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Abstract 1 

This study quantitatively analyzed the flow phenomena in model gastric contents 2 

induced by peristalsis using a human gastric flow simulator (GFS). Major functions of the 3 

GFS include gastric peristalsis simulation by controlled deformation of rubber walls, and 4 

direct observation of inner flow through parallel transparent windows. For liquid gastric 5 

contents (water and starch syrup solutions), retropulsive flow against the direction of 6 

peristalsis was observed using both particle image velocimetry (PIV) and computational fluid 7 

dynamics (CFD). The maximum flow velocity was obtained in the region occluded by 8 

peristalsis. The maximum value was 9 mm/s when the standard value of peristalsis speed in 9 

healthy adults (UACW = 2.5 mm/s) was applied. The intragastric flow-field was laminar with 10 

maximum  Reynolds Number (Re = 125). The viscosity of liquid gastric contents hardly 11 

affected the maximum flow velocity in the applied range of this study (1 to 100 mPa s). These 12 

PIV results agreed well with the CFD results. The maximum shear rate in the liquid gastric 13 

contents was below 20 s
-1 
at UACW = 2.5 mm/s. We also measured the flow-field in solid-liquid 14 

gastric contents containing model solid food particles (plastic beads). The direction of 15 

velocity vectors was influenced by presence of the model solid food particles surface. The 16 

maximum flow velocity near the model solid food particles ranged from 8 to 10 mm/s at UACW 17 

= 2.5 mm/s. The maximum shear rate around the model solid food particles was low, with a 18 

value of up to 20 s
-1
.  19 

 20 

Keywords: Gastric peristalsis, Flow-field, Shear force, Multi-phase, PIV, CFD 21 
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1. Introduction 1 

Ingested foods undergo physical, chemical, and biological digestive processes in the 2 

mouth, stomach, and small and large intestines. Investigating food disintegration and 3 

absorption in human digestive organs can provide insight into food digestion phenomena, 4 

which may lead to better control of food digestibility. The functions of the stomach, the major 5 

digestion organ, include physical digestion by gastric peristalsis, as well as chemical digestion 6 

by gastric juice. The physical digestive process involves grinding food into small particles, 7 

mixing gastric contents consisting of food and gastric juice, and emptying chyme into the 8 

duodenum. The intragastric hydrodynamic phenomena caused by peristalsis are assumed to 9 

promote enzymatic hydrolysis and shearing of foods.
1
 Such basic hydrodynamic knowledge is 10 

essential for understanding food digestion phenomena.  11 

Antral contraction waves (ACWs), which induce intragastric flow phenomena, are 12 

generated on the gastric wall and progress toward the pylorus, which is at the end of the 13 

stomach. The generation and motion of ACWs have been clinically observed mainly using 14 

magnetic resonance imaging (MRI).
2
 Previous studies have indicated that fluid motions in the 15 

stomach promote emulsification of oil components, as well as drug release from matrix 16 

tablets.
3,4
 Also, in vivo MRI study demonstrates that gastroparesis patients exhibit unusual 17 

peristaltic motion, decreasing UACW, or different degrees of ACW contractions.
2
 However, the 18 

quantitative data on intragastric flow is not yet fully understood, because flow velocity or 19 

shear stress values cannot be measured.  20 

Gastric digestion has also been studied using in vitro methods.
5,6
 Conventional in vitro 21 

gastrointestinal (GI) models utilize mixing gastric contents inside small vessels using a 22 

shaking or stirring device, focusing on the chemical environment in the actual stomach.
6-8
 23 

Two automated complex in vitro GI devices have been developed in the last two decades: the 24 

TNO gastrointestinal Model (TIM)  and the Dynamic Gastric Model (DGM).
9,10

 These 25 
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devices can control the secretion of GI fluids, pH, temperature, and emptying, which is useful 1 

for dynamically simulating the chemical digestive processes in the GI tract. Gastric contents 2 

are mixed by water pressure (TIM) or water pressure and piston/barrel (DGM).
11
 The Human 3 

Gastric Simulator (HGS) developed by Kong & Singh can generate a progressing wave that 4 

simulates ACW on a gastric wall made of opaque latex and a roller rotation system.
12
 5 

However, the inner flow-field occurring during digestion experiments can depend on the type 6 

of the GI devices used. For instance, conventional GI digestion methods cannot simulate the 7 

flow-field induced by wall contraction (e.g., peristalsis). Also, all in vitro models were 8 

designed for digestion experiments using real foods and drugs, not for flow-field 9 

visualization.  10 

Hydrodynamic phenomena induced by human peristalsis have been studied using mainly 11 

in silico approaches involving the lattice Boltzmann and computational fluid dynamics (CFD) 12 

methods.
13-16

 Pal et al. prepared a two-dimensional domain of the whole human stomach, and 13 

calculated the intragastric flow of the single liquid phase.
13
 Their results suggest that there 14 

were two characteristic intragastric flows: retropulsive jet flow through ACWs and circulatory 15 

flow behind ACWs. We previously analyzed the effects of fluid viscosity and enzyme mass 16 

transfer in the intragastric flow-field.
15
 There is a great difference (10 times) in both 17 

maximum intragastric flow velocity and average vorticity values reported in previous 18 

publications when using the same viscosity of gastric contents.
13,14

 Also, calculating 19 

multi-phase gastric contents containing solid particles is difficult because of the high 20 

computational load and numerical instability due to the complex flow system. Though Ferrua 21 

& Singh experimentally visualized intragastric flow, the effects of ACW parameters (UACW, 22 

shape, and frequency) on intragastric flow are still unclear.
14
 Also, the range of fluid viscosity 23 

in their study was not great enough (1 to 18 mPa s), since the viscosity of actual gastric 24 

contents may be higher than 100 mPa s.
17
 The flow-field in liquid-solid gastric contents is 25 
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difficult to measure in this system, as the gastric wall is placed vertical to bottom plane. 1 

Therefore, it is necessary to perform more systematic analysis of the intragastric flow 2 

phenomena, including both liquid and liquid-solid systems, using experimental and 3 

computational approaches. 4 

This study seeks to investigate the intragastric flow phenomena induced by human gastric 5 

peristalsis using both in vitro and in silico analyses. To experimentally observe intragastric 6 

flow, we developed an in vitro device, the simplified gastric flow simulator (GFS). This GFS, 7 

which mimics the antrum, consists of parallel transparent walls on one plane and rubber 8 

sidewalls on another plane for inducing ACWs. We experimentally investigated the flow-field 9 

of liquid and liquid-solid gastric contents using particle image velocimetry (PIV) at different 10 

ACW speeds (UACW). The effect of fluid viscosity on the flow-field was investigated using 11 

starch syrup at various concentrations. The shear rate induced by peristalsis in the gastric 12 

contents was estimated based on the flow-field obtained from PIV measurement. We also 13 

conducted CFD calculation applying the same flow conditions as those used for PIV 14 

measurement and compared the results. 15 

 16 

2. Materials and methods 17 

2.1. Materials and fluid properties 18 

Starch syrup (B-75) was purchased from Kato Kagaku Co., Ltd. (Mihama, Japan). Starch 19 

syrup dissolved in Milli-Q water, which is Newtonian fluid 
18
, was used as model liquid 20 

gastric contents: Milli-Q water (pH 5.8), Starch syrup (36% (v/v)) (pH3.6), Starch syrup (56% 21 

(v/v)) (pH3.3). The physical properties of each model liquid gastric contents are listed in 22 

Table 1. Density was measured using a density meter (DA-130 N, KEN Kyoto Electronics 23 

Manufacturing Co., Ltd., Kyoto, Japan), and viscosity was measured using a Vibroviscometer 24 

(SV-10, A&D Co., Ltd., Tokyo, Japan). Plastic beads made of urea formaldehyde resin were 25 
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purchased at a local market, to be used as model solid food particles. Considering the normal 1 

size of food particles inside the stomach, 3 mm spherical plastic beads were selected. 
19
 The 2 

concentration of plastic beads used was less than 25% (v/v). The composition of liquid and 3 

liquid-solid gastric contents is presented in Table 1. 4 

Nylon particles with a diameter of 30 µm and a density of 1030 kg/m
3
 were used as 5 

tracer particles. It is important to determine whether the tracer particles follow the flow-field 6 

generated by ACW in GFS. The Stokes number S (-), defined as the ratio of response time of 7 

tracer particles and characteristic time of the applied flow, was estimated using Eq. 1: 8 

                                (1) 9 

, where ρp is density (kg/m
3
) and d is diameter of tracer particles (m), U is the characteristic 10 

flow velocity (m/s), µ is the fluid viscosity (Pa s), and L is the characteristic length (m).
20
 U 11 

was set to 10 mm/s，which is the maximum flow velocity in the gastric flow reported in our 12 

previous study.
15
 µ was set to 0.91 mPa s as the minimum viscosity of liquid gastric contents 13 

applied in this study. The characteristic length (30 mm) was based on the diameter of a 14 

previous 2-D stomach model.
15
 The estimated maximum S was on the order of 10

-5
, indicating 15 

that the tracer particles applied in this study follow the fluid motion reasonably well. 16 

 17 

2.2. PIV measurement 18 

2.2.1. Gastric flow simulator 19 

Figure 1a presents a three-dimensional drawing of the GFS developed for this study. The 20 

deformable rubber walls on the top and bottom of the GFS simulate gastric walls. Other walls 21 

made of transparent material (poly methyl metacrylate (PMMA)) were designed for easily 22 

observing the motion of gastric contents. Peristaltic motion simulating ACW was generated 23 

by pushing plastic rollers (30-mm diameter x 20-mm width) on the rubber walls and then 24 
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moving them towards the outlet that simulates the pylorus, represented by the 30-mm x 1 

15-mm section on the right-hand side of Fig. 1a. The minimum clearance of the region 2 

occluded by the deformed rubber walls was set to 3.0 mm. The UACW can be controlled by the 3 

rotation of the motor connected to two rollers. The outlet of the GFS was closed during the 4 

experiments. The inlet hole of the GFS (see Fig. 1a) was connected to a plastic tube open to 5 

the air. A portion of the gastric contents in the GFS can move smoothly in the tube when an 6 

ACW is generated on the rubber walls. Prior to each measurement, the GFS was filled with 7 

model liquid contents (Fig. 1c, left) or model liquid-solid contents (Fig. 1c, right). The 8 

volume ratio of model solid food particles for model liquid-solid gastric contents was varied 9 

from 5% to 25%. During the experiments, ACWs moved toward the outlet at the UACW of 10 

1.25, 2.5, or 5.0 mm/s. The standard UACW value for human ACW was reported to be 2.5 11 

mm/s.
13
 12 

 13 

2.2.2. Visualization system 14 

The visualization system used in this study is illustrated in Fig. 1b. Tracer particles 15 

(nylon particles) were seeded into the liquid phase at a concentration of 0.009wt% for Milli-Q 16 

water or 0.03wt% for starch syrups. Light was irradiated from a PMMA window close to the 17 

GFS inlet. A white light was used to illuminate the tracer particles for single-phase flow 18 

analysis. A diode-pumped solid-state (DPSS) laser with a wavelength of 532 nm (M Square 19 

Co., Ltd., Fukuoka, Japan) was used to illuminate tracer particles and model solid food 20 

particles in two-phase flow analysis. This laser source can irradiate a light sheet with a depth 21 

of 1.0 mm, allowing detailed analysis of the flow-field around model solid food particles. The 22 

side-way scattered light of tracer particles illuminated by white light or green laser were 23 

visualized using a high-speed video camera (FASTCAM SA 1.1, Photron Co., Ltd., Tokyo, 24 

Japan) with a maximum frame rate of 250 fps, and their images were recorded in a computer. 25 
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The video camera was focused on the search plane indicated by the dotted line in Fig. 1b, and 1 

tracer particles that were out of focus were removed by image processing to obtain 2 

two-dimensional images of tracer particles on the search plane.  3 

 4 

2.2.3. Data analysis 5 

PIV image processing was performed using a direct cross-correlation algorithm. The 6 

recorded images containing tracer particles had a resolution of 1010 x 506 pixels for 7 

single-phase flow analysis or 986 x 746 pixels for two-phase flow analysis. The size of the 8 

interrogation area (IA) was set to 24 x 24 pixels with an overlap sampling rate of 50% for 9 

flow measurement in the liquid contents system (single-phase). The IA size was set to 40 x 40 10 

pixels for flow measurement in the liquid-solid contents system (two-phase), since the set 11 

magnification of the video camera in this case exceeded that for the single-phase flow. The 12 

number of tracer particles in each IA ranged from 2 to 5. The size of the search region was set 13 

to ±13 pixels for all PIV measurements. The flow velocity vectors obtained by direct 14 

cross-correlation were post-processed using a local median filter to detect spurious vectors.
21
 15 

The absolute value of the shear rate (|γ|) induced by peristalsis was estimated using Eq. 2: 16 

                                (2) 17 

, where u and v are x and y components of the flow velocity vector. The shear rate 18 

distribution was estimated based on the gradient of the flow velocity vectors. The 19 

second-order central difference based on the eight neighboring vectors of the local point was 20 

applied to estimate differential values in Eq. 2. Finally, the hydrodynamic shear stress (σ) was 21 

estimated by following Eq. 3:  22 

                                                                                                                                (3) 23 

    , where µ is the fluid viscosity. 24 
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 1 

2.2 . CFD Simulations 2 

In this study, a numerical approach, Computational Fluid Dynamics (CFD), was also 3 

conducted to validate the results of flow-filed obtained in PIV measurement. A CFD software 4 

package (CFD-ACE+ version 2008, ESI Group, Paris, France) was used for calculating the 5 

single-phase flow in the GFS. Details of the simulation method are described in our previous 6 

publication.
15
 The flow-field was calculated based on a finite volume method that solves the 7 

Navier-Stokes equation for incompressible fluids (Eq. 4) and the continuity equation (Eq. 5): 8 

                     (4) 9 

                                (5) 10 

, where u
r
 is the flow field, ρ is the fluid density at a constant value, µ is the fluid viscosity, 11 

and f
r
is the gravity term. We created a three-dimensional computational domain that is 12 

similar to the GFS used for PIV measurement. A total of 80,784 grid cells was created. The 13 

rubber wall motion simulating an ACW was defined by an equation based on the Gaussian 14 

function.
15
 The minimum gap of the region occluded by an ACW was set to 3.0 mm. The 15 

boundary condition of the 4.0 x 4.0 mm inlet hole of the GFS was set as an outlet condition. 16 

All the other boundaries were set as a no-slip wall condition (i.e., the flow velocity near all 17 

walls was set to 0 mm/s). Since the gravity force is applied downward the Y-axis in Fig. 1 (a) 18 

in the actual experiment, we considered the gravity term also in CFD to calculate with the 19 

same flow condition as PIV experiment. The gravitational acceleration downward the Y-axis 20 

was set to 9.8 m/s
2
. The time-differential term in Eq. 4 was approximated by forward 21 

differences with the dt set to 10
-2
 s. A first-order upwind scheme was applied to solve the 22 

convection term in Eq. 4. A second-order central scheme was applied to the other terms in 23 

Eqs. 4 and 5. All equations were solved at each time step with a maximum of 20 iterations 24 
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using the SIMPLE-Consistent (SIMPLEC) method.
 22
 The physical properties of liquid gastric 1 

contents presented in Table 1 were applied in the CFD calculations.  2 

To simulate ACW in CFD, the equation of ACW (ACW(x, y, t)) was defined based on the 3 

previous study as follows:  4 

                            (6)    5 

where A is an amplitude of ACW, s is the wave width at the point of wave height ε, the 6 

natural number m and n are a parameter corresponding to the range where the ACW amplitude 7 

has a maximum value. l and h show the range along x- and y-axis, respectively, where ACW is 8 

generated.
15
 The amplitude A was set to 6.0 mm so that the minimum clearance of GFS is 3.0 9 

mm when ACW is generated. Since the wave width of ACW in PIV measurement is 60 mm, 10 

the parameter of wave width s was also set to 60 mm. The rage where ACW is generated was 11 

114 mm x 30 mm (Fig. 1a: gray plane), corresponding (l, h) = (114, 30). The values of ε, m, 12 

and n were set to 0.01, 5, and 8 based on previous study.
15
 The UACW set in the calculations 13 

was the same as that used for PIV measurement (UACW = 1.25, 2.5, 5.0 mm/s). 14 

 15 

3. Results and discussion 16 

3.1. Flow analysis using liquid gastric contents 17 

3.1.1. Effect of fluid viscosity 18 

The flow-field in liquid gastric contents with different viscosities was quantitatively 19 

measured using GFS (Fig. 2). Though some noise vectors close to the rubber walls were 20 

observed due to the light refraction from rubber walls, the flow velocity of most noise vectors 21 

was quite low (less than 0.1 mm/s) so that it hardly affect the results of PIV. The UACW was set 22 

to 2.5 mm/s. The flow velocity distribution of water measured by PIV is presented in Fig. 23 

2a(i). The fluid inside GFS flowed against the direction of ACW (i.e., toward the pylorus). 24 
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This is called retropulsive flow.
13
 The flow velocity was greatest in the occluded region where 1 

the rubber walls were compressed by rollers. The maximum flow velocity was 9.1 mm/s, 2 

which was 3.6 times larger than the applied UACW. The eddy flow was also observed near the 3 

walls behind the ACWs. The flow velocity distribution of water calculated by CFD is 4 

presented in Fig. 2b(i). The retropulsive and eddy flows were observed in this case. A 5 

maximum flow velocity of 10.4 mm/s was obtained in the occluded region. In addition, the 6 

flow patterns depicted in Fig. 2 corresponded to the results obtained from lattice Boltzmann 7 

calculation using the whole stomach structure,
13
 indicating that GFS can successfully simulate 8 

intragastric flow in the human stomach.  9 

Fluid viscosity hardly affected the intragastric flow patterns in the applied range of this 10 

study (1 to 100 mPa s) for both PIV and CFD (Fig. 2a, b); the maximum flow velocity was 11 

9.0 to 9.2 mm/s for PIV and 8.5 to 10.4 mm/s for CFD in the occluded region. However, the 12 

tendency was the same between CFD (Fig. 2b(ii, iii)) and PIV, indicating that the intragastric 13 

flow induced by peristalsis is independent of the viscosity of liquid gastric contents and that 14 

stable mixing may take place in the actual stomach. 15 

 16 

3.1.2.  Effect of ACW progression speed 17 

The flow-fields in water with different UACW values are indicated in Figs. 3a (PIV) and 18 

3b (CFD). The flow patterns at UACW of 1.25 and 5.0 mm/s were almost the same as those at 19 

2.5 mm/s in PIV and CFD. The range at which high flow velocity was observed increased as 20 

UACW increased. Since flow velocity at UACW of 1.25 mm/s was quite low, a complex flow 21 

derived from natural convection was observed (left-hand side of Fig. 3a(i)). 22 

Figure 4 indicates the effects of fluid viscosity and UACW on maximum flow velocity in 23 

the occluded region. In all UACW conditions, the maximum flow velocity in water (µ = 0.91 24 

mPa s) was slight higher than that of SS36 and SS56 (µ = 13.4 mPa s and µ = 149 mPa s, 25 
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respectively). This behavior can be derived from a rapid response to compression in the case 1 

of water. The compression between ACW and the pylorus can be one of the driving forces of 2 

retropulsive flow. The high fluidity of water can transmit this pressure faster than low fluidity 3 

fluid such as SS36 and SS56 (µ = 13.4 mPa s and µ = 149 mPa s, respectively), which can 4 

promote the high flow velocity in case of water.  5 

There was also a slight difference of maximum flow velocity between PIV and CFD in 6 

the case of water (µ = 0.91 mPa s). This difference is due to the high fluidity of water, so that 7 

making difficult to control of experimental flow conditions. For instance, in case of UACW = 8 

1.25 and 2.5 mm/s, the maximum flow velocity obtained in PIV was slightly lower than that 9 

of CFD. For UACW = 5.0 mm/s, the maximum flow velocity obtained in PIV was higher than 10 

that of CFD in the condition. On the other hand, for SS36 and SS56, the difference of 11 

maximum flow velocity between PIV and CFD was narrow, which is due to their lower 12 

fluidity (µ = 13.4 mPa s and 149 mPa s, respectively).  13 

These results indicate that the maximum flow velocity obtained by PIV corresponded 14 

well with that of CFD calculation. Also, the correspondence of flow-field between 15 

experimental and numerical approaches suggests that flow-flied was successfully analyzed in 16 

each condition. 17 

The maximum flow velocity was four times higher than the applied speed of ACWs in 18 

all results. The Reynolds number (Re) was estimated according to Eq. 7: 19 

                                (7) 20 

, where the hydraulic diameter of the occluded region in GFS (5.5 mm) was applied to L as 21 

the characteristic length. The characteristic flow velocity U was set to the maximum flow 22 

velocity for each liquid gastric content under different UACW values. Re was estimated 23 

between 0.203 (UACW = 1.25 mm/s, filled with SS56) and 125 (UACW = 5.0 mm/s, filled with 24 
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water). The maximum Re of 125 indicated that the flow-field inside GFS was laminar flow. 1 

These experimental and numerical data strongly suggest that intragastric flow in the actual 2 

human stomach is also laminar at least for liquid food digestion. Retropulsive flow may 3 

contribute to physical digestion of food by mildly mixing gastric contents. 4 

 5 

3.1.3. Shear force analysis in liquid gastric contents 6 

Even though our previous study shows the numerical shear force induced by peristalsis,
15
 7 

there is still no experimental shear force data. Then, the absolute value of the shear rate (|γ|) 8 

that acts on liquid gastric contents was estimated using Eq. 2 and the flow-field data obtained 9 

from PIV measurement. A typical example of shear rate distribution for water is presented at 10 

the top of Fig. 5. Bimodal peaks were observed along the rubber walls in the occluded region, 11 

reaching the maximum shear rate of 16 s
-1
. The shear rate distribution was almost the same, 12 

regardless of fluid viscosity and other flow conditions (data not shown).  13 

Fig. 6 indicates the maximum shear rate and shear stress obtained in the occluded region 14 

as a function of fluid viscosity and UACW. As shown in Fig. 6a, fluid viscosity did not affect 15 

the maximum shear rate for µ = 13.4 and 149 mPa s at UACW of 2.5 and 5.0 mm/s. However, 16 

the maximum shear rate for µ = 0.91 mPa s exceeded that for water containing starch syrup 17 

by 34%. This tendency was assumed to be derived from the high fluidity of water, which 18 

induces more drastic variation of flow velocity. For UACW = 1.25 mm/s, the maximum shear 19 

rate hardly varied within the range of fluid viscosity applied; therefore, it was assumed that 20 

the applied UACW was too slow to vary flow velocity, even low fluid viscosity. The maximum 21 

shear rate also increased with increasing UACW. When the UACW was increased two-fold (1.25 22 

to 2.5 mm/s or 2.5 to 5.0 mm/s), the maximum shear rate also increased approximately twice. 23 

This tendency was similar to the relationship between UACW and maximum flow velocity in 24 

the occluded region, which showed the dependency of shear rate on intragastric flow-field.  25 
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Since all fluids applied in this study were Newtonian
18
, all shear stresses (σ) were 1 

estimated by multiplying the absolute value shear rate (|γ|) by fluid viscosity (µ) according to 2 

Eq. 3 (Fig. 6b). In spite of the slight difference of maximum shear rate between water and 3 

starch syrup solutions (SS36 and SS56), the maximum shear stress increased almost linearly 4 

with fluid viscosity. This is because the variance of maximum shear rate in each condition 5 

was enough small than that of applied range of viscosity so that the viscosity effects on shear 6 

stress was dominant, since the shear stress is the product of viscosity and shear rate (see Eq. 7 

3). The difference of maximum shear rate was at most 1.5 times (11 – 17 s
-1
) in the same 8 

condition of UACW, whereas applied range of viscosity was approximately 150 times (0.91 – 9 

149 mPa s).  10 

In all shear force analysis using liquid gastric contents, the shear rate, which is the 11 

potential force for grinding foods, was on the order of 10
1
 s
-1
, which is much lower than that 12 

of the general homogenizer (10
3
 to 10

4
 s
-1
). This result indicates that shear force due to fluid 13 

flow could be considerably low for breaking down food particles.  14 

    15 

3.2.  Flow analysis using liquid-solid gastric contents 16 

3.2.1.  Measurement of flow-field around model solid food particles using PIV 17 

Figure 7 indicates the flow velocity distribution around the model solid food particles 18 

(plastic beads) in the occluded region, with the volume ratio of model solid food particles 19 

below 5%. When ACW progressed from left to right (toward the pylorus), the model solid 20 

food particles moved in the opposite direction against ACW according to the motion of the 21 

rubber walls and liquid phase. The direction of velocity vectors dynamically changed near the 22 

model solid food particles with relatively high flow velocity. The tendency of the flow-field 23 

was almost the same even if the viscosity of liquid gastric contents was changed. The mobility 24 

of the model solid food particles became low when viscous fluid was applied (µ = 13.4, 149 25 
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mPa s) because of low fluidity. The maximum flow velocity near the surface of the model 1 

solid food particles was 12 mm/s in the water flow system, which was similar to that of the 2 

flow system of µ = 13.4 and 149 mPa s, with less than a 10% difference in flow velocity.  3 

 To determine the effect of the amount of model solid food particles on flow velocity, the 4 

average flow velocity near the model solid food particles was measured by tracking each 5 

tracer particle within the analyzed region (Fig. 8a). The average flow velocity increased to the 6 

volume ratio of 12.5%, reaching a maximum value of 9.3 mm/s; then the flow velocity 7 

decreased to a volume ratio exceeding 12.5%. This tendency was assumed to be based on the 8 

balance between the fluid pressure gradient and the volume ratio of liquid phase. In general, a 9 

narrower flow pass generates a higher flow velocity at the same fluid pressure. Thus, with a 10 

volume ratio below 12.5%, an increase in flow velocity can be caused by a decrease in flow 11 

pass because of increased model solid food particles. However, with a volume ratio above 12 

12.5%, the volume ratio of liquid phase became insufficient due to the decreased fluid 13 

pressure gradient, which is the indicator of flow velocity (see Eq. 4). This can affect more 14 

strongly to the decrease of flow velocity compared to the effect of flow pass decrease in the 15 

condition of volume ratio below 12.5%.  16 

  17 

3.2.2. Shear force analysis in liquid-solid gastric contents 18 

The absolute value of the shear rate (|γ|) in liquid-solid gastric contents was estimated 19 

using Eq. 2, and the results of the flow-field are depicted in Fig. 7. Figure 9 presents the 20 

intragastric shear rate profile with flow-field information in the occluded region. A high shear 21 

rate was observed near the rubber walls of GFS, similar to the results for liquid gastric 22 

contents. The shear rate was also high for the upper part of the model solid food particles, 23 

since the flow velocity gradient was high on their surfaces. The shear rate profile was almost 24 

independent of fluid viscosity (Fig. 9). The maximum shear rate for the top of the model solid 25 
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food particles was on the order of 10 s
-1
. These results indicate that maximum shear force 1 

induced by gastric peristalsis is low even in the presence of solid foods. 2 

Concerning numerical calculation, our previous study shows the numerical flow-field 3 

and shear rate data in single phase obtained by CFD, but it is our understanding that until now 4 

there is no experimental data of shear rate in single phase, intragastric flow-field and shear 5 

rate data in two phases. Thus, the flow-field around the model solid food particles obtained in 6 

this study provides a new insight of physical digestion phenomena in stomach. 7 

 8 

3.3. Hydrodynamic effects on food digestion induced by gastric peristalsis 9 

The physical digestive effects in the human stomach can be divided into mixing that 10 

promotes the chemical reaction of gastric juice, and grinding that reduces the size of bulk 11 

solid foods. Regarding the mixing effect, the flow-fields in both liquid and liquid-solid gastric 12 

contents obtained in this study suggest the possible motion of gastric contents, which may 13 

promote mixing of gastric juice and foods in gastric digestion. The mixing flow in the 14 

stomach is considered to be “mild” since the maximum flow velocity was on the order of 1 to 15 

10 mm/s. In contrast, the flow velocity of commonly used homogenizers is on the order of 10
3
 16 

mm/s. Mild intragastric flow could also cause a locally unmixed region where α-amylase 17 

derived from saliva is still active, due to the insufficient decrease of pH, and promotes 18 

carbohydrate disintegration. 19 

However, low shear force was observed in both this study (Fig. 5) and a previous work.
15
 20 

This result indicates that hydrodynamic shear force induced by gastric peristalsis might not 21 

cause mechanical grinding of bulk foods. Compression stress in the occluded region is 22 

assumed to be another force that plays an important role in food grinding.
1
 This force is 23 

derived from mechanical compression stress resulting from contraction of the gastric wall. 24 

Compression stress was reported in several in vivo studies, with a measured range of 5 to 70 25 
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kPa.
 23,24

 Further investigation is needed to clarify the physical digestion effects of this 1 

compression stress in the human stomach. 2 

 3 

4. Conclusions 4 

    The intragastric flow induced by gastric peristalsis was reasonably simulated using a 5 

human GFS. Retropulsive flow against the direction of peristalsis was observed in liquid 6 

gastric contents using PIV and CFD. When standard values of peristalsis speed in healthy 7 

adults (UACW = 2.5 mm/s) was applied, a maximum flow velocity of 10 mm/s was observed in 8 

the most occluded region due to peristalsis, suggesting laminar intragastric flow in liquid 9 

gastric contents. The PIV results demonstrated that the flow-field in liquid-solid gastric 10 

contents was dynamically changed at the surface of model solid food particles. The maximum 11 

flow velocity in the liquid phase of liquid-solid gastric contents was almost the same as that in 12 

liquid gastric contents. The maximum flow velocity in the liquid phase was independent of 13 

fluid viscosity. The use of GFS and PIV enabled us to obtain the shear force profile in gastric 14 

contents. The maximum shear rate in liquid and liquid-solid gastric contents was on the order 15 

of 10 s
-1
, indicating that it is difficult to disintegrate food particles solely by hydrodynamic 16 

shear force induced by gastric peristalsis. Our findings provide a new insight of physical 17 

digestion phenomena in stomach. 18 
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Table and Figure Captions 1 

Table 1.  Physical properties of each component in liquid and liquid-solid gastric contents. 2 

Fig. 1.  (a) Three-dimensional schematic diagram of a human Gastric Flow Simulator (GFS). 3 

(b) Schematic top view of the GFS system. (c) Search plane images from the cross-sectional 4 

view (x-y plane). The minimum clearance between deformed rubber walls is 3.0 mm. 5 

Fig. 2.  Visualized PIV and CFD results for the flow-field of liquid gastric contents with 6 

different viscosities induced by peristalsis at UACW of 2.5 mm/s. (a) PIV data. (b) CFD data. 7 

Fig. 3.  Visualized PIV and CFD results for the effect of UACW on flow-field of Milli-Q water. 8 

(a) PIV data. (b) CFD data. 9 

Fig. 4.  Effect of the liquid viscosity and UACW on the maximum flow velocity in the 10 

occluded region obtained by PIV measurement (closed keys) and CFD calculation (open 11 

keys). The UACW values applied are 1.25 mm/s (diamond), 2.5 mm/s (rectangle), and 5.0 mm/s 12 

(circle). 13 

Fig. 5.  Shear rate (γ) distribution (top) and flow-field (bottom) of water in the GFS at UACW 14 

of 2.5 mm/s. Dotted curves are rubber walls of the GFS. | | denotes the absolute value of the 15 

shear rate. The bottom image is the same as in Fig. 2a(ii). 16 

Fig. 6.  Effect of liquid viscosity and UACW on the maximum shear rate (a) and maximum 17 

shear stress (b) acting on liquid gastric contents. The UACW values applied are 1.25 mm/s 18 

(diamond), 2.5 mm/s (rectangle), and 5.0 mm/s (circle). 19 

Fig. 7.  Visualized PIV results for the flow-field around the model solid food particles in the 20 

GFS. White dotted curves denote rubber walls of the GFS. 21 

Fig. 8.  Effect of volume rate of the model solid food particles on average flow velocity 22 

inside the analyzed region. The location and size of the region are depicted in (a). The average 23 

velocities in (b) were estimated based on the motion of each tracer particle inside the analyzed 24 

region (n = 15). Each error bar stands for the standard deviation. 25 
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Fig. 9.  Shear rate distribution and flow-field around the model solid foods in the GFS.  1 

White dotted curves denote rubber walls of the GFS. | | denotes the absolute value of the shear 2 

rate. The length of vectors represents the flow speed of the liquid phase. 3 

Page 23 of 35 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



Fig. 1 
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Fig. 2a 
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Fig. 2b 
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Fig. 3a 
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Fig. 3b 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 9 
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Gastric 

contents 

Liquid components Solid component 

Symbol Composition 

Density 

(kg/m3) 

Viscosity 

(mPa s) 

Liquid 

(single-

phase) 

Water Milli-Q 997.0          0.910 - 

SS36 Starch syrup (36% (v/v))  1188 13.4 - 

SS56 Starch syrup (56% (v/v))  1292      149 - 

Liquid-

solid 

(two-

phase) 

Water Milli-Q 997.0          0.910 Plastic beads 

(f 3.0 mm) 

(< 25% (v/v)) 

SS36 Starch syrup (36% (v/v))  1188 13.4 

SS56 Starch syrup (56% (v/v))  1292      149 

Table 1 
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