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As life expectancy increases so do age related problems such as swallowing disorders, dysphagia, which affects 10%–30% of people over 65 years old. For dysphagia patients the texture and rheological properties of the food, and the bolus, is critical to avoid choking and pneumonia. Texture modified foods, timbals, are often served to these patients due to their ease of swallowing. The main concern with these foods is that they do not look visually alike the food they replace, which can decrease the patient’s appetite and lead to reduced food intake and frailty. This study aims to improve both the visual appearance of texturized food as well as the energy density and fiber content of the timbal formulation. 3D scanning and additive manufacturing (3D Printing) were used to produce meals more reminiscent of original food items, increasing their visual appeal. Rheology was used to ensure the original flow profile was maintained as the timbal was reformulated by reducing starch contents and partially replacing with dietary fibers. The amount of starch was reduced from 8.7 wt% in the original formulation to 3.5 wt% and partially replaced with 3 wt% citrus fiber, while maintaining properties suitable for both swallowing and 3D printing. The resulting formulation has improved nutritional properties, while remaining suitable for constructing visually appealing meals, as demonstrated by 3Dprinting a chicken drumstick from a model generated with 3D scanning.
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INTRODUCTION
The number of people aged above 60 years old is predicted to double by 2050 and triple by 2100 whilst the population above 80 years of age is projected to triple by 2050 and increase more than sevenfold by 2100 (United Nations, 2015). To prevent age related problems such as frailty and achieve a good quality of life at high ages, preventing malnutrition is crucial. However swallowing disorders, known as dysphagia, is a common problem affecting 10%–30% of the population above 65 years old (Barczi et al., 2000). Dysphagia can also affect younger patients, often after intensive care treatments (Zuercher et al., 2019). There is no cure for dysphagia, but it is managed by modifying food texture to reduce the need of chewing, easy forming of a cohesive bolus and prevent it from entering the airways (Waqas et al., 2017; Qazi et al., 2019; Raheem et al., 2021; Stading, 2021). Depending on the severity of dysphagia different textures are needed (Wendin et al., 2010; Stading, 2021). The focus in this study was timbales which are moist, smooth, and short in texture, similar to an omelet. Timbals are commonly given to dysphagia patients when they first show signs of dysphagia, in care facilities as well as in home-care. They are also commercially available in frozen form and are prepared from pureed food reformulated with starch and egg. Even if there is an increased knowledge regarding dysphagia, and there are existing products on the market dysphagia is often associated with a decrease in appetite which results in risk of malnutrition and frailty (Raheem et al., 2021). The visual appeal, often associated with the recognition of traditional meals, as well as flavor of the texturized foods have been found to be important (Okkels et al., 2018). It is also hypothesized that texture-modified foods which resembles the original meals could encourage eating together and thereby breaking social isolation adding to an improved quality of life. To allow the patient to recognize what they are eating and thereby encourage food intake, shaping of the timbales to resemble the original food items has been suggested. Another aspect is to formulate the timbales to be as energy dense as possible due to the low amounts commonly eaten by the patients (Goldman et al., 2014). Many thickeners have been explored for texturized dysphagia foods such as microcrystalline cellulose and hydrocolloids (Raheem et al., 2021). The dietary fiber intake in the population above 50 years in the United States is below the recommended daily value, and an even lower intake has been found in adults above 60 years old with impaired cognitive functions (Prokopidis et al., 2022). Dietary fibers are associated with reduction in cardiovascular disease and an important constituent for a healthy diet to prevent constipation (Brownlee, 2011; Raheem et al., 2021; Prokopidis et al., 2022). A dietary fiber which has been increasingly used is micro fibrillated cellulose commercially available as e.g., citrus fibers, which is a side stream from the juice industry and consist of both insoluble and soluble fibers (Lundberg et al., 2014; Korus et al., 2020; Bruno et al., 2021; Huang et al., 2021). It forms a swollen network in water; however, the behavior depends on the fiber size and pectin content (Korus et al., 2020; Bruno et al., 2021; Huang et al., 2021; Qi et al., 2021; Putri et al., 2022).
Additive manufacturing, commonly known as 3D-printing offers a unique possibility to automate production of visually appealing and naturally looking texture-modified foods, as well as to personalize the food for an individual patient’s needs. It allows for quick variation in the presentation of the food design for increased palatability (Wegrzyn et al., 2012; Liu et al., 2017; Dick et al., 2021a; Dick et al., 2021b; Xing et al., 2022). 3D-printing is a prototyping technique which has become more mainstream within many sectors in recent years. The technological development has led to an increased interest also within the food sector to prepare specialty foods or make use of side streams (Holland et al., 2018; Dick et al., 2019; Derossi et al., 2020; García-Segovia et al., 2020; He et al., 2020; Chen et al., 2022b; Xing et al., 2022). The 3D printing technology is based on a bottom-up approach where a product is produced in a layer-by-layer fashion based on a computer aided design file (CAD) instead of using e.g., a mold. The description of the 3D shape which is 3D-printed is called a CAD file. It can be prepared in a range of ways, one way being simple shapes such as the cube or more refined pre-prepared shapes used herein in the internal software of the printer. Another method more commonly utilized within medicine, and now starting to appear within food 3D printing is 3D light scanning (Goyanes et al., 2016; Kim et al., 2017). 3D scanning allows for a digital rendition of an object; the resulting mesh can be used 3D printer for more natural looking products.
The most applied method is direct extrusion of a paste from a syringe onto a build plate (Sun et al., 2015). In direct extrusion-based 3D printing the formulation of the paste from a rheological perspective becomes of uttermost importance. The paste needs to be shear thinning to allow for flow through a narrow syringe with a high enough yield stress to allow for the printed structure to hold itself up on the build plate. On the same time, the paste needs to match previous formulations that have been found suitable for dysphagia patients when it comes to rheological properties as well as nutritional (Wegrzyn et al., 2012; Liu et al., 2017; García-Segovia et al., 2020; He et al., 2020; Dick et al., 2021b; In et al., 2021; Jeon et al., 2021; Chen et al., 2022a). Printability of different pastes, and what is commonly known as the printability window, is most often assessed through rheological characterization of the viscoelastic and flow behavior coupled with image analysis. To understand the effect of parameter changes onto a printed item a standard such as a cube is often used (Liu et al., 2019). Work has also been done to theoretically correlate parameters with the rheological behavior. However, it is a function of machine parameters such as the nozzle size and the exact formulation which needs to be considered for the “printability window” (Liu et al., 2019).
The aim of the present study was to adapt the timbal composition to reduce the amount of starch and partially replace it with citrus fiber to increase the fiber content. Rheological characterization has been utilized to match the flow properties with the original timbals and the printability of the different formulations has been assessed. The formulation which was found to match the rheological properties to that of the original timbal recipe was then printed into a shrimp to assess the printability. Herein 3D scanning has been done of food items, such as a chicken drumstick. As a proof of concept, the 3D scanned chicken drumstick has been printed with a commercial food 3D printer, Foodini.
MATERIALS AND METHODS
Timbal formulations were prepared based on a modified version of the original recipe “Grundrecept grönsakstimbal med omelett-och timbalbas” from the cookbook “Mätt rätt och slätt” published by Findus Sverige AB (Findus Sweden and Findus Special Foods, 1999). The formulations were modified, and the starch replaced with citrus fibers to a varying degree according to Table 1. The timbals were prepared by mixing powders of egg white, yolk and starch kindly provided by Findus Sverige AB (Malmö, Sweden) together with salt and/or citrus fiber. The citrus fiber, Herba Cusine MultiTextur (Herbafood Ingredients GmbH, Werder, Germany) containing 85% fiber and 15% pectin was purchased from Åsö AB (Åtvidaberg, Sweden). The dry mixture was whisked into tomato puree containing 93% water together with rape seed oil. The formulations were stirred until the mixture was completely smooth, thereafter stored at 4 °C overnight. The timbal formulations were filled in stainless steel capsules with 1.5 mm nozzles and printed at room temperature into a cube (40x40x40 mm) using a Foodini printer (Natural Machines, Barcelona, Spain). The printer settings were kept the same for all formulations, see Table 2. The printed timbal cubes and other 3D printed samples were baked in a commercial steam oven (Convotherm-Elektrogeräte GmbH, Eglfing, Germany) at 120°C and full steam for 15 min. The timbale cubes were photographed before and after baking using a Dino-light (Dino-light Europe, Almare, Netherlands), Table 3. Its internal software was used to measure the dimensions of the cube.
TABLE 1 | Recipes of the formulations.
[image: Table 1]TABLE 2 | Comparison of parameters in the flow sweep.
[image: Table 2]TABLE 3 | Yield stress as measured by the oscillation stress (kPa) at cross-over point of storage and loss modulus in the amplitude sweep.
[image: Table 3]3D scanning was preformed using GOM Atos Triple Scan II (Zeiss, Germany) with camera pixels of 2 × 8,000,000 at the working distance of 830 mm. The measuring area was 320 × 240 × 240 mm with a point spacing of .104 mm. The GOM Inspect Pro 2021 (Zeiss, Germany) was used for the 3D scanning and initial mesh edits. An STL file was exported and further processed using Fusion 360 and Meshmixer (Autodesk, San Rafael, United States) before printing.
The rheological properties of the different formulations were characterized using a HR30 (TA Instruments, Newcastle, United States) equipped with parallel x-hatched plates 20 mm in diameter and a gap of 1 mm with a water-controlled Peltier plate. The tests were carried out at 20°C in triplicates for each measurement type and sample. Flow curves were obtained at shear rates of .1–100 s−1 with 5 points per decade using steady state sensing with a max equilibrium time of 10 s and sample period of 5 s. The viscoelastic properties were characterized using amplitude sweeps and mechanical spectra. The stress sweeps were performed at 1 Hz with an applied stress between 1 and 10,000 Pa, the yield stress was defined as the cross over modulus with respect to the applied oscillation stress. The mechanical spectra were carried out with an applied stress of 5 Pa (found to be within the linear viscoelastic limit for all samples) for frequencies between 0.1 and 30 Hz with 10 points per decade. To conduct parameter fitting of the flow properties TRIOS software version 5.4.0.300 was utilized and the Herschel-Bulkley model was fitted to the flow curve
[image: image]
where σ is the shear stress, γ ˙shear rate, K is a consistency index and n is a shear thinning index. Note that K and n are like the corresponding parameters in the Power Law model, but not exactly equal. Microstructure of the citrus fiber was determined for 10% solutions which were smeared onto a microscope slide with a cover slip placed on top. The samples were analyzed using a light microscope (LM), BX53F2 from Olympus (Tokyo, Japan) equipped with a CMOS camera, CAM-SC50 using a 4x, 10x, and 20x objective in brightfield and with crossed polarizers.
RESULTS
To increase the fiber content but retain the energy density and rheological properties, starch in the original recipe was replaced in parts with citrus fibers. The rheological behavior and printability were examined with respect to included wt% of citrus fiber to the original formulation. First, the microstructure of the citrus fiber was characterized at 10 wt% using light microscopy (LM), see Figure 1. The bright field micrographs Figure 1(1a–c) shows that the citrus fibers are well dispersed in the water solution. They had swollen to form a network structure, but individual fibers were still visible. Figure 1(1a–c) show a varying fiber length from more than 200 µm down to below 10 µm. In Figure 1(2a-c) the crystallinity of the same sample visualized using cross-polarized light, and the citrus fibers are clearly mainly crystalline. In comparison between the brightfield and the polarized micrographs it is shown that the citrus fiber material also contain some amorphous segments and pectin. The citrus fibers were intended to increase the viscosity and yield stress of the formulation to replace the gelatinized starch, providing shape stability to the printed structures.
[image: Figure 1]FIGURE 1 | Light microscope micrographs of citrus fiber 10 wt% mixed with water using bright field, 1a–c, and polarized light 2a–c. The scale bars are for a 200 μm, b 50 µm c 10 µm.
Citrus fibers were added in increased concentration from 1.5–9 wt% as described in Table 1. The rheological properties of the different formulations were characterized with respect to their flow and viscoelastic properties, see Figures 2, 3. The substitution of starch with 1.5 wt% citrus fiber reduced viscosity and stress response. Increased amounts of citrus fibers increased the viscosity and flow curve further but did not greatly alter the shear thinning behavior, displayed non-significant difference in the shear thinning index (n), Table 2. The viscosity of the original formulation was found to lay somewhere between that of the modified formulations with 3–6 wt% added citrus fibers. A comparison of the yield stress, gained from a Herschel-Bulkley fit to the flow curve, showed that the yield stress of the original formulation was found to lay between that of the modified formulations with 3–6 wt% added citrus fibers. The flow curve at 9 wt% showed wall-slip and stable measurements were not feasible above 1 s−1, these results were removed from the graph and excluded from the analysis. Additional assessment of the viscoelastic properties of the formulations, Figures 3A–C with mechanical spectra and stress sweeps showed that the storage modulus and Tan δ of the original formulation was found to lay between that of 3–6 wt% added fiber. By assessing the yield stress from the stress sweep, as the crossover between the storage and loss moduli with respect to oscillation stress, Table 3, the value of the original formulation was closest to that of the 6 wt% citrus fiber. In the stress sweep, Figure 3C, the storage modulus within the linear viscoelastic region matched between the original formulation and 3 wt% of citrus fiber, but that the 3 wt% could not withstand the same deformation. The 6 wt% citrus fiber had similar yield stress, but the storage modulus and viscosity were higher.
[image: Figure 2]FIGURE 2 | Flow curves of the different formulations (A) viscosity (Pa.s) vs. shear rate (1/s) and (B) Stress (kPa) vs. shear rate (1/s).
[image: Figure 3]FIGURE 3 | Characterization of the viscoelastic properties with regards to the different formulations (A) storage modulus (kPa) vs. angular frequency (B) tan δ vs. angular frequency (C) storage modulus (kPa) vs. strain (%).
The rheological assessment of both the flow and viscoelastic properties showed that it was not possible to entire mimic the behavior of the timbal original formulation only through the removal of starch and addition of citrus fiber. An additional formulation using 3 wt% citrus fiber and 3.5 wt% starch was therefore evaluated, Table 1. The rheological behavior was found to be more alike that of the original formulation, Figures 2, 3. Herschel-Bulkley fit showed close similarity of 3 wt% citrus fiber and 3.5 wt% starch to the original formulation both with a yield stress near 0.27 kPa, Table 2. The shear thinning index were near 0.4 indicating a shear thinning behavior of the pastes, did not significantly differ between the considered formulations, Table 2. The yield stress from the mechanical spectra, defined as the crossover modulus in the stress sweep showed a slightly higher value of the original formulation with 8.7 wt% starch than that of 3 wt% citrus fiber and 3.5 wt% starch, Table 3.
To assess the effect of the formulation onto the printing parameters, these were optimized to be suitable for the original formulation, Printing parameters were optimized for the original formulation, Supplementary Table S1, it was applied to cubes printed in 40 × 40 × 40xmm cube, Figure 4. The printing was used as a validation to assess if our rheological characterization could be used to predict printability. The cubes were photographed before and after printing and the visual representation of the effect of yield behavior is shown in Figure 4. The formulation with 3 wt% citrus fiber had a too low yield stress, spread out during baking whereas the formulation with higher yield stress such as the 6 wt% retained its shape during baking. Both the original formulation, 6 wt%, and 3 wt% with 3.5 wt% starch formulations were similar or have shrunk slightly after baking.
[image: Figure 4]FIGURE 4 | 3D-printed cubes using the original and five modified formulations before and after baking, the white scale bar to the left in each image correspond to 5 mm. A comparison of the area in respect to after baking was conducted and is shown in the bottom row.
To evaluate the printability in a more complex geometry, the formulation with 3 wt% citrus fiber and 3.5 wt% starch was printed in a shape of a shrimp, Figure 5. For the shrimp the parameters were adjusted to retain a higher resolution of the print with a decreased flow speed but increased printing speed, Supplementary Table S1. The geometry is clearly printed with high control of the deposition during printing of the antenna and shell, and it was found to be shape stable also after baking. Additionally, as a proof of concept, a simplified version of the 3D scanned chicken drumstick was printed, Figure 6, using the printing parameters of the standard cubes.
[image: Figure 5]FIGURE 5 | 3D printed Shrimp of the forumulation with 3 wt% citrus fiber and 3.5 wt% starch shown before (left) and after (right) baking. The shrimp design was selected from the internal libray of the Foodini and printed with the ingrient mousse-cream and is approximatly 5 cm in length.
[image: Figure 6]FIGURE 6 | The CAD file of a 3D scanned chicken drumstick 1) before baking 2) and after baking 3). The dimension of the 3D printed drumstick was 4 cm × 10 cm.
DISCUSSION
The rheological properties, Figures 2, 3, showed that citrus fibers cannot totally replace starch in a timbal formulation because of the high quantity needed to achieve the desired yield stress. However, starch content could be reduced from 8.7 wt% to 3.5 wt% through the inclusion of 3 wt% citrus fiber to give a similar rheological behavior to the original formulation. Fibers have well-known health benefits when incorporated in a varied diet (Korus et al., 2020; Raheem et al., 2021; Prokopidis et al., 2022). In the case where an ordinary diet is mainly replaced with modified-texture food it is an even more important consideration, as low intake of fiber and little physical activity are risk factors that can result in problems related to for example digestion (Yurtdaş et al., 2020). The addition of the fiber needs to be made with the rheological properties in mind for the ease of chew and swallow to not risk the patient’s health.
To increase the appetite of texture modified foods for dysphagia 3D printing has been suggested to increase attractiveness and produce more realistic looking foods by many authors (Dick et al., 2019; Dick et al., 2021a; Dick et al., 2021b; Theocharidou et al., 2022; Xing et al., 2022). The addition of fibers to food intended for dysphagia has not yet been conducted but is a nessary next step. Before patient trials are conducted, exhaustive testing is required to optimize the formulation. In 3D printing of foods through direct extrusion a directive value for the yield stress of .3 kPa has previously been found suitable to retain the geometry of the construct (Liu et al., 2017). The original formulation had a measured mean yield stress of 0.27 kPa, Table 2, thus near the suggested value for printability. The formulation with 3 wt% of citrus fiber and 3.5 wt% starch had a mean yield stress value of 0.25 kPa, Table 2, but was still able to retain its shape Figure 4. The viscosity and shear thinning index was also in a close range between the original formulation and that of the 3 wt% of citrus fiber with 3.5 wt% starch, Figure 2; Table 2. The inclusion of the citrus fiber however led to a slightly increased storage modulus in comparison to the original formulation, Figure 2. The formulations with 1.5 and 3 wt% citrus fiber added but without starch had mean yield stress values of .09 and .16 kPa, Table 2. From the visual analysis of the printed cubes, Figure 4, it was seen that the samples with 1.5 and 3 wt% citrus fiber could not hold its shape after printing and that a mean yield stress value of 0.16 kPa was below the limit to retain the shape at the build plate. The formulation with 6 wt% citrus fiber had a mean yield stress value of 0.83 kPa, Table 2, nearly three times the original formulation. From the printed cubes, Figure 4, it was seen that the formulation with 6 wt% resulted in more details and a neatly printed cube. Further tests are needed of the mechanical properties of the baked timbals to see if there is a reinforcing effect of the citrus fiber. In addition, sensory tests are needed to evaluate how the increased elasticity of the formulation affects the perception of the timbals.
3D scanning and 3D printing were used to show a future view of how dysphagia food can be prepared allowing for personalization, Figure 6. 3D printing and 3D scanning have during a long time been of high interest within the medical industry, both for drug formulation and tissue engineering (Melchels et al., 2011; Goyanes et al., 2016). As the technology develops and the personalization of food comes closer to that of medicine it is natural that 3D printing of food becomes incorporated to some extent within the specialty food sector, which could be both regarding shape, texture, or nutritional content (Severini and Derossi, 2016; Liu et al., 2017; Ueland et al., 2020). Herein as a proof of concept a 3D scanned chicken drumstick and the resulting CAD file is shown together with the 3D printed result, Figure 6. It can be seen in Figure 6 that the 3D printed timbal version was highly simplified, this was partially due to the rheological behavior of the formulation so that all details could not be fully retained but mainly to reduce printing time. The printing time was limited to 15 min. The present results highlight the importance of rheological measurements of both flow properties and viscoelasticity for the formulation for 3D-printed foods. The importance of rheological assessment of the texture-modified food has previously been showed by others (Wendin et al., 2010; Waqas et al., 2017; Raheem et al., 2021; Stading, 2021; Theocharidou et al., 2022; Xing et al., 2022), but not for 3D printed timbales.
CONCLUSION
The study shows proof of concept of how to use 3D printing to create a visually attractive, yet texture-modified meal based on reconstituted pureed foods, called timbales. 3D scanning was used to create a proof-of-concept chicken drumstick from a timbal formula with increased fiber content. The original timbale formulation was altered through the reduction of starch from 8.7 wt% to 3.5 wt% by the addition of 3 wt% citrus fiber. The rheological profile was retained by balancing the reduction of starch with citrus fiber. The rheological profile was assessed both through oscillatory measurements and flow sweeps. In the flow sweeps the stress response was fitted with the Herschel- Bulkley model. The shear thinning index and yield stress were the two values compared between the original and altered formulations. The values for yield stress were of the original and altered timbale formulation were found to be slightly below the value found in literature, 0.3 kPa, desired for food printing. The formulation with 3.5 wt% starch and 3 wt% citrus fiber had a mean yield stress of 0.25 kPa but was still able to retain the printed test cube, shrimp and chicken drumstick after printed. The timbal formulation with only added 1.5 wt% or 3 wt% citrus fiber and no starch were not able to hold their shape after cubes had been printed. The starch could not be entirely removed but the reduction in wt% of starch allowed for a more energy dense formulation to be made.
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