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Abstract


Different statistical approaches were used to analyze the rheological properties of a rice-protein-based product before and after printing. The printing ink was composed of 30% rice protein and 70% water, with the addition of 0.5% xanthan gum. Printing parameters: The layer height (1 and 1.5 mm), printing speed (50 and 35 mm/s), and nozzle diameter (1.2 and 1.7 mm) were evaluated. Rheological properties were determined before and after printing using an oscillatory test from 0.1 to 10 Hz at 1 Pa. The decomposition of the curves into principal components helped us better understand the variations of the rheological properties along the frequency, differentiating the samples before and after printing.
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1. Introduction


Rheological properties are fundamental during the food 3D printing process, providing critical information about the material behavior throughout the printing stages [1,2]. In this regard, small amplitude oscillatory testing has been widely used to understand the rheological behavior of materials before and after printing. This method involves subjecting the material to a stress or frequency that varies harmonically with time [3]. From this analysis, it is possible to obtain the storage modulus (G′), loss modulus (G″), and complex viscosity (η*). The G′ is proportional to the number of permanent interactions and the strength of the interactions in the sample; thus, it can be considered a measure of the sample structure [4]. On the other hand, the G″ is the stress factor 90 degrees out of phase with the shear deformation and measures the flow properties of the sample [4].



The analysis of this information is generally performed descriptively based on the values of the G′ and G″ curves. Values at specific frequencies, such as 1 Hz and 10 Hz, have also been analyzed when comparing samples [5,6,7,8] because it provides timely information on the rheological behavior of printing inks. However, this analysis may be somewhat biased in finding differences between very similar samples or the effect of the printing process on the inks before and after printing, as it does not consider the total variability of the information provided by the rheology curve.



One option would be to observe the effect of each frequency range on the rheological values, i.e., to observe each point on the curve and compare it between samples. Multivariate principal component analysis (PCA) could provide this possibility by considering each rheological curve as a data vector, creating a data matrix where each row represents a rheological curve and each column a point on that curve. By performing PCA, linear combinations of these frequencies could be found to explain the patterns of variability in the rheological parameters. On the other hand, it is also possible to consider each curve as a continuous function and then analyze it using a PCA, i.e., with a functional approach. In this case, the continuous functions (the rheological curves) are decomposed into principal components that could extend the knowledge of the patterns of variability in the rheological properties along the frequency. Under this hypothesis and to better understand the information obtained from rheological curves of printing inks, this work applied different statistical approaches to analyze the rheological properties of rice protein (G′, G″ and η*) before and after printing.




2. Materials and Methods


2.1. Experimental Design


A completely randomized design (CRD) was performed to evaluate the effect of the rice protein printing process on rheological parameters. Two printing conditions were assessed by varying printing speed, layer height, and nozzle diameter, each in triplicate, defined as T1 (printing speed = 35 mm/s, layer height = 1.5 mm, nozzle diameter = 1.7 mm) and T2 (printing speed = 50 mm/s, layer height = 1 mm, nozzle diameter = 1.2 mm) (Figure 1).




2.2. Protein Ink Preparation


A food ink was prepared using 30% rice protein (Rice I850XF from Roquette Freres, Lestrem, France), 70% water, and 0.5% xanthan gum (Sosa Ingredients S.L, Barcelona, Spain). First, the water was heated to 30 °C using magnetic heating (VWR VMS-C7, Germany), and the xanthan gum was dissolved by stirring. Then, this solution was combined with rice protein, and the mixture’s temperature was adjusted to 25 °C before printing.




2.3. Rheological Analysis


A HAAKE RheoStress 1 rheometer (Thermo, Waltham, MA, USA) with parallel rough plates 60 mm in diameter and 1.0 mm gap was used to perform oscillatory tests on the protein ink before and after printing. The oscillatory test was performed in triplicate at a constant shear stress of 1 Pa and a frequency range of 0.1 to 10 Hz at 25 °C. Storage modulus (G′), loss modulus (G″), and complex viscosity (η*) were obtained via this analysis.




2.4. Statical Analysis


The data were analyzed using a univariate, multivariate, and functional approach to understand better the effect of printing on the rheological parameters of storage modulus G′), loss modulus (G″), and complex viscosity (η*). In the univariate process, rheological data obtained at 1 Hz and 10 Hz were considered and analyzed using a simple ANOVA with a confidence level of 95% (p < 0.05). For the multivariate approach, each frequency from 0.1–10 Hz was considered an independent variable, and a principal component analysis (PCA) was performed. Before analysis, the data matrix was centered and scaled so all variables had standard deviations equal to one and mean equal to zero. In the functional analysis, each rheological curve was considered a continuous function rather than a series of discrete points, and functional principal component analysis (FPCA) was performed. A P-spline approximation of the sample curves was proposed. The degree of smoothness of a P-spline was controlled by the smoothing parameter λ, which measures the rate of a trade-off between the fit to the data and the variability of the function [9]. Statistical procedures were performed with the General Public License of the R Core Team software [10].





3. Results and Discussion


The protein samples’ G′ and G″ curves before and after printing increase with increasing frequency, while viscosity tends to decrease (Figure 2). Additionally, G′ of the printing inks was higher than G″ (G′ > G″) over the entire frequency range. This indicates that the samples exhibit pseudoplastic behavior, i.e., the solution viscosity decreases with increasing shear rate [4]. This behavior of the samples is suitable for extrusion 3D printing, as the material will be able to flow easily through the nozzle due to shear thinning that occurs when the applied stress exceeds the elastic limit [11]. In general, the curves of the samples in the G′ and η* evidence a very similar behavior before and after printing. However, it is noted that in G″, the samples before printing have a noticeable difference in their behavior concerning the samples after printing, indicating an effect on the rheological conditions by the printing process (Figure 2). Interestingly, at frequencies above 3 Hz, the loss modulus of the samples after printing increases compared to the samples before printing. This may indicate an inflection point as the deformation and relaxation cycle increases above 3 Hz, increasing the printed samples, which may be more compact, with less air in their structure due to the extrusion process.



When analyzing the rheological parameters at specific frequencies of 1 Hz and 10 Hz, it is observed that there are significant differences (p < 0.05) before and after printing at 1 Hz, while at 10 Hz, the differences disappear (Table 1). This may indicate that the behavior of rheological parameters is variable and dependent on the strain rate at which the data is being analyzed. Additionally, this showed that it is not entirely appropriate to establish differences in the rheological behavior of printing inks at a specific frequency. The above is because before and after printing, the rheological behavior changes depending on the strain rates at which the rheological behavior is being observed.



On the other hand, the visual analysis of the rheological curves helped intuit existing differences between samples; however, as shown in Figure 2, it is more difficult to observe such differences in parameters, such as complex viscosity (Figure 2c). Multivariate PCA was intended to reduce the complexity of the data by transforming the measurements at different frequencies into a smaller set of variables called latent variables or principal components. Using the first two components, it was possible to represent a variability more significant than 98% of the total original information in the three rheological parameters (Figure 3). Additionally, this analysis allowed inferring a clear difference in the rheological behavior of the samples before and after printing (Figure 3), given mainly by the variability of the information in the frequency range. In G′, G″, and η*, the samples before printing are grouped distantly from those after printing, distributed mainly along PC1 (Figure 3). Higher variability of the samples after printing is also observed, which may be due to the changes generated in the structure of the samples by pressure differences during the printing process [12], influencing rheological parameters.



In G′, the samples before printing were mainly affected by frequencies from 1 to 3 Hz (Figure 3d), presenting an inverse relationship with the G′ values at these frequencies. Additionally, 4–10 Hz frequencies were essential to separating some samples after printing, located on the negative part of PC2 (Figure 3a–d). On the other hand, G″ confirms what was previously commented in the behavior of the rheological curves; there is a notable influence of frequencies in the range 0–3 Hz in the samples before printing, allowing to separate the treatments before and after printing (Figure 3e). In the case of complex viscosity, this analysis will enable us to infer with greater certainty that the samples differ significantly before and after the printing process (Figure 3c). It is highlighted that for η*, frequencies in the 3–4 Hz range are essential to differentiate between samples (Figure 3f). Finally, from this analysis, it is possible to infer that there is an extrusion effect during the 3D printing of the food that affects the internal structures of the material, generating a change in the elastic and viscous behavior, being some specific frequencies the ones that offer crucial information to differentiate the samples before and after printing.



Otherwise, instead of considering each rheological curve as a series of isolated points in frequency, functional analysis treats them as continuous functions. This means that instead of having a finite set of points, there is a smooth and continuous description of how the rheological properties vary over the frequency range. The first two components of the FPCA explained 99% of the total variability of the original data (Figure 4). Additionally, a decrease in intra-group variability was observed, showing more homogeneous groupings along PC1 for the three rheological variables (Figure 4). This may be because FPCA allows patterns and trends in rheological curves to be identified more entirely than traditional principal component analysis since the functions’ smooth, continuous nature is considered. This is especially useful when rheological curves show subtle or complex variations across frequencies, as for η*or G′ (Figure 1 and Figure 4). The analysis corroborated the previously observed differences between samples before and after printing. It is also evident that the first frequencies (0–4 Hz) considerably affect the clustering of the samples (Figure 5a–c), distributed mainly along PC1.




4. Conclusions


This is the first time a multifactorial and functional analysis of rheological variables has been performed, proving very important for understanding the rheological changes of food inks during 3D printing. Multifactorial and functional analysis of the rheological curves of G′, G″, and η* showed that they can identify which frequencies significantly impact the variability observed in the rheological parameters before and after printing, as opposed to descriptive or univariate analysis. Reducing the data to a few latent variables helped to highlight underlying patterns, identify trends, and simplify the interpretation of data in the 0–10 Hz frequency range. Similarly, the decomposition of the curves as continuous functions into principal components using FPCA contributed to a better understanding of the variations and patterns in the rheological properties over frequency so that it can be used in conjunction with multivariate PCA. This was because through this analysis, the rheological curves are considered a continuous function, which helps diminish the effect of the high correlation of the variables.
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Figure 1. Rice protein printed with printing speed = 35 mm/s, layer height = 1.5 mm, nozzle diameter = 1.7 mm (a) and printing speed = 50 mm/s, layer height = 1 mm, nozzle diameter = 1.2 mm (b). 
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Figure 2. Rheological parameters curves for rice protein before (green line) and after printing (T1 = red line and T2 = blue line): (a) storage modulus [G′], (b) loss modulus [G″], and (c) complex viscosity [η*]. T1 (printing speed = 35 mm/s, layer height = 1.5 mm, nozzle diameter = 1.7 mm) and T2 (printing speed = 50 mm/s, layer height = 1 mm, nozzle diameter = 1.2 mm). 
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Figure 3. Multivariate analysis by PCA for (a) storage modulus [G′], (b) loss modulus [G″], and (c) complex viscosity [η], and loadings of each of the frequencies on the first two components in (d) storage modulus [G′], (e) loss modulus [G″], and (f) complex viscosity [η*], for before (red dots) and after printing (T1: blue dots and T2: green dots). T1 (printing speed = 35 mm/s, layer = 1.5 mm, nozzle diameter = 1.7 mm) and T2 (printing speed = 50 mm/s, layer = 1 mm, nozzle diameter = 1.2 mm). 






Figure 3. Multivariate analysis by PCA for (a) storage modulus [G′], (b) loss modulus [G″], and (c) complex viscosity [η], and loadings of each of the frequencies on the first two components in (d) storage modulus [G′], (e) loss modulus [G″], and (f) complex viscosity [η*], for before (red dots) and after printing (T1: blue dots and T2: green dots). T1 (printing speed = 35 mm/s, layer = 1.5 mm, nozzle diameter = 1.7 mm) and T2 (printing speed = 50 mm/s, layer = 1 mm, nozzle diameter = 1.2 mm).



[image: Blsf 26 00015 g003]







[image: Blsf 26 00015 g004] 





Figure 4. Functional analysis using PCAF of the curves for (a) storage modulus [G′], (b) loss modulus [G″], and (c) complex viscosity [η*], for before (red dots) and after printing (T1: blue dots and T2: green dots). T1 (printing speed = 35 mm/s, layer height = 1.5 mm, nozzle diameter = 1.7 mm) and T2 (printing speed = 50 mm/s, layer height = 1 mm, nozzle diameter = 1.2 mm). 
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Figure 5. Weight functions for PC1 and PC2, obtained from functional analysis for (a) storage modulus [G′], (b) loss modulus [G″], and (c) complex viscosity [η*]. 
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Table 1. Mean of the storage modulus (G′), loss modulus (G″), and complex viscosity (η*) of rice protein before and after printing at the frequencies of 1 Hz and 10 Hz.
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G′ [Pa]

	
G″ [Pa]

	
η* [Pa s]






	
Frequency to 1 Hz




	
Before

	
15,284.3 ± 193.6 a

	
4556.5 ± 54.3 a

	
2542.5 ± 44.2 a




	
T1

	
17,193.7 ± 357.1 b

	
3090.6 ± 139.8 b

	
2817 ± 50.8 ab




	
T2

	
16,832.7 ± 404.7 b

	
3317 ± 233.1 b

	
2735.6 ± 74.9 b




	
Frequency to 10 Hz




	
Before

	
28,400.4 ± 386.6 a

	
5447.7 ± 137.9 a

	
435.5 ± 15.4 a




	
T1

	
26,775.2 ± 602.9 a

	
8753.1 ± 555 b

	
441.4 ± 8.8 a




	
T2

	
27,059.8 ± 369 a

	
8317.1 ± 187.9 b

	
433.2 ± 12.9 a








Values are presented as mean ± standard error. Different lowercase letters in the same column indicate significant differences (p < 0.05) between treatments at 1 Hz and 10 Hz frequencies. T1 (printing speed = 35 mm/s, layer height = 1.5 mm, nozzle diameter = 1.7 mm) and T2 (printing speed = 50 mm/s, layer height = 1 mm, nozzle diameter = 1.2 mm).
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