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Abstract This paper studies the modelling of
capsule—intestine contact through experimental and
numerical investigation for designing a self-propelled
capsule robot moving inside the small intestine for
endoscopic diagnosis. Due to the natural peristalsis of
the intestinal tract, capsule—intestine contact is multi-
modal causing intermittent high transit speed for the
capsule, which leads to incomplete visualisation of the
intestinal surface. Three typical conditions, partial and
full contacts, between the small intestine and the cap-
sule, are considered in this work. Extensive experimen-
tal testing and finite element analysis are conducted
to compare the contact pressure on the capsule. Our
analytical, experimental and numerical results show a
good agreement. The investigation using a synthetic
small intestine shows that the contact pressure could
vary from 0.5 to 16kPa according to different contact
conditions, i.e. expanding or contracting due to the peri-
stalsis of the small intestine. Therefore, a proper control
method or a robust stabilising mechanism, which can
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accommodate such a high pressure difference, will be
crucial for designing the robot.
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1 Introduction

Capsule endoscopy has been widely used in clinical
practice for diagnosing gastrointestinal (GI) diseases,
including obscure GI bleeding, Crohn’s disease, coeliac
disease, angiodysplasia, tumours and polyposis syn-
dromes [1-3]. It uses a swallowable capsule equipped
with a miniature camera to screen the lining of the
GI tract, visualising suspected lesions to clinicians.
Capsule endoscopy has been considered as the gold
standard for diagnosing disease in the small bowel
[2], which was historically difficult to examine due to
its small diameter and lengthy size. Compared with
conventional endoscopies, e.g. colonoscopy and gas-
troscopy, capsule endoscopy provides a safe, minimally
invasive, sedation-free, patient-friendly and accurate
diagnostic modality. However, it is still an immature
technique [4,5] due to the following flaws: (i) The cap-
sule endoscope is passively propelled by GI peristal-
sis. (i) Real-time positioning and control are required
for precise screening [6]. (iii) Biopsy and therapy are
required for clinical treatment [7]. (iv) There is no uni-
fied and realistic model for capsule—intestine interac-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11071-019-05061-y&domain=pdf
http://orcid.org/0000-0003-3134-0043
http://orcid.org/0000-0003-3867-5137

3156

B. Guo et al.

i mm)

Backward motion ’ Forward motion

Fig.1 (Color online) a Physical model of the vibro-impact self-
propelled capsule robot and b photograph of the 3D printed cap-
sule

tion [6], thus lacking the understanding of capsule’s
locomotion in the small intestine. This paper will study
the modelling of capsule—intestine contact when a cap-
sule endoscope moves inside the small intestine and
validate the modelling approach through experimenta-
tion, which will provide design and optimisation guide-
lines for the vibro-impact self-propelled capsule robot
[8].

In the past decade, several locomotion mechanisms
were developed to provide active propulsion for cap-
sule endoscopes, including the rotating spiral [9],
inchworm-like [10], legged [11], paddle-based [12]
and vibro-impact [8] locomotion mechanisms. The
vibro-impact capsule robot is self-propelled without
any external moving parts. As shown in Fig. la, the
vibro-impact capsule robot consists of arigid shell (M)
and an inner mass (M,,) connecting to the shell via a
spring (k1) and a damper (c). A secondary spring (k3),
attached to the shell, provides impacts for the inner
mass when the relative displacement between the cap-
sule and the inner mass is equal to or larger than the gap
(G). As the inner mass is driven by a harmonic force
(Pycos(wt)), the interaction force between the shell and
inner mass may exceed the environmental resistance
(Py) leading to a forward or backward motion of the
whole capsule. The detailed mathematical modelling of
the vibro-impact capsule robot can be found from [8].
Dimensions of the capsule prototype used in this study
are presented in Fig. 1b, where the capsule is 26 mm in
length and 11 mm in diameter.

For prototyping the capsule robot, it is very impor-
tant to know how much resistance will the cap-
sule encounter from the small intestine, so a realis-
tic capsule—intestine contact model is required. Recent
studies on capsule—intestine interaction suggest that
frictional resistance from the small intestine ranged
from 10 to 200mN depending on capsule’s shape,
dimension and instantaneous velocity [13—15], and the
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friction coefficient between the capsule and the intes-
tine could vary from 0.08 to 0.2 [13]. In order to
increase the frictional resistance, capsule surface can
be coated using micro-patterned adhesives [16,17] or
micro-pillar arrays [18], which could increase the fric-
tion coefficient up to 0.49 . Furthermore, analytical
modelling of frictional resistance between a capsule
endoscope and the intestine was considered and vali-
dated by experiments [ 19-21]. Peristaltic motion of the
small intestine can induce contraction pressure on the
capsule robot, and a capsule of 12 mm in diameter and
30mm in length with two pressure sensors was stud-
ied in [22] to measure such a pressure. In vitro tests by
using a 72kg live pig found that the contraction rate
was 9.4-11 times per minute, and the peak contrac-
tion pressure was 0.24 £ 0.05 kPa. On the other hand,
for some capsule robots with external moving parts,
such as the legged and the paddle-based robots, the
contact pressure between the robots and the intestine
could be very large to cause trauma on the intestine,
due to the limited contact area or the sharp edges of the
legs and paddles. In vivo tests of rabbit’s small intes-
tine under reciprocal sliding conditions [23] revealed
that the increase in pressure aggravated the damage
degree, from hyperaemia to haemorrhage, and even
to degeneration. Therefore, such a contact model is
vital for assessing the damage induced by the vibro-
impact motion of the capsule robot on the intestine. The
outcomes of this work will eventually provide design
guidelines for the robot.

In addition, these aforementioned studies have not
considered different contact conditions for the mov-
ing capsule, e.g. partial or full contact with the intes-
tine, since the contact condition may change according
to the gesture of the capsule and GI peristalsis. This
in turn will affect the control strategy of the capsule
robot causing the capsule unstable during a screening
procedure. Therefore, our focus in this work will be
on measuring the contact pressure between the capsule
and the intestine under various contact conditions, and
use experimental and numerical results to build a real-
istic capsule—intestine contact model. Since the con-
tact pressure can directly reflect the capsule—intestine
interaction, the findings from this work could be used
to predict the frictional resistance between the capsule
and the intestine. This will be practically crucial for
clinicians to estimate the location of the capsule endo-
scope in the small intestine which is at the moment
underrepresented.



Modelling of capsule—intestine contact for a self-propelled capsule robot 3157

(a) Capsule Small intestine

\
Case 1 A

0
i

i s |
(b) '\Cap;ule S?n.all inte;tine
A
/;a-iigasgﬁ
(©
’ S
P << Case 3 >> N
~ N~ N

Fig. 2 (Color online) Three contact cases considered in this
study, where the small intestine and the capsule are marked by
dark and light grey, respectively. a Case 1: the capsule moves
on a flat small intestinal surface; b Case 2: the capsule slides
inside a collapsed intestine; ¢ Case 3: the capsule is surrounded
by the small intestine. Photographs on the right panels show the
experimental set-ups for these contact cases

The rest of this paper is organised as follows. Sec-
tion 2 details the modelling of the contact pressure
for three typical contact cases. The experimental and
numerical set-ups are given in Sects. 3 and 4, respec-
tively. In Sect. 5, experimental, analytical and numer-
ical results are compared and discussed. Finally, con-
clusions are drawn in Sect. 6.

2 Modelling of capsule—intestine contact

The contact situation between the capsule and the small
intestine may vary all the time due to the gesture of the
capsule and GI peristalsis. To date, few studies have
considered these contact conditions. In this section,
three typical contact cases are investigated based on
the realistic environment of the small intestine under
the peristalsis, including partial and full contacts, as
presented in Fig. 2.

Case 1: When the small intestine is expanding due
to the peristalsis, the external radius of the capsule, R,
will be much smaller than the internal radius of the
intestine, Rj, i.e. R, < R;. Capsule—intestine contact
can be treated as the cylinder—cylinder contact as shown
in Fig. 3a, and the contact pressure, P, is induced by
the gravity of the capsule, which can be written as

(a)

:

«

Fig. 3 a Sectional view of contact Case 1, b top view of the
contact area and contact pressure distribution

PC|=PC7 (1)

where P. represents the contact pressure due to cap-
sule’s gravity.

When the capsule robot is stationary, the Hertz con-
tact theory [24] can be used to compute the analytical
solution of the contact pressure between the capsule
and the small intestine. Such a contact surface and its
pressure distribution are shown in Fig. 3b, where 2a
and L represent the width and length of the contact
area, respectively, and r is the distance of the contact
position from its central axis.

According to the Hertz contact theory [24], the semi-
contact width, a, can be expressed as

4FR,

= [12%e 2
4=\ 7LE, @)

where F = M.g, R, = (RLC + R%i)*l and E, =

—2 1—v? .
(] E:" + E‘:‘ )~ ! represent the load acting on the cap-

sule, the equivalent radius and the equivalent Young’s
modulus, respectively. E. and Ej are Young’s moduli
of the capsule and the small intestine, respectively. v
and v; are Poisson’s ratios of the capsule and the small
intestine, respectively. It is worth noting that L is the
length of the contact area, which equals to the length of
the cylindrical body of the capsule as shown in Fig. 1b.
As the contact pressure distributes elliptically along
the direction of the contact width, it can be written as

P = Pa1 - (5), 3)
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where Ppax 1s the maximum contact pressure along the
central axis of the contact area given as [24]

2F
wal’

“)

Prax =

Since it is difficult to measure the maximum contact
pressure practically, the average contact pressure over
the contact area,

r )
2al’

P, avg —
was measured in our experiments and simulation stud-
ies. Therefore, Py, will be used as an analytical pre-
diction of the contact pressure for Case 1 and will be
compared with its contour parts of experimental testing
and finite element analysis (FEA) in Sect. 5.

In order to use the Hertz contact theory, the follow-
ing four conditions must be satisfied. (i) The contact
surface is continuous and non-conforming, a < R,.
(ii) The strain is small, a < R,. (iii) Each solid can be
considered as an elastic half-space, a < Rj, a < R,
and a < L. (iv) The surface is frictionless, u = 0. For
our Case 1 experiment, R; = comm, R, = 5.5mm,
a = 0.2359mm, and L = 15mm, which satisfy the
first three conditions. For a moving capsule in the small
intestine, the friction coefficient, u, could vary from
0.08 to 0.20 [13]. Since the influence of tangential trac-
tion on the normal pressure and contact area is small
[24], the Hertz contact theory is still valid for predict-
ing the contact pressure of Case 1 under various capsule
velocities.

Case 2: When the small intestine stops expanding
and falls down on the capsule, the external radius of the
capsule is smaller or equal to the internal radius of the
intestine, i.e. R; < Rj. There are two contact surfaces,
with one on the top and the other at the bottom of the
capsule, as shown in Fig. 2b. Under this condition, in
addition to capsule’s gravity, the gravity of the small
intestine also contributes to the contact pressure. Thus,
the contact pressure, P,, can be written as

P, = P+ P, (6)
where P; represents the contact pressure due to the
gravity of the small intestine falling on the capsule.

However, the analytical representation of P; is difficult
to be obtained since only a small varying part of the

@ Springer

Fig.4 a Geometric dimensions of the capsule in the small intes-
tine for Case 3, b sectional view at the centre of capsule—intestine
interaction, which is perpendicular to the x axis

intestine acts on the capsule. For this contact case, P,
will be numerically calculated through FEA only and
compared with experimental measurements in Sect. 5.

Case 3: When the intestine is contracting, the cap-
sule will be surrounded by the intestine leading to
R. > Rj. The viscoelastic deformation of the intestinal
wall will induce hoop pressure on the capsule as shown
in Fig. 2c. Under this condition, the contact pressure,
Pc;, can be written as

PC3=Pc+Pi+Ph, (7)

where Py represents the hoop pressure caused by the
hoop stress of the expanded small intestine.

In order to model the hoop pressure for Case 3 ana-
lytically, the small intestine can be considered as a vis-
coelastic material [15,19], and the following assump-
tions are made: (i) the internal surface of the small intes-
tine surrounds capsule’s external surface when they are
in contact; (ii) the intestinal material is incompressible;
(iii) the intestinal deformation is isotropic and symmet-
rical.

To model the hoop pressure, a local coordinate sys-
tem [19,25] is built in Fig. 4, with x and R(x) repre-
senting the axial and radial directions, respectively. As
shown in the figure, the capsule is divided into three
segments: a semi-sphere head, a cylindrical body and
a semi-sphere tail. In the local coordinate system, x. is
the distance from the contact point to the centre of the
head in the axial direction.

Based on Assumption (i), the internal radius of the
expanded intestine contacting the capsule body, R(x),
is the same as the external radius of the capsule, i.e.
R(x) = R, and x. can be expressed as

e = JR2 — R2. (8)
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Fig. 5 Maxwell models for depicting the stress—strain relation-
ship of the small intestine: a the five-element model [19] and b
the three-element model used in our experiment

Based on Assumption (ii), the thickness of the intesti-
nal wall attenuates when the capsule body expands the
intestine radially. So, the thickness of the expanded
intestine, #; ¢, can be expressed as

e = \/(Ri+ )2 + R2 — R? — R.. ©)

where £ is the original thickness of the intestinal wall.
According to Assumption (iii), hoop strain can be
expressed as

R; — R,
=~ 10
€ R (10)

In [15,19,21], the viscoelastic property of small
intestinal lining was studied, and the stress—strain rela-
tionship of the small intestine was represented by the
Maxwell model, including three elastic springs and
two viscous dampers as shown in Fig. 5a, where E;
(j = 1,2,3) and ni (k = 1, 2) represent the Young’s
moduli of the springs and the damping coefficients of
the dampers, respectively. In our study, the Maxwell
model with two elastic springs and one viscous damper
as shown in Fig. 5b was used, since it fits better with
our stress relaxation test. Therefore, the viscoelastic
property of the synthetic small intestine used in our
experiment can be written as

£

t(t) = e(Ere” ' + Ey), (11)

where E1 and E; are the Young’s moduli of the springs
and 7 is the viscosity coefficient of the damper.

For a capsule robot moving at a constant velocity, v,
the hoop stress can be written as

7(x) :e(Ele_% + Ej). (12)

The relationship between the hoop pressure and the
hoop stress of Case 3 is the same as the pressure vessels
[26], which can be expressed as

Py(x) = %r(x). (13)

C

Since the capsule is small, the dimensions of the strain
gauges used to measure the hoop pressure in Eq. (13)
are similar to the dimensions of the capsule. So, the
average hoop pressure on the capsule body,

1

Xe+L
P, = —f P (x)dx, (14)
L J,

is applied as the analytical prediction of hoop pressure
in this study and will be compared with experimental
and FEA results in Sect. 5.

3 Experimental set-up

An experimental rig was designed and assembled, and
extensive experiments were conducted to measure the
contact pressure on the capsule for the three contact
cases depicted in Fig. 2. The photograph of the rig is
shown in Fig. 6, where a DC motor was used to drive the

Wi

d shaft

Fig. 6 (Color online) Photograph of the experimental set-up,
where a DC motor was used to drive the capsule moving inside
the intestine and the contact pressure was measured by using the
strain gauges attached to the capsule. A synthetic small intestine,
produced by the SynDaver Labs [27], was used in this experiment
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Fig. 7 Schematic diagram of the experimental set-up. A DC
motor was used to drive the capsule to move inside a synthetic
small intestine at a constant speed. The speed was varied by
adjusting the DC power supply for each experimental trial. Two

Table 1 Geometric dimensions and mechanical properties of
the capsule and the synthetic small intestine [27]

Para Unit Value Para Unit Value
R. mm 5.50 te mm 0.50

L mm 15.00 De g/mm? 0.95
E. GPa 0.11 o g/mm? 1

Ry mm 00 Ry mm 13.00
R3 mm 5.00 ti mm 0.69
E; kPa 25 Ep kPa 196.43
E> kPa 757.48 N1 MPas 5.36

Vi 0.49 Ve 0.42

capsule to move inside a synthetic small intestine [27]
at a constant speed. Two pairs of strain gauges were
attached to the external surface of the capsule, forming
a full Wheatstone bridge, and their signals were col-
lected at the sampling rate of 1kHz using a National
Instrument data acquisition (DAQ) card (USB6210)
through a graphic user interface (GUI) in LabVIEW.
The schematic diagram of the experimental set-up is
presented in Fig. 7. The capsule was made by polyethy-
lene with 11 mm in diameter, 26 mm in length and
0.5 mm for shell thickness. The capsule can be driven
either forward or backward inside the small intestine,
which is 0.69 mm in thickness and 26 mm in diameter.
The mechanical properties of the polyethylene and the
synthetic small intestine are summarised in Table 1. The
friction coefficient between the capsule and the small
intestine was experimentally identified at . = 0.2293
by lifting up one end of the workbench and making the
capsule slide freely.
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pairs of strain gauges were attached to the external surface of the
capsule, and their signals were amplified and then collected by
a National Instrument data acquisition (DAQ) card via a graphic
user interface (GUI) in LabVIEW

Calibration of strain gauges was conducted repeat-
edly before any contact pressure measuring. The
schematic diagram of the calibration set-up is presented
in Fig. 8a, where the capsule was fully submerged in
water. The pressure on the capsule can be varied by
adjusting the depth of the capsule. Meanwhile, the volt-
age output of the strain gauges was recorded by the
DAQ system. An example of the calibration data is
shown in Fig. 8b, where black dots and red solid line
represent the measured voltage output as a function
of the calculated water pressure and the linear fit for
all the recorded data, respectively. By using this lin-
ear relationship, contact pressure on the capsule can be
calculated using the voltage output of the strain gauges.

The synthetic small intestine consists of synthetic
human tissue analogs and woven fibres. When the small
intestine is compressed, its mechanical properties are
dominant by the synthetic human tissue analogs with
Young’s modulus varying from 21 to 29kPa. Thus,
Young’s modulus of the small intestine was set at E; =
25 kPa for our experimental and numerical (analytical
and FEA) investigation for Cases 1 and 2. When the
small intestine is expanded by the capsule, the woven
fibres dominate its mechanical properties and the stress
relaxation phenomenon was clearly observed in exper-
iments. Therefore, four trials of relaxation experiments
were conducted by pushing the capsule into the small
intestine quickly and forcing it to stop at the middle
of the intestine suddenly. Then this measured contact
pressure was used to estimate the parameters of the
three-element model using Eqgs. (11)—(14). As shown
in Fig. 9, the fitted curve shows a good agreement with
the experimental data with the r-squared fitting good-
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Fig. 8 (Colour online) a Schematic diagram for calibrating the
strain gauges, b an example of the calibration data. Black dots
represent experimental measurements, and red solid line repre-
sents their linear fit
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Fig. 9 (Color online) A typical time histories of the measured
and fitted contact pressure for relaxation test. The fitting model
is based on Eq. (13), and the identified parameters are given in
Table 1

ness at 0.9803, where a value of 1.0 represents perfect
fitting. The identified values of E1, 1 and E» are given
in Table 1.

Three sets of experiments were conducted to inves-
tigate the contact pressure between the capsule and the
intestine. The snapshots of the three contact cases are
presented on the right panel of Fig. 2. As shown in the
figure, the small intestine was cut-open for Case 1 and
fixed onto a steel workbench. Therefore, the internal
radius of the capsule can be written as R; := R; =
oomm. For Case 2, the small intestine was put in a
semi-tubular slot with the radius of R; := R, = 13mm

15+ —— Measured
- - - Filtered

10

Pressure [kPa]

0 AT 50 100 150 200

Time [s]

Fig. 10 (Color online) A typical time histories of measured con-
tact pressure for Case 3, where the solid black line represents the
measured data and red line shows the filtered data. The time span
AT marked by blue lines indicates the area of contact pressure
used for averaging. In this example, the capsule was pushed to
move forward by using the DC motor at a constant speed of
10.60 mm/s

made by polyvinyl chloride, and the upper half of the
small intestine collapses on the capsule. For Case 3,
the internal radius of the small intestine was shrank to
R; :== R3; = 5mm. For each testing run, the experi-
mental procedure was carried out as follows: (i) Turn
on the DC power supply for strain gauges. (ii) Run the
GUI in LabVIEW to log the voltage output of the strain
gauges. (iii) Turn on the DC power supply for the DC
motor to drive the capsule move forward or backward
at a constant speed. The progression speed was mea-
sured using a stopwatch manually. (iv) Disable the data
logging and save the experimental results.

As the strain gauges were noise-sensitive, a low-
pass filter with bandwidth of 10 Hz was used to smooth
the measured data. An example of typical measure-
ment and data processing for the contact pressure of
Case 3 is presented in Fig. 10, where the time interval
marked by blue lines defines a time span AT indicating
the data used for averaging. The averaged experimental
data will be compared with the analytical and the FEA
results in Sect. 5.

4 Numerical set-up

Four sets of FEA testing were conducted using ANSYS
to study the contact pressure of Cases 1-3. The geomet-
ric dimensions and material properties of the capsule
and the intestine are given in Table 1, and the set-up for
each FEA testing set is detailed as follows.

@ Springer
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Intestine

Fig. 11 (Color online) a FEA set-up for Case 1, the capsule
moving on a piece of flat cut-open small intestine supported by
a steel workbench. b FEA set-up for Case 2, the capsule moving
inside a piece of collapsed small intestine supported by a steel
workbench. ¢ FEA set-up for hoop pressure testing and Case
3, the capsule moving inside the small intestine whose internal
radius is smaller than the external radius of the capsule. All the
simulation parameters are summarised in Table 1

First FEA testing set: The FEA set-up for Case 1
(R1 = oomm) is presented in Fig. 11a. The capsule
moved on a piece of flat cut-open small intestine with a
total length of 100 mm supported by a steel workbench.
The contact pair between the capsule and the small
intestine was frictional with the friction coefficient £ =
0.2293 identified experimentally, and the contact pair
between the small intestine and the supporting steel was
bonded. Standard gravity was applied, and the weight
of the capsule was 0.4 g. Young’s modulus of the small
intestine was configured as E; = 25kPa.

Second FEA testing set: The FEA set-up for Case
2 is shown in Fig. 11b. The capsule moved inside a
piece of collapsed small intestine with an inner radius
Ry = 13mm and a total length of 250 mm, supported
by a steel workbench. Standard gravity was applied,
and the Young’s modulus of the small intestine was
configured as E; = 25kPa in the simulation. The con-
tact pairs among the capsule, the small intestine and the
supporting steel were frictional with the friction coef-
ficient © = 0.2293. The reason for setting the contact
pair between the small intestine and the steel work-
bench as frictional rather than bonded is to match our
experimental set-up of Case 2. Otherwise, the small
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intestine cannot collapse under the load of standard
gravity.

Third FEA testing set: The FEA set-up for Case 3 is
shown in Fig. 11c. The capsule was surrounded by the
small intestine with an inner radius R3 = Smm and a
total length of 100mm. The contact pair between the
capsule and the small intestine was frictional with the
friction coefficient u = 0.2293. This testing set was
designed to verify the hoop pressure model in Eq. (14),
so standard gravity was not applied for this scenario.
Young’s modulus of the synthetic small intestine was
configured according to the three-element model in
Fig. 5b with the experimentally identified parameters
in Table 1.

Fourth FEA testing set: The FEA set-up for this test-
ing set was the same as the third FEA testing set shown
in Fig. 1 1c, but the standard gravity was applied for this
scenario in order to match the contact pressure of Case
3 given in Eq. (7).

Convergence test for each FEA testing set was con-
ducted. By taking the third FEA testing set as an exam-
ple, the convergence of four mesh set-ups was tested
which is summarised in Table 2, and the results are
illustrated in Fig. 12. In this figure, the red solid line
represents the analytical prediction of the hoop pres-
sure calculated from Eq. (14) when the capsule moves
at a constant speed of 10 mm/s. As shown in the fig-
ure, the first and second mesh set-ups are too coarse to
converge, and refining the mesh size will lead to better
converged results. The results of the third and fourth
mesh set-ups are almost the same as the analytical pre-
diction with errors banded within £ 0.5%, but the third
set-up has much less elapsed time than the fourth one.
So, the third mesh set-up was adopted for the third FEA
testing set. For the other FEA testing sets, similar con-
vergence test was conducted to ensure the accuracy of
FEA simulation with the numerical error banded within
+0.5%.

5 Results and discussion

In this section, analytical, experimental and FEA
results are compared for each contact case. Typical
time histories of experimental and FEA testing are pre-
sented in Figs. 13 and 14, respectively. Detailed com-
parisons of contact pressures under a wide range of
capsule velocities are shown in Figs. 15, 16, 17, 18 and
19.
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Table 2 Convergence test Mesh Intestine mesh Capsule mesh Total Total Elapsed
of the hoop pressure for methods size (mm) size (mm) nodes elements time (h)
Case 3 by using four
different mesh set-ups Mesh 1 5 2 9696 1544 0.5
Mesh 2 3 1 24,648 3978
Mesh 3 2 0.5 83,634 18,192 8
Mesh 4 1 0.5 190,539 32,127 23
12 7 — Figure 13 illustrates typical time histories of mea-
§ /"_'_’ e sured contact pressures for Cases 1-3. Figure 13a
S 8r /-"/ v shows the measurement of Case 1 with the cap-
z [ sule’s velocity at 7.01 mm/s, and the average pressure
&4 ;l/'I ‘ ___ f/fnah"‘;cal o ]\1‘;“3; * o7 Mesh2 between the two red lines is about 0.75kPa, which is
i - - small as the contact pressure is only caused by capsule’s
05 30 100 150 200 weight in this case. Figure 13b shows the measurement

Displacement [mm]

Fig. 12 (Color online) Convergence test of the hoop pressure
for Case 3 by using four different mesh set-ups summarised in

Table 2. The capsule moves in the intestine at a constant speed
of 10mm/s
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Fig. 13 (Color online) Typical time histories of contact pres-
sures for a Case 1 with the capsule’s velocity at 7.01 mm/s, b
Case 2 with the capsule’s velocity at 14.96 mm/s and ¢ Case 3
with the capsule’s velocity at 13.76 mm/s. The measured data
between the two red lines were averaged as the experimental
result for each trial

of Case 2 with the capsule’s velocity at 14.96 mm/s,
and the average pressure for this case is about 2.38 kPa,
which is twice larger than that of Case 1. It is because
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Fig. 14 (Color online) Typical contact pressures as functions of
capsule’s displacement with capsule’s velocity at 10 mm/s for a
Case 1, b Case 2, ¢ the hoop pressure of Case 3 and d Case 3.
The contact pressures between the two red lines were averaged
as the FEA result for each trial
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Fig. 15 (Color online) Contact pressures for Case 1 under a
wide range of capsule velocities. Blue dots denote experimental
measurements, and their linear fit is presented by blue solid line.
Red triangles with solid line represent FEA results, and green
dashed line indicates the analytical predictions obtained by using
the Hertz contact theory in Eq. (5)
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Fig. 16 (Color online) Maximum contact pressures for Case
1 under a wide range of capsule velocities. Red triangles with
solid line represent FEA results, and green dashed line denotes
the analytical prediction calculated by using the Hertz contact
theory in Eq. (4)
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Fig. 17 (Color online) Contact pressures for Case 2 with various
capsule velocities. Blue dots denote experimental measurements,
and their linear fit is shown by blue solid line. Red triangles with
solid lines represent FEA results

for this case partial intestine’s weight contributes to the
contract pressure. Figure 13c shows the measurement
of Case 3 with the capsule’s velocity at 13.67 mm/s, and
the averaged pressure for this case is about 14.38 kPa.
In this scenario, the expanded intestine suffers large
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Fig. 18 (Color online) Comparison of hoop pressures on the
capsule between the analytical and FEA results under various
capsule velocities. Analytical predictions are shown by green
dashed line, and FEA results are denoted by red triangles with
solid lines
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Fig.19 (Coloronline) Comparison of contact pressures between
FEA and experimental testing for Case 3 under various capsule
velocities. Blue dots represent experimental measurements, and
their linear fit is shown by blue solid line. The FEA results with
consideration of gravity are marked by red triangles with solid
lines, and the FEA results without consideration of gravity, i.e.
the hoop pressures only, are denoted by green squares with solid
lines

hoop stress, so it introduces large hoop pressure on the
capsule.

Figure 14 presents typical contact pressures in FEA
simulations as functions of capsule’s displacement with
capsule’s velocity at 10mm/s. As shown in Fig. 14a,
the average contact pressure is about 0.38 kPa for Case
1, which is smaller than the experimental result in
Fig. 13a. Figure 14b illustrates the contact pressure
for Case 2, and the average contact pressure is about
1.85kPa, which is close to the experimental testing in
Fig. 13b. Figure 14c presents the numerical result of the
hoop pressure for Case 3, and its average hoop pressure
is about 11.87kPa, which fits well with its analytical
prediction by Eq. (14). In Fig. 14d, the contact pressure
for Case 3 is shown with an average value at 12.95kPa,
which is slightly smaller than the experimental results
in Fig. 13c.
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Comparison of analytical, experimental and numer-
ical contact pressures for Case 1 under a wide range
of capsule’s velocities is presented in Fig. 15. As the
contact pressure is generated by capsule’s gravity only
according to Eq. (1), it does not vary significantly as
the capsule’s velocity increases. As shown in the fig-
ure, the analytical prediction denoted by green dashed
line shows a high accordance with the linear fit of the
experimental results marked by blue solid line at about
0.55kPa. The FEA results shown by red triangles are
around 0.38 kPa, which is lower than the analytical and
experimental results. Such a difference may be caused
by the accuracy of FEA simulation, and our investi-
gation has shown that the smaller the mesh size, the
closer the FEA and experimental results. For exam-
ple, the analytical semi-contact width was obtained
at a = 0.24mm for Case 1 by using Eq. (2), but
this parameter was observed at a = 0.40mm in our
FEA simulation. Further refining the mesh size could
improve this semi-contact width more accurate, but the
computational time will be increased dramatically.

Figure 16 shows the maximum contact pressures
of the analytical prediction and FEA results for Case
1. The analytical prediction was calculated at about
0.70kPa by using the Hertz contact theory in Eq. (4).
The maximum contact pressures obtained from FEA
simulation vary slightly from 0.63 to 0.68 kPa, fitting
well with the analytical prediction.

Figure 17 presents the FEA and experimental results
for Case 2, where the average contact pressures are
about 1.85kPa and 2.00kPa for the FEA and experi-
mental results, respectively. Compared with the exper-
imental results of Case 1 shown in Fig. 15, the contact
pressures for Case 2 are twice larger due to the col-
lapsed intestine on the capsule. As the velocity of the
capsule increases, the contact pressures for both the
FEA and experimental results are slightly reduced.

To verify the analytical model of the hoop pressure
in Eq. (14), five FEA simulations were conducted and
their results are compared with analytical predictions.
In this scenario, the simulation was set as Case 3 but
without consideration of intestine and capsule’s grav-
ity. As shown in Fig. 18, analytical predictions using
Eq. (14) represented by green dashed line show a good
agreement with the FEA results denoted by red trian-
gles with solid lines.

To consider the effect of intestine and capsule’s grav-
ity, the contact pressures for Case 3 obtained by FEA
and experiments are shown in Fig. 19, whereas the FEA

and experimental contact pressures were recorded at
13kPa and 16kPa, respectively. The figure shows that
the hoop pressure calculated by FEA at about 12kPa,
marked by green squares with solid lines, dominates
the contact pressure of Case 3, which is about 13 kPa
indicated by the red triangles with solid lines in the
figure.

Comparing the experimental results in Figs. 15, 17
and 19, the average contact pressures for Cases 1-3 are
0.5kPa, 2kPa and 16 kPa, respectively. This correlation
indicates that the contact pressure between the capsule
and the small intestine is very sensitive to the condition
of the small intestine. When the external radius of the
capsule is larger than the internal radius of the small
intestine, the hoop pressure will dominate the contact
pressure, which may increase significantly. This brings
a challenging control issue for the capsule robot. For
example, in order to drive the capsule, the driving force
should be sufficiently large when the small intestine
fully contacts with the capsule. However, such a large
force may induce transient high speed to the capsule
causing inaccurate positioning at the area of interest
when the small intestine is released due to periodic
peristalsis. Therefore, a suitable control strategy or a
robust stabilising mechanism, which can accommodate
such a high pressure drop subjected to a wide range
of environmental variations, is crucial for the capsule
robot.

6 Conclusions

In this work, the contact pressure of the capsule robot
when moving through a small intestine was investigated
analytically, experimentally and numerically. The pur-
pose of this work is to deepen our understanding in
capsule—intestine interaction in order to design a robust
control strategy or an efficient locomotion mechanism
for stabilising the self-propelled capsule robot [8] in
the presence of peristalsis of the small intestine.
Three typical contact cases were considered to
reproduce the complex environment of the small intes-
tine with peristalsis. When the small intestine is
expanding, the external radius of the capsule is much
smaller than the internal radius of the intestine. The
Hertz contact theory [24] was used to calculate the ana-
lytical solution of the contact pressure. As the contact
pressure in this case is generated by capsule’s gravity
only, it does not change significantly as the speed of the
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capsule increases. This trend is consistent with the FEA
and experimental results, but the difference between
the experimental result, 0.55kPa, and the FEA result,
0.38kPa, has been observed. However, our investiga-
tion has shown that this difference was caused by the
mesh size used in FEA simulation. Further refining the
mesh size could improve the accuracy, but this in turn
will increase the computational time drastically.

When the small intestine stops expanding, it falls
down on the capsule, and the external radius of the
capsule will be smaller or equal to the internal radius
of the intestine. In this condition, in addition to cap-
sule’s gravity, the gravity of the small intestine falling
on the capsule will contribute to the contact pressure.
Our experimental and FEA results show a good agree-
ment on the contact pressure of this case, which is twice
larger than the case when the small intestine is expand-
ing. Our investigation also indicates that as the speed
of the capsule increases, this contact pressure will be
slightly reduced.

When the small intestine is contracting, the capsule
will be fully surrounded by the intestine, so the contact
pressure on the capsule is induced by the hoop pressure,
the gravity of the intestine and the capsule. In this case,
the expanded intestine suffers large hoop stress, so it
introduces large contact pressure on the capsule. Our
investigation from FEA and experiment indicates that
the hoop pressure at about 12 kPa dominates the contact
pressure, which is about 13kPa in average. Thus, the
hoop pressure model given by Eq. (14) can be used to
analytically predict the contact pressure for this case.

Finally, our studies reveal that the contact pressure
between the capsule and the intestine is very sensitive
to different contact conditions, i.e. expanding or con-
tracting due to intestinal peristalsis. The contact pres-
sure may vary from 0.5 to 16kPa based on our experi-
mental measurement using a synthetic small intestine.
Therefore, a proper control method or a robust stabil-
ising mechanism, which can accommodate such a high
pressure difference, is crucial for designing the self-
propelled capsule robot.

Our future work will focus on experimental test-
ing of the vibro-impact self-propelled capsule robot by
using the synthetic intestine and study of dynamic inter-
actions between the capsule robot and the small intes-
tine through FEA simulation and experimental investi-
gation.
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