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The objective of the presented work is to allow non-invasive
sampling of microbiota, while today surgery is still needed
to collect intestinal liquid samples. Given the recent deve-
lopments of endoscopic capsules and their added value for
the diagnosis and the treatment of gastrointestinal patholo-
gies, the paper is focused on the design of a microbiota sam-
pling capsule. The device has to offer an efficient collection
of intestinal liquid and at the same time to protect it from any
contamination as the device navigates out of the human body.
To ensure this and safety at the same time, a passive capsule
is developed based on a bistable mechanical structure ac-
tuated by an expanding foam that itself collects the intestinal
fluid. The device is developed using additive manufacturing.
It is shown the process is compatible with the production of
the complete capsule with biocompatible material, while en-
suring the presence of bistability for capsule closing. In-vitro
trials validate the operating mode of the capsule. This work
represents a significant step towards the creation of simple
and yet efficient tools to better understand microbiota impact
and future pathology detection.

∗Address all correspondence to this author.

1 Introduction

The microbiota consists of a collection of microorga-
nisms such as micro-fungi, bacteria and viruses that live in
the microbiome, which is a specific environment hosted by
a plant or an animal host [1]. There are several types of mi-
crobiota in the human body, including the skin microbiota
which is the collection of microorganisms living on the skin,
the vaginal microbiota which is found in the vagina and the
intestinal microbiota which is located in the gastrointesti-
nal (GI) tract. In this paper, we are interested in the intesti-
nal microbiota of humans and more specifically that located
in the small intestine which is the host of the largest num-
ber of bacterial species in the human body. The intestinal
microbiota is dominated by a composition of five bacterial
species. The concentration of these bacteria varies depen-
ding on its location in the small intestine which is composed
of three sections illustrated in Fig. 1 [2]. In the duodenum
and jejunum, the concentration of bacteria varies between
103 and 104 per mL. In the ileum, the number of bacteria
is around 108 per mL [1].
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FIGURE 1: Representation of the small intestine’s sections
and its neighboring organs [3].

1.1 Relation Between the Microbiota and Pathologies
Described as the second brain in the human body, the

intestinal microbiota play an important role in maintaining
health as its balance helps prevent and treat several diseases.
Recent research has proven that there is a fundamental rela-
tionship between the imbalance of the intestinal microbiota,
also known as dysbiosis, and the detection of several patho-
logies such as obesity [4], type 2 diabetes [5], chronic inflam-
matory bowel disease [6] and colorectal cancer [7]. Dysbio-
sis can also affect human mood and behavior and can even
lead to stress and depression [8].

Therefore, it is important to collect the intestinal micro-
biota to advance basic clinical research, understand the clini-
cal relevance and, in the future, help identify the pathologies
described above.

1.2 Conventional Microbiota Sampling Method
Two methods have been developed for microbiota sam-

pling. The first one consists of collecting the human stool in
order to remove bacteria, culture them and determine DNA
sequences which will be used to identify the dysbiosis [9,10].
Although this method is non-invasive, it represents two ma-
jor limitations. Only 50% of the intestinal bacterias can be
cultured due to precise oxygen requirements which means
that several species of intestinal bacterias cannot be analy-
zed. In addition, the intestinal environment is not homoge-
neous, which means that some bacteria species cannot be
found in the stool. Therefore, this method does not allow the
collection of all the information needed to discover and iden-
tify the intestinal environment.

The second method of microbiota sampling consists of
making an incision in the small intestine in order to ac-
cess it and take a sample [6]. It is often performed simulta-
neously with other surgical operations on the abdomen [10].
Although this method is precise, it remains very invasive and
uncomfortable for the patient.

1.3 Capsules Used for Microbiota Sampling
In order to have an accurate and non-invasive sampling,

the bacteria must be collected directly from the small intes-
tine with a tool that gains access without creating any com-
plications for the human body or contamination of the sam-

pled bacteria. Swallowable devices also known as ”capsules”
have been considered for microbiota sampling.

A capsule is a swallowable device originally developed
to inspect the digestive tract. It has a cylindrical shape and
dimensions adapted to ingestion: a maximum of 11 mm for
the diameter and 26 mm for the length [11]. It facilitates the
access to different sections of the gastrointestinal tract in a
non-invasive way which makes it an interesting concept that
was used by many researchers to perform different functions
in the digestive tract such as locomotion, localisation, diag-
nostic and treatment [12].

One of the first capsules for microbiota sampling was
developed in 1999 by Gu et al. [13]. It has an oval shape with
a diameter of approximately 10 mm. The operating mode of
this capsule is based on the biological interactions, mainly
the change in pH in the gastrointestinal tract, of the latter
and the intestinal environment. Although this capsule is non-
invasive, the sealing of its orifice remains weak because it
has no resistance to the reopening of the device. Therefore,
the absence of contamination cannot be guaranteed.

In 2014, Amoako-Tuffour et al. introduced two concepts
of intestinal microbiota samplers composed of sample sto-
rage chambers, a motor that actuates the opening and the clo-
sing of the latter and a power unit based on the use of batte-
ries [14]. Although the integration of several power supply
and communication modules allows for precise sampling,
these devices do not have the capacity to potentially store
more liquid. The presence of electronic components is, in
addition, a concern in terms of risk analysis for the device.

Recent researchers have opted for the development of
passive devices. Shape memory spring [15,16], foam or even
hydrogel [17] have been considered to actuate and target the
sampling task in the small intestine. To optimize the preci-
sion and localization of the sample in such passive capsules,
magnetic actuation systems have been developed in [18, 19].
In 2017, a research team from the laboratory TIMC-IMAG
(Grenoble, France) developed a microbiota sampling cap-
sule [20]. The device is composed of an elastic membrane
and a foam for intestinal liquid absorption. The membrane
has an entry orifice which is closed after sampling by a lo-
cking system as shown in the example in Fig. 2. The foam
used to collect the intestinal liquid is also being used as an
actuator that triggers the locking system. The use of foam
is of great interest because it is biocompatible and can ra-
pidly absorb the microbiota. However, the closing force will
be completely constrained by the choice and the volume of
the foam.

1mm
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system
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orifice

?

Shut-off valve
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Pressure button

@
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FIGURE 2: Concept of the capsule proposed by [20] for mi-
crobiota sampling.
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Given the capsules presented in this state of the art sum-
mary, the capsule that we propose must ensure the sampling
of microbiota while guaranteeing the sealing of its closing
and its resistance to any force applied by the gastrointestinal
tract after sampling. To eliminate electrochemical risk and
reduce sources of risks, we avoid the integration of electronic
components and batteries in the device. In addition, the risk
of capsule blocking is limited by respecting maximum stan-
dard sizing and the risk of toxicity is reduced by considering
biocompatible materials. Our goal is to collect the microbiota
from a part of the small intestine with a non-invasive, non-
contaminating and less expensive device.

Following preliminary work in [21], we present a mi-
crobiota sampling capsule that operates in the human small
intestine and is used for diagnostic purposes. We develop an
approach based on the use of a foam to both store the intesti-
nal liquid and actuate the closing of the capsule. To do so, we
need a structure which can be passively triggered by the foam
and can resist reopening. A bistable mechanism where the
closing energy is a mechanical energy stored in it is the most
suitable structure to be used [22, 23]. In section 2, we elabo-
rate on the design requirements that the capsule must meet,
followed by its components the most important of which are
the foam used as an actuator and the bistable mechanism
used to close the capsule. In addition, the operating mode
of the capsule in the gastrointestinal tract is described.

Section 3 is dedicated to the characterization of the ac-
tuator in order to determine the force applied by the foam and
its force-displacement characteristic. We focus, in section 4,
on the modeling of the bistable mechanism by an analytical
model, the manufacturing process as well as the experimental
characterization. Finally, section 5 is dedicated to the proto-
typing of the capsule in its final version and the validation of
its operating mode by in-vitro trials.

2 Microbiota Sampling Capsule
2.1 Key Requirements

The design of the microbiota sampling capsule must res-
pect certain constraints imposed by the gastrointestinal en-
vironment, the safety of the patient and the protection of
the sample. The capsule will be admitted into the human
body through the mouth. Therefore, it must be able to transit
through the gastrointestinal tract without creating any com-
plication for the patient. Its dimensions must not exceed the
maximum dimensions which are those of the largest swallo-
wable pharmaceutical capsule 000 according to the capsule
size classification standard [24, 25], i.e. 9.5 mm for the dia-
meter and 26.1 mm for the length. Here our capsule has a
diameter of 9 mm and a length of 26 mm.

While passing through the stomach, the capsule must
withstand the acidity of the gastric environment which has
a pH close to 2 [26]. Once in the small intestine, where the
pH level is higher and close to 7 [27], the capsule must open
to collect the sample of intestinal microbiota. It is neces-
sary to ensure that the intestinal liquid can penetrate into the
capsule considering that it has a viscosity of approximately
0.085 Pa·s [28, 29]. The sampled volume must be sufficient

to analyze the bacteria species located in the small intestine.
For this, a volume of 0.20 mL is adequate because it repre-
sents approximately 2.0E+7 of bacteria [30].

Afterwards, the capsule transits through the rest of the
gastrointestinal tract to exit the human body. At this stage,
it is important to guarantee its sealing to protect the sample
from contamination. In total, the transit of the capsule takes
approx. 5 hours to arrive at the sampling location [31]. When
passing through the anus, the capsule must resist reopening
considering that the anal sphincter can apply a pressure that
can go up to 0.02 MPa [32].

2.2 Capsule Components
In order to satisfy the key requirements described above,

we have chosen to develop a capsule controlled and closed in
a passive manner. It measures 9 mm in diameter and 26 mm
in length and is composed of a shell that has an entry orifice.
The shell is composed of two parts as shown in Fig. 3a.

-Precurved
Bistable
mechanism

� Part 2

� Part 1� -Assembly
gaps

?

Entry Orifice

6
Entry Orifice

-Actuator :
foam

5 mm

(a) Main components of the microbiota sampling capsule.

� -Assembly
pins

6
Actuator location

5 mm

(b) CAD of the bistable mechanism as manufactured in its first stable
position.

FIGURE 3: Components of the microbiota sampling capsule.

A PVA foam (Polyvinyl Alcohol) is used to both store
the intestinal liquid and actuate the bistable mechanism to
close the capsule [20]. As the name suggests, the bistable
structure (shown in Fig. 3b) has two stable positions: one for
opening the capsule and the other one for sealing it once the
sampling is done.This structure meets our needs as it has a
configuration that stores the mechanical energy used to en-
sure closing in an instantaneous way rather than a progres-
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sive way. At the same time, it offers a resistance to reopening
which is used to guarantee the protection of the sample from
contamination and/or loss. In addition, the structure is ma-
nufactured precurved in its first stable position. Therefore,
there is no need to buckle the beams during assembly which
is important to get a repeatable behavior.

The capsule is made in three parts and assembled by
the pins and gaps that are located respectively in the bistable
mechanism and the part 2 of the capsule shell, as shown in
Fig. 3a and Fig. 3b.

2.3 Operating Mode
When transiting through the gastrointestinal tract, the

capsule follows the scenario described in this section. In its
initial state, the capsule shell is assembled with the bistable
mechanism. The latter is preloaded in the second stable posi-
tion for which the capsule remains open as shown in Fig 4a.

-Mouth

-Esophagus

-Stomach

?
Coating

-Dry
foam

6

Bistable mechanism preloaded
in the second stable position

(a) Initial state of the capsule after assembly.

6

Small
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Orifice

Actuation of the bistable
mechanism by the foam

�F

(b) Operating mode of the capsule in the small intestine.

6
Anus

-Colon

� Foam

-Closed capsule

(c) Final state of the capsule after sampling.

FIGURE 4: Scenario followed by the capsule in the gastroin-
testinal tract.

The capsule is initially surrounded by a gastro-resistant

gelatin coating. It protects the capsule during its transit
through the stomach and it dissolves at a pH close to 7 which
is that of the small intestine. Although the coating does not
allow to precisely control the time or place of capsule ope-
ning, the variation in pH is sufficient to sample in a relevant
zone in terms of analysis of intestinal bacteria. In addition, it
is possible to choose a coating thickness to ensure opening
in the small intestine or to ingest several capsules with dif-
ferent thicknesses of the soluble coating allowing samples to
be taken from various places.

Thus the capsule reaches the small intestine, the pH level
gradually increases which causes the coating to dissolve until
it totally disappears. The capsule is then open, allowing intes-
tinal liquid to enter through the entry orifice. Once in contact
with the liquid, the foam absorbs it and swells to provide a
sufficient force to trigger the bistable mechanism and close
the capsule. These steps are shown in Fig. 4b and Fig. 4c.

3 Actuator Selection
3.1 Actuator Description

Here the actuator used in the microbiota sampling cap-
sule is a PVA foam which is a high absorbency material used
in surgeries [33]. It is also used to store the sampled intestinal
liquid. It is biocompatible and can quickly absorb a sufficient
volume of microbiota while tripling its volume [20].

In this section, we will focus on the characterization of
the foam to be integrated into the capsule using an experi-
mental method in order to obtain the generated force accor-
ding to its expansion. The intestinal environment considered,
in this experiment, consists of water. Later, when the vali-
dation of the capsule sealing is carried out, a liquid of the
same characteristic as that of the human intestinal fluid will
be used.

3.2 Experimental Characterization of the foam
The experimental characterization of our actuator

consists of determining the force applied by the foam consi-
dering its dimensions which are constrained by its integration
into the capsule. The identification of these dimensions are
constrained by those of the capsule and the bistable mecha-
nism. The foam must be positioned below the bistable me-
chanism to guarantee its actuation as shown in Fig. 3a. The-
refore, its dimensions must not exceed a maximum length of
13 mm, a width of 5 mm and a height of 2 mm. The initial
height of the foam is set at 10 mm before compression with a
compression ratio equal to 5 which facilitates its integration
into the capsule.

An experimental setup is made to obtain the force pro-
vided by the foam. It is composed of a laser-based displace-
ment sensor (LK-H152, Keyence) that has a measuring range
of 80 mm with a resolution of 0.25 µm, a bending beam for
which the stiffness has been initially determined and a moun-
ting system for both the beam and the foam. The experimen-
tal setup is illustrated in Fig 5.

Initially the foam is compressed and placed, with zero
contact, below the beam as shown in Fig. 5. A volume of
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FIGURE 5: Experimental setup for the actuator characteriza-
tion.

0.20 mL of water is absorbed. Afterwards, the foam swells,
generates a force and pushes the beam which displacement
is obtained by the laser sensor. As the stiffness of the beam
is initially determined, the force applied by the foam can be
easily calculated from the beam deflection.

3.3 Results
The foam can generate a maximum force of 1.5 N. Fi-

gure 6 shows the curve of the force provided by the foam
in relation to its expansion from the compressed height. The
foam height can grow up to an additional 3 mm. When the
foam expands, the force decreases to a minimum value of
0.45 N. The force obtained will be used in the following sec-
tion to determine the dimensions and characteristics of the
bistable mechanism.

Fo
rc

e
(N

)

Expansion (mm)

FIGURE 6: Curve of the force provided by the foam as it
expands from its compressed form.

4 Design of the Sealing Mechanism
4.1 Definition and Geometry

A bistable mechanism is a structure which has two stable
positions. The one used in the microbiota sampling capsule
is composed of the superposition of two beams initially ma-
nufactured preshaped curved and connected together with a
shuttle as shown in Fig. 7. This prevents the shuttle from ro-
tating when the mechanism is triggered and also ensures its
bistability [34].

6

Shuttle

?

Upper beam

6
Lower beam

FIGURE 7: CAD of a bistable mechanism composed of the
superposition of two preshaped curved beams.

The neutral fiber of the preshaped curved beams follows
an initial shape which is that of the first buckling mode of a
straight beam as illustrated in Fig. 8, and given by the follow-
ing expression:

w̄(x) =
h
2
[1− cos(2π

x
L
)] (1)

where w̄(x) the vertical position of the beam’s neutral
fiber in the first buckling mode, L the length of the presha-
ped curved beam, t its thickness, b its width and h its initial
height.

x

L

⊗ b

h
t

w̄(x)

FIGURE 8: Preshaped curved beam at the initial position.

The theoretical behavior of this structure can be des-
cribed by the force-displacement curve shown in Fig. 9. It
shows two stable equilibrium positions represented in black
(Position 1 and Position 2) and one unstable position repre-
sented in white. A maximum force ftop is necessary to transi-
tion from the first stable position to the second one. A lower
force fbot is needed to go from the second position to the first
one.

As shown in Fig. 9, the force-displacement curve is
asymmetrical due to the fact that the mechanism is initially
manufactured in its first stable position. This asymmetry is
advantageous because the mechanism can be triggered by a
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FIGURE 9: Force-displacement curve of a bistable mecha-
nism, measured at its center.

low force fbot which is supplied by the foam. On the contrary,
the large value of ftop helps to seal the capsule.

To allow the bistable mechanism to be preloaded into
its second stable position, it is important to keep a sufficient
distance between the first stable position and the bottom of
the frame as shown in Fig. 10 so that the bistable mechanism
can overcome the unstable equilibrium position.

6
Integration of the foam in the bistable mechanism

D1 = P1

P2 = D2 + hc

3 mm

� Foam

FIGURE 10: Positioning of the bistable mechanism represen-
ted in its first stable position.

According to Fig. 9, the distance between the first stable
position and the unstable equilibrium position is D1 and the
one between the unstable equilibrium position and the se-
cond stable position is D2. It is also important to take into
consideration the compressed height of the foam hc. There-
fore, the height of the foam is added to the distance D2 to de-
termine the position of the bistable mechanism between the
unstable equilibrium position and the second stable position.

The two positions (P1) and (P2) corresponding to the
distances (D1) and (D2 + hc) are respected in the positioning
of the bistable mechanism as shown in Fig. 10.

4.2 Modeling
In order to determine the dimensions of the bistable me-

chanism to be integrated into the capsule, sizing constraints
must be respected as well as the actuation forces. The dimen-
sions shown in Fig. 8 can be calculated using an analytical
model developed by Hussein in [35] and based on the buck-
ling phenomenon [36].

To guarantee that the structure has a bistable behavior,
the ratio Q between its initial height h and its thickness t

must exceed 2.31. Once this condition is met, the mecha-
nism can be characterized by the force-displacement curve
of its shuttle as shown in Fig. 9. ftop and fbot are the forces
needed to trigger the structure and switch between the two
stable positions. dtop and dbot are the displacements of the
shuttle when maximum forces are applied. dmid and dend are
the displacements for a zero force.

The value of these forces and displacements can be cal-
culated using the following expressions [35]:

dtop = h(
28
27

− 2π

3

√
1
6
+

16
81π2 − 1

Q2 ) (2)

dbot = h(
28
27

+
2π

3

√
1
6
+

16
81π2 − 1

Q2 ) (3)

dend = h(
3
2
+

√
1
4
− 4

3Q2 ), dmid = 1,33h (4)

ftop = 64π
2 EIh

L3 (
4
3
−

dtop

h
) (5)

fbot = 64π
2 EIh

L3 (
4
3
− dbot

h
) (6)

with E the Young’s modulus of the material, I the qua-
dratic moment and Q = h

t the bistability ratio.
Although the ftop and fbot forces play a very important

role in determining the dimensions of the bistable mecha-
nism, other dimensional constraints also have an impact on
this choice. The initial height h is determined by taking into
consideration the bistability ratio Q and the integration of the
mechanism in the capsule. As for the value of the length L,
it is impacted by the dimensions of the capsule as well as its
assembly. Finally, the thickness t is determined by the manu-
facturing parameters.

Taking into consideration these dimensional constraints
and the force provided by the foam to trigger the mechanism
and close the capsule, a set of parameters for the bistable
mechanism is determined and given in Table 1.

The force-displacement characteristic of this mecha-
nism is determined using the analytical model. The force va-
lue of ftop is 8.2 N and that of fbot is 4 N.
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TABLE 1: Geometric parameters of the bistable mechanism.

Parameter t b L h

Value 0.35 mm 2 mm 18 mm 2.4 mm

4.3 Additive Manufacturing with Fused Deposition Mo-
deling

Additive manufacturing using Fused Deposition Mode-
ling (FDM) is chosen to manufacture the prototype of the
capsule and the bistable mechanism due to its several advan-
tages. FDM deposits a fused filament in successive layers
through a nozzle. Therefore, the final part consists of a stack
of thin layers [37]. It is of great interest because it offers
the possibility of using biocompatible materials (e.g. ABS-
M30i, Stratasys, Ltd) which is very important considering
the use of the capsule in the human body [38, 39]. In addi-
tion, it enables rapid manufacturing of the prototype, which
accelerates the design cycle at a relatively low cost.

The capsule parts are manufactured on a centimeter
scale with the Fortus 400mc industrial printer (Stratasys,
Ltd) using the T12 nozzle (diameter = 0.178 mm). It is ma-
nufactured by depositing a contour that has a thickness of
0.35 mm. Therefore, it is necessary to understand and mas-
ter the process as well as the behavior of the parts after the
manufacturing.

The first manufacturing iterations revealed problems
with the shuttle and the surfaces between the latter and the
beams which present several gaps [40]. In order to master the
filament deposit used to manufacture the parts, certain para-
meters must be identified and optimized, i.e. ecc the gap bet-
ween the deposited contours, ecr the gap between the contour
and the filling and err the gap between the filling deposited.
Finally, experimental trials allowed the identification of ade-
quate values of each parameter for successful parts manufac-
turing as shown in Fig. 11. We used ecc = - 0.05 mm, ecr = -
0.005 mm and err = - 0.05 mm which guarantees optimal
filling of the printed parts.

Dimensional measurements for the length L and the ini-
tial height h were carried out to determine the dimensional
accuracy of the manufactured mechanisms. The total length
of the structure is equal to an average of 21.4 mm with a
maximum deviation of 0.40 mm and the initial height is
equal to an average of 2.37 mm with a maximum deviation
of 0.13 mm. Following these results, the bistability ratio Q
and the forces ftop and fbot of the mechanisms manufactured
with FDM are verified. The average value of the ratio Q is
equal to 6.7 which guarantees the bistable behavior. ftop is
equal to 6.5 N and fbot is equal to 3.1 N.

4.4 Experimental Characterization
Manufacturing the bistable mechanism has been proved

achievable at the centimeter scale by FDM. However, this
technology can have an impact on the force-displacement
characteristic of the mechanism. In this section, we carry

10 mm

@
@
@R

�
�
��

Open
frame

FIGURE 11: Bistable mechanism manufactured with Fused
Deposition Modeling with ecc = -0.05 mm, ecr = -0.005 mm
and err = - 0.05 mm.

out an experimental characterization of mechanisms made by
FDM to study its influence on the bistability and the force-
displacement curve.

In order to conduct the experimental characterization
of the bistable mechanism, a dedicated setup was built as
shown in Fig. 12. It is composed of a laser-based displace-
ment sensor (LK-H152, Keyence) that has a measuring range
of 80 mm with a resolution of 0.25 µm, a force sensor (FK50,
Sauter) with a maximum force of 50 N and an accuracy of
0.02 N and a mounting bracket to fix the bistable mechanism.

?

Force sensor

?

Mounting bracket

5 cm

6

Bistable
mechanism

�

6

Laser-based
displacement sensor

FIGURE 12: Experimental setup for the characterization of
the bistable mechanisms

For this characterization phase, ten bistable mechanisms
are manufactured with the manufacturing parameters deter-
mined above. They are made with an open frame, as shown in
Fig. 11, to allow both measurement and actuation. A force is
applied to the bistable mechanism by moving the linear table
on which the force sensor is mounted and the corresponding
displacement is measured using the laser sensor. Once the
positive forces are determined, the bistable mechanism is re-
versed to determine the negative forces.

The bistable behavior of each mechanism is characteri-
zed by determining the force-displacement curve. These re-
sults are compared to the force-displacement curve obtained
by the analytical model and presented in Fig. 13a.

The experimental characterization shows a difference of
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nous curves are obtained by the experimental characterization in
comparison with the dashed curves, which was obtained by the ana-
lytical model.
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(b) Force-displacement curves: the black curves represent the expe-
rimental results for each mechanism and the red curve is the average
of the experimental data.

FIGURE 13: Results of the experimental characterization of
the bistable mechanisms.

5.29 N for ftop and 3.6 N for fbot . Two mechanisms broke at
the shuttle of the structures after 6 triggering cycles. The va-
lues of the actuating force fbot are remarkably low for mecha-
nisms manufactured by FDM as they do not exceed 0.38 N.
The difference between these results may be related to the
impact of FDM such as the variation of the Young’s modu-
lus after manufacturing as well as the geometric proportions
of the bistable mechanism [40]. However, this does not af-
fect the operating mode of the capsule because fbot is smaller
than the force provided by the actuator which can reach 1 N.
As for ftop, we must experimentally verify that this force is
sufficient to guarantee the sealing of the capsule which will
be conducted in the next section.

5 Validation of the Microbiota Sampling Capsule
The experimental characterization of the bistable me-

chanism obtained previously is used in this section to up-

date the design of the capsule according to these results and
to propose a closing cap that guarantees its sealing. The im-
proved version of the capsule is then manufactured and used
to validate the operating mode using an artificial intestinal
liquid. At this stage, it is important to use such a liquid in
order to validate the ability to seal the capsule when the sur-
rounding fluid is high viscosity intestinal fluid.

5.1 Design Update
In order to improve the design of the capsule, first we

refine that of the bistable mechanism based on the results of
the experimental characterization. This step is very important
because it allows the definition of the shape and the dimen-
sions of the closing cap that will be added to the bistable
mechanism.

Therefore, the positioning of the bistable mechanism in
the capsule is modified while respecting two important as-
pects to its proper functioning which are ensuring the preloa-
ding of the bistable mechanism in its second stable position
and the integration of the foam below it as described in sec-
tion 4. According to the experimental result, the distances D1
and D2, illustrated in Fig. 10, must be equal to respectively
3.7 mm and 1.2 mm.

The second step consists in incorporating a closing cap
to the bistable mechanism as shown in Fig. 14. It will not
only ensure the sealing of the orifice but it will also ap-
ply a sufficient pressure to prevent the capsule from reo-
pening. The cap is of rectangular shape and of dimensions
2 mm x 5 mm and is used to close an orifice of dimensions
1 mm x 3 mm.

-Closing cap � Cap excess
6

A silicone seal of 0.1 mm

3 mm

FIGURE 14: Design of the closing cap added to the bistable
mechanism to ensure the sealing of the capsule.

As for the pressure applied by the cap, its value is de-
termined from the force-displacement curve of the bistable
mechanism. Theoretically, the point (dtop, ftop), illustrated
in Fig. 13a, corresponds to the maximum and ideal force to
ensure the sealing of the capsule and its resistance to reo-
pening. However, due to dimensional constraints, we do not
implement the cap at this maximum position but rather in
its vicinity which nevertheless corresponds to an important
force. To do so, the cap is designed such that when the cap-
sule is sealed, the bistable mechanism exerces a maximal lo-
cking force of 1.7 N according to Fig. 13b. With this force,
the mechanism is able to apply a pressure of 0.17 MPa to a
surface of 5 mm x 2 mm. The closing cap is combined with
a 0.1 mm thick silicone seal (composed of methyltriacetoxy-
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silane and triacetoxyethylsilane) to prevent liquid from ente-
ring. With the additional seal and according to Fig. 13b, the
bistable mechanism can exert a pressure which varies from
0.17 MPa to 0.21 MPa, i.e. 10 times the pressure encountered
in the sphincter.

5.2 Prototype Manufacturing
For the capsule for in-vitro validation, the same parame-

ters detailed in section 4 were used. A polycarbonate filament
(diameter = 1.78 mm) supplied by Stratasys, Ltd is the ma-
terial used for prototyping. Before assembling the capsule, a
layer of silicone is deposited on the cap of the bistable me-
chanism as shown in Fig. 15a.

Afterwards, the first part of the capsule body is assem-
bled to the bistable mechanism. Then, the mechanism is pre-
loaded in its second stable position and the actuator i.e. a
standard PVA foam, used for medical purposes, is inserted
below without having any contact with it as shown in the first
image of Fig. 15b. Finally, the capsule assembly is comple-
ted by inserting it in a 000 gelatin coating which is an empty
pharmaceutical capsule.

The intestinal liquid used for the in-vitro trial is a spe-
cial liquid that makes it possible to reproduce as closely as
possible the conditions encountered by the capsule in the in-
testinal environment. Fasted State Simulated Intestinal Fluid
(FaSSIF) provided by Biorelevant.com Ltd, a fluid conside-
red for solubility studies and drug testing [41], is used.

5.3 Validation of the Operating Mode of the Capsule
As shown in Fig. 15b, the setup dedicated to the in-vitro

validation is composed of two recipients which represent the
most important stages of the operating mode of the capsule
in the gastrointestinal tract: a first intestinal environment for
the sampling process and a second one after the sampling
process. In the first intestinal environment which is colored
in yellow and has a pH of 6.5, the capsule must be open after
the coating has dissolved to take a sample from the intestinal
liquid and then close by means of the bistable mechanism
triggered by the swollen foam. Once in the second intestinal
environment, which is colored in red and has also a pH of
6.5, the sealing of the capsule is verified. During its transit
through environments 1 and 2, the capsule did not undergo
pressure that imitates the intraluminal pressures of the gas-
trointestinal tract because the latter are smaller than the anus
pressure [42, 43].

Finally, to mimic the force applied by the anus and va-
lidate the resistance of the bistable mechanism to the reope-
ning, a maximum force of 0.2 N [32] is applied to the entry
orifice. The anus pressure is obtained using a force sensor
mounted on an XY stage. Initially, the sensor is placed in
front of the orifice with zero contact. Then, a force of 0.2 N
is successively applied to the orifice by advancing the sensor.

Concerning the timing, once immersed in the first intes-
tinal environment (step (1) in Fig. 15b), the coating of the
capsule immediately begins to dissolve. It takes seven mi-
nutes for the coating to completely disappear and uncover the
entry orifice. When in contact with the intestinal liquid and

6
Silicone seal

10 mm

(a) Final version of the bistable mechanism.

Coating

?

Capsule

6
Foam

(1)

(2)

(3)

(4)

Validation of the closing force

?

Capsule

?

Force sensor

?

Environment 1
Time : 10 min
pH = 6.5

?

Environment 2
Time : 19h
and 10min
pH = 6.5

6

Absence of the red color

(b) The in-vitro validation of the microbiota sampling capsule.

FIGURE 15: Capsule assembly and in-vitro validation of its
operating mode.

after exactly three minutes, the foam swells to trigger the
bistable mechanism and close the capsule. Afterwards, the
capsule is put into the second intestinal environment with a
transition time of 30 seconds (step (2) in Fig. 15b). It remains
in this environment for 19 hours and 10 minutes. This time is
determined according to the standard ISO 10993-1:2018 [44]
and the transition time of the capsule between the mouth and
the small intestine [31]. Finally, pressure from the anus is
simulated on the capsule before checking for contamination
(step (3) in Fig. 15b). The capsule is then opened for ins-
pection (step (4) in Fig. 15b). As shown in the last image of
the same figure, the absence of the red color in the capsule
validates sealing performance. The quantity of the liquid ab-
sorbed by the foam during this experiment is 0.4 mL, which
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corresponds to 4.0E+7 bacteria and is sufficient for the ana-
lysis of intestinal bacteria.

6 Conclusion
In this paper, we proposed a non-invasive microbiota

sampling capsule that combines the use of a bistable me-
chanism and additive manufacturing. Using the interaction
between a gelatin coating and the intestinal environment,
the capsule collects a liquid sample from the small intes-
tine. It does not integrate electronic components or batteries,
which makes it affordable, eco-friendly and disposable. First,
the capsule components were presented. Then, the operating
mode performed by the capsule in the gastrointestinal tract is
detailed. To guarantee its proper functioning, we carried out
an experimental characterization of the actuator that measu-
red its force-displacement curve.

Afterwards, we focused on the bistable mechanism used
to close the capsule. A model is used in order to size the
structure. Since we use FDM to manufacture the capsule and
the bistable mechanism, we studied the impact of this techno-
logy on the bistable behavior with an experimental method.
FDM has a significant impact on the value of the triggering
forces ftop and fbot compared to the analytical ones. Howe-
ver, the results show that the bistable behavior is guaranteed.
Some future work could consist of developing modified mo-
dels to take into account additive manufacturing impact on
the bistable behavior.

Finally, the design of the capsule is updated according to
the experimental results. A final prototype is then manufac-
tured and used to validate its operating mode with an in-vitro
trial using an artificial intestinal liquid proving the success
of the capsule operating mode and validating the quantity of
the sampled liquid.

We also validated in section 5 the sealing of the cap-
sule in order to protect the sample from contamination. It is
of course now important to ensure that the bacteria collec-
ted are properly stored in order to be analyzed and to avoid
their degradation by using a storage substance. In addition,
it is possible to consider different coating thicknesses, so the
opening of the capsule can happen at different locations, i.e.
at different positions in the intestine. Therefore, a study on
the relationship between the thickness of the coating and the
time of its dissolution is also part of future work. Perspective
of this work will thus concern this validation, before produc-
tion with biocompatible material to go toward in vivo trials.
These latter will be of great importance to build statistics on
the transit kinematics of the capsule in the GI tract and the-
refore define more precisely the sampling location and effec-
tive achievable sampling volume. In addition, in-depth risk
analysis will be carried out.
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A., Vengallatore, S., and Prakash, S., 2014. “Ingestible
gastrointestinal sampling devices : state-of-the-art and
future directions”. Critical Reviews in Biomedical En-
gineering, 42(1).

[15] Rehan, M., Al-Bahadly, I., Thomas, D. G., and Avci,
E., 2020. “Capsule robot for gut microbiota sampling
using shape memory alloy spring”. The International
Journal of Medical Robotics and Computer Assisted
Surgery, 16(5), pp. 1–14.

[16] Jones, J. P., 2020. Sampling capsule system and me-
thods, Apr. 16. US Patent App. 16/711,342.

[17] Waimin, J. F., Nejati, S., Jiang, H., Qiu, J., Wang, J.,
Verma, M. S., and Rahimi, R., 2020. “Smart capsule for
non-invasive sampling and studying of the gastrointes-
tinal microbiome”. RSC Advances, 10(28), pp. 16313–
16322.

[18] Finocchiaro, M., Giosu, C., Drago, G., Cibella, F.,
Menciassi, A., Sprovieri, M., and Ciuti, G., 2021. “De-
sign of a magnetic actuation system for a microbiota-
collection ingestible capsule”. IEEE International
Conference on Robotics and Automation.

[19] Shokrollahi, P., Lai, Y. P., Rash-Ahmadi, S., Stewart,
V., Mohammadigheisar, M., Huber, L.-A., Matsuura,
N., Zavodni, A. E., Parkinson, J., and Diller, E., 2020.
“Blindly controlled magnetically actuated capsule for
noninvasive sampling of the gastrointestinal microbio-
me”. IEEE/ASME Transactions on Mechatronics.
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[24] Murachanian, D., 2010. “Two-piece hard capsules for
pharmaceutical formulations”. Journal of GXP Com-
pliance, 14(3), pp. 31–42.

[25] Sayeed, V., 2015. “Size, Shape, and Other Physical At-
tributes of Generic Tablets and Capsules”. U.S. Depart-
ment of Health and Human Services Food and Drug
Administration. Guidance for Industry, p. 10.

[26] Beasley, D. E., Koltz, A. M., Lambert, J. E., Fierer, N.,
and Dunn, R. R., 2015. “The Evolution of Stomach
Acidity and Its Relevance to the Human Microbiome”.
PLoS ONE, 10.

[27] Evans, D., Pye, G., Bramley, R., Clark, A., Dyson, T.,
and Hardcastle, J., 1988. “Measurement of gastrointes-
tinal pH profiles in normal ambulant human subjects.”.
Gut, 29(8), pp. 1035–1041.

[28] Lai, S. K., Wang, Y.-Y., Wirtz, D., and Hanes, J., 2009.
“Micro- and macrorheology of mucus”. Advanced drug
delivery reviews, 61(2), pp. 86–100.

[29] Terry, B. S., 2012. “Mechanical characterization of the
small intestine for in vivo robotic capsule endoscope
mobility”. PhD thesis.

[30] Berg, R. D., 1996. “The indigenous gastrointestinal mi-
croflora”. Trends in Microbiology, 4(11), pp. 430–435.

[31] Fireman, Z., Paz, D., and Kopelman, Y., 2005. “Cap-
sule endoscopy : improving transit time and image
view”. World journal of gastroenterology : WJG,
11(37), p. 5863.

[32] Bansal, N., Sachdeva, M., Jain, P., Ranjan, P., and
Arora, A., 2013. “Anorectal manometry : current tech-
niques and indications”. Journal International Medical
Sciences Academy (JIMSA), 26(3), pp. 169–170.

[33] Kuchaiyaphum, P., Euaklang, S., Raksanti, A., and
Chotichayapong, C., 2019. “High absorbable cassava
starch/poly (vinyl alcohol) sponge for medical applica-
tions”. CURRENT APPLIED SCIENCE AND TECH-
NOLOGY, 19(2), pp. 89–101.

[34] Vangbo, M., 1998. “An analytical analysis of a com-
pressed bistable buckled beam”. Sensors and Actuators
A : Physical, 69(3), pp. 212–216.

[35] Hussein, H., 2015. “Contribution to digital microrobo-
tics : modeling, design and fabrication of curved beams,
U-shaped actuators and multistable microrobots.”. PhD
thesis.

[36] Qiu, J., 2003. “An Electrothermally-Actuated Bistable
MEMS Relay for Power Applications”. PhD thesis.

[37] Mohamed, O. A., Masood, S. H., and Bhowmik, J. L.,
2015. “Optimization of fused deposition modeling
process parameters : a review of current research and
future prospects”. Advances in Manufacturing, 3(1),
pp. 42–53.

[38] Chia, H. N., and Wu, B. M., 2015. “Recent advances
in 3D printing of biomaterials”. Journal of Biological
Engineering, 9(1), p. 4.

[39] Culmone, C., Smit, G., and Breedveld, P., 2019. “Addi-
tive manufacturing of medical instruments : A state-of-
the-art review”. Additive Manufacturing, 27, pp. 461–
473.

[40] Salem, M. B., 2020. “Développement d’une capsule
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