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Measurement of Peristaltic Forces Exerted by Living Intestine on
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Abstract—Using robotic capsules for assessing gut health has capsule endoscope [2], [3], [6]. These advancements in the

been an emerging field since the early 2000s with researchers
attempting to perform diagnosis, monitoring and therapeutic
functions inside the gut. The knowledge of peristaltic forces inside
the intestine are crucial for designing the actuation mechanism of
robotic capsules, however the impact of peristalsis on a capsule
has not yet been quantified. In this work, an analytical model is
presented to study the peristaltic movement of the small intestine.
For the first time, finite element simulations were conducted in
COMSOL Multiphysics to generate intestinal peristaltic forces,
and analyse their impact on a robotic capsule. A capsule
prototype (30 mm x ¢12 mm) was developed to measure the
peristaltic forces from living intestinal tissue, while an embedded
system was used simultaneously to record the live data from
the capsule-intestine interaction. In in-vitro experiments, the
intestine applied an average axial force of 226 mN and contraction
cycles of 9 times/min, while the capsule prototype experienced
maximum radial force of 180 mN. A specialized in-vitro setup
is developed to keep fresh ex-vivo intestine samples alive for up
to 6 hours, while the capsule prototype measured the intestinal
forces from the living tissue. This in-vitro experimental setup
provided an excellent model for the in-vivo environment in terms
of generating peristaltic movements, hence this force analysis will
help in developing efficient prototypes for locomotion, anchoring,
localization, biopsy, drug delivery and sampling mechanisms for
robotic capsules.

I. INTRODUCTION

The beginning of 215! century was marked by a revolution
in medical imaging when Iddan et al developed a minimally
invasive capsule endoscope as an alternative to the tethered
endoscopy [1]. A capsule endoscope moves passively inside
the gut, in a similar way to food, with the help of peri-
staltic movement and captures images of gut lesions. One of
the limitations of a capsule endoscope is its uncontrollable
movement, which restricts its navigation inside the gut and
it is not possible to spend significant time at the region of
interest. Another limitation is its incapability to determine
its precise location within the 9 meter long gut. Therefore,
locomotion mechanisms have been developed to anchor at, or
navigate towards, the target site [2]-[5]. Similarly, localization
mechanisms were proposed to estimate the position of the
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field of capsule endoscope laid the foundation for devices, with
similar size, to perform diagnostic, monitoring and therapeutic
functions like sampling [7], [8], tissue biopsy [9], sensing
[2], [10] and drug delivery [11].

Advance techniques in robotic capsules such as locomo-
tion, localization, biopsy, drug delivery and sampling, require
knowledge of peristaltic forces to develop suitable actuation
mechanisms. In locomotion based designs, the stopping mech-
anism needs to overcome the peristaltic forces to anchor at the
site of interest [5]. Similarly, the contraction rate, peristaltic
pressure and gas sensing can be used for localization, as this
information can assist in estimating the position of the capsule
[10], [12]. The biopsy tool counters the peristaltic forces in
order to penetrate the gut wall, to capture the tissue [9].
Likewise, the sampling device also acts against the peristaltic
forces to open its mechanism, to collect the specimen [7].
Once the peristaltic forces, applied by the intestine on the
capsule endoscope or robotic capsule, are known, an accu-
rate actuation mechanism can be designed for incorporating
the additional features. Therefore, quantification of intestinal
peristaltic forces can produce significant contribution for all
these devices and add-on mechanisms.

Methods have been devised to measure the intestinal pres-
sure, which can later be converted to peristaltic contraction
forces based on the size of the measuring device, but they
have certain limitations. Mostly, endoscopic manometry is
used to measure the pressure inside the gut; however, this
tethered method limits its reach into the small intestine.
Secondly, this method involves a high risk of gut perforation
and bleeding, and the procedure is invasive and unpleasant
for a patient [2], [13]. A commercial capsule, SmartPill
motility capsule (Medtronic, Minneapolis, US), and several
other laboratory prototypes have measured gut pressure using
minimally invasive robotic capsules with MEMS based sensors
[12], [14]-[16]. These capsules have mainly recorded the
intraluminal pressure within the gut, which was the cumulative
pressure of each region, and it is not possible to extract the
peristaltic pressure from the overall pressure signal [13],
[14]. Furthermore, these sensors often capture breathing and
heartbeat signals which need to be separated from the primary
signal [12], [15]. Although the intraluminal pressure is helpful
in treating gut related diseases, it provides less information on
gut motility (peristaltic behaviour) and hence it is not possible
to quantify the peristaltic forces.

Thus, this article describes how a tactile sensor based



robotic capsule was developed to measure the peristaltic
forces, directly from the living intestine. A biomechanical
analytical model of the small intestine was developed for
analysing the peristaltic forces. Finite element simulations are
conducted in COMSOL Multiphysics, modelling the peristaltic
behaviour of the small intestine, as elaborated in Fig. 1.
In addition, an investigation of the impact of the peristaltic
contraction forces on a robotic capsule prototype was con-
ducted, which has not been done before. Simulation provided
an in-depth analysis of peristaltic behaviour by providing the
freedom to change the design parameters, such as intestinal
diameter, and observe its impact on to the robotic capsule. A
capsule prototype was then fabricated with a force sensor and
an embedded system was devised to measure the peristaltic
forces from living intestinal tissue. A specialized in-vitro setup
was utilized to keep the intestine alive, while the robotic
capsule recorded the peristaltic forces of the intestine. The
three main contributions of this work are as follows.

1) The development of an analytical model and then simu-
lation in COMSOL Multiphysics to measure the impact
of peristaltic forces on the robotic capsule,

2) The development of a capsule prototype with a force
sensor and an embedded system to measure the peri-
staltic forces from living intestine,

3) Rigorous discussion about quantification of peristaltic
forces and its impact on robotic capsule designs.

The peristaltic motion developed in COMSOL in this study
can be replicated by researchers to test advance techniques in
robotic capsules like locomotion or anchoring mechanisms, by
incorporating their design into robotic capsules. Similarly, the
in-vitro setup in this study, which closely replicates in-vivo
studies as it maintains the intestine alive for 6 hours, can be
used to examine the robotic capsule under living intestinal tis-
sue conditions. Furthermore, the impact of peristaltic forces on
a capsule inside the intestine is quantified in this study and this
knowledge will help in developing efficient tools for robotic
capsules for biopsy, drug delivery, sampling, locomotion and
localization mechanisms.

II. MATERIALS AND METHODS
A. Biomechanical modelling of the small intestine

The movement of food through the small intestine is
relatively poorly studied, as this region of the gut cannot
be assessed through tethered tools. A pulpy fluid containing
digested food and gastric juices known as chyme enters the
small intestine from the stomach. The chyme is simultaneously
mixed and moved along the length of the intestine using two
main phenomena, namely peristalsis and segmentation. Peri-
stalsis creates a wave-like motion by contracting and relaxing
the muscles in circular direction, hence moves the chyme
along the small intestine. Whereas, segmentation is mainly
responsible for mixing of the chyme by creating a forward and
backward motion in a longitudinal direction. The flow inside
the intestine is described by the conservation of momentum
and conservation of mass, which can be expressed by Navier-
Stokes equations and continuity equation respectively. The
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Fig. 1: Biomechanical model of the small intestine.

Navier-Stokes momentum equation in Cauchy momentum
form can be defined as [17]
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Where, v is the fluid velocity, p represents the density, V is

the divergence, o is the Cauchy stress tensor, g represents

the gravity, and % is the material derivative (Lagrangian

derivative) that is the time rate of change of fluid and can

be defined as
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Where, % represents the change with respect to time at

a given point. The Cauchy stress tensor (o) expresses the
changes in the material due to the deformation. This can be
defined as a sum of deviatoric stress (changes in shape) and
volumetric stress (changes in volume). Deviatoric stress can
be expressed as a function of viscosity while volumetric stress
can be considered as pressure, which are defined below

o= —p+ u(Vut (Vo)) = Sp(V-w)]  G)

Where, p represents the pressure, u is the dynamic viscosity,
Vu is the velocity gradient, (Vu)7 is the transpose of Vu and
I is the identity matrix. The overall flow through the intestine
can be described by the conservation of mass in the form of
continuity equation as follows [17],

Dp
Di +pV-u=0 (G))

For incompressible fluids, the density of the fluid remains
constant so (4) can be reduced to [18]

pV-u=0 (5)

Considering the assumption that the flow inside the intestine
is incompressible (refer to (5)), (3) can be re-written as,

o=—p+p(Vu+ (Vu)T) (6)

Navier-Stokes momentum equation (1) can be modified by
using (2) and (6), and expressed as follows [18]

ou
"ot
Therefore, (7) can be described as Newton’s second law of
motion in which the left side defines the inertial forces wihin
the fluid while right side is a sum of pressure forces, viscous

forces and external forces. Equation (5) and (7) are used in
COMSOL multiphysics to define the fluid flow. The effect

+pu-Vu=—-Vp+V-u(Vu+ (Vu)') + pg (7)



of gravity on fluid flow was negligible so it was ignored in
simulations and the flow was considered as newtonian fluid
with dynamic viscosity (u) of 0.0014Pa - s and density (p) of
1040K g/m3 [18].

The peristaltic movement is generated when the intestinal
muscles apply the forces inward, which results in deformation
of the intestine. The original location of a point on the
material is denoted by X while the new location of the
point after deformation is indicated by x and the displacement
vector between the two points is expressed by w(X,t). The
momentum conservation for an arbitrary (undeformed) volume

Vo is p
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Where, py is the undeformed density, v is the velocity
of deformation, fy represents the volumetric forces in the
undeformed region and T is the traction of forces acting in
the undeformed area. The traction using its spatial components
(T;) and normal vector using its material components (V) can
be further defined as
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Where, small indices (e.g. 7;) are used to define spatial
components, and capital indices (e.g. INy) are used for the
material components. P;; is the tensor component and Xy
expresses the original location of the material particle. The
velocity of deformation (v) can be represented as a function
of displacement (w)

ow(X,t)

ot

The volume is arbitrary, so the differential form of momen-

tum balance can be achieved by substituting (9) and (10) in
(8), as shown below

(10)
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Where, w; is the spatial displacement, fy, is the spatial
component of volumetric forces and P;; is the spatial tensor
component. The tensor form of (11) is shown below

0%w

mgﬁ—zfv+vX~PT (12)

Where, P is the first Piola-Kirchhoff stress tensor that
signifies the relationship between forces acting in the spatial
direction to the original location (undeformed configuration).
This can be related to Cauchy stress tensor (o) as follows

PNdA = onda (13)

Where, N is the normal vector before deformation, dA is
the area before deformation, n is the normal vector after defor-
mation and da is the area after deformation. The deformation
will change the area, which can be computed by Nanson’s
formula

nda = JE"TNdA (14)

Where, F' is the deformation gradient tensor and J is the
volume factor which can be computed by the determinant of
F'. Hence, the (13) can be re-arranged as

P=JoF " (15)
Similarly, the Kirchhoff stress tensor 7 can be expressed as,
T=Jo (16)

Therefore,
P =+TF (17)

The density of undeformed and deformed materials can be
related, based on mass conservation as,

p=J"po (18)

The momentum balance equation in terms of Cauchy stress
tensor can be written as

0%w

Por

Where, p denotes the density of the deformed material

and f, represents the forces per deformed material. These

analytical equations are used to develop a peristaltic wave

model for the small intestine. The details for the modelling

and simulations are shown in the next sections.

B. Design considerations for simulations

A small intestine sample 100 mm in length and 15 mm
in diameter, was used in this study, as shown in Fig. 1. A
robotic capsule (30 mm x ¢12 mm) was placed inside the
section of intestine. The robotic capsule was moved inside the
intestine, mainly, by peristaltic movements. While interacting
with a solid object, like a robotic capsule, the dominant
function of intestine is peristaltic movement as compared to
segmentation which was not considered in these simulations.
The forces were repeatedly applied at the centre of intestine
section, after an interval of 7 seconds [19]. The deformation
of intestine was defined by the radial contraction ratio and
was selected to be 78% based on a related study [19]. The
robotic capsule received the pressure from intestinal muscles
based on deformation and is recorded over the time to measure
the impact of radial contraction forces on the capsule. The
biomechanical model of the small intestine was simulated by
considering the following assumptions.

1) The geometry of the small intestine is considered as a
cylindrical shaped tube with a mean diameter of 15 mm
in relaxed state.

2) A small section of 100 mm from the small intestine is
modelled to reduce the computational complexity.

3) The force is applied once in each cycle, at the centre of
the 100 mm section of the small intestine.

4) An incompressible Newtonian fluid flow is considered
inside the small intestine.

A Finite Element Analysis (FEA) based software, COMSOL
Multiphysics (version 5.5, COMSOL AB, Stockholm, Swe-
den), was used to develop the biomechanical model as shown
in Fig. 1. The modelling parameters were selected based on
related studies [18], [19].
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Fig. 2: Development of robotic capsule prototype. (A) CAD
model (B) Capsule prototype with force sensor glued on the
capsule. (C) Capsule prototype with water resistant
lamination.
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Fig. 3: Inverting Op-amp circuit for reading force
measurements.

C. Design requirements and fabrication of the capsule

The dimensions of a robotic capsule should be small enough
to allow transit through the entire GI tract. A capsule with size
of 30mm x ¢ 12mm is considered to be safe [7], [12], [20]. The
force measurement system should be sensitive to small forces,
such as 10mN, so it can account for all activities related to the
forces inside the intestine [21]. In addition, the measurement
should be fast enough to process the force readings in less than
Is [21]. Furthermore, the robotic capsule needs to measure
the contraction force in live animals or humans, hence the
force sensor should operate between 35 and 40°C and in high
moisture conditions. The computer-aided design (CAD) of
robotic capsule with force sensor, developed in Solidworks
(Dassault Systemes SolidWorks Corporation, USA) is shown
in Fig. 2 (A). The force sensor (FlexiForce ESS301 Sensor,
Tekscan Inc., USA) is glued on to the outside of the robotic
capsule as shown in Fig. 2 (B). The force sensor was laminated
with water resistant tape to eliminate direct contact with the
fluid as shown in Fig. 2 (C) and it was calibrated before each
trial so its measurements were not affected. The sensor was
exposed to the gut tissue; hence, the readings were obtained
directly from the peristaltic forces of the intestine.

The capsule prototype was fabricated with Digital Light
Processing (DLP) technique using a 3D printer (Hunter, Flash-
forge, China) with the resolution of 25 ym. The overall length
of the capsule prototype, as shown in Fig. 2, was 30mm and
its diameter was 12mm. The force sensor was calibrated to
measure forces from 0 to 4N and its resolution was SmN. The
baud rate for collecting the data was set to 9600 bps, which
processed the data in 5 ps. The force sensor had an operating
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Fig. 4: Data acquisition system for peristaltic and axial force
measurements. (Left side) data acquisition system of robotic
capsule measures the peristaltic forces. (Right side) data
acquisition system of in-vitro system measures the axial
forces.

range from -40 °C to 85 °C. The force measurements were
recorded by an embedded system, which is explained in the
next section.

D. Data acquisition system for robotic capsule

The calibration is important in tactile sensors and it becomes
more evident in this study as the gut environment is dynamic in
nature. An electronic kit (FlexiForce Prototyping Kit, Tekscan
Inc., USA) equipped with an Arduino nano board and an
operational amplifier (op-amp) circuit was used to collect
the force readings from the robotic capsule sensor. The op-
amp circuit provided the flexibility required for calibrating the
sensor inside the dynamic intestinal environment, by adjusting
the feedback resistance and drive voltage, as shown in (20).
An inverting op-amp configuration was used with a 22 K}
resistor and 1000 pF capacitor in the feedback loop, as shown
in Fig. 3. The V,..; signal was set to an square wave with 20
Hz frequency and 20% duty cycle. The drive voltage was made
variable in the circuit, having multiple selections between OV

and 5V. R
Vout = *V;’efRij;

Where, V,,; is the output voltage, V. is the reference
voltage, Iy is the feedback resistance and IZ; is the resistance
offered by the force sensor.

A specialized software (FlexiForce MicroView, Tekscan
Inc., USA) developed for reading the force measurements, was
used to record the force data. The op-amp circuit converted
the force measurements to analog data, which were converted
to digital form using built-in analog to digital converter
(ADC) of Arduino nano board. The Arduino nano board was
connected to the computer through a usb port. The MicroView
software displayed the data on-screen for real-time utilization
and also recorded the data for future analysis. A systematic
diagram with force sensor, electronic kit and GUI view of the

(20)
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MicroView software is shown in Fig. 4. Figure 4 shows two
separate data acquisition systems, one for measuring the radial
peristaltic forces by force sensor on the robotic capsule (left
side) and a second for measuring the axial forces by force
transducer in an in-vitro experimental setup (right side).

E. In-vitro experimental setup

An in-vitro experimental setup, which kept fresh intestinal
tissue alive for up to 6 hours inside a tissue bath chamber, was
used to test the capsule prototype. The in-vitro experimental
setup is shown in Fig. 5. A test tube shaped tissue bath
chamber was filled with ringer’s solution, which provided the
nutrients to keep the tissue alive [22]. The ringer’s solution
was kept oxygenated from an L shaped glass tube as shown in
Fig. 5. A heated water recirculator was used to continuously
circulate the heated water through the tissue bath chamber and
the ringer’s solution holder, which maintained the temperature
of the entire system at the body temperature of lamb i.e. 39
°C. The ringer’s solution holder was used to store the ringer’s
solution at body temperature, which was added to the tissue
bath chamber as needed during the experiment.

The in-vitro setup also included a force transducer
(MLTO0420, ADInstruments Ltd., Dunedin, NZ) which mea-
sured the axial forces from the intestinal tissue, while the
tissue was placed inside the tissue bath chamber. The force
transducer was connected to the PC through a bridge amplifier
(Bridge Amps, ADInstruments Ltd., Dunedin, NZ) and ADC
(PowerLab 4/16, PowerLab, ADInstruments Ltd., Dunedin,
NZ) as shown in Fig. 4 (right side). A dedicated software
LabChart (LabChart, ADInstruments Ltd., Dunedin, NZ) was
used to record and plot the data of axial forces from the living
intestinal tissue.

IIT. RESULTS

A. Simulations of interaction between peristaltic forces and
robotic capsule

The analytical model, developed in this work, is im-
plemented in COMSOL Multiphysics. A 2D-Axisymmetric

model was developed and its mesh consisted of 3112 domain
elements and 504 boundary elements. The internal domain
(inside the intestine) was defined with laminar flow while the
robotic capsule was also moving inside this domain. Whereas,
the outside domain (intestine wall) was defined with the
structural mechanics module and it goes under the deformation
in order to exert the peristaltic force on the internal domain.
Equation (5) and (7) were used to define the internal domain,
while (12) and (19) were used for outside domain. A repetitive
peristaltic wave of 7 seconds per cycle was generated across
the cross section of an intestine as shown in Fig. 6 (A)-(C).

The progressive wave applied the force on the capsule inside
the intestine based on its deformation. The peristaltic force was
applied through the boundary load function through a built-in
Heaviside function in COMSOL as shown below.

Fy, = Lyaz - load(zs,ts) 21

Where, Fs, is the force in radial direction, L, is the
maximum load applied from the intestinal wall, load is the
Heaviside function, zs and s are the dimensionless arguments
for the Heaviside function.

The literature on intestinal motility suggested that the
peristaltic force applied by the intestine is 1.72 g/mm in a
longitudinal direction and 2.69 g/mm in a radial direction
[23]. This study was considered by various researchers to
design their locomotion [5], localization [24], drug delivery
[25] and sampling [7] mechanisms. Based on these studies,
the overall load for the 100 mm section of small intestine
was calculated as 1.7 N in an axial direction and applied
through the load function in (21). The peristaltic wave driven
by the load function, deforms the intestine and pressurizes
the capsule inside the intestine. The interaction between the
intestine and the robotic capsule can be seen in Fig. 6 (D)-(F).

The small intestine exerted force in an axial direction, which
resulted in the deformation of the intestine in a radial direction.
The robotic capsule records the pressure and Fig. 6 (G) shows
an example of pressure values for an instant time. The radial
pressure applied to the capsule is 2.69 g/mm [23] which will
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Fig. 6: Simulations performed in COMSOL Multiphysics. (A)-(C) 3D view of repetitive peristaltic wave of 7 seconds/cycle
generated across the 100 mm intestine (A) t = 0.5 sec, (B) t = 3.5 sec, (C) t = 6.5 sec. (D)-(F) 2D-axisymmetric view of
robotic capsule interacting with the intestine due to the repetitive peristaltic movement (D) t = 0.5 sec, (E) t = 22 sec, (F) t =
32 sec. (G) Pressure experienced by the robotic capsule due to radial contraction of the intestine.

result in 160 mN force which is equivalent to 890 Pa. In these
simulations, the robotic capsule received an average pressure
of 500 to 1065 Pa which is equivalent to a force of 90 mN to
192 mN.

B. Experimental results

1) Sample preparation for contraction force measurements:
Fresh intestines of 5 lambs, dissected 1 hour before the
experiments, were obtained on different days. The duodenum
region of the small intestine was selected for experiments,
as this region produces the highest frequency of contractions
as compared to the other regions of the small intestine. The
intestine was cut in to 100 mm long tissue samples, and
immediately stored in chilled ringer’s solution, to maintain
its physiological properties until the start of the experiments.
During the experiment, one end of the tissue sample was
affixed to L shaped glass tube’s support and the other end was
tied with suture material. This material was stretched and fixed
at the string holder of the axial force sensor as shown in Fig.
5. The intestinal tissue samples were kept under tension so the
axial movements along the vertical axis were detected by the
force transducer of the in-vitro system. The environment inside
the tissue bath chamber maintained the postmortem tissue
which continued to behave like living intestine, and started
to produce peristaltic forces. The radial forces compressed
(deformed) the tissue, which resulted in shrinking of the
tissue in axial direction, which were recorded by the LabChart
software through axial force transducer as shown in Fig. 4
(right side). Simultaneously, the robotic capsule measured the
radial peristaltic forces, which were recorded in MicroView
software through peristaltic force sensor as shown in Fig. 4
(left side).

2) Calibration of force sensor for capsule prototype: The
force sensor inside the capsule prototype was calibrated each
time before recording the peristaltic forces from the intestine.
The tethered capsule prototype was inserted inside the tissue
bath chamber and linearly increasing loads were applied to
the capsule and the data was measured through the electronic

kit as shown in Fig. 4 (left side). The data was simultane-
ously recorded and displayed through the MicroView software.
Similarly, dynamic loads were also applied and radial force
sensor (robotic capsule) readings were recorded. The radial
force sensor (robotic capsule) showed less than 2% error for
values between 0 and 200 mN, while 6% for readings greater
than 250 mN.

3) Axial and peristaltic force results: In-vitro experiments
were conducted on 13 intestinal samples from 5 lambs. The
range of axial force measurements from each sample, mea-
sured by the in-vitro force transducer, is shown in Fig. 7. The
Fig. 7 shows the minimum force (bar at bottom) and maximum
force (bar at top) applied by each intestinal tissue sample.
This allows to visualize the variation among different range
of forces, applied within each sample. The (rectangular) box
for each intestine sample between the minimum and maximum
bars represents the 25" percentile (first quartile) and 75" per-
centile (third quartile), which is used to determine the effective
range of forces applied by each intestinal tissue sample. The
Figure shows the axial force behaviour of each sample under
the in-vitro system in more detail. The mean forces recorded
by the in-vitro axial force transducer are also shown in Table
I along with the maximum readings observed by the robotic
capsule under each intestine sample. The axial force transducer
recorded the accumulated axial force measurements from the
intestine, as any radial contraction throughout the 100 mm
section of the intestine leads to shrinking of the longitudinal
muscles. However, the robotic capsule only detected the radial
(peristaltic) forces exerted exactly on the body of the capsule.
The peak values of the peristaltic forces detected by the robotic
capsule are shown in Table I. Peristaltic forces recorded by
the robotic capsule are less than those recorded by the axial
force transducer, because the capsule only recorded radial
contractions which occurred directly on the face of the sensor.
See supplementary video for further details about simulations
and experiments.

Mean axial forces measured by the axial force transducer



TABLE I: Peristaltic forces recorded by the force transducer and robotic capsule

Intestine sample 1 2 3 4 5 6 7 8 9 10 11 12 13
Mean axial force measured by in-vitro force transducer (mN) | 216 | 248 | 229 | 232 | 239 | 310 | 290 | 292 | 346 | 113 | 92 | 183 | 152
Peak radial force detected by robotic capsule (mN) 140 60 45 180 0 120 30 155 | 135 90 0 55 65

Fig. 7: Variations in axial forces generated by 100 mm
intestinal tissue samples measured by the axial force
transducer. In each sample, top and bottom bars show the
range of axial forces, rectangular box indicates first and third
quartile, red line shows the median and red plus sign shows
the outliers. Window at top right shows a sample of force
measurement data, plotted by LabChart software.

(in-vitro system) and peak peristaltic forces detected by the
radial force sensor (robotic capsule), for each trial, are shown
in Table I. The average axial force generated by the 13 selected
samples was 226 mN while the average of peak peristaltic
forces detected by the robotic capsule was 83 mN. Data was
recorded for at least 30 minutes from each sample and the
average is computed from 10 minutes of stable force output.
The mean contraction cycle rate was 9 cycles per minute. The
contraction rate used in simulation was 8.57 cycles per minutes
and both contractions are in accordance with the relevant
studies [5], [23].

IV. DISCUSSION

The analytical modelling of the small intestine provides an
understanding of gut motility. The model presented in this
work is used as a base to simulate the contractile motion of the
small intestine in COMSOL Multiphysics. The assumptions
made in modelling and simulation are common to similar
motion related studies [18], [26]—[28]. Simulation of a robotic
capsule to study the impact of peristaltic forces, is a unique
contribution which would help researchers to evaluate the
designs of locomotion, localization, biopsy, sampling and
drug delivery mechanisms. The simulation of peristaltic waves
allows to study the impact of various parameters on a robotic
capsule, such as change in radius of the intestine or the robotic
capsule. The force analysis on the robotic capsule in this work
can be used to study the pressure locations, which would allow
installation of the actuation mechanism at the least exposed
areas of the capsule, or optimize the tools to increase the
efficiency of the device. Although literature [23] suggested

that the robotic capsule in this study will experience a pressure
of 890 Pa, it didn’t specify which part would be exposed less.
The simulations results revealed that the robotic capsule, as
shown in Fig. 6 (G), will be exposed to a range of pressure
levels and this information will determine the best location
for installing the tools for performing diagnosis, monitoring
and therapeutic functions inside the intestine. Furthermore, this
study shows that the robotic capsule would be exposed to a
range of pressures from 500 Pa to 1065 Pa, which is equivalent
to a load of 90 mN to 192 mN.

In order to verify the findings of our analytical modelling
and simulations, a specialized in-vitro setup was utilized in
this work, which keeps a fresh intestine alive for up to 6
hours. The in-vitro system recorded the intestinal contractions
through an axial force transducer and plotted the axial forces
through LabChart software, which ensured that the intestinal
tissue was alive. The average force recorded by the axial force
transducer in 13 trials of tissue from 5 different lambs was
226 mN and the range of axial force measurements were
from 92 mN to 346 mN, which agrees with previous work
based on an in-vivo measurement from anaesthetize pig of
215 mN to 328 mN [12]. Another study suggested that a
100 mm section of intestine will generate 198 mN contraction
(peristaltic) forces in a radial direction [23], which is also
within the range of forces shown in Table I. The axial force
transducer was fixed at the stretched ends of the intestinal
tissue, hence it recorded the accumulated contraction forces
of the entire section in axial direction. However, the robotic
capsule only observed the peristaltic (radial) forces applied
to its body. The peristaltic forces experienced by the capsule
prototype were in the range of 30 mN to 180 mN, whereas the
simulations predicted the range from 90 mN to 192 mN, which
shows that the efficiency of predicting the peak peristaltic
force was 94%. In two trials, the capsule prototype didn’t
recorded any force and this was either due to wrong calibration
or a lack of peristaltic wave contracting at the position of
the capsule. The capsule prototype recorded comparatively
low peristaltic forces in some of the trials, this could occur
when the peristaltic force applied to the capsule body wasn’t
captured fully by the sensor. Furthermore, we tested the robotic
capsule by attaching the force sensor at 2 more locations, as
compared to the Fig. 2 (B), one at the front face of the capsule
and second on the front edge of the capsule. The capsule with
front face sensor resulted in measuring less forces while the
capsule on front edge detected almost similar results as the
case shown in Fig. 2 (B). The experimental results verified,
similar to simulations, that the radial peristaltic forces occur
more at the side walls of the robotic capsule as compared
to the front side, which could allow us to determine the low
pressure points to place our tools for performing diagnosis,




monitoring and therapeutic functions.

The robotic capsule effectively measured the peristaltic
forces from the living tissue. Although the robotic capsule
under this study was tethered, the force sensor was calibrated
before each trial. Calibration ensured that the wire did not
affect the results from the force sensor. The force sensor was
pasted on the exterior of the capsule, to record the peristaltic
forces directly from the intestinal tissue. This method was
specially adopted based on the availability of the in-vitro setup
in this study, but for in-vivo trials this will not be possible
and a proper encapsulation will be required. To further ensure
results, in future works the robotic capsule will be tested in-
vivo after incorporating a telemetry system.

V. CONCLUSION

This paper presented a novel method of measuring the
impact of peristaltic forces on a robotic capsule in gut tis-
sue. An analytical model was developed and simulated in
COMSOL Multiphysics. The model measured the impact of
peristaltic forces from the intestine on the robotic capsule.
Later, an in-vitro system, which maintained intestinal tissue
for up to six hours, was used to directly measure the forces
from the intestine. The forces generated by the intestine were
recorded by the axial force transducer and robotic capsule
sensor simultaneously. The axial force transducer measured
all the contraction forces, which can be understood as an
accumulated force of the entire tissue. While, the robotic
capsule recorded the radial forces acting directly on its body.
Both forces were well-aligned with the simulation results
and the related literature. These results will be useful in
understanding the gut motility and quantification of peristaltic
forces. In addition, knowing the impact of peristaltic forces
on the capsule will enable the development and optimization
of novel robotic capsules for locomotion, localization, biopsy,
sampling and drug delivery purposes.
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