs.
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Fig. 7. Pipkin diagram of normalized fingerprint Lissajous curves of pizza cheese sample stored one week, strain amplitude raining 1–1000% and temperature 20–40 °C.

Fig. 6. Stiffening index of thefive cheese samples: Sample key: L1= (dark blue), L2=during processing (purple), L3=Final cheese (green), L4=final cheese stored 1week
(brown) and L5= final cheese stored 2 weeks (light blue). Corresponding confocal images of sample L2 and L3 where protein and fat regions are colored in green and red,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Peak force derived from hardness experiment in double compression test performed by Texture Profile Analysis (TPA). The large deformation is performed in both
longitudinal (blue) and transverse (purple) to protein fibers in the cheese. Responses of the five samples taken during production and storage of the pizza cheese. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Similarity Networkmap showingmechanical responses of a final cheese sample analyzed at the day of production at 5–80 °C (symbols) and 100–1000% (colors) strain
amplitude. Red dots correspond to a reference point of a purely elasticmaterial. (For interpretation of the references to colour in thisfigure legend, the reader is referred to the
web version of this article.)
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Fig. 11. Illustration of cheese sampling and testing directions for texture profile analysis (TPA) and oscillatory rheology.

Fig. 10.Area layover plots of Lissajous curve responses for the large deformation performed at 100% strain amplitude by LAOS rheology in both longitudinal (blue) and trans-
verse (purple) to protein fibers in the cheese. Responses of the four samples taken during production, from where anisotropy is introduced, and through storage of the pizza
cheese.
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