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Gastric morphology refers to the shape and the structural characteristics of the structure of the stomach.
A ‘near-real’ in vitro human stomach model should not only mimic the physical movements to provide
the digestion environment, but also provide realistic gastric morphology. In this work, quantitative evidences regarding the effects of gastric morphology including complex geometrical shape and inner
wrinkles of a human stomach in a ‘rope-driven’ in vitro human stomach (RD-IV-HSM) have been
investigated, which is relevant to the in vivo emptying behaviors. Contractive force in the antral area of
the in vitro system was measured. The investigation has revealed that an initial lag phase and the
buffering effect in digestion of solid food exist in the in vitro system. In addition, it has been found that
the contractions created in the current device in antrum section contribute little to the gastric sieving
phenomena thus the system needs further work to tackle this.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
The morphology of the mammalian stomach varies between
species with regards to their dietary habits: the single forestomach
of rodents can store a bulk of food to maintain a kind of steady state
€rtner, 2002), while the complex pluriloculate forestdigestion (Ga
omachs of the ruminants provide spaces for cellulose fermentation
(Hofmann, 1989). The primate, especially human, have a “J” shape
single stomach, is divided into proximal and distal compartments.
Gastric function is complicated by the natural structure of the
compartment, with continuous food disintegration, digestion and
selective emptying of ﬁner materials in the distal compartment
(Schulze, 2006). There is a growing interest in developing a realistic
in vitro gastric model, and then use it to investigate the structural
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and chemical changes that occur when ‘digesting’ foods and
medicines under controlled gastric conditions. These are primarily
due to the fact that in vivo experiments are much harder to control
and the results are less reproducible. In vitro systems can have
advantages of better time-efﬁciency, labor-saving, providing
rapidly screening food ingredients and better reproducibility. In
addition, the in vitro experiments may usually require less ethical
constraint (Hur et al., 2011; Kong and Singh, 2008a; Yoo and Chen,
2006). Most of the in vitro approaches mimic the human gastric
digestion using rigid vessels such as stirred tanks and shake ﬂasks,
primarily due to their simplicity and convenience to use
(Mahasukhonthachat et al., 2010). It is difﬁcult to simulate the
mechanics and hydromechanics in such rigid systems as those in an
actual human stomach (Vardakou et al., 2011). Some of the more
sophisticated semi-soft and soft gastric models were developed
including the TNO gastric model (TIM-1) (Jedidi et al., 2014), the
dynamic gastric model (DGM) (Chessa et al., 2014), the human
gastric digestion simulator (GDS) (Kozu et al., 2014) and the human
gastric simulator (HGS) (Guo et al., 2015). The contractive movements on their soft vessels were initiated by providing periodic
water stress or using wheel rollers to simulate the dynamic contractions on a real stomach. However, they are not yet realistic, for
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example, the insoluble solid particles, especially when they are
large, tend to settle in the tubular stomach of the TIM-1 system,
which may account for at least one third of solid particles are
retained in the stomach model after the gastric phase (Barker et al.,
2014). For the ‘inverted cone’ systems such as the DGM systems, the
periodic water stress has been found to be inadequate for solid food
particles disintegrating and those digesta were too large in sizes for
gastric sieving (Vardakou et al., 2011). Recently, mechanical rollers
are used to enable peristaltic actions upon outer surface moving
towards the bottom of the vessel (Which has the smallest diameter). A mesh net installed in the bottom of the soft vessel is used to
simulate the gastric sieving in the HGS and GDS system (Kozu et al.,
2014; Kong and Singh, 2010). Nevertheless, the distributions of the
feed materials in the inverted cone systems are different from that
in an actual human stomach due to the simpliﬁed gastric
morphology (simple geometries and orientations), resulting in a
reduction in the emptied lipid droplets (Mercuri et al., 2011) and a
lack of the lag phase when emptying solid food (Kong and Singh,
2010).
In the current study, a new ‘near-real’ dynamic in vitro human
stomach model named as the ‘rope-driven’ in vitro human stomach
(RD-IV-HSM), has been designed to simulate the gastric
morphology. The rope-driven mechanism is a way of producing
contractive movement of the gastric wall. The mechanics of the RDIV-HSM have been measured using the manometry and the
breakdown of the pre-calibrated agar gel beads of various fracture
strengths. The buckwheat samples were also masticated and used
as a realistic sample and placed into the RD-IV-HSM system to
observe the digestion and emptying behaviors, which are affected
by the gastric morphology in the RD-IV-HSM.
2. Materials and methods
2.1. Materials
Buckwheat (See Sang Company, China) was purchased from a
local grocery store in Suzhou City (Jiangsu Province, China). Buckwheat (100 g) was steamed with 150 g water for 40 min using a
closed ceramic pot (GSD-12E, Tianji, China) until the starch was
gelatinized. A food processor (CombiMax K600, Braun, Germany)
was used as an artiﬁcial mouth. Cooked buckwheat (200 g) and
artiﬁcial saliva (40 g) were mixed and grinded in the food processor
using a stainless steel chopping blade (Braun 7051-140). The speed
of the chopping blade was set at 1500 rpm to prepare the ‘chewed’
buckwheat particles before swallowing.
Artiﬁcial saliva was prepared by dissolving NaCl (0.88 g), KCl
(0.48 g), CaCl2 (0.44 g), NaHCO3 (5.2 g) and a-amylase(834 kU) in
1 L distilled water. Artiﬁcial gastric juice was prepared by dissolving
NaCl (3.1 g), KCl (1.1 g), CaCl2 (0.15 g), NaHCO3 (0.6 g), pepsin (1.0 g)
and gastric mucin (1.5 g) in 1 L distilled water with pH of 1.6
adjusted using HCl. For making the in vitro human stomach model,
liquid silicone, Human skin K-1001, was purchased from Kuwart Co.
Ltd (China). a-Amylase, pepsin, mucin, rutin, DPPH and trolox were
purchased from Sigma (SigmaeAldrich, USA). Other chemicals
were purchased from Sinopharm Chemical Reagent Co. Ltd. (China).
Distilled water was puriﬁed using a Milli-Q system (Millipore Corp.,
France).
2.2. Development of RD-IV-HSM
The rope-driven in vitro human stomach (RD-IV-HSM) is
composed of a soft human stomach model, a rope-driven system, a
temperature controlled box, the secreting and emptying system
(shown in Fig. 1).
The soft in vitro human stomach model was created by

Fig. 1. Rope-driven in vitro human stomach: 1, in vitro human stomach; 2, rope-driven
rig; 3, frequency controler; 4, gastric juice secreting tubes; 5, peristaltic pump; 6,
gastric emptying tubes; 7, one-way valve; 8, diaphragm pump; 9, temperature sensor;
10, temperature controler; 11, electric heaters; 12, heat preservation box.

solidifying liquid silicone with the aid of an actual human stomach
(specimen available at Xiamen University Medical School), as
shown in Fig. 2, a “J” shape to simulate the gastric morphology. The
thickness of the silicone skin is 6.0 ± 1.6 mm, in order to possess
good elasticity and mechanical tolerance, which allows repeated
squeezing without tear. The human stomach model has an
approximate internal volume of 500 mL. In addition, this model has
a wrinkled internal lumen, with the wrinkles on the inner-surface
are approximately 5e10 mm wide each and 2e4 mm deep (See
Fig. 2C). The wrinkled internal lumen is a signiﬁcant improvement
from those with smooth internal lumens (Chen et al., 2013a, 2013b).
20 silicone tubes (I.D. 1.5 mm, O.D. 2 mm) are connected to the
gastric corpus in a random fashion to simulate the roles of gastric
secretory glands. The other ends of the tubes are inlayed into a
single connector (I.D. 10 mm, O.D. 16 mm), where a one-way valve
invented in the same group (Chen et al., 2013b) is installed. The
valve is used to prevent the contents in the stomach from returning
to the secreting tubes. A peristaltic pump (YZ2515X, Baoding
Longer, China) is used to drive artiﬁcial gastric juice into the
secreting tubes. A diaphragm pump (FEM 08KT.18/RC, KNF, Germany) is used to drive gastric emptying and to collect the digesta
through a PVC pipe (I.D. 6 mm, O.D. 8 mm).
The RD-IV-HSM is intended to provide mechanical force on the
gastric contents by a rope-driven system as shown in Fig. 3. In this
system, the plexiglass shelves is used for not only supporting the
human stomach model, but also supplying ﬁxed positions for the
ﬁshing wires (8＃). One end of the three ropes wrapped the antrum
of the stomach model (10, 50, 90 mm away from the pylorus
respectively), and the other ends are fasten on a pull rod through
the holes on the shelf. When the step motor rotates the wire between the rod and motor shaft, the rod moves down and drives the
ropes to fasten to produce contractions on the human stomach
model. The stomach model can also be relaxed on the reversal
operation. The step motor was set to create 3 contractions per
minute on the stomach model, which is the actual contraction
frequency on human stomach (Marciani et al., 2001b). The
contraction can be reinforced by shortening the length of the rope
or tied to be closer to the free end of the pull rod. The amplitude of
the contractions on the model was set at 1 cm.
A temperature controlled plexiglass box was made and heated
with electric heaters, which are controlled by a thermostat (WK-1,
OHCHIDA, Germany). The temperature was maintained at 37  C to
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Fig. 2. (A) The inner anatomical structure of the human stomach: 1, cardia; 2, fundus; 3, wrinkles; 4, lesser curvature; 5, incisura angularis; 6, wrinkles (plica); 7, greater curvature;
8, antrum; 9, pyloric sphincter; 10, duodenal bulb; (B) the silicone in vitro human stomach model: 11, secretory tubes; 12, connector with an one-way valve inside; (C) the schematic
of wrinkles on the inner-surface.

Fig. 3. The diagram of the rope-driven rig: 1, the human stomach model; 2, plexiglass support; 3, pull rod; 4, step motor; 5, spindle; 6, wire; 7, contractive ropes; 8, base box.

mimic body temperature. It usually takes 30 min to reach the
predetermined temperature. The test on RD-IV-HSM was started
after the system reached 37  C.

2.3. Measurement of the contractive force
The mechanical force generated by the rope-driven system was
measured respectively using a kind of manometry and the agar gel
beads method. Manometry was carried out using a handheld digital
manometer (PDMM01, PYLE, the USA) to measure the pressures of
antral contractions reacted with on a thick-walled silicone balloon
(diameter 22 mm) placed inside the antrum section of the stomach
model, 10 mm away from the pylorus (See Fig. 4). The maximal
pressures of 10 times of the contractions were measured using the
handheld digital manometer and took the average. Then, the same
balloon was compressed using a texture analyzer (EZ-S EZTest,
SHIMADZU, Japan) equipped with a cylindrical ﬂat probe (diameter
40 mm. The test speed was set at 0.5 mm s1. When the pressure
value shown in the manometer became equal to the average
maximal pressure recorded, the compression force shown in the
texture analyzer at the same time was recognized as the contractive
force of the gastric antrum. Agar gel beads (diameter 12 mm) with a
range of fracture strengths (0.15e0.65 N) were made in our

laboratory according to the agar gel beads method as Marciani et al.
reported (Marciani et al., 2001a). The fracture strength was
measured using the texture analyzer. The evidence of the fracture
of the agar gel beads, which were measured in RD-IV-HSM would
indicate the system possesses certain fracture strength to disintegrating the solid food. Each strength test was repeated in
triplicates.

2.4. In vitro digestion of cooked buckwheat in RD-IV-HSM
In vitro digestions were employed in RD-IV-HSM with artiﬁcial
gastric juice secretion and gastric emptying. 240 g buckwheat
particles ‘already chewed’ using the food processor were fed with
150 g distilled water into RD-IV-HSM after secreting 25 mL artiﬁcial
gastric juice as fasting phase. All the food was cooled to 37  Cand
fed into the model in 10 min. The step motor was started immediately to produce 3 contractions on human stomach model per
min. At that time, the gastric juice secreting (2.50 mL min1) and
digesta emptying (6.25 mL min1) were also started. Every 5 min
for the ﬁrst 30 min, and every 20 min for the last 60 min, the
emptying digesta were collected in an ice-bathed ﬂask, separately.
The digesta emptied in the speciﬁed period of time was collected,
naturally settled and separated to produce the liquid portion and
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Fig. 4. The antral contractive forces measured by (A) agar beads and (B) manometry: 1, in vitro human stomach; 2, thick wall silicone balloon; 3, digital manometer; 4, contraction
on gastric wall.

solid portion respectively. The liquid content and solid content
were then measured by wet weighting and dry weighting (105  C,
24 h), respectively. The nutrients, such as the total ﬂavonoids, rutin
and DPPH free radical scavenging activity, were also evaluated according to Cheng et al. (2006) and Zhang et al. (2010).
2.5. Size distribution of the buckwheat during the in vitro digestion
After digestion was completed, the collected digesta were
naturally settled and separated. The sizes of suspending tiny particles (liquid contents of the samples) were measured by a laser
scattering particle size distribution analyzer (Horiba, Japan). The
chewed particles and the solid particles in the digesta were
measured using image analyses modiﬁed from Arvisenet et al.
(2008). Brieﬂy, the shaded areas of the sample particles were
calculated using Image J. Then, a Matlab application was used to
calculate the areas covered by particles to work out the distribution
of the particle size.
2.6. Statistical analysis
All results reported in this work are expressed using the
means ± SE (n ¼ 3). ANOVA was used to compare the variables.
Statistical analyses of the levels of the nutrients were done using a
student's t-test with a signiﬁcance level of p ¼ 0.05.
3. Results and discussion

generated by the rope-driven mechanism in the RD-IV-HSM was
measured using manometry method, is 3.37 ± 0.59 N for each
contraction, which is close to that reported with HGS, i.e.
3.39 ± 0.95 N (Kong and Singh, 2010), but much greater than that
the in vivo studies (0.06 N) during emptying of a solid meal
measured using the same method (Camilleri and Prather, 1994). As
such, the antal force in RD-IV-HSM should be sufﬁcient for grinding
of solid food.
3.2. Digestion of cooked buckwheat in the RD-IV-HSM
The acid in the gastric juice has the functions of hydrolyzing
carbohydrates, activating pepsin and providing a suitable reaction
environment. The pH changes in the RD-IV-HSM during the 90 min
digestion process are shown in Fig. 5. It can be seen that the pH has
a sharp increase from 1.99 to 6.19 during the ﬁrst 10 min after food
was fed into the in vitro human stomach model, due to the diluting
effect of the food. The same buffering effect was also revealed in the
in vivo studies: after a quick rising of pH in less than a half hour,
they needed 2e4 h (depend on the constituents of the meal) to
decrease the pH value to the initial acidity (Dressman et al., 1990;
Tyssandier et al., 2002). With a continuous secretion of gastric
juice and the emptying of digesta, the pH of the gastric contents
decreased to 5.29 after 30 min since the beginning in RD-IV-HSM,
and the consumption of acid by digesting nutrients made the pH
of the gastric contents to slowly decline in the next hour. Fig. 6
shows that the amounts of rutin and total ﬂavonoids in digesta
after the 90 min digestion in the RD-IV-HSM were found to have
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Providing the realistic gastric morphology is the main objection
of the RD-IV-HSM. Different from other soft or semi-soft in vitro
human stomach models with tubular or inversely conical conﬁgurations, the ‘near-real’ model RD-IV-HSM has the characteristic
gastric “J” shape (shown in Fig. 2) as that of a human stomach. The
previous study has shown that the wrinkles on the inner surface
could enhance the repeatability of the in vitro digestion experiments using a ‘near-real’ system (Chen et al., 2013b). In RD-IV-HSM
system, a programmable rope-driven system was designed and
used to generate rhythmic contractions on the antral wall of the
in vitro human stomach model. In an actual human stomach, when
the peristaltic contractive waves propagate towards to the pylorus,
its width increases along the way and the wall's apparent indentations deepen (Schulze, 2006). Similarly in RD-IV-HSM, the
wire wraps around the stomach antral region encourages greater
displacement as it located nearer to the free end of the pull rod,
producing greater contractive amplitude on the stomach model. In
that way, the contractive force on the stomach model can be
adjusted by tightening the wires closer to or further away from the
free end of the pull rod (see Fig. 3). The maximum antral force
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with the total wet materials) and its solid fraction (compared with the total dry materials) remained in the stomach during the in vitro gastric digestion (n ¼ 3).
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Fig. 6. Rutin, total ﬂavonoids and antioxidative content of phenolic extract from
cooked buckwheat and the digesta after a 90 min gastric digestion in the RD-IV-HSM. *
Signiﬁcant differences between gastric digesta and cooked buckwheat; # signiﬁcant
differences between liquid phase and solid phase within the same nutrient (*or # for
p < 0.05; **or ## for p < 0.01; ***or ### for p < 0.001).

decreased 16% (from 4.45 mg decrease to 3.74 mg) and 18% (from
6.94 mg decrease to 5.71 mg) respectively. The main ﬂavonoid of
the buckwheat extract was rutin, which functionally has a positive
effect on the capillary fragility (Kreft et al., 2006), making up more
than two thirds of the total ﬂavonoids. That missing rutin during
the gastric digestion process might be hydrolyzed into quercetin,
neutralized with acid and complexed with pepsin in the gastric
environment. Fig. 6 also shows that there is about 20% rutin
(0.90 mg from 4.45 mg) and 20% total ﬂavonoids (1.38 mg from
6.94 mg) were transported from buckwheat particles to the liquid
phase. The antioxidative capacity was also increased to 256% (from
9.85 mg to 25.08 mg) than that before the gastric digestion, and
these antioxidants were found mostly in the solid phase of the
digesta. Little antioxidants found in the liquid phase might be due
to their sensitivity towards acids, such as rutin and vitamin E
degrade badly in an acidic environment. The transport of the nutrients from insides of the cellular compartments might be the
combined effects of food surface erosion and tenderization, disintegrating the buckwheat particles and making holes on the cell
wall with the gastric acid and enzymes (Kong and Singh, 2008b).
3.3. The effect of gastric morphology on gastric emptying
In the RD-IV-HSM, after the masticated meal with the aid of
water “swallowed” into the in vitro stomach model, there was little
solid content in the digsta emptied during the ﬁrst 20 min (see
Fig. 5). In other words, a lag phase of the emptying process for solid
particles appeared. As shown in Fig. 7, the emptying rates of the
‘food’ in stomach were nearly stable during the ﬁrst 20 min. The
buckwheat particles collected in the liquid digesta were so small
that the sizes of the major ones (approximate 80%) were less than
0.5 mm in the ﬁrst 20 min gastric emptying (see Fig. 8A). According
to the difference between the amount of gastric emptying and the
amount of gastric secretion, more than half of the fed water was
emptied in the lag phase. This lag phase for emptying solid particles
was also observed in the in vivo emptying of the semisolid food in
human stomach (Brown et al., 1993; Collins et al., 1991; Malagelada
et al., 1977). The lag phase is highly individual, which can be as long
as one hour and a half for some subject (Burton et al., 2005).
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Fig. 7. Change of the emptying rate of the liquid and solid digesta during the in vitro
gastric digestion (n ¼ 3).

The lag phase might be explained in Fig. 9A. The anatomical
features of the human stomach have implied the distribution of
luminal contents. Due to the characteristic “J” shape of the gastric
morphology, the fed food, which is a mixture of solid (buckwheat
particles masticated) and liquid (water and gastric juice), is layered
in the in vitro gastric model: the particles heavier than water are fell
onto the greater curvature, as it is the lowest point of the gastric
model, while the lighter particles suspended in the water, ﬁlling up
the pylorus canal. The suspension is made up of water and the
lighter particles (liquid phase), usually of small particles, emptying
earlier than the heavier ones. The inversely conical in vitro gastric
model, which have the ‘antrum’ parts, on the other hand, do not
have such behavior. The semisolid food was stacked in the inverse
conical cavity by gravity and emptied together with the aid of
peristaltic waves on the gastric wall (see Fig. 9B) (Kong and Singh,
2010). This would not simulate the lag phase. The lag phase of the
solid particles is very important for the semisolid food digestion in
human stomach, as the active ingredient in the nutrients such as
probiotics and soluble proteins may be sensitive to the gastric acid
or the digestive enzyme. As a result, the survival values of the
probiotics from the actual in vivo experiments are higher than the
values obtained with the tubular in vitro gastric models (MattilaSandholm et al., 1999), due to a large number of the insoluble
particles tended to settle and retain in the tubular stomach (Barker
et al., 2014).
The increasing amount of the heavier solid particles in the RDIV-HSM was emptied between 20 min and 90 min after fed (see
Figs. 7 and 8B). Due to the special morphology of the human
stomach, liquid is emptied faster than solids. Because of the constant suction for emptying as controlled by the pump (6.25 mL/
min), the amount of large solids particles increased and liquid
emptied decreased sharply, which led to a deducing emptying rate
towards 4 g/min at 90 min. As shown in Fig. 10, the buckwheat
digesta collected after 90 min gastric digestion in the RD-IV-HSM
had no particles larger than 8.0 mm, and about 9% particles was
shifted from the size interval of 3.0e5.0 mm to 1.0e3.0 mm. It indicates that RD-IV-HSM has certain disintegrating capacity, though
it could not match the in vivo performance.
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Fig. 8. The particle diameter distributions of the chewed buckwheat during the in vitro
gastric digestion in the RD-IV-HSM. (A) The gastric emptied samples taken from 5 min
to 20 min; (B) The gastric emptied samples taken from 25 min to 90 min since the
digestion beginning.

3.4. Gastric sieve effect in RD-IV-HSM
Human stomach has the selectively tendency of retaining big
particles, and of emptying the particles with their size smaller than
1 mm, named gastric sieving (Mayer et al., 1984). However, 60%e
85% of the emptied buckwheat particles were larger than 1.0 mm
during the last 60 min in the RD-IV-HSM (see Fig. 8B). The gastric
morphology of an in vitro human stomach model has inﬂuence on
the bioavailability presented by the nutrients being processed
through, not only because the distribution of the semisolid meal in
it, but also the ﬂuid shear force that is generated by the contractions. Many researchers believe that there are three kinds of forces
contribute to the solid meal grinding in a human stomach: i) the
contractive forces generated directly by the contractions on the
antral wall; ii) the ﬂuid shear forces generated by the changes of the
gastric morphology; and iii) the retropulsive shear forces are
generated when antral gastric ﬂuid has been pumped towards to a
shut pylorus and then retropulsion forcefully in the antral lumen
(Faas et al., 2001; Indireshkumar et al., 2000; Marciani et al.,

Fig. 9. The emptying of the semisolid meal in (A) the RD-IV-HSM and (B) an inversely
conical in vitro gastric models.

2001a). However, the existing in vitro human stomach models
have only mimicked the physical movements to provide the
digestion environment, they have neglected in providing realistic
gastric morphology. Thus, there were mainly contractive forces in
those ‘inversely cone’ in vitro gastric models, and the contractive
forces which were 50 times more than the in vivo studies might
contribute to grinding the solid food particles (Kong and Singh,
2010). The ﬁrst two forces can be assessed in situ of the RD-IVSHM, as it has the gastric characteristic morphology and the
rope-driven contractions on the soft gastric wall. The disintegrative
force in gastric antrum was measured using the pre-calibrated agar
beads in this work. As described above, the RD-IV-HSM generated
as larger contractive force (3.37 ± 0.59 N) as the HGS and 50 times
than the in vivo tests (0.06 N) (Camilleri and Prather, 1994), but all
the agar gel beads with a range of facture strengths (0.15e0.65 N)
could not be fractured during the 1.5 h digestion process in the RDIV-HSM, which could be fractured and emptied in a real human
stomach (Marciani et al., 2001a), revealing that the rope-driven
system could not provide sufﬁcient grinding force for the agar
beads.
That is because in the current device, although a gastric
morphology was established on the in vitro human stomach model
and the RD-IV-HSM could generate much larger contractive force
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than the in vivo tests, there is no ‘pyloric sphincter’ to induce a
sufﬁcient retropulsive jet. When the contractions in a form of a
peristaltic wave propelling the pylorus, the ﬂow intensity of the
digesta would likely increase as it ﬂows through the narrowing
pylorus canal. The digesta ﬂuid thus hits the shut pylorus and jets
back to the wider stomach lumen and the surrounding ﬂuid with
higher pressure will tend to ﬂow towards it, which promotes the
mixing of the food particles forcefully and the emulsiﬁcation with
the gastric juice, also causing rubbing between the food particles
and/or stomach wall. It is known that the repeated propulsion,
retropulsion and grinding is applied to the larger food particles
retained in the antrum, until the sizes of food particles were
reduced into what the ‘gastric sieve’ requires (Schwizer et al.,
2006). However, in the RD-IV-HSM, the accumulated grinding effect is not sufﬁcient. It is likely that the lack of pyloric sphincter
might be the major reason why the RD-IV-HSM did not have
enough force to crush large food particles. Nevertheless, the creation of this accumulated grinding effect is thus critical in future
attempts on improvements of the design of the in vitro systems.
This exploration is ongoing.

3.5. Validity of the model
The radioactive label (Burton et al., 2005; Hinder and Kelly,
1977) and ultrasound imaging (Brown et al., 1993) in vivo tests
have revealed that, liquid contents dispersed over the stomach
1 min after the meal intake and emptied immediately from the
pylorus; food sediments and debris heavier than water were
collected in the proximal gastric segment, and spread to the distal
gastric segment while the liquid was emptying; the large solid
particles would not empty with liquid until they were disintegrated
to small size. The lag emptying phase and sediment of the large
solid food particles could be visualized observed in RD-IV-HSM as
revealed in the in vivo tests, which means the gastric morphology of
the in vitro human stomach model is the crucial factor in simulating
a near-real human gastric emptying of semi-solid food during the

4. Conclusions
By incorporating the gastric morphology to the in vitro human
stomach model, RD-IV-HSM has successfully reproduced the distribution of the semi-solid meal in stomach and its emptying
pattern as that in vivo. RD-IV-HSM is able to provide a reasonably
realistic set of conditions that mimic the human gastric digestion
and it is the ﬁrst in vitro model that produces the initial lag phase on
solid emptying during the digestion process. It could be used to
study the changes of food constituents, the distribution of the semisolid food and the gastric emptying behaviors during digestion.
Although the RD-IV-HSM can break up a small amount of the
masticated buckwheat and generate much greater contractive force
on antral wall than those reported in the literature, it is not been
effective in disintegrating larger food particles and thus does not
seem to have reproduced the gastric sieve effect. It is expected that
the repeated ‘retropulsive jet’ should be one of the most important
factors for triggering solid disintegration in human stomach. In
addition, the human stomach is an entirely secretory in nature, but
only 20 silicone tubes in this study were installed on the in vitro
stomach model used as the secretory glands. The different distribution of the gastric juice in RD-IV-HSM might also contribute to
the low disintegrating capacity. These mean that the spontaneous
motor pylorus and more realistic gastric secretion would be the
future improvements to target at in order to increase the disintegration capacity in the antrum of the in vitro human stomach model
and simulate better the behavior of a real human stomach.
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