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Abstract To reduce potential trauma to the intes-
tine caused by the rigid shell while also optimising
its progression efficiency, an elastomer coating was
applied to a self-propelled capsule robot for small-
bowel endoscopy. The robot is self-propelled by its
periodically excited inner mass interacting with the
main body of the capsule in the presence of intestinal
resistance. This work explored the dynamic responses
of the capsule with different elastomer coatings (i.e.,
different elastic moduli and thicknesses) in the lumen
of the small intestine through a three-dimensional finite
element analysis. The driving parameters of the robot,
including the amplitude, frequency and duty cycle of
a square-wave excitation, were further tested to reveal
the dynamics of this soft robot. By analysing numerical
results, the proposed finite element model can provide
quantitative predictions on the contact pressure, resis-
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tance force and robot-intestine dynamics under differ-
ent elastomer coatings. It was found that the softer
the elastomer coating is, the lesser the contact pres-
sure between the robot and the intestine, thus implying
lesser trauma. The findings of this work can provide
design guidelines and an evaluation means for robotic
engineers who are developing soft medical robots for
bowel examinations as well as clinical practitioners
working on capsule endoscopy.

Keywords Finite element method - Elastomer - Soft
robot - Capsule endoscopy - Small intestine

1 Introduction

The small intestine, an anatomical site previously con-
sidered inaccessible to clinicians due to its dimension
(about 2.5cm in diameter and 600 cm in length), is
the part of the digestive system between the stom-
ach and the large intestine. Since its introduction into
clinical practice more than twenty years ago, wireless
capsule endoscopy [1] has become established as the
primary modality for examining the surface lining of
the small intestine. However, its reliance on peristalsis
for passage through the intestine leads to significant
limitations [2], in particular its uncontrollable progres-
sion speed. Significant abnormalities, such as small-
bowel bleeding [3] or lesion, may be missed, due to
its intermittent high transit speeds that lead to incom-
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plete visualisation of the intestinal surface. Moreover,
each endoscopic procedure produces up to 100,000 still
images, from which video footage is generated, taking
up to 90min for the clinician to examine its entirety
[4,5]. Capsule endoscopic actuation, which currently
relies on intestinal motor activity, is considered time-
consuming and burdensome for both clinicians and
patients.

The dynamic motile patterns of the intestinal tract,
i.e., the peristaltic and segmental contractions, were
dependently studied in early works [6,7] through
anatomy, morphology and physiology and translated
to virtual and physical test simulators for assessing the
performance of the intestinal modelling. Bertuzzi et
al. [8] proposed the modified Trendelenburg prepara-
tion that presents resting and deformed configuration
of the intestinal units for peristaltic propulsion in 1978.
Miftakhov, the pioneer in biomechanical modelling of
motor activity developed a peristaltic model of the
small bowel by considering bioelectricity effect on the
deformation of the intestine wall and contraction veloc-
ity in [9]. Later on, reflex reaction model depicts the
excitation-contraction mechanism of the small intes-
tine at the level of nervous system and electrome-
chanical coupling model between deformed shape and
electrical activity of the intestine [10]. Since capsule
endoscopy was introduced as a promising method for
small-bowel diagnosis, numerical modellings [11,12]
and experimental studies [13,14] of capsule—intestine
interaction have been conducted to investigate the con-
tact pressure, intestinal friction and moving speed of the
capsule. They aimed to understand the capsule’s loco-
motion under intestinal motility and to develop control-
lable capsule robots for live examinations. Recently,
the intestine wall was modelled as a viscoelastic mate-
rial [14,15] due to its experimentally determined stress
relaxation properties when the capsule slides on the
mucosal surface. According to the above, the modelling
of the intestine mainly focused on its contact condition
[14,16] and frictional environments [13,15] with the
capsule. Very few studies [17—19] have considered the
real intestinal environment through experimental inves-
tigations and analysed the simplified capsule—intestine
model through finite element (FE) analysis [14,16].
Thus, to study the dynamics of the capsule robot in
a more realistic environment, the present work adopts
FE method and this has not been carried out in any
other studies.
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Building a reliable propulsive mechanism in a cap-
sule for active endoscopy is a challenging task, and
different propulsion methods were proposed. Examples
include the rotating spiral capsule [20], the inchworm-
like capsule [21], the legged capsule [22] and the
paddle-based capsule [23]. As shown in Fig. la,
Chernousko [24,25] introduced a vibration-driven sys-
tem that uses the interaction between a periodically
driven internal mass (1) with periodic motion (x)
and the main mass carrier (m3) to overcome exter-
nal resistance to achieve a stick—slip motion of the
entire body (x2). Recently, vibration-driven capsule
[26], pendulum-like capsule [27,28] and vibro-impact
capsule [29,30] were studied. The merit of such a
vibration-driven system is that it can be integrated into
an enclosed capsule without any external accessories,
thus significantly reducing the risk of secondary trauma
to the intestinal wall during the transit of the capsule.

Currently, commercially available capsules [1] are
11 mm in diameter and 26 mm in length, e.g., the Pill-
Cam [31], which has become a norm for the design
and application of the self-propelled capsule robots for
intestinal diagnosis. The vibro-impact capsule [32] pre-
viously studied by our team followed the same fea-
ture and dimension. The physical model of the cap-
sule with double-sided constraints [32,33] as shown
in Fig. 1b, includes a primary and a secondary con-
straints represented by a forward and a backward spring
with stiffness k| and k», respectively. A helical spring
with stiffness (k) and damping coefficient (c) was used
to connect the inner mass (M) and the capsule shell
(M>). At the original position of the inner mass, the
gap between the inner mass and the primary constraint
is G1, while G, represents the gap between the inner
mass and the secondary constraint. X| and X» are the
absolute displacement of the inner mass and the cap-
sule, respectively. Under a periodic force Fj, and the
relative displacement (X1-X») that is larger or equal
to the gaps, the inner mass impacts with the primary
or the secondary constraints. The impact forces on the
constraints in turn impose propulsive force on the cap-
sule. Once the net force on the capsule exceeds the
intestinal resistance (Fy), the entire capsule will move
forward or backward. For the prototype design of the
capsule as presented in Fig. 1c, the entire capsule shell
was screwed and sealed off by a tail shell and a head
shell made through additive manufacturing. It contains
a cruciform primary constraint, a cruciform secondary
constraint in the tail shell with different dimension and
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a linear bearing in the head shell, for all of which con-
tribute to the weight of the capsule shell M;. The linear
cylindrical bearing within the head shell was used to
circumferentially hold the cylindrical inner mass with
a T-shaped cross section. The inner mass composes of
two NdFeB permanent magnets which can be excited
by an external electromagnetic coil. Before assembling
the capsule shell, the inner mass and the helical spring
wrapped around the inner mass were put into the bear-
ing. The spring connected to the end surface of the
bearing and that of the inner mass was used to revert
the inner mass’s original position after each periodic
excitation. Once the external coil is switched on, the
inner mass linearly moves inside the capsule between
the forward and backward constraints, resulting a for-
ward or backward propulsion of the entire capsule in
the intestine.

In addition to the intestine models and capsule actua-
tion mechanisms, the geometric and mechanical prop-
erties of the capsule surface are also critical for cap-
sule motility and anchoring within the intestine. To
increase the friction coefficient for the capsule and its
anchoring capability, the capsule surface with differ-
ent micro-patterns and macro-patterns were studied,
such as micro-patterned adhesives [34,35], micro-pillar
arrays [36], micro-groove pattern [37] and tread pattern
[38]. In [35,39], the surface of the capsule and its legs
were coated with a layer of patterned soft polymers
for stable anchoring in the peristaltic intestine. These
studies present a way of altering the frictional coef-
ficient between the capsule and the intestinal tissues
for improving the capsule’s driving and anchoring per-
formance. Notwithstanding, using the device with pro-
truding micropillars and a large fictional coefficient has
been reported to induce mucosal distress [38]. Thus, the
present work will consider a soft coating on the capsule
but without any protruding structures to improve the
controllability of the robot during self-propulsion. For
the development of self-propelled capsule endoscopes,
researchers have always focused on designing novel
driving mechanisms and performance optimisation in
different frictional environments. However, potential
punctures and scratches to the intestine caused by exter-
nal accessories on the capsule and large frictional forces
have not been fully investigated. Unlike the robots with
rigid surfaces and joints, soft robots [40,4 1] are made of
flexible materials and are often designed with enhanced
safety, especially when they are used to contact with
human tissues. Inspired by soft robotics, the capsule

shell coated with a continuous elastic polymer surface
layer can avoid potential secondary damage caused by
rigid micro-patterning. Therefore, the present paper
aims to investigate the effect of stiffness and thick-
ness variations of elastomer coatings on the capsule. In
particular, this paper will obtain the dynamic effect of
coating on the vibro-impact capsule with different exci-
tation parameters. Based on the two-dimensional FE
modelling work [42], the present work further devel-
ops the FE model in three-dimension to study the non-
linear behaviour of an elastomer-coated capsule self-
propelling in the small intestine.

The rest of the paper is organised as follows. In
the next section, FE modelling of the elastomer-coated
vibro-impact capsule moving in the intestine is studied.
This includes the material descriptions of the intestine
and elastomers, FE configurations and mesh indepen-
dent study. The capsule’s mechanical responses based
on the effect of the elastomer coating are studied in
three scenarios, namely (1) variations in elastomer stiff-
ness, (2) changes in elastomer thickness and (3) varia-
tions in capsule excitation parameters. In Sect. 3, taking
a typical FE model as a case study, the general results,
such as the time histories of the capsule and inner
mass displacements, contact pressure, friction force
and moving speed, are discussed. Capsule elastomer’s
stiffness- and thickness-related results are presented in
Sects.4 and 5, respectively. In Sect.6, soft capsules
with different excitation parameters are summarised,
and their motion dynamics are analysed. Finally, con-
clusions and future works are drawn in Sect. 7.

2 Modelling and methods

To reduce the potential secondary damage to the
intestine by the hard shell of the endoscopic capsule
while also optimising its movement, elastomer coat-
ing is proposed in this work. To evaluate this idea,
the mechanical responses, including the dynamics of
the capsule moving in the lumen of the small intes-
tine under three different scenarios, have been inves-
tigated using three-dimensional (3D) FE modelling.
FE modelling of capsule-intestine contact was carried
out by using ANSYS WORKBENCH 19.0/Transient
structural module with the consideration of geomet-
rical construction, material modelling, containing con-
tact settings, meshing, boundary constraints, and loads,
in which implicit dynamics was applied.

@ Springer
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Fig. 1 a Physical model of the two-mass system (adopted
from [24]), where m|, my, x| and x; represent the inner mass,
main mass carrier, inner mass motion and entire body motion,
respectively. b The vibro-impact self-propelled capsule system
(adopted from [32]), where M, M>, X; and X, represent the
inner mass, capsule shell, inner mass motion and entire capsule
motion, respectively. k, ¢, k; and k; represent the stiffness of the

2.1 Geometrical modelling and analysis strategy

On the basis of ensuring that the maximum diameter of
the capsule is 11 mm, the polythene (PE) capsule shell
is uniformly coated with a layer of the elastomer made
by the super-soft silicone rubber. A cutaway view of
the geometrical modelling of the vibro-impact capsule
is presented in the upper panel of Fig. 2. The capsule
contains a primary and a secondary constraints along-
side a linear bearing for restricting the motion of the
inner mass while holding it in the axial direction of the
capsule. The inner mass made of a T-shape permanent
magnet and interacting with a helical spring which con-
nects it with the bearing, moves forward and backward
inside the capsule shell when excited. A square wave
signal of certain amplitude, frequency and duty cycle
is used to drive the entire capsule into the contracted
small intestine which has an inner diameter of 10 mm.

The rectangular box in the lower panel of Fig. 2
presents three scenarios of the capsule shell with elas-
tomer coating of various stiffness and thickness under
different capsule excitation. In Scenario 1, the effect of
varying the Young’s modulus of the elastomer coating
on the motion dynamics of the capsule is investigated,

@ Springer

Head T-shape magnet (M,) '

helical spring, damping coefficient of the helical spring, stift-
ness of the forward spring and stiffness of the backward spring,
and G and G, are the gap between the inner mass and the
primary constraint and the gap between the inner mass and the
secondary constraint, respectively. ¢ 3D-printed prototype of the
vibro-impact capsule system

with the capsule shell and elastomer layer thickness
being kept invariable at 0.1 mm and 0.9 mm, respec-
tively. In Scenario 2, the influence of the thickness ratio
of the elastomer layer and the PE shell on the movement
characteristics of the capsule is explored with restric-
tion to 1 mm total thickness for both the capsule shell
and elastomer layer. The capsule diameter is kept at
11 mm, while the Young’s modulus of the elastomer is
kept constant at 10 psi. In addition, results from the var-
ious scenarios are compared with the capsules without
elastomer coating. To further investigate the dynamics
of this soft capsule, its driving parameters as in Sce-
nario 3 including excitation frequency and duty cycle
are varied from 10 Hz to 40 Hz and from 0.2 to 0.8,
respectively, with the excitation amplitude kept at 1.2
N. In this scenario, the elastomer is set to a thickness of
0.9 mm and a Young’s modulus of 10 psi while varying
the capsule’s excitation parameters.

2.2 Material description

To model layered human tissues such as the intes-
tine containing the serosa, longitudinal muscle, circular



Dynamic analysis of a soft capsule robot...

9781

Linear

Helical
bearing Shell

spring

Inner

mass
Secondary

constraint

Elastomer

Primary
constraint

Small intestine

PE PE PE PE
Scenario 1: 0.1 mm 0.1 mm 0.1 mm 0.1 mm 0.1 mm 0.1 mm
Elastomer
stiffness
variation 0.9 mm 0.9 mm 0.9 mm 0.9 mm 0.9 mm 0.9 mm
8 psi 10 psi 12 psi 14 psi 16 psi PE
. PE PE PE PE PE
Scenario 2: 1 mm D 0.7 mm g 0.5 mm 0.3 mm 0.Imm [T ghell (PE)
Elastomer
thickness Elastomer
variation 0 mm 0.3 mm 0.5 mm 0.7 mm 0.9 mm H
PE 10 psi 10 psi 10 psi 10 psi
. PE Force (N) Frequency (Hz) Duty cycle
Scenario 3: 0.1 mm
Capsule 1.2 10 [0.2,0.35,0.5,0.65,0.8]
excitation 1.2 20 [0.2,0.35,0.5, 0.65,0.8]
variation 0.9 mm 1.2 30 [0.2,0.35,0.5, 0.65,0.8]
10 psi 1.2 40 [0.2,0.35,0.5,0.65, 0.8]

Fig. 2 Geometrical design of the vibro-impact capsule coated
with elastomers moving to the contractive intestine (upper panel).
The capsule featured with 26 mm overall length and 11 mm over-
all diameter is set at the inlet of the intestine, and the intestine
inner diameteris 10 mm. The red rectangle (lower panel) presents
three research scenarios that the capsule shell with coated elas-
tomers varied its thickness and stiffness and capsule excitation
parameters in this study. In scenario 1, the overall thickness
including capsule PE shell and the coated elastomer is kept at
1 mm, while the elastomer thickness was set as 0, 0.3, 0.5, 0.7
and 0.9 mm, respectively. Scenario 2 shows the Young’s mod-
ulus of the outer elastomer is altered from 8 psi to 16 psi in

muscle, submucosa and mucosa layers [43], viscoelas-
tic material, exhibiting both elastic and viscous charac-
teristics is often used. The relaxation modulus, E (1), is
a viscoelastic property that describes the stress relax-
ation of a material over time ¢. In generalised viscoelas-

the model of 0.9 mm elastomer thickness. The capsule excita-
tion amplitude, the frequency and the duty cycle are constant at
1.2 N, 30 Hz and 0.8 in Scenario 1 and Scenario 2. The capsule
excitation parameters, as Scenario 3, are varied, in which the fre-
quency is in the range of 10 Hz to 40 Hz and the duty cycle is
between 0.2 and 0.8, while the excitation amplitude remains at
1.2 N. Here, capsule models are set as the invariable elastomer
thickness at 0.9 mm and invariable elastomer Young’s modulus
at 10 psi while changing the capsule excitation parameters. The
dark grey represents the elastomer, while the white is PE capsule
shell

tic Maxwell model, a linear spring and a dashpot in a
chain have been assembled with other identical chains
and with an additional spring in parallel, as shown in
Fig. 3a. Chain-segment lengths could be changed based

@ Springer
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Fig. 3 a Generalised Maxwell model and b three-element
Maxwell model

on the relaxation time of the material [44,45]. So, the
Maxwell model expresses E () as follows:

n Ei
E(t)=) Ee "' +Eq (1)
i=1

where E; is the elastic modulus of the spring, n; is
the viscosity of the damper, # is the number of spring-
dashpot series, and E is the model’s Young’s modulus
when ¢ is approaching oco. This formula with cumula-
tive exponents in a discrete spectrum and finite numbers
is referred to as the Prony series.

In this study, a three-element model illustrated in
Fig. 3b with two parallel elastic springs and a viscous
damper in series was explored. One of the springs was
considered as the Maxwell model describing the vis-
coelastic properties of the synthetic intestine as it fits
well with our stress relaxation experiment [14]. In addi-
tion, the dynamic motile patterns of the small intestine,
including peristalsis and segmentation, may produce a
certain length of contractive ring, whose diameter is
smaller than that of the capsule, subjecting the cap-
sule to hoop stress. The detailed modelling of the hoop
stress or hoop pressure and the material property of the
synthetic intestine can be referred in our previous inves-
tigation [14]. Moreover, the numerical implementation
of the Prony series is convenient for the in silico model
because its exponential format is suitable for closed
solutions of time integrals. Accordingly, the linear vis-
coelastic behaviour of the synthetic small intestine in
this study will be expressed in the form of Prony series.
The parameter setting of the three-element Maxwell
model in FE modelling using ANSYS is written as

o(t) = (Ele‘ff’ + Eoo) 2)
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where o denotes the hoop stress and € = (R; — R.)/R;
presents the intestinal strain. R, and R; are the outer
radius of the capsule and the inner radius of the intes-
tine, respectively. £, E and n; represent the Young’s
moduli of the springs and the viscosity coefficient of
the damper, respectively. The ratio of 11 to E is retar-
dation representing the time range in which the modu-
lus of a single spring-damper series decreases from E
to 0, i.e., relaxation time 7, and the ratio of E; to the
transient relaxation modulus (Eg = E| + E) is rela-
tive modulus o, which are implemented as a standard
viscoelastic material input in silico model.

Since the synthetic small intestine is made up of
artificial human tissue analogues and woven fibres, the
woven fibre is likely to dominate its mechanical prop-
erties as it is expanded by the capsule. Based on the
three-element model in Fig. 3b and viscoelastic prop-
erty Eq.(2), the FE parameters for this study have been
identified experimentally in [14] and were also imple-
mented in [16], as summarised in Table 1. For the elas-
tic modulus of the coated elastomer, we referred to
the manufacturer manual for the Ecoflex silicon rub-
ber [46]. The 100% tensile modulus for silicone rub-
bers with different stiffness is around 10 psi, and hence
elastomer Young’s moduli of 8 psi, 10 psi, 12 psi, 14
psi and 16 psi were selected and used in this study.
It was assumed that the 100% tensile modulus is the
same as compression modulus since the silicone rub-
ber is mainly under the compression by the surrounding
intestine tissue.

The parameters of the polythene capsule shell, the
synthetic small intestine and the elastomer are pre-
sented in Table 1, including capsule Young’s modulus
E ., capsule Poisson’s ratio v, capsule density p., intes-
tine Poisson’s ratio v;, intestine density p;, elastomer
Young’s modulus E,, elastomer Poisson’s ratio v, and
elastomer density p.. In addition, the friction coeffi-
cient u between the elastomer and the small intestine
remains the same as that between the capsule and the
small intestine, which is 0.2293 [14].

2.3 FE modelling

In the pilot study, computational verification revealed
that using a quarter symmetric model of the capsule
gives the same mechanical response as using the entire
capsule model of the capsule because of its axisym-
metric geometry; however, this is not covered in this
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Table 1 Material parameters of the capsule, the synthetic small intestine and the elastomer

Material parameters Value Unit Material parameters Value Unit

E. 1.1 GPa E. 8 (55.16) psi (kPa)
Ve 0.42 - Ee 10 (68.95) psi (kPa)
Pe 0.95 g/cm? E. 12 (82.74) psi (kPa)
E, 196.43 kPa Ees 14 (96.53) psi (kPa)
Ew 757.48 kPa Ees 16 (110.32) psi (kPa)
N1 5.36 MPa:-s Ve 0.47 -

Vi 0.49 - Pe 1.07 g/cm?

Di 1 g/cm? i 0.2293 -

paper. Also, the FE computation for the entire 3D model
as shown in Fig. 2 was time-consuming; hence, the
quarter symmetric model helped to reduce computa-
tional time. Therefore, the quarter FE model of the
vibro-impact capsule moving through the small intes-
tine was explored in this study as presented in Fig. 4.
The intestine model consists of a trumpet-shaped inlet
followed by a straight section with an inner diame-
ter that is smaller than the outer diameter of the cap-
sule. The inner mass (magnet) is driven by an exter-
nal magnetic field excited by a pulse-width modulation
signal, thereby enabling the capsule to move through
a contracted intestine. The force acting on the inner
mass was considered as a square wave excitation with
insert notations (e.g., amplitude, frequency and duty
cycle) for these parameters and the values used. Geo-
metrically, the thickness of the intestinal wall is config-
ured as 1.5 mm according to human gut [4]. The sizes
of the capsule and intestine are shown in Fig. 4, and
for the detailed sizes of the constraints please refer
to our previous study [32]. The total weight of the
capsule is 3.08 g, including the inner mass (1.8 g) and
elastomer-coated capsule (1.28 g). In addition, the heli-
cal spring in FE model was simplified as a uniaxial
tension-compression element (COMBIN14) with lon-
gitudinal stiffness k = 0.06 N - mm ™! and longitudinal
damping coefficient ¢ = 0.01 Ns - m~! based on our
previous experimental determinations [32]. To improve
the robustness of the FE model, the following material
and model hypothesis were introduced:

e The small intestine is isotropic, homogeneous and
incompressible;
e The coated elastomer is a linear elastic material;

e The inner mass is assumed a rigid body as its elastic
modulus is far greater than others;

e The inner mass can only move in the axial direction
of the capsule along the frictionless bearing.

It is worth noting that the elastic modulus of the mag-
netic inner mass is far greater than that of the capsule
and the small intestine, and hence it was set as a rigid
body to further optimise the computational time.

Due to the required deformation, two types of ele-
ments were used to mesh the proposed model and
these include a 10-node tetrahedral solid element
(SOLID187) and a 20-node hexahedron solid element
(SOLID186). SOLID187 was used for modelling the
capsule, while SOLID186 that exhibits quadratic dis-
placement behaviour and has three degrees of freedom
ateach node was used to simulate the soft elastomer and
the viscoelasticity of the intestine. In order to be consis-
tent with real-life situation, the contact pair between the
outer surface of the soft capsule and the small intestine
was set to have a frictional coefficient, © = 0.2293,
while the contact between the inner mass and the con-
straints was assumed frictionless, thus allowing free
contact and separation. The boundary surfaces on both
ends of the intestine are totally restricted. Compared
to previous FE study [16], the small intestine with a
longer length and completely restricted ends consid-
ered in this study does not only facilitate the vibro-
impact movement of the capsule, but also eliminate the
non-convergence of results faced by gut redundancy
when the gut is elongated or shortened. Finally, based
on Saint-Venant’s principle, FE results were obtained
from the middle section of the intestine that was far
away from both ends for all the scenarios described in
Fig. 2.

@ Springer



9784

J.Tian et al.

Quarter vibro-impact capsule

Linear Shell

Helical
Inner  gpring
mass

bearing

Secondary
constraint

Elastomer

55

Quarter small intestine

Fig. 4 FE models of the vibro-impact capsule moving into the contractive intestine

2.4 Mesh independence study

In order to get reliable FE results, mesh convergence
tests using different element sizes were implemented at
the beginning. By taking the capsule model of 0.9 mm
elastomer coating thickness having the Young’s mod-
ulus of 10 psi and under the excitation of force 1.2 N,
frequency 30 Hz and duty cycle 0.8 as an example, the
convergence of the ten mesh set-ups was tested as sum-
marised in Table 2. The contact pressures between the
capsule and the intestine with increasing total model
elements are illustrated in Fig. 5. It can be seen from
Table 2 that all capsule mesh sizes were fixed at 0.5 mm,
thus allowing the variation of intestine mesh size since
the capsule is stiffer than the intestine wall. Figure 5
shows that the maximum and average contact pressure
from Mesh 7 to 10 became stable when the total ele-
ment of the model exceeded 30000. The results of Mesh
7 and the other mesh sizes (Mesh 8 to Mesh 10) are
within an error band of £0.5%. However, to get the
best performance for the FE model, Mesh 7 with the
small intestine mesh size of 0.5 mm and three-layer ele-
ment was selected for later simulations. For the other
FE test settings in this paper, similar convergence tests
were also carried out to ensure the reliability of the
results, and the numerical error was found to be within
the range of +5%.

@ Springer

3 Case study

The current study involves numerous FE analysis for
the three scenarios shown in Fig. 2; however, this sec-
tion only describes FE results for a capsule model with
amplitude = 1.2 N, frequency = 30 Hz, duty cycle =
0.8, Young’s modulus of elastomer coating =10 psi
and coating thickness of 0.9 mm. Figure 6 presents the
time histories of the capsule’s displacement and inner
mass displacement in the X-axis. The capsule is seen
to rapidly drag into the contractive intestine at a con-
stant velocity and then uploads for about 2s. The cap-
sule attains a sedentary position at about 90 mm thus
evading the influence by the trumpet-shaped inlet and
delivering the entire capsule into the fully surrounded
intestine. The capsule exhibits vibro-impact motion
behaviour at about 2 to 3 s section of the signal which
is shaded grey. It is worth noting that only the stable
section of the signals as shown in the cropped area was
used for later analysis.

The resulting capsule displacement, capsule-intestine
maximum contact pressure, intestinal friction force and
capsule moving speed from the FE analysis are pre-
sented in Fig. 7 (left panel), in which the shaded grey
areas represent the excitation interval. Figure 7a shows
the capsule and inner mass displacement exhibiting
both forward and backward periodic motions. The max-
imum contact pressure on the intestine in Fig. 7b is
seen to vary over four distributions (denoted by p1-pa
in green circles) in each period. Specifically, the max-
imum contact pressure between the capsule outer sur-
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Table 2 Mesh convergence test

Mesh Intestine mesh Intestine mesh Capsule mesh Total Computational
method size (mm) layers size (mm) elements time (mins)
Mesh 1 4 1 0.5 10,558 385
Mesh 2 3 1 0.5 10,666 399
Mesh 3 2 2 0.5 11,834 452
Mesh 4 1 2 0.5 14,650 624
Mesh 5 0.75 2 0.5 17,946 827
Mesh 6 0.5 2 0.5 27,274 1502
Mesh 7 0.5 3 0.5 35,698 1655
Mesh 8 0.4 3 0.5 48,532 2740
Mesh 9 0.35 3 0.5 61,528 3650
Mesh 10 0.33 3 0.5 71,143 4510
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Fig.5 Mesh convergence tests for the capsule model of 0.9 mm
coated elastomer thickness with Young’s modulus of 10 psi under
the excitation of force 1.2 N, frequency 30 Hz and duty cycle 0.8.
Black line and red line indicate the maximum contact pressure

face and the intestine is relatively high at points p; and
p3 when the capsule changes its direction of motion,
such as from forward to backward. It is clear that the
maximum contact pressure almost appears at the tail of
the capsule as the capsule moves forward and this how-
ever transfers to the head of the capsule when it moves
backward. In other words, the maximum contact pres-
sure distributions are always far away from the capsule
moving direction and that is probably due to the stress
relaxation or retardation on the intestine wall. Another
factor could be the boundary restriction from both ends
of the intestine. Since only a limited portion of the intes-
tine was simulated, the boundaries posed some restric-
tions on the mobility of the intestine. However, in the
real scenario, the small intestine is placed in a limited
space within the abdominal cavity, so the FE results in

and average contact pressure with increased element quantity.
Mesh 7 with the intestine element size at 0.5 mm and total ele-
ment layers of 3 was chosen for further analysis

the present work are still appropriate. Due to the for-
ward and backward motion of the capsule, the friction
force oscillates around zero as seen from Fig. 7c, with
a large portion of them being negative, indicating an
overall forward progression. In Fig. 7d, the instanta-
neous velocities of the capsule and the inner mass are
coordinated, except that the capsule’s velocity oscil-
lates at the beginning of each period of excitation. In
summary, the tendencies of mechanical responses for
all the soft capsule models moving in the small intes-
tine are very similar and thus will not be repeatedly
presented here.
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Capsule was dragged into the intestine at position of 90 mm

Capsule motion with the vibro-impact

120
Capaule Inner mass

o M
=
g 60
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a 30
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0 1 2 3

Fig. 6 FE time histories of the capsule displacement (black line)
and inner mass displacement (red line) in X-axis for the capsule
model of 0.9 mm coated elastomer thickness with Young’s mod-
ulus of 10 psi. The whole capsule was first dragged into the con-

4 Elastomer stiffness variation results: Scenario 1

In this section, FE results from Scenario 1 modelling
different elastomer stiffnesses are compared. The vari-
ations of contact pressure and elastomer deformation
with increasing elastomer Young’s modulus are pre-
sented in Fig. 8 for the capsule model with 0.9 mm
elastomer thickness under excitation of force 1.2 N,
frequency 30 Hz and duty cycle 0.8. Maximum con-
tact pressure and average contact pressure are seen to
respectively increase from 23.81 to 30.49 kPa and from
12.22 to 13.88 kPa, as the elastomer Young’s modu-
lus increases from 8 to 16 psi. The elastomer defor-
mation, however, decreased from 69.88 to 34.05 wm.
When the elastomer layer replaces the PE, i.e., the cap-
sule only consists of a 1 mm thickness PE shell, the
maximum contact pressure increases dramatically to
122.80 kPa, while the deformation of the shell trends
to 0 wm. It can therefore be concluded that a harder
capsule surface results in a higher contact pressure, as
the capsule surface becomes difficult to deform and the
energy produced by capsule-intestine interaction can-
not be absorbed by the soft body. In clinical practice,
capsules with softer elastomer coating may become
an effective solution to improve the undesirable tactile
sensation experienced by patients.

Typical time histories of the capsule and inner mass
displacements for different elastomer stiffnesses and
their corresponding phase trajectories are presented in
Fig. 9. By comparing their overall displacements, the
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Time (s)

tractive intestine for 2 s until it is stable at position of 90 mm. Grey
area indicates the vibro-impact displacement under the excitation
of force 1.2 N, frequency 30 Hz and duty cycle 0.8

capsule moves faster when the elastomer is softer as
there is lesser contact pressure and resistance between
the capsule and intestine. However, when the capsule
shell is coated with only PE layer, the capsule becomes
a little faster for the 10 psi, 14 psi and 16 psi elastomer
coatings. This is probably because the impact dynam-
ics between the inner mass and both constraints for
only PE capsule shown in Fig. 9f totally changed, i.e.,
the forward impact is dominant in the perspective of
the phase trajectories when the capsule outer surface is
getting stiffer.

5 Elastomer thickness variation results: Scenario 2

In Scenario 2, five FE simulations were carried out for
different elastomer’s thicknesses (Fig. 10). The black
lines with square dots and red lines with circle dots in
upper figure represent the maximum contact pressure
and the average contact pressure between the capsule
and the small intestine, respectively, for elastomer stiff-
ness of 10 psi under excitation of force 1.2 N, 30 Hz
frequency and 0.8 duty cycle. The maximum contact
pressure is seen to decrease from 32.3 kPa to 27.47 kPa,
while the average contact pressure slightly decreased
from 13.91 kPato 13.25 kPa, as the elastomer thickness
increased from 0.3 mm to 0.9 mm. This may be due to
the fact that the thicker elastomer is able to absorb more
contraction deformation from the surrounding intestine
compared to thinner elastomer coatings. This inference
can be confirmed from the lower figure of Fig. 10,
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Fig. 7 FE time histories of a the vibro-impact capsule (black
line) and inner mass displacement (red line) along the X-axis, b
capsule-intestine maximum contact pressure, ¢ intestinal friction
force and d capsule (black line) and inner mass (red line) mov-
ing speed obtained at the excitation amplitude 1.2 N, frequency
30 Hz and duty cycle 0.8 (indicated by grey and write areas for

where the elastomer deformation rose from 28.51 wm
to 51.17 m as the elastomer thickness increased from
0.3 mm to 0.9 mm. The contact pressure with an elas-
tomer thickness of 0 mm is the same as that of replacing
the elastomer layer with PE in Fig. 8, as both max-
imum contact pressure and average contact pressure
are much greater compared to models with elastomer
coating. However, by comparing the thickness-related

switching on and off of the square-wave excitation, respectively)
for the capsule model of 0.9 mm coated elastomer thickness with
Young’s modulus of 10 psi. Right panels present four different
capsule-intestine contact pressure distributions at Points py, p2,
p3 and py4 denoted by green circles in a and b

results with the stiffness-related results, changing the
elastomer stiffness has a great effect on the contact pres-
sure provided that the inner diameter of the small intes-
tine is the same.

Figure 11 presents the capsule and inner mass dis-
placement over time. For each time history, the moving
speed of the capsule is basically seen to be the same,
since changes in elastomer thickness have little or no

@ Springer



9788 J.Tian et al.
Fig. 8 FE results of the 140 28
vibro-impact capsule = - =
computed for different & 1 =
s =< 100 |- =
coated elastomer Young’s £ 2 ° 5
. . = 1 o =
moduli E, with the capsule ER-] o 2
.. g 3 420 & A
excitation of force 1.2 N, % 2 60F s 2
frequency 30 Hz and duty § = 1 < &
Q _ 16 Q
cycle 0.8 for the model of s > - u n n kst
= L =
0.9 mm elastomer g 20 Py © ® 1 ]
. S P S
thickness. PE refers to the ’ | | | | | | ~ T2
capsule shell that only has a
PE layer, in which the ’g 80
Young’s modulus of PE is g [ ]
1.1 GPa (about 159542 psi) S 60} \
5] |
£ B
S 40 TT—nm
= \
5} | ]
<
St
qé 20 + \
3
=]
3
E 0 | 1 | n 1 | L | L -
8 10 12 14 16 PE
Young's modulus of elastomer (psi)
@3, 14 ®) 116 14
g 2 7 ) 2
E b & 07] En g 07
Z 128 g = =
3} D L b5 57
g 2 00 g 2 00
Q L - ¥ 108 2
= 124 Z L = =
& £ -07 2 £ -07
= ‘ . N . = 104 . . & .
1205 g6 2.90 2.94 2.98 -4 0 1 2 2.86 2.90 2.94 14 0 1 2
Time (s) Relative displacement (mm) Time (s) Relative displacement (mm)
© 112 1.4 (112 14
= — = %
g R E 18| g 07r
= 108 + = = :;
g 3 00 § 2 o0
8 00} oL
% 2 £ 104 | %
g 104 Q s =
= g 07} = £ 071
A 3 A 100 °
100 Lt L 1 1 -1.4 1 1 1 1 14 1
2.86 2.90 2.94 298 -1 0 1 2 2.86 2.90 2.94 -1 0 1 2
Time (s) Relative displacement (mm) Time (s) Relative displacement (mm)
© 112 1.4 116 1.4
®
® % e @
£ 108} g 07 g 12l g 07F
z 3 z 3
g 2 o0} g 0.0 |
£ 104 = £ 108 =
g = ] =
3 £ 07p 3 207t
& 100 K} A 104} K
1 1 1 1 _14 1 1 1 1 -1. 1
2.86 2.90 2.94 298 -1 0 1 2 2.86 2.90 2.94 -1 0 1 2
Time (s) Relative displacement (mm) Time (s) Relative displacement (mm)

Fig.9 FE Time histories of capsule’s displacements (black line)
and magnet’s displacements (red line), and corresponding phase
trajectories in X-axis obtained under the elastomer Young’s mod-
ulusof a8 psi,b 10 psi, ¢ 12 psi,d 14 psi and e 16 psi, respectively,
for the model of 0.9 mm elastomer thickness, in which the exci-
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tation amplitude, the frequency and the duty cycle are 1.2 N, 30
Hz, and 0.8, respectively. f shows the comparison results when
capsule shell only has a PE layer. The both vertical red lines at
the position of 0 mm and 1.6 mm in phase trajectories present
the secondary and primary constraint of the capsule
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Fig. 11 FE Time histories of capsule’s displacements (black
line) and magnet’s displacements (red line), and corresponding
phase trajectories in X-axis obtained under the elastomer thick-
ness of a 0.3 mm, b 0.5 mm, ¢ 0.7 mm, and d 0.9 mm, respec-
tively, for the model of 10 psi elastomer Young’s modulus, in

effect on the contact pressure. However, it can be seen
that the inner mass has more tendency to collide with
the forward constraint when a thinner elastomer is used.

which the excitation amplitude, the frequency and the duty cycle
are 1.2 N, 30 Hz, and 0.8, respectively. The results of zero elas-
tomer thickness can be referred to Fig. 9f. The both vertical red
lines at the position of 0 mm and 1.6 mm in phase trajectories
present the secondary and primary constraint of the capsule

able that as the inner diameter of the small intestine
becomes smaller, the effect of elastomer thickness on
contact pressure may become significant.

From the above results (Figs. 9 and 11), it can be con-
cluded that a softer and thicker elastomer coating is
useful for a better patient’s sensational experience and
to efficiently propel the capsule. Although the stiffness
of the capsule is seen to have more effect on the cap-
sule’s speed compared to its thickness, it is foresee-

6 Capsule driving parameter study: Scenario 3
In Scenario 3, the FE results obtained from the differ-

ent capsule driving parameters are compared. Figure 12
depicts the time histories of the capsule displacement
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obtained under the excitation amplitude of 1.2 N but
the varying frequency and duty cycle. The elastomer
coating is kept at 0.9 mm thickness and 10 psi Young’s
modulus. As a result, the capsule is seen to exhibit peri-
odic forward and backward motion. Overall, a forward
progression is instigated in the capsule except for the
10 Hz frequency where the capsule vibrates around its
original position for all the duty cycles. The forward
progression was however minimal for parameter pairs
including (frequency = 20 Hz, duty cycle = 0.65), (fre-
quency = 30 Hz, duty cycle = 0.5) and (frequency = 40
Hz, duty cycle = 0.2). From the changing duty cycle
point of view, the capsule motions under the frequen-
cies of 20 Hz, 30 Hz and 40 Hz showed different mov-
ing speeds and periodic characteristics. The fastest pro-
gression is achieved with frequency = 30 Hz and duty
cycle = 0.2 as shown in Fig. 12c.

Typical time histories of the capsule’s displacement
and inner mass acceleration under the frequencies of 10
Hz, 20 Hz, 30 Hz and 40 Hz are presented in Figs. 13,
14, 15 and 16, respectively, to describe the detailed fluc-
tuation of the capsule motion and the impact between
the inner mass and both constraints. The phase trajec-
tories of the capsule are also given for different duty
cycles. In Fig. 13, it can be observed that, even though
the inner mass collides with the primary (forward)
and secondary (backward) constraints of the capsule
as shown in right-side phase trajectories, the capsule
oscillates around a fixed point without progression for
frequency = 10 Hz, except the capsule with 0.2 duty
cycle as shown in Fig. 13a. This slight forward move-
ment suggests that the inner mass has a greater forward
impact and more contact areas with primary constraint
compared to the capsule with duty cycles of 0.35, 0.5,
0.65 and 0.8 in observation of their phase trajectories.
This can be further confirmed from the results of inner
mass acceleration, in which the forward impact spike
is larger than the backward impact spike.

Under a frequency of 20 Hz, it can be observed that
changes to the duty cycle of the capsule influences its
speed (Fig. 14). It is also worth noting that since the
original position of the inner mass is closer to the sec-
ondary constraint compared to the primary constraint
as shown in Fig. 4, backward impacts were more com-
mon in the phase trajectories. As shown by the inner
mass accelerations, when the forward impact spikes are
stronger than the backward ones, the capsule has a for-
ward progression overall. At 0.2 duty cycle (Fig. 14a)
and based on the acceleration peaks, the inner mass
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is seen to be characterised with single but strong for-
ward impacts when the external excitation switches on
(i.e., the grey intervals). It, however, experiences sev-
eral but weak impacts when the external excitation is
switched-off (i.e., the blank intervals). The aforemen-
tioned causes the capsule to experience frequent back
and forth motion but an overall forward progression. At
0.65 duty cycle (Fig. 14d), the speed of the inner mass
becomes relatively smaller compared to others, thus
experiencing weaker forward and backward impacts
that cause the entire capsule to progress slowly.

When the excitation frequency is 30 Hz and the duty
cycle is 0.2, the capsule progression speed becomes the
fastest in this study. At this point, it is evident from the
acceleration measurements that the forward impacts are
much stronger than the backward impacts (Fig. 15a). It
can be seen from each forward impact from the inner
mass acceleration for all models in Fig. 15 that the
larger forward impact acceleration makes the displace-
ment slope of the capsule forward larger, thus amplify-
ing the movement speed of the capsule.

At an excitation of 40 Hz and 0.2 duty cycle, the
capsule tends to vibrate in situ with a slight tendency
to move backward. This is because the inner mass only
experiences backward impacts with no forward impacts
(Fig. 16a). For the model with a duty cycle of 0.8, the
inner mass is seen to only impact the primary constraint
(Fig. 16d), resulting in a slow but an overall forward
progression of the capsule. In general, the motion of
the capsule is not only dependent on the excitation fre-
quency but also on the duty cycle.

The displacement of the soft capsule has more
degrees of freedom than the displacement of the PE
capsule, so this may be the reason why the relative dis-
placement of the magnet does not coincide with the
stability and period shown in all phase portrait tra-
jectories. On the other hand, although FE simulation
with finite nodes and finite load/time steps often pro-
duces non-smooth and discontinuous inner mass move-
ment, obtained capsule motions are, however, signifi-
cant for understanding the overall capsule behaviour.
This makes FE modelling a valuable tool for analysing
complex capsule-gut contact situations. Compromis-
ing simulation computational time and accuracy has
always been a trade-off during FE analysis. In general,
the elastomer layer, which is physically regarded as
numerous small springs attached to the capsule shell,
can cause more degrees of freedom and fluctuations in
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Fig. 12 Capsule displacement time histories along X-axis for a
frequency = 10 Hz, b frequency =20 Hz, ¢ frequency = 30 Hz and
d frequency = 40 Hz under the excitation multitude of 1.2 N and

the movement of capsules and the inner mass. This may
present a new challenge for capsule control.

7 Conclusions and further works

The nonlinear motion behaviours of the soft capsule
robot moving within the contractive intestine were
studied through 3D FE analysis. The purpose of this
work was to understand the interaction between the
small intestine and the capsule coated with super-soft
elastomer while optimising the coating design in terms
of contact pressure and locomotion efficiency. The self-
propelled capsule was operated under different excita-
tion parameters to obtain a robust control strategy in
the presence of peristalsis of the small intestine. Three
scenarios that took into account the variations of elas-
tomer’s stiffness and thickness and the capsule’s driv-
ing parameters were modelled to explore the regularity
of the contact pressure. Nonlinear dynamics analysis

~
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~
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100

D = 0.35]
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Capsule displacement (mm)

Capsule displacement (mm)

Time (s)

duty cycles of 0.2 (red), 0.35 (black), 0.5 (blue), 0.65 (green) and
0.8 (magenta). The elastomer coating is kept at 0.9 mm thickness
and 10 psi Young’s modulus

was conducted to identify the optimal excitation fre-
quency and duty cycle required to propel the robot at a
desired velocity.

In all the case studies, the capsule—intestine contact
pressure distribution revealed that the relative point of
occurrence of maximum contact pressure often varies
with the transient status of the capsule motion. It tends
to occur at a position away from the instantaneous
direction of the capsule progression due to the vis-
coelastic property of the intestine (including relaxation
stress) and boundary constraints. Therefore, detecting
the relevant maximum or minimum contact pressure
on the capsule could reflect the motion status of the
capsule.

To understand the effect of elastomer stiffness in
Scenario 1, the elastomer coating of 0.9 mm thickness
was varied between 8 and 16 psi under 1.2 N excitation
force, 30 Hz frequency and 0.8 duty cycle. In Scenario
2, the thickness of a 10 psi elastomer coating was var-
ied between 0.3 and 0.9 mm using the same excitation
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Fig. 13 FE time histories of the inner mass acceleration (red
lines) and the capsule displacement (black lines) recorded for
excitation amplitude of 1.2 N, frequency of 10 Hz and the duty
cycle of a 0.2, b 0.35, ¢ 0.5, d 0.65, and e 0.8 with correspond-
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ing phase trajectories (right panel). Both vertical blue lines at the
positions of 0 mm and 1.6 mm in phase trajectories represent the
secondary (backward) and the primary (forward) constraints of
the capsule
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Fig. 14 FE time histories of the inner mass acceleration (red
lines) and the capsule displacement (black lines) recorded for
excitation amplitude of 1.2 N, frequency of 20 Hz and the duty
cycle of a 0.2, b 0.35, ¢ 0.5, d 0.65, and e 0.8 with correspond-

ing phase trajectories (right panel). Both vertical blue lines at the
positions of 0 mm and 1.6 mm in phase trajectories represent the
secondary (backward) and the primary (forward) constraints of
the capsule
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Fig. 15 FE time histories of the inner mass acceleration (red
lines) and the capsule displacement (black lines) recorded for
excitation amplitude of 1.2 N, frequency of 30 Hz and the duty
cycle of a 0.2, b 0.35, ¢ 0.5, d 0.65, and e 0.8 with correspond-

@ Springer

ing phase trajectories (right panel). Both vertical blue lines at the
positions of 0 mm and 1.6 mm in phase trajectories represent the
secondary (backward) and the primary (forward) constraints of
the capsule
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Fig. 16 FE time histories of the inner mass acceleration (red
lines) and the capsule displacement (black lines) recorded for
excitation amplitude of 1.2 N, frequency of 40 Hz and the duty
cycle of a 0.2, b 0.35, ¢ 0.5, d 0.65, and e 0.8 with correspond-

ing phase trajectories (right panel). Both vertical blue lines at the
positions of 0 mm and 1.6 mm in phase trajectories represent the
secondary (backward) and the primary (forward) constraints of
the capsule. (Color figure online)
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parameters as Scenario 1. Obtained results indicated
that the harder and thinner the elastomer is, the greater
the contact pressure between the capsule and intestine
is, and this may cause more undesirable tactile sensa-
tions to the patients. Also, the stiffness and thickness
of the elastomer play important roles in the capsule
progression as it was found to move faster when the
elastomer is softer. Compared to the rigid shell, the
elastomer-coated capsule generates less force on the
small intestine which may be more comfortable for the
patients.

To evaluate the effect of varying excitation param-
eters, in Scenario 3, the capsule excitation amplitude
was kept constant at 1.2 N for an elastomer coating of
0.9 mm and 10 psi. Its frequency was, however, var-
ied between 10 and 40 Hz, while its duty cycle was
varied between 0.2 and 0.8. With the exception of the
10 Hz frequency models, all the investigated param-
eters instigated an overall forward progression of the
capsule. Observing from the inner mass acceleration,
when the forward impact is stronger than the backward
one, the capsule has a rapid forward progression. The
fastest progression was achieved when the capsule was
operated at 30 Hz and 0.2 duty cycle.

Comparative analysis of the three investigated sce-
narios indicates that the FE model can reveal the contact
condition and the resulting dynamics of the soft cap-
sule. In particular, when the numerical model is difficult
to be established by using ordinary differential equa-
tions. However, obtaining accurate FE results requires
more computational efforts. In the future work, bifur-
cation analysis will be carried out using FE clustering
simulations to gain a comprehensive understanding of
dynamics of the soft capsule under various dynamic
intestinal motility patterns. Experimental investiga-
tions of the self-propelled capsule with functional elas-
tomer coatings will also be carried out to evaluate its
clinical feasibility.
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