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1. General Introduction 

 

1.1.  Introduction and Objective  

Three-dimensional (3D) food printing is an emerging technology which has the 

potential to create customized foods with targeted shapes, textures, and nutritional 

profiles through computer-aided design [1-3]. This technology is currently being studied 

for the development of high-functional foods in which the texture and taste can be freely 

adjusted to various requirements, such as easy-to-swallow foods for the elderly people. 

In addition, 3D food printing technology has recently been used in research for the 

development of meat analogs made from biopolymers, soybeans, and insects [4,5].  

Four techniques of 3D food printing are available extrusion-based printing, inkjet 

printing, stereolithography printing, and binder jetting [6]. Currently, extrusion-based 

printing and stereolithography printing are generally studied by many research groups.  

Stereolithography 3D food printing is a technology to create 3D food products by 

mixing vegetable and livestock powders and starches with water to prepare food ink, and 

then to heat the surface with laser irradiation to solidify the food inks through starch 

gelatinization. Then, this process is repeated to stack the solidified food ink layer by layer 

to make 3D printed foods [7,8]. This technology enables localized heating of food inks 
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with micron-order precision by laser irradiation, allowing for the manufacturing of 3D 

food products with complex shapes with formativeness, which is more advantageous over 

conventional extrusion 3D food printing. Several research have focused on the application 

of Stereolithography 3D food printing [7-13]. J. Bultinger et al. investigated in detail the 

differences in the heating behavior of wheat starch paste cooked with near-infrared (λ = 

980 nm), mid-infrared (λ = 10.6 μm), and blue (λ = 445 nm) lasers. They showed that the 

gelatinized area in the starch paste heated by a 445 nm laser became largest compared to 

the paste heated by other lasers, suggesting that laser heating with a 445 nm laser is an 

effective cooking method for wheat paste, moreover, a combination of these different 

wavelengths can more efficiently heat wheat paste [11-13]. Despite these pioneering 

works, at the present time, there are several challenges hindering the industrial application 

of this technology. For instance, the preparation of food inks is difficult due to the low 

water uptake of powders made from food ingredients and furthermore, K.Rados et al, 

indicated that food inks prepared from powders with lower water uptake capacity 

exhibited reduced printability of 3D printed food [9]. Therefore, the water uptake 

behavior of food powders, which is the fundamental basis of these issues, needs to be 

elucidated. Additionally, the gelatinization behavior of starch in food inks after laser 

heating, which is intrinsically related to the formativeness of 3D printed food as well as 
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its texture and sensory properties remains unclear and needs to be clarified. Therefore, 

the aim of this study is to elucidate the water uptake behavior of food powders and the 

gelatinization behavior of starch by localized heating using laser irradiation from the 

perspective of food physical properties to realize the industrial application of 

stereolithography 3D food printing.  
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2. Background and basis of measurement 

2.1. Starch gelatinization 

  Starch is a carbohydrate derived from plants and especially from crops in huge amounts. 

It includes amylose and amylopectin, which consists of α-1,4- and α-1,6-linked glucose 

units [1]. Starch granules are composed of amorphous and crystalline domains. The 

crystal structure is formed by the aggregation of amylopectin, which has a double helical 

structure, through hydrogen bonds [2]. There are three types of crystalline structure types 

in starch granules: type A, B, and C. The A-type, which is found in cereal starches, is 

characterized by monoclinic unit cells with 8 water molecules per unit cell and a greater 

proportion of short amylopectin chains. The B-type are found in tuber starches and consist 

of an open hexagonal unit cell with 36 water molecules and a greater proportion of long 

amylopectin chains. The C-type is a mixture of A- and B- types and is found in pulse 

starch [2].  

The processing of starch-based foods such as rice, noodles, and bread, involves the 

gelatinization of starch, which occurs when starch is heated above about 60°C in the 

presence of water [3]. During gelatinization, the amorphous regions in the starch granules 

hydrate and swell, whereas the crystalline regions gradually melt with the proceeding 

hydration [4,5]. These processes largely affect textural and nutritional properties of 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amylose
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amylopectin
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starch-based foods. On the other hand, the viscosity of the starch increases, and the 

destruction of the crystalline regions also imparts the starch higher sensitivity to 

enzymatic action, which improves its digestibility. For the stereolithography 3D food 

printing, the high viscosity of gelatinized starch is utilized to adhere each heated and 

solidified layers to form the designed food products [6]. Therefore, it is very important to 

study starch gelatinization for controlling quality of starch-based foods.  

Various tools have been utilized to study the process of starch gelatinization, including 

the polarized microscope, small angle X-ray scattering (SAXS), X-ray diffraction (XRD), 

differential scanning calorimetry (DSC), scanning electric microscope (SEM), and rapid 

viscos analyzer (RVA) [6]. In particular, polarized microscope is commonly used to 

investigate the starch gelatinization by observing the starch crystal [4]. Moreover, SEM 

is a basic imaging technique for morphological analysis of starch granules [4]. Therefore, 

in this study, gelatinization of starch was investigated using polarized microscopy and 

SEM. 

 

2.2. Magnetic Resonance Imaging (MRI) and T2 relaxation time 

  Magnetic Resonance Imaging (MRI) is a technique which visualizes the spatial 

distribution of signal intensity, relaxation time, diffusion coefficient, and chemical shift 

obtained by nuclear magnetic resonance (NMR). It is widely used especially for 
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diagnostic imaging. This technology has great potential for non-invasive evaluation of 

food products, and its application is expected to be developed further [7].  

Spin–spin relaxation time (T2) of water protons can provide information about water 

mobility [8]. T2 relaxation is used to measure the rate of relaxation in the transverse plane 

(x-y plane). It does exchange energy between spins, via a flip-flop type mechanism. The 

process causes a loss phase coherence between spins. T2 relaxation time indicates the time 

it takes for that coherence to recover to equilibrium. The Carr-Purcell-Meiboom-Gill 

(CPMG) pulse sequence is widely used for measuring T2 value, is given by 

𝐼(𝑡) = 𝐼0 exp [− (
𝑡

𝑇2
)] 

where 𝐼(𝑡) is the signal intensity at echo time (t) and 𝐼0 is initial signal intensity. T2 

relaxation time can be measured from the signal intensity indicated by T2 weighted 

images taken with several different echo times and visualized by MRI.  

There are several studies evaluating changes in water distribution during the noodle 

boiling process [9], salinity penetration process into fish meat [10], and the water 

absorption process of rice [11] from T2 measurements by MRI. Additionally, 

measurements of water proton T2 also provide information about starch-water interactions 

and the mobility of polysaccharide chains through chemical exchange between water 

protons and the exchangeable protons of polysaccharides [12]. Therefore, this method can 
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be used to visualize the spatial distribution of gelatinization state in the starch by MRI.  
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3. Water uptake by freeze-dried potato and soybean powders: 

experiments and simulations   
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Abbreviations 

𝑟0   capillary radius at the front of water uptake 

ΔPcap   capillary pressure 

θ    contact angle between water and powder 

ρ   density of water 

Seq   equilibrium value of S 

g    gravity acceleration 

𝑘    kinetic coefficient 

Δplos (i,j )   pressure loss by water flow at the hj 

ΔPlos   pressure loss of water 

𝜌p     powdered granule bulk density 

Rp    radius of powdered granule 

r       radius of the capillary 

γ    surface tension of water 

Δt       short time interval  

i         time interval index 

v i         velocity of the water flow during t = iΔt 

η     viscosity of the liquid      
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𝑡wet  wetting time 

𝐻p    water uptake height 

h   water uptake height in the capillary 

Wex   water uptake weight  

h∞    water uptake height at infinite time 

Wcal   water uptake weight calculated from water uptake height  

hj        water heigh increment during jth interval  

𝑆         
𝜂

𝑟2
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3.1. Introduction 

Powder technology is important to produce food powders that can be easily used in food 

products, such as tea, soup, and meat powders (Chen and Li 2009). Potato and soybean 

powders enjoy the greatest popularity and have been widely utilized in the food industry 

as beverage powders and in the production of health care products (Andrade et al. 2016; 

Petronia et al. 2012).  

Freeze drying a low temperature drying process that utilizing sublimation, is a widespread 

technology in the food industry for preventing thermal degradation of valuable food 

nutrients, such as vitamins and colorants, and for maintaining original flavors  (Karwacka 

et al. 2022; Lyu et al. 2022; Różyło 2020). The food powders obtained by freeze drying 

can uptake water rapidly to reproduce their original color and taste. For this reason, freeze 

drying is extensively utilized to produce food powders. Rapid water uptake, however, is 

not always desired (Wei et al. 2022). For instance, freeze-dried powders easily uptake 

moisture from the atmosphere during transport and storage (Mehra et al. 2022), not only 

causing observable changes in appearance and sensory attributes, but also leading to 

bacterial growth and powder aggregation (Fitzpatrick et al. 2017; Granados and Kawai 

2021).  

The water uptake process is initiated by wetting, hydration and swelling of the powders, 
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followed by powder dissolution, which is accompanied by an increase in viscosity. 

Capillary action experiments are widely used to evaluate the water uptake of food 

powders, such as polysaccharides (See et al. 2023; Wangler and Kohlus 2017, 2018; 

Wangler et al. 2019), milk proteins (McSweeney et al. 2021, Opaliński et al. 2016), wheat 

flour (Fu et al. 2017) and apple powder (Wei et al. 2022). Wangler and Kohlus (2017) 

adopted a mathematical model based on the Lucas–Washburn's equation to simulate the 

water uptake of food powders. According to their model, powder granules are represented 

as numerous capillaries that absorb water by capillary action. Wangler and Kohlus (2017) 

considered the change in capillary radius due to powder swelling and the change in 

solution viscosity following powder dissolution. This model was able to qualitatively 

simulate water uptake and evaluate the effects of powder swelling and viscosity changes. 

Fries and Dreyer (2008) proposed a mathematical model of the capillary rise of water that 

includes the effect of gravity. This model, however, does not consider the difference in 

powder swelling and viscosity due to variable water uptake rates between powders.  

In this study, we elucidated the water uptake behavior of freeze-dried potato and soybean 

powders through capillary action and magnetic imaging resonance (MRI) experiments, 

the latter being a non-invasive tool to study water distribution in food matrices (Hall et 

al. 1998; As and Duynhoven 2013). In addition, a numerical simulation based on a 
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modified version of Fries and Dreyer’s (2008) mathematical model was performed to 

clarify the effects of powder swelling and viscosity. 

3.2. Materials and methods 

3.2.1. Materials 

Potato powder was purchased from NICHIGA Co., Ltd., (Japan). Soybean powder 

was purchased from Mitake Food Mfg. Co., Ltd., (Japan). According to the suppliers, the 

potato powder is 80.8% carbohydrates, 7.8% protein, 1.2% fat and 0.22% sodium; while 

the soybean powder is 39.9% protein, 28.8% carbohydrates and 22.2% fat. These 

compositions are similar to those reported in other works (Osthoff et al., 2010; Petronia 

et al., 2012; Sablani and Mujumdar, 2006; Yang et al., 2022). 

The potato and soybean powders were dispersed at a concentration of 30% in 

deionized water at room temperature to obtain homogeneous powder pastes. The potato 

paste was molded with a thickness and width of 1 mm using a noodle-making machine 

(ATLAS 150, Italy) capable of forming the dough into various shapes. Molds were frozen 

at -30 °C for 12 h and then lyophilized at -75 °C for 24 h in a freeze dryer (GLD-136C, 

ULVAC, Japan). The soybean paste was filled into a sandwich-like iron plate with a 1 mm 

space and then was frozen at -30 °C for 12 h, after which the frozen soybean paste was 

cut to 1 mm thick slices and immediately freeze dried at -75 °C for 24 h. The lyophilized 
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potato and soybean pastes were grinding and filtered, respectively, to obtain granules of 

1–3 mm in size.  

3.2.2. Characterization of freeze-dried potato and soybean powder granules  

Moisture content of the freeze-dried potato and soybean powdered granules was 

measured as follows: The samples of powdered granules were each placed in a drying 

oven (DS400; YAMATO scientific Co., Ltd, Japan) at 105°C for 5 hours to dry, and the 

water content was determined from the ratio of the weights of the samples before and 

after drying. The moisture contents for both of potato and soybean powdered granules 

were approximately 1.1%. 

Particle size distribution was measured as follows: Forty samples of powdered 

granules were randomly selected and photographed with a camera. The area of the 

powdered granules was measured with Image J software (NIH, version 1.52), and the 

particle diameter was approximated as the diameter of a circle of the same surface area. 

The diameter of potato and soybean powdered granules ranged from 1.5 to 3 mm. 

The contact angle between the powder and deionized water was determined by the 

sessile drop method at 25°C (Lazghab et al., 2005). The potato and soybean powders were 

separately dispersed in deionized water at room temperature under continuous stirring to 

obtain a homogeneous (50%) paste. Paste (10 mL) was spread on an iron plate to obtain 
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a smooth sheet. The sheet was dried at room temperature (25℃) with a drying time of 48 

hours. The contact angle between the sheet and water was measured by dropping 50 µL 

of deionized water onto the sheet from 1 cm above the plate and the angle between water 

droplet and sheet was measured by protractor. The shape of the water droplet was 

recorded using a digital microscope (nano. capture PRO, SIGHTRON JAPAN, Japan). 

3.2.3. Water uptake experiments   

Water uptake by potato and soybean powdered granules was evaluated by capillary 

action experiments (Wangler and Kohlus 2017) carried out in an incubator at 25 °C using 

the setup shown in Fig. 1. The freeze-dried powdered granules were filled into a plastic 

tube of 1 cm diameter fitted with a tissue paper at the bottom. Water could be absorbed 

through the tissue paper. Water uptake weight (Wex) was measured with an electronic scale. 

The water uptake height was monitored with a digital microscope (nano. capture PRO, 

SIGHTRON JAPAN, Japan). The water uptake weight calculated from water uptake 

height (Wcal) can be expressed as follows: 

                                                               𝑊cal = 𝐻p𝜋𝑅p
2𝜌 − 𝐻p𝜋𝑅p

2𝜌p                                      

               = 𝜋𝑅𝑝
2𝐻𝑝(𝜌 − 𝜌p)             (1) 

where 𝐻p is the water uptake height within the powdered granule bulk, Rp is radius 

of the powdered granule bulk, 𝜌 is the density of water, 𝜌p the powdered granule bulk 
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density, determined experimentally as 229 kg/m3. Each experiment was repeated three 

times. 

 

Fig. 1. Schematic diagram of the experimental setup. 

 

3.2.4. MRI 

Water uptake by potato and soybean powdered granules was studied by MRI 

(AVANCE400WB, Bruker BioSpin Co. Ltd., Germany). Freeze-dried powdered granules 

which filled into a plastic tube of 1 cm diameter were placed in a plastic container with a 

3 cm diameter together with 5 mL of deionized water. The container was immediately 

placed in an MRI probe and studied using a FLASH sequence, which is a high-speed 

NMR imaging technique using flip angles well below 90°. Each MRI measurement was 

performed 10 times, with repetition time = 3.4 ms, echo time = 1.4 ms, number of pixels 

= 128 × 128, slice thickness = 1 mm, scan number = 4.   
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3.2.5. Simulation of water uptake 

Numerical simulations are expected to provide insights on the effects of powder 

swelling and solution viscosity on water uptake. Wangler and Kohlus (2017) performed 

a numerical simulation based on Washburn's model, where the solution viscosity was 

assumed to be homogeneous. In this model, the pores were assumed to be uniformly 

distributed in the powder and can be described by numerous capillaries. They found that 

the swelling of powder and the increase of solution viscosity reduced the rate of water 

uptake. Fries and Dreyer developed a mathematical model of the capillary rise of water 

in capillary that considered the effect of gravity (Fries and Dreyer 2008). The capillary 

pressure ΔPcap (N/m2) was expressed as the difference between the Laplace pressure and 

the pressure due to the weight of absorbed water: 

 

where γ(N/m2), θ(°) and 𝑟0  (mm) represent the surface tension of water, the 

contact angle between water and powder, and the radius of the capillary at the front of 

water uptake, respectively; ρ(kg/m3), g(m s2⁄ ) and h (m) represent the density of water, 

gravity acceleration, and the water height in the capillary, respectively.  

The pressure loss of water ΔPlos (N/m2) in the capillary due to laminar flow of water 

was expressed by the Hagen-Poiseuille’s equation, 

ΔPcap = 
2𝛾𝐶𝑜𝑠𝜃

𝑟0
 – ρgh                                                          (2) 
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                                                ΔPlos = 8ℎ
𝜂

𝑟2 𝑑ℎ

𝑑𝑡
                                                                     (3) 

where η( 𝑁 𝑚2. 𝑠⁄ ) is the viscosity and r (mm) is the radius of the capillary, which can be 

interpreted as the pore size in powder. When a steady state is reached, ΔPcap = ΔPlos, and 

eqs. (2)–(3) yield: 

                                              
𝑑ℎ

𝑑𝑡
 = 

𝜌𝑔

8h 
 
r2

η
(

2𝛾𝐶𝑜𝑠𝜃

𝑟0𝜌𝑔
 － h)                      (4) 

Eq. (4) can be solved with the initial condition of h = 0 at t=0, to give 

ℎ(𝑡) = ℎ∞(1 + 𝑊[−𝑒𝑥𝑝 (−1 −
𝜌𝑔

8ℎ∞

𝜂

𝑟2 𝑡)])                                         (5) 

where W is the Lambert W function, defined as an inverse function of 𝑓(𝑥) = 𝑥𝑒𝑥𝑝 [𝑥], 

and h∞ is the water uptake height at infinite time, equal to 2γCosθ/𝑟0ρg.  

In this study, numerical simulations based on a gravity-corrected Washburn-model 

(equation 5) were performed to study the effects of powdered granules swelling and 

viscosity changes using a lab made program by the Mathematica 12 (Wolfram, USA).  

3.3. Results and discussion 

3.3.1. Contact angle of potato and soybean powders 

Contact angle is an important parameter for evaluating the wettability of powders 

with water (Oostveen et al. 2015). The contact angles of potato and soybean powders with 

water were 30 and 40°, respectively, as shown in Fig. 2. This result indicates that both 

powders possess limited wettability. In addition, potato powder exhibited a lower contact 
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angle, indicating it was more hydrophilic and wettable than soybean powder, which 

contains more fat. 

 

Fig. 2. Contact angle between water and (A) potato or (B) soybean powder
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3.3.2. Water uptake experiments 

The water uptake behavior of powdered granules was investigated by measuring 

their water uptake weight (Wex) and the calculated weight (Wcal) from the experimental 

water uptake height followed by Eq. 1. Fig. 3 presents water uptake of freeze-dried 

potato and soybean powdered granules as a function of time. Red and blue lines indicate 

Wcal of potato and soybean powdered granules, respectively. Purple and green lines 

indicate Wex of potato and soybean powdered granules, respectively.  

For the potato powdered granules, Wcal rapidly increased in the initial 10 min, 

followed by a gradual and continuous increase. The driving force of water uptake is the 

constant capillary force in the porous internal structure of the powdered granules. As 

water is absorbed, the force due to gravity of water filling the porous structure increases, 

as reflected in Wcal. After 30 min, Wcal approached a plateau, with a water uptake weight 

of around 3.0 g.  

For the soybean powdered granules, on the other hand, Wcal rapidly increased in 

the initial 2 min, followed by a gradual and continuous increase. Wcal approached a 

plateau with a water uptake weight of around 1.1 g after 30 min. These results indicate 

the higher water uptake capability of the potato powdered granules. The higher uptake 

can be ascribed to the powder composition, which also affected the contact angle. We 

note that the experimental results of water uptake weight (Wex) of both granules showed 

the same behavior as the calculated water uptake weight (Wcal), respectively. However, 

Wcal was approximately 20% larger than Wex shown in Fig. 3, suggesting the formation 

of air bubbles in the powdered granules.  
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Fig. 3. Water uptake of freeze-dried potato and soybean powdered granules. Red and 

blue lines indicate values calculated from the water uptake height of potato and soybean 

powdered granules, respectively. Purple and green lines indicate experimental results 

of water uptake weight of potato and soybean powdered granules, respectively. Images 

were taken after 2 min of water uptake; (A) Potato and (B) soybean powders. 

Images of potato and soybean powdered granules after 2 min of water uptake are 

presented as insets in Fig. 3. At 2 min of water uptake, the potato powdered granules 

exhibited considerable swelling, keeping their original shape. In contrast, soybean 

powdered granules dispersed in water quickly and the water channels collapsed, which 

slowed down further absorption of water. These results demonstrate that the difference 

in the water uptake comes from the differences in swelling and dispersing in water. 

Although powdered granule dissolution was not observed directly in these experiments, 

it certainly increased the solution viscosity for both granules, thus slowing down water 

uptake (Wangler and Kohlus 2017). 

3.3.3. MRI measurements 

MRI a is useful tool for studying the water distribution in food (As and  
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Duynhoven 2013). MRI experiments were performed to elucidate the water uptake of 

potato and soybean powdered granules as a function of time. Fig. 4 presents MRI 

images of swelling granules. Brighter areas indicate higher water contents. In the 

following, t indicates time from the beginning of the experiment. At t = 1.7 s, a black 

area was observed for potato granules, corresponding to gaps between granules. Images 

taken t = 3.4 and 5.1 s showed that these black areas disappeared, indicating water 

uptake into these intergranular gaps. At longer times, the total water content increased, 

both within and between granules. Water content increased monotonously up to t = 20.4 

s, but gaps present at this stage remained the same up to t = 10 minutes. These gaps 

were probably attributed to air bubbles inside the powdered granule bulk. Formation of 

air bubbles can be expected, as the gaps between powdered granules are large and only 

weak capillary forces act within them. Formation of air bubbles can also account for 

Wcal being 20% larger than Wex. Soybean powdered granules were more easily dispersed 

than potato powdered granules, and thus filled in the gaps and showed fewer and 

smaller air bubbles.  
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Fig. 4. MRI images of freeze-dried (A) potato and (B) soybean powdered granules at 

different water absorption times. 
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3.3.4. Numerical simulations 

A numerical simulation that takes the viscosity changes into account was carried out 

to study their effects. According to our model, water uptake leads to changes in r and η 

as the granules swell and viscosity increases. It should be noted that the change of r and 

η can be expressed as S = η/r2 in the Hagen Poiseuille equation (Eq. 3). For considering 

the effect of time-dependent r and η, we used the following first order differential 

equation as a simple model, where we considered that the swelling and viscosity 

increase rate is proportional to the difference between S and the degree of S at the 

equilibrium (Seq). Then, the following equation holds: 

 

where, 𝑡𝑤𝑒𝑡  𝑘 , are the wetting time, and a kinetic coefficient, respectively. Under the 

condition of S = S0 at twet=0, Eq. (6) gives 

                               𝑆(twet)= 𝑆eq −(𝑆eq − 𝑆0)𝑒𝑥𝑝 [−𝑘 𝑡wet]                                                                (7) 

To account for changes in S following wetting, we carried out a recursive calculation of 

the water height based on Eq.(4), which becomes the following equation by using S (𝑡wet), 

ℎ(𝑡) = ℎ∞(1 + 𝑊[−𝑒𝑥𝑝 (−1 −
𝜌𝑔/𝑆

8ℎ∞
 𝑡)])                                                                (8)    

We considered a short time interval Δt where S is approximately constant. The total 

experiment time t is iΔt and the water height increment during the jth interval is hj. S 

𝑑𝑆

𝑑𝑡wet
 = 𝑘(𝑆eq − 𝑆)                                                                    (6)     
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during the first-time interval (S0) can be expressed using the initial values of r and η (r0 

and η0) as S0=η0/r02 to give the height of water uptake as: 

 ℎ1 = ℎ∞(1 + 𝑊[−exp (−1 −
𝜌𝑔/𝑆0

8ℎ∞
𝛥𝑡)])                                            (9) 

As shown in Fig. 5(A), S in the wet granule changes according to Eq.(7) as follows: 

S(𝑖, 𝑗) =𝑆eq −(𝑆eq − 𝑆0)exp [−𝑘(𝑡 − (𝑖 − 𝑗)𝛥𝑡)]              (10) 

Considering the change of S (i, j), Δplos becomes 

Δplos (𝑖, 𝑗) = 8ℎ𝑗𝑆(𝑖, 𝑗)𝑣i                                                  (11) 

where vi is the velocity of water flow at t = iΔt and is constant across the wet powdered 

granule sample. The total pressure loss is then: 

        𝛥𝑃𝑙𝑜𝑠 = ∑ 𝛥𝑝los(𝑖,𝑗)
𝑖−1
𝑗                                                  (12)  

which should be equal to ΔPcap in Eq. (2), yielding 

                                      𝑣(𝑡=𝑖𝛥𝑡) =
2𝛾𝐶𝑜𝑠𝜃 𝑟0⁄ –𝜌𝑔 ∑ ℎj

𝑖−1
𝑗

∑ 8𝑆(𝑖,𝑗)𝑖−1
𝑗 ℎj

                                                  (13) 

𝛥ℎi (the water height increment during Δt at t = iΔt) is calculated as follows (see Fig. 

5(B)) 

                              𝛥ℎi = 𝑣(𝑡=𝑖𝛥𝑡)𝛥𝑡                                                                                                     (14) 

The Total water uptake height, h(t) was calculated by recursively carrying out the 

calculation using equations Eqs. (10)–(14). 

Fig. 5(C) shows numerical simulation results. A value of k = 0 corresponds to 
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constant capillary radii and solution viscosities. The water uptake height increased 

quickly at the beginning and gradually approached a plateau. For k = 0.01 and 0.1, a quick 

initial increase is observed, which slows down due to changes in r and η, indicating that 

increasing capillary radii and viscosities both delay water uptake. This result agrees with 

the experimental results shown in Fig. 3. Our model could therefore capture the effects of 

viscosity and pore radii of swelling powdered granules on water uptake.  
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Fig. 5. Schematic illustration of the theoretical simulation. (A): Evolution of  viscosity 

and capillary radius; (B): modeling water uptake height; (C): simulation results with k = 

0 (●), k = 0.01 (〇)and k = 0.1 (◆). 

(A) 

(C) 

(B) 
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3.4. Conclusions 

The water uptake of freeze-dried granules of potato and soybean powders was 

studied by capillary action and MRI experiments. Due to their different compositions, the 

potato and soybean powdered granules exhibited different wettability and swelling 

properties. These differences gave rise to different water uptake capacities. The potato 

powder contained less oil than the soybean powder, and thus absorbed more water. On 

the other hand, the qualitative features of the water uptake process were similar for the 

two powdered granules, with a high initial water uptake rate that gradually decreased. The 

difference between Wcal and Wex suggested that presence of air bubbles affected water 

uptake. MRI measurements gave experimental evidence of air bubbles forming during 

water absorption. A numerical simulation model that accounts for powder swelling and 

solution viscosity was proposed. It was demonstrated that the increase in solution 

viscosity and pore size delayed caused the decrease in the rate of water uptake. The 

qualitative features captured by this simulation agree with the experimental results 

observed for the potato and soybean powdered granules. 
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4. Study on gelatinization of wheat starch paste by localized 

heating using laser irradiation and subsequent water migration 
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4.1. Introduction 

Laser cooking is an emerging technique with a potential application in the food industry 

because it enables the highly localized cooking in micron-order precision with a rapid heat 

increasing [1-4], which has an outstanding benefit in 3D food printing [5-7]. When the surface 

of starch food inks are heated by a laser irradiation, starches will gelatinizes and then solidify 

quickly, to make layer-by-layer stacks of 3D printed foods[8]. Therefore, it is important to 

understand the gelatinization behavior and the water distribution in the starch pastes under laser 

heating because these behaviors are intrinsically related to the formativeness of 3D printed 

food and also food texture, and sensory properties. Currently, there are several studies that have 

revealed the potential use of starch pastes for laser cooking technology. [8-10]. However, the 

understanding for gelatinization behavior of starch granules under laser cooking is still lacking 

in fundamental aspects, e.g., the change of water distribution in the starch paste during 

gelatinization by laser heating. In the present study, the gelatinization behavior of a wheat paste 

under the radiation of a laser was studied, and the subsequent change in water distribution in 

wheat paste was revealed using magnetic resonance imaging (MRI). This work is expected to 

provide valuable information on the effect of laser heating on starch food materials. 
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4.2. Material and Methods 

4.2.1 Sample preparation  

Wheat flour was purchased from Nisshin Seifun Welna Inc. (Japan) and stored in 

desiccator at RH=0% for further use. The wheat flour comprises 76.6% carbohydrate, 7.7% 

protein, and 1.4% fat, without sodium salt. The green food dye was purchased from Kyoritsu 

Food Inc. (Japan), and composed of 88% dextrin, 4.8% tartrazine, and 3.6% brilliant blue FCF. 

The wheat paste was prepared by mixing the wheat flour with distilled water at room 

temperature to achieve 50% concentration (w/w) under continuous stirring. The green dye was 

then added the wheat paste under homogeneous mixing to obtain 0.1% (w/w) of dye 

concentrations, respectively. 

4.2.2 Laser heating  

A 5 W (450 nm wavelength) blue diode laser (laser pecker2; Shenzhen Hingin Technology 

Co., Ltd, China) was used to heat the wheat paste in one direction following a 30-mm straight 

line under radiation by the laser at a scan speed of 13 mm/s. Meanwhile, the surface and cross-

section of the wheat paste were photographed with a digital microscope (nano. capture PRO; 

SIGHTRON JAPAN, Japan).  

An IR camera (InfReC; NIPPON AVIONICS Co., Ltd, Japan) was used to measure the 

temperature distribution of the surface of the wheat paste during laser heating. The temperature 

profile was calculated from the temperature of the pixels on the IR image using software (Avio 
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NS9500 InfReC Infrared analyzer; NIPPON AVIONICS Co., Ltd, Japan). 

4.2.3 Optical and polarization microscope observation  

The crystals of starch granules in the wheat paste-induced by laser heating were examined 

using a polarized microscope (BX50; Olympus, Japan). The sample was prepared by 

sandwiching the wheat paste between two cover glasses with a spacer of aluminum foil with 

thickness of around 12 μm, and buried in a bulk wheat paste (Fig. 1), and scanned by the laser, 

followed by observing the cross-section of the paste by optical and polarized microscopy.  

4.2.4 Scanning electron microscope (SEM) observation 

The sample used in Section 4.2.3 was quickly frozen by soaking in liquid nitrogen and 

then freeze-dried to prepare samples for SEM observation. For the measurement, dried samples 

were deposited on a copper disc and coated with platinum palladium using an ion sputter (E-

1030; HITACH, Japan). The sample was examined using FE-SEM (S-4000; HITACH, Japan) 

at 10 kV accelerating voltage. 

 

Fig. 1 Schematic diagram of the experimental setup. 
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4.2.5 MRI 

Water 1H T2 of wheat paste after laser heating was measured by high-resolution MRI 

(AVANCE400WB; Bruker, Germany) of 9.4 T equipped with a 1H rf coil with a diameter of 20 

mm. A semi-cylindrical tube with a diameter of 4.0 mm was filled with wheat paste with 0.1% 

(w/w) dye. The laser was then scanned in one direction and its cross-section was visualized as 

T2 weighted image. MRI measurements were performed with repetition time = 1 s, echo time 

= 9.4 ms, number of pixels = 256 × 256, slice thickness = 1 mm, and scan number = 4. A 40% 

concentration of sugar solution was used as a reference.  

4.2.6 Water content of model paste sheet  

To confirm the result of MRI measurement, the water content of locally heated and 

unheated regions of the wheat paste was measured, respectively. Wheat paste sheet containing 

50%(w/w) water content was prepared with 1 mm thickness using a spacer and placed on a 

cooling plate kept at 0°C. Then, the paste sheet was heated by placing an iron plate at 200°C 

on top of it for gelatinizing the starch. The gelatinized and non-gelatinized regions of the wheat 

paste were each placed in a drying oven (DS400; YAMATO scientific Co., Ltd, Japan) at 105°C 

for 5 hours to dry, and the water content was determined from the ratio of the weights of the 

samples before and after drying. 

4.3. Results and discussion 

4.3.1 Heating of wheat paste by laser 
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A wheat paste with 0.1% green dye was heated by the laser showed a scanned trace with 

a burnt region at the center (Fig. 2). The cross-section of the laser-scanned paste showed the 

dent which was possibility formed because of the evaporated water in the paste by heating at 

high temperature. The surface temperature profile of the wheat paste was measured using an 

IR camera which showed that the wheat paste was heated instantly at approximately 180°C 

(Fig. S1).   

 

 

Fig. 2  Images of the wheat paste with added the green dye after laser heating. 

(A): surface; (B): cross-section. 

 

4.3.2 Observation of optical and polarized microscopy and SEM 

Starch granules are composed of amorphous and crystalline domains [11,12]. During 

gelatinization, the amorphous regions in the starch granules hydrate and swell, whereas the 

crystalline regions gradually melt with proceeding the hydration [13-15]. Fig. 3A-1 shows the 

cross-section of the wheat paste with 0.1% dye after laser heating observed by an optical 

microscope. It was observed that starch granules remained in the area away from the dent made 
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by the laser scan and changed to a melt. The observation by a polarized microscope in Fig. 3A-

2 conformed that the granules kept crystalline structure and the melt contained no crystalline 

indicating that the crystal in granules was gelatinized[15,16]. The gelatinization area of starch 

granules was 0.13 mm from the surface of the dent and 0.25 mm from the deepest part of the 

dent.  

SEM measurements were performed to observe the morphological changes of starch 

granules with laser heating. As shown in Fig. 3B, the structure of the starch granules in the 

gelatinization region collapsed and the granules fused with each other to form the gelatinized 

lumps. On the other hand, the starch structure of ungelatinized region was not changed.  

 

 

Fig. 3A  Images of optical and polarized microscope of cross-section of the wheat 

paste after laser heating. 

(A-1): optical microscope; (A-2): polarized microscope. 

 

(A-1) (A-2) 
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Fig. 3B  Images of electric scanning microscopy of cross-section of the wheat 

paste after laser heating. 

 

4.3.3 MRI  

Measurements of water 1H T2 provide information about starch-water interactions and the 

mobility of polysaccharide chains through chemical exchange between water protons and the 

exchangeable protons of polysaccharides [17], which are largely affected by the gelatinization 

[18]. To visualize the special distribution of gelatinization state in the laser-heated wheat paste, 

T2 weighted images were measured by MRI. The brightness of the image is proportional to the 

signal intensity at the echo time of 9.4 ms. As shown in Fig. 4A, the unheated wheat paste was 

darker than the reference. This suggests that the starch chains dispersed out from granules, 

which have a stiff conformation like being in a crystalline, decreased the observed water 1H T2 

through the chemical exchange [19-21]. It is also possible that the difference in the magnetic 

 

(B) 
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susceptibility of the water and wheat flour caused the inhomogeneous bulk magnetic 

susceptibility of the paste [22]. On the other hand, the heated region was brighter than the non-

gelatinized region after gelatinization. This result is attributed to an increase in the mobility of 

starch chains due to gelatinization to make the observed 1H T2 longer than that in the non-

gelatinized region with the stiff starch chain [20,21].  

It should be noted that the non-gelatinized region was darker than that of the unheated 

sample. This indicating that the water content in the non-gelatinized region decreased when the 

laser heating caused the gelatinization in the central area. A possible explanation is that water 

demand of gelatinized starch increased to complete the hydration at the gelatinized state by 

absorbing water from non-gelatinized region, resulting in water migration (Fig 4B).  

To confirm the hypothesis, a one side of model paste sheet with a thickness of 1 mm was 

heated at 200°C with keeping another side at 0℃ by covering a cold plate and the water content 

of the heated and unheated sides were measured. The heated side was completely gelatinized, 

and the water content was about 57%, and another side remained non-gelatinized, and the water 

content was 43%, respectively. These results supported the hypothesis for the water migration 

in millimeter order seen in the MRI result. 
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Fig. 4. T2 weighted image (TE = 9.4 ms) of cross-section of the wheat paste after 

laser heating. 

(A): T2 weighted image of unheated wheat paste and laser heated wheat paste. 

The image in the circle is a reference of 40 % (w/w) sucrose solution.  (B): 

schematic picture of mechanism of wheat paste gelatinization by laser heating. 

The water uptake rate of the gelatinized region from the non-gelatinized region was also 

qualitatively investigated by MRI. Two lasers were scanned at 2 mm intervals on the wheat 

paste with added dye (0.1% w/w). Two or 10 seconds later, the lasers were scanned at the center 

of the interval between the first two scanned lasers (Fig. 5A), and T2 weighted images were 

measured by MRI. The paste scanned by the laser after 2 s and that scanned after the 10 s are 

shown in Fig. 5B-1 and Fig. 5B-2, respectively. In Fig. 5B-1, three scanned line showed almost 

(B) 

(A) 
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same size for gelatinization region. In Fig. 5B-2, on the other hand, the gelatinized region for 

outer two lines became larger than those in Fig. 5B-1 and the center gelatinized region became 

smaller. These results indicate that the region heated by laser started absorbing water from the 

region around to swell and decrease water content in the surrounding in 10 s, which repressed 

the gelatinization by the third laser scan at the central region [23]. This finding demonstrates 

the possibility of unexpected difficulty by the decrease of water content. 

 

  

 

  

Fig. 5. Experimental setup and T2 weighted image (TE = 9.4 ms) of cross-section 

of the wheat paste after laser heating. 

(A): Experimental setup; (B-1): after 2 second laser heating; (B-2): after 10 

second laser heating. 

 

(A) 

(B-1) 

(B-2) 
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4.4. Conclusions 

The gelatinization of wheat starch paste by a laser irradiation and subsequent water 

migration in the paste during gelatinization was elucidated. Observation of the cross-section 

by a polarized microscope showed the melting of starch granule crystals in the laser heated 

region and SEM observation indicated the collapse of starch granules to give the gelatinized 

lumps engulfing the water. The MRI measurements suggested that the gelatinized region by 

the laser heating absorbed water from the non-gelatinized region to decrease the water content 

and repress the gelatinization in the surrounding area. This phenomenon is an important 

consideration for laser cooking processes, such as 3D food printing, which suggests a 

possibility of inhomogeneous water distribution would occur in printed food products due to 

the water migration of food ink during laser cooking. It is also suggested a possibility of 

controlling the gelatinization range and water content by changing laser heating conditions. 

Conclusively, our study is expected to provide useful knowledge for the application of laser 

heating in the food industry, such as 3D food printing. 
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5. General Summary 

      The water uptake behavior of food powders and the gelatinization behavior of starch by 

localized heating using laser irradiation were elucidated in order to realize the industrial 

application of stereolithography 3D food printing. These physical properties are important for 

the development of food ink preparation techniques in the 3D food printing. The remarkable 

results of this theses are summarized below: 

1.  The potato powder exhibited higher water uptake than the soybean powder, a result which 

was attributed to the different powder compositions. Potato and soybean powders exhibited 

different wetting, swelling and dispersion behaviors in water. MRI experiments also 

demonstrated the difference in water uptake between the powders, and indicated the formation 

of air bubbles, which could hinder water uptake. Numerical simulations based on a gravity-

corrected Washburn-model were further performed to elucidate the mechanism of water uptake. 

The simulations and experiments were in good agreement. We demonstrated that powder 

swelling, and a dissolution-driven viscosity increases opposed water uptake and produced an 

eventual plateau. Our results suggest that the model used in our simulation can explain the 

effects of powder swelling and viscosity changes on water uptake.  

2. The localized heating by laser irradiation caused the gelatinization of the paste in a millimeter 

order width which caused a subsequent water migration from the ungelatinized region by the 

water demand associated with the gelatinization. Polarized microscopy, scanning electron 
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microscope (SEM) observation and magnetic resonance imaging (MRI) have been carried out 

for the elucidation. The cross-section observation by a polarized microscope showed the 

melting of starch granule crystals in the laser heated region, and SEM observation indicated 

the collapse of starch granules to give the gelatinized lumps engulfing the water. MRI 

measurements gave the distribution of water content in the laser heated paste suggesting the 

water migration from the ungelatinized region where the gelatinization by the following laser 

heating was restrained because of the low water content.  

     Conclusively, these results provide useful information on developing the technology for 

improving the water uptake of food powders for food inks and laser cooking techniques, 

enabling potential applications in the food processing industry including 3D food printing. 
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Supplementary Material 

  

 

Fig. S1 Temperature profile of the wheat paste with added the dye during laser heating. 

(A): IR image of the wheat paste; (B): Changes in temperature over time during laser heating.  

A line was drawn through the center of the temperature distribution in the IR image, and the 

temperature profile was calculated from the temperatures indicated by the pixels on the line 

and laser scanning time.  
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