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Abstract This paper studies the intestinal frictions
acting on a millimetre-scale self-propelled capsule (26
mm in length and 11 mm in diameter) for small bowel
endoscopy by considering different capsule–intestine
contact conditions under a wide range of capsule’s pro-
gression speeds. According to the experimental results,
intestinal frictions vary from 7 mN to 4.5 N providing
us with a guidance for designing the propelling mech-
anism of the controllable capsule endoscope. Our cal-
culations show that the proposed vibro-impact mech-
anism can perform as a force magnifier generating a
much larger propulsive force on the capsule than its
original driving force. Therefore, the self-propelled
capsule is capable of moving in the small intestine
under a wide range of friction variation.
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1 Introduction

Capsule endoscopy [1] has been adopted globally as
the gold standard for diagnosing lower gastrointesti-
nal (GI) diseases, such as obscure GI bleeding, the
Crohn’s disease, the celiac disease, and polyposis syn-
dromes. It equips aminiature camera within a swallow-
able capsule to screen the lining of theGI tract covering
both the small bowel and the colon. The images taken
at a few frames per second are transferred to a data
receiver, which are examined offline by a gastroenterol-
ogist. Comparedwith the conventional endoscopy, cap-
sule endoscopy provides a new modality which is safe,
minimally invasive, sedation-free, patient-friendly, and
reliable [2,3]. However, its reliance on peristalsis for
passage through the intestine leads to significant limi-
tations [4,5], in particular due to the unpredictable and
variable locomotion velocity. Significant abnormalities
may be missed, due to intermittent high transit speeds
that lead to incomplete visualisation of the intestinal
surface. To overcome this limitation, the main chal-
lenge is to integrate an active and controllable loco-
motion mechanism to the current capsule endoscopy,
so clinicians can manoeuvre the capsule to the area of
interest for a careful examination. In the past decade,
several locomotionmechanismswere developed to pro-
vide active propulsion for capsule endoscopes, e.g. the
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rotating spiral capsule [6], the inchworm-like capsule
[7], the legged capsule [8], the paddle-based capsule
[9], and the vibro-impact capsule [10]. A detailed sur-
vey of these locomotionmechanisms can be found from
[11].

Thevibro-impact capsule system [10] is self-propelled
without any external moving parts, which can be inte-
grated into a standard capsule endoscope, as shown
in Fig. 1a. The principle of the vibro-impact self-
propulsion is shown in Fig. 1b, where the system con-
sists of a rigid shell Mc, an inner mass Mm connecting
to the shell via a helical spring with stiffness k and a
damper with damping coefficient c, and a constraint
with stiffness k1 on the shell. The inner mass is excited
by a harmonic force Fe, and the impact between the
inner mass and the constraint occurs when their rela-
tive displacement Xm − Xc is equal to or greater than
their original gap G1. The interaction force between
the shell and the inner mass may exceed the intestinal
friction Ff leading to a forward or backward motion of
the whole capsule.

Inspired by the two-mass system for rectilinear
motion [12], the vibro-impact mechanism studied in
this work was introduced to the capsule system for
motion control by Liu et al. [13]. Comparing with the
passive capsule endoscopes, the vibro-impact capsule
is active and controllable. Its progression velocity can
be controlled by adjusting the frequency and amplitude
of the excitation force [14], and a position feedback
controller has been designed for such a purpose [15].
Comparing with the other locomotion mechanisms, for
example [8,16], the vibro-impact capsule does not have
any externalmoving structurewhich can reduce the risk
of damage to theGI tract.As the vibro-impact capsule is
a nonsmooth dynamical system, its dynamics are com-
plex depending significantly on its design parameters
and environmental frictions [17]. Therefore, the study
of its dynamics under a realistic frictional environment
is essential.

According to our preliminary studies [18,19], both
numerical simulations and experiments indicate that
the system’s performance, in terms of progression
velocity and energy efficiency, relies on the intesti-
nal friction acting on the capsule. Hence, it is vital to
know how much friction will the capsule encounter
during its passage through the GI tract. Recent studies
on capsule–intestine interaction show that the intesti-
nal friction applying on the capsule ranges from 10mN
to 200 mN depending on capsule’s shape, dimension,

Fig. 1 a Photograph of the 3D-printed capsule to be tested in the
present work, and b the schematic diagram of the self-propelled
vibro-impact capsule system

and instantaneous velocity [20–22]. As a consequence,
the friction coefficient may vary from 0.08 to 0.2 [20].
To anchor the capsule, capsule surface can be coated
with micro-patterned adhesives [16,23] or micro-pillar
arrays [24] to increase its friction coefficient up to 0.49.
Furthermore, analytical modelling of frictional resis-
tance between a capsule endoscope and the intestine
was studied and validated via experiments in [25–27].
However, these studies have not considered different
capsule–intestine contact conditions, e.g. partial or full
contact with the intestine, since the contact condition
may change according to the gesture of the capsule
and GI peristalsis. This in turn will affect the intestinal
resistance acting on the capsule and further influence
the performance and dynamics of the vibro-impact cap-
sule.

Environmental resistant force is generally consid-
ered as a negative factor in engineering applications.
However, vibration-driven locomotion systems make
use of environmental resistant force to achieve recti-
linear or planar motions [17,28]. Hence, the dynam-
ics of these systems are affected by the environmen-
tal friction significantly, which induces nonlinearity
to the system resulting in rich and complex nonlin-
ear phenomena. For example, friction-induced stick–
slip motion and multistability were observed in experi-
ments [14,29,30], and sliding bifurcationswere studied
analytically [28] and geometrically [31]. For the cap-
sule systems, tribological studies always assume that
the capsule’s motion is uniform, and the environmen-
tal friction is constant. Based on our experimental stud-
ies [18,19], observations suggest that neither of these
assumptions suits well with the vibro-impact capsule
system shown in Fig. 1. Therefore, it is crucial to mea-
sure the environmental frictions applying on the cap-
sule under various contact conditions and to investigate
how these frictionsmay influence the capsule’s dynam-
ics in terms of its average velocity and force ampli-
fication. By comparing the measured and theoretical
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intestinal frictions and their influences on the capsule’s
dynamics, experimental and numerical findings in this
study can be used as a design guideline to optimise the
millimetre-scale vibro-impact capsule prototype [10].

The rest of this paper is organised as follows. Sec-
tion 2 details the experimental set-up and procedure for
four different capsule–intestine contact cases. Mathe-
matical models for friction prediction are studied in
Sect. 3, and their comparisons with the experimental
results are presented in Sect. 4. Based on the experi-
mental results, Sect. 5 compares the dynamics of the
capsule under theoretical and experimental friction
models, discusses the force magnification effect of the
vibro-impact mechanism, and provides the guideline
for design optimisation of a capsule prototype. Finally,
conclusions are drawn in Sect. 6.

2 Experimental set-up

This section details the experimental set-up, including
the design of a testing rig, four typical capsule–intestine
contact cases, and experimental procedure.

2.1 Experimental apparatus

An experimental testing rig was developed to measure
the resistant frictional force acting on the millimetre-
scale capsule under four various contact conditions
and with a wide range of progression speeds for the
capsule. The schematic diagram of the testing rig is
shown in Fig. 2, and its photograph is presented in
Fig. 3. The testing rig consisted of a microcontroller
unit, a DC stepper motor, a load cell, and its drive cir-
cuit. An Arduino microcontroller Uno Rev3 was used
to control a 28BYJ-45 DC stepper motor by sending
pulse width modulation (PWM) signal to the drive cir-
cuits ULN2003. The DC stepper motor drove the slid-
ing rack at a constant speed through gearing, and the
rack pulled the capsule moving inside a synthetic small
intestine [32] using a nylon rope. A load cell, YZC-133
100g electronic scale aluminiumalloyweighing sensor,
consisting of four strain gauges to form a Wheatstone
bridge, was mounted at one end of the sliding rack
measuring the resistant frictional force acting on the
capsule. The Arduino unit recorded the friction force
via an AD627 amplifier and connects to a personnel
computer (PC) by using a USB cable to achieve bi-

way communication, for which the PC sent commands
(CMDs) to control the Arduino unit through a graphic
user interface (GUI) in real time, and the Arduino unit
sent the measured data to the PC for data logging. The
Arduino unit had a six-channel 10-bit on-board analog-
to-digital converter which was configured to collect the
friction measurement from the load cell at a sampling
rate of 50 Hz.

2.2 Experimental set-up and procedure

In this work, four typical capsule–intestine contact
cases, as illustrated in Fig. 4, were tested. The exper-
imental set-up for each testing case is given as fol-
lows. (i) Case 1: the capsule moved at a constant speed
on a flat-open synthetic small intestine supported by a
sponge, as shown in Fig. 4a. (ii) Case 2: the capsule
moved on a flat-open synthetic small intestine fixed
on a solid holder with two circular folds, as presented
in Fig. 4b. In order to emulate how the friction force
varied when the capsule passes the intestinal fold, two
folds were designed in different dimensions of which
one was 1.67 mm in height and 3.33 mm in width,
while the other one was 2.34 mm in height and 3.09
mm in width, and the smooth section between them
was 50 mm. The dimensions of these two folds were
chosen within the range of a real porcine small intes-
tine measured in [33]. (iii) Case 3: the capsule moved
through a collapsed (loose) synthetic small intestine
(25 mm in diameter) fixed to a solid holder with two
folds, as shown in Fig. 4c. (iv) Case 4: the capsule
moved through a contractive synthetic small intestine
whose inner diameter (about 9 mm) was smaller than
the external diameter of the capsule (11 mm), as illus-
trated in Fig. 4d. For each testing case, the experimental
procedure is given in Fig. 5.

3 Mathematical modelling of intestinal friction

In Case 1, as shown in Fig. 4a, the capsule moves
on a flat-open synthetic small intestine supported by a
sponge. As the capsule was pulled at a constant speed
in the test, the friction on the capsule is modelled by
using the Coulomb friction model, written as

Fc1 = Fg = μmg, (1)
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Fig. 2 Schematic diagram of the experimental rig for measur-
ing the frictional resistance acting on the capsule. An Arduino
microcontroller unit was used to control a DC stepper motor by
sending pulse width modulation (PWM) signals to a drive cir-
cuit. The DC stepper motor drove the sliding rack at a constant
speed through gearing, and the rack pulled the capsule moving
inside a synthetic small intestine using a nylon rope. A load cell

was mounted on the sliding rack, and its output was amplified
and then collected by the Arduino unit connecting to a person-
nel computer (PC). The PC sent commands (CMDs) to control
the Arduino unit through a graphic user interface (GUI), while
receiving the measured data from the Arduino unit for data log-
ging

Fig. 3 Photograph of the experimental rig. The capsule moved inside a synthetic small intestine, which was pulled by the sliding rack
controlled by a DC stepper motor

where Fg , μ, m, and g represent the friction force due
to gravity, friction coefficient between the capsule–
intestine contact surface, the total mass of the capsule,
and the acceleration due to gravity, respectively.

A finite element (FE) model of the capsule moving
on a flat-open small intestine as presented in Fig. 6
was built by using ANSYS WORKBENCH for which
material parameter configuration, geometry, contact
settings, meshing, constraints, and loads were consid-
ered. In the model, the supporting plate, the capsule,
and the small intestine were set as the structural steel,
the polyethylene, and the viscoelastic material mea-
sured in our previous experiments [34], respectively.
The dimensions of the capsule and the intestinewere set

the same as our experiments, and the contact between
the intestine and its supporting base was bonded. Stan-
dard gravity was loaded to the capsule, and three mesh
layers were set for the intestine in order to provide a
fine stress distribution.

For Cases 2 and 3, as shown in Fig. 4b, c, respec-
tively, a general analytical model to predict the fric-
tion force between the capsule and the intestine was
derived and verified in [33] with the consideration of
capsule design parameters, progression speed, tissue
mechanical properties, and intestinal circular fold. In
the presentwork, only experimental resultswill be anal-
ysed and used as the design specification for optimising
capsule’s propulsive force. In addition, the intestine’s
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Fig. 4 Four testing cases considering various capsule–intestine
contact conditions for which the capsule moves: a Case 1: on a
flat-open synthetic small intestine supported by a sponge, b Case
2: on a flat-open synthetic small intestine fixed to a solid holder
with two circular folds, c Case 3: in a collapsed (loose) synthetic

small intestine (25 mm in diameter) fixed to a solid holder with
two circular folds, and d Case 4: in a contractive synthetic small
intestine whose inner diameter (about 9 mm) is smaller than the
capsule’s external diameter (11 mm)

Fig. 5 Flowchart of the experimental procedure

holder consisting of a large and a small circular folds
was printed by a stereolithography apparatus 3Dprinter
with an elastic resin, which was much stiffer than the
porcine small intestine used in [33]. Therefore, if our
optimised propulsive force is greater than the maximal
frictional force in the present experimental results, it
will be sufficient to drive the capsule in the real sce-
nario.

For Case 4 as presented in Fig. 4d, as the capsule’s
external radius Rc is larger than the inner diameter
of the synthetic small intestine Ri , the capsule is sur-
rounded by the intestine, and viscoelastic deformation
of the intestinal wall induces hoop pressure on the cap-
sule. It should be noted that the hoop pressure of the

intestine has been studied in authors’ previous paper
[34], and the following derivation of the total friction
force has referred from the previous work. Under this
condition, the friction force acting on the capsule can
be written as

Fc4 = Fg + Fh, (2)

where Fh represents the friction due to hoop pressure.
To model the hoop pressure-induced friction, a local
coordinate is defined in Fig. 7a, where x and R(x) rep-
resent the axial and radial directions, respectively. As
shown in the figure, the capsule is divided into three
segments, including a semi-sphere head, a cylindrical
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Fig. 6 FE set-up for Case 1: the capsule moves on a flat-open
small intestine (green) supported by a workbench (yellow)

body with the length of L , and a semi-sphere tail. In
the local coordinate, xc is the distance from the contact
point to the centre of the head in x-axis, and the internal
radius of the expanded intestine can be expressed as

xc =
√
R2
c − R2

i (3)

and

R(x) =

⎧
⎪⎪⎨
⎪⎪⎩

√
R2
c − (xc − x)2, x ∈ [0, xc];

Rc, x ∈ (xc, xc + L];√
R2
c − (x − L − xc)2, x ∈ (xc + L , 2xc + L].

(4)

As the synthetic small intestine is extended by the
capsule radially as shown in Fig. 7b, the thickness of
the intestinal wall attenuates, and here we assume the
sectional area keeps as a constant, given as

(R(x) + ti,e(x))
2 − R2(x) = (Ri + ti )

2 − R2
i , (5)

where ti is the original thickness of the intestinal wall.
Therefore, the thickness of the attenuated intestinal
wall, ti,e(x), can be expressed as

ti,e(x) =
√

(Ri + ti )2 + R2(x) − R2
i − R(x). (6)

So, intestinal hoop strain can be obtained as

ε = Ri − R(x)

Ri
. (7)

In the present work, the Maxwell model [34] was
used to describe the viscoelastic property of the syn-
thetic small intestine as illustrated in Fig. 7c for
which E1, E2, and η1 represent the Young’s moduli of

the springs and the damping coefficient, respectively.
Here, the viscoelastic property of the intestine can be
expressed using the hoop stress as

τ(x) = ε

(
E1e

− E1
η1

x
Vc + E2

)
, (8)

where Vc is the constant progression speed of the cap-
sule. The relationship between the hoop pressure and
the hoop stress is the same as the pressure vessels [35],
which can be given as

Ph(x) = ti,e
R(x)

τ (x). (9)

For the semi-sphere head section (0 < x ≤ xc), the
hoop stress acting on the head can be decomposed into
two parts: (i) the hoop stress along x-axis contributing
to the resistance directly, marked as fhr , and (ii) the
hoop stress along R(x) contributing to the resistance
based on the Coulomb friction model, marked as fh f ,
which are given by

fhr = 2π

Rc

∫ xc

0
(xc − x)Ph(x)R(x)

√
1 + R′2(x)dx,

(10)

and

fh f = 2πμ

Rc∫ xc

0

√
R2
c − (xc − x)2Ph(x)R(x)

√
1 + R′2(x)dx,

(11)

where R′(x) is the derivative of R(x) with respect to
x .

For the cylindrical body section (xc < x ≤ xc + L),
the hoop stress is normal to the capsule surface, and
hence, only introduces the Coulomb friction which can
be written as

fb f = 2πμ

∫ xc+L

xc
Ph(x)R(x)

√
1 + R′2(x)dx, (12)

where R(x) = Rc and R′(x) = 0.
For the semi-sphere tail section (xc+L < x ≤ 2xc+

L), hoop-induced friction is similar to the counterpart
of the head section, including (i) the hoop resistance on
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(a) (b) (c)

Fig. 7 a Geometric dimension of the capsule surrounded by
the small intestine for Case 4 for which the capsule can be
divided into three parts: head, body, and tail. b Section view
of the capsule–intestine interaction perpendicular to the x-axis.

c Three-element Maxwell model to depict the stress–strain rela-
tionship of the small intestine with two springs and one damper.
These diagrams were adopted from [34]

the tail ftr and (ii) the hoop stress-induced Coulomb
friction on the tail ft f , which can be written as

ftr = 2π

Rc

∫ 2xc+L

xc+L
(xc−x)Ph(x)R(x)

√
1 + R′2(x)dx,

(13)

and

ft f = 2πμ

Rc∫ 2xc+L

xc+L

√
R2
c − (xc − x)2Ph(x)R(x)

√
1 + R′2(x)dx .

(14)

Finally, the friction due to hoop pressure can bewrit-
ten as

Fh = fhr + fh f + ftr + ftr + ft f , (15)

and the total friction force in Eq. (2) can be rewritten
as

Fc4 = Fg+Fh = Fg+ fhr+ fh f + ftr+ ftr+ ft f . (16)

The detailed modelling of the above model has
been reported in [36], and the relevant parameters used
in the model have been identified experimentally in
[34], which are summarised in Table 1. The geometric
dimension of a capsule used in the present studywas the
standard dimension of a market-leading capsule endo-
scope [37]. As the original diameter of the synthetic
small intestine used in this workwas about 25mm [32],
in order to test Case 4, the original small intestine was

Table 1 Geometric dimension of the capsule and mechanical
properties of the synthetic small intestine

Parameter Unit Value

Rc mm 5.50

tc mm 0.50

L mm 15.00

m g 3.462

Ri mm 4.4 ∼ 4.8

ti mm 0.69

E1 kPa 196.43

E2 kPa 757.48

η1 MPa s 5.36

μ – 0.2293

Fig. 8 FE set-up for Case 4: the capsule moves in a circumfer-
entially contractive intestine

cut and self-assembled. So, its inner radius after self-
assembling was not exactly homogenous, varying from
4.4 mm to 4.8 mm. Identification of friction coefficient
μ between the capsule and the intestinal surface was
carried out by lifting one side of the supporting surface
slowly until the stationary capsule started to move, and
the friction coefficient was determined by the angle of
the surface slope at that moment.
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(a)

(c)

(b)

Fig. 9 Experimental time histories of Case 1 for which the cap-
sule was pulled on a flat-open synthetic small intestine at the
constant progression speeds of a 8 mm/s and b 12 mm/s, and
c average friction as a function of capsule’s speed. Black dots
represent average frictions, black solid line denotes the fitting of

the averaged frictions, its 95%confidence bounds are depicted by
grey lines, black squares represent FE results, and black dash line
represents the friction prediction by using the Coulomb model
(1)

As the computation of the three-dimensional FE
model forCase1was time-consuming, a two-dimensional
axisymmetric model as shown in Fig. 8 was developed
for Case 4 in order to improve computing efficiency. In
this case, gravitywas not applied, and threemesh layers
of the intestine were also considered in the model.

4 Experimental and numerical results

In this section, experimental and numerical results are
compared, and all the testing cases are discussed. Typi-
cal time histories of frictionmeasurement are presented
to describe the fluctuation of the intestinal friction, and
the averaged frictions are also given for a wide range
of capsule’s progression speeds.

4.1 Case 1: moving on a flat-open intestine

For Case 1, two typical time histories of measured fric-
tion are presented in Fig. 9a, b for which the capsule
moved on the flat-open synthetic small intestine at a
constant speed of 8 mm/s and 12 mm/s, respectively.
Before the DC stepper motor was turned on for pulling
the capsule, the measurement was nonzero due to some
pretension of the nylon rope when the capsule was

moved to an arbitrary initial position. After the motor
was turned on, the rope was in tension, and the capsule
started to move forward whose friction was increased
suddenly. Here, the data when the rope was in tension
were used to compute the average friction for this trial.
As can be observed from Fig. 9a, b, the average fric-
tions of the capsulewere 19.57mNand 21.45mNwhen
the capsule was pulled at 8 mm/s and 12 mm/s, respec-
tively.

Extensive experimental tests for awide range of pro-
gression speeds were conducted, and the average fric-
tion for each trial is summarised in Fig. 9c, where black
dots represent the averaged measurements for the time
traces in Fig. 9a, b when the rope was in tension, and
black solid line denotes the fitted result of the experi-
mental data. Based on the experimental data, the fitted
friction–speed relationship can be written as

Fc1e = 8.778V 0.25
c + 2.518, (17)

where Vc is capsule’s progression speed. The 95%
confidence bounds of the fitting are also presented in
Fig. 9c, and it can be seen that all the experimental data
are within the 95% confidence bounds. However, the
r-squared fitting goodness is about 0.5481, where the
value of 1 represents perfect fitting. The main reason is
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Fig. 10 Bottom view of the pressure distribution for Case 1. The
capsule moved at 4 mm/s on the intestine, and the rectangular
area enclosed by the blue area is the capsule–intestine contact
area

that the measurement noise, about 5 mN according to
Fig. 9a, b, is relatively large compared to the averaged
frictions in Fig. 9c. In addition, as can be seen from
the figure, the frictions obtained by numerical and FE
simulations by using the Coulomb model (1) are about
7.8 mN, but cannot give an accurate prediction when
the capsule speed is greater than 2 mm/s. Therefore,
when the capsule moves on a flat-open intestine, cap-
sule’s speed is one of the key factors which influences
the intestinal friction on the capsule, and the new fitted
model (17) is recommended.

Figure 10 presents the pressure distributionwhen the
capsule moved at 4 mm/s on the small intestine. As can
be seen from the figure, the rectangular area enclosed
by the blue area which is about 15 mm in length and
2.6 mm in width is the capsule–intestine contact area,
and its average contact pressure is about 220 Pa.

4.2 Case 2: moving on a flat-open intestine with two
circular folds

In Case 2, a piece of flat-open small intestine was fixed
on a 3D-printed arc-shape holder with two bumps to
mimic intestinal circular folds, where the small fold
was 1.67 mm in height and 3.33 mm in width, and
the large fold was 2.34 mm in height and 3.09 mm in
width. These dimensions were obtained from Sliker et
al [33] who scanned the tissuemorphology of a porcine
intestine by using a laser sensor. A typical time history
of the measured friction force is presented in Fig. 11a
for which capsule’s progression speed was 8mm/s, and
the peak and average frictions are compared in Fig. 11b
for different progression speeds. As can be seen from
Fig. 11a, capsule’s friction is considered for different
stages with their illustrations shown in Fig. 11c. It can
be seen that the capsule experienced peak frictions at

1© and 6© when it began to pass over the folds, and
its friction dropped off dramatically at 3© and 8© due
to reduced contacts with the folds. When the capsule
moved on the flat intestine as 5© and 9©, its average
friction was closed to the average friction measured
in Fig. 9c. According to our experimental results, the
peak frictions at 1© and 6© were 37.5 mN and 88.2
mN, respectively, and the average friction at 5© was
15.6 mN. Then, these values were used to construct
Fig. 11b. Observed from the figure, it reveals that the
higher the fold is, the larger the peak friction is, and
capsule’s peak frictions aremuch larger than its average
frictions varying from7mN to 23mNwhen the capsule
is pulled at the progression speedbetween0.7mm/s and
12 mm/s.

4.3 Case 3: moving in a collapsed intestine with two
circular folds

In Case 3, an entire small intestine was used and its
inner diameter and thickness were 25 mm and 0.69
mm, respectively. The bottom half of the intestine was
fixed onto the arc-shape holder with two bumps, and its
top half collapsed naturally on the capsule due to grav-
ity. The contact condition for Case 3wasmore complex
than Case 2 as part of the small intestine covered the
capsule, contributing additional friction to the capsule.
A typical time history of the measured friction is pre-
sented in Fig. 12a. The trend of friction fluctuation is
the same as the time history recorded for Case 2 as
shown in Fig. 11a, c, which can also be used to deter-
mine the position of the capsule in Case 3. However,
due to the natural collapsing of the intestine, peak and
average values of the friction are much larger than the
ones recorded in Case 2.

In total, 14 tests were carried out for Case 3 based on
the experimental set-up shown in Fig. 4c, and peak and
average values of the measured friction are presented
in Fig. 12b, where black squares, grey dots, and grey
triangles represent the peak friction values of the large
circular fold, the small circular fold, and the average
friction for each test, respectively. Compared with the
experimental results for Case 2 as shown in Fig. 11b,
the intestinal frictions of this case are greater and more
fluctuant due to the nonuniform contacts between the
intestine and the capsule. Asmentioned in Sect. 2.2, the
top half of the intestine contacted with the capsule par-
tially, and itwas observed that contact conditions varied
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(a)

(c)

(b)

Fig. 11 a Experimental time history of the measured friction
for Case 2 when the capsule was pulled at a constant speed of 8
mm/s. b Peak frictions (black squares) when the capsule passed
the large circular fold, peak frictions (grey circles) when the cap-

sule passed the small circular fold, and average frictions (grey
triangles) when the capsule moved on the flat section of the intes-
tine. cGraphic illustration of the capsule for an experimental trial
showing different stages of progression

(a) (b)

Fig. 12 a Experimental time history of the measured friction for
Case 3 when the capsule was pulled at a constant speed of 12
mm/s. b Peak frictions (black squares) when the capsule passed
the large circular fold, peak frictions (grey circles) when the cap-

sule passed the small circular fold, and average frictions (grey
triangles) when the capsule moved on the flat section of the intes-
tine

for each test when the capsule moved along the longi-
tudinal direction. It was impossible to keep the exper-
imental conditions exactly the same for each test, so

more fluctuant frictions were recorded. Another obser-
vation for Case 3 is that the peak frictions for large and
small circular folds are close, while for Case 2, such a
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(b)

(a) (c)

Fig. 13 Experimental time histories of Case 4 for which the
capsule was pulled in a contractive small intestine at the con-
stant progression speeds of a 4 mm/s and b 8 mm/s. Phase I: the
capsule was moved to an arbitrary initial position; Phase II: the
DC stepper motor pulled the capsule moving forward, and the
intestine was observed moving together with the capsule, so the
data were considered as transient; Phase III: the data were con-
sidered as steady and used to calculate the average friction on the

capsule as no obvious movement of the intestine was observed;
Phase IV: the DC stepper motor stopped pulling the capsule. c
Average friction as a function of capsule’s speed, where black
dots represent average frictions, black solid line denotes the fit-
ting of the averaged frictions, its 95% confidence bounds are
depicted by grey lines, black dash lines represent the friction
prediction by using Eq. (16) for the intestinal radius of Ri = 4.4
and 4.8 mm, and black triangles denote FE results

difference is much more obvious. So we can conclude
that the dimension of the circular fold does not make
significant difference on capsule’s friction force when
the capsule moves in a naturally collapsed small intes-
tine. For the experimental measurements for the large
fold in Fig. 12b, the maximum peak value is 170 mN,
which will be used in Sect. 5 to investigate the force
magnification phenomenon.

4.4 Case 4: moving in a contractive intestine

In Case 4, the capsule was pulled in a contractive intes-
tine whose inner diameter was smaller than capsule’s
external diameter, so the capsule was surrounded by
the intestine causing a large friction force due to the
hoop stress. Figure 13a, b presents two typical time
histories of the measured friction for Case 4 when the
capsule was pulled at the speeds of 4mm/s and 8mm/s,
respectively. For each time history, measurement was
considered in four phases. In Phase I, the capsule was
moved to an arbitrary initial position, and the measured
friction decayed due to the viscoelastic property of the
intestine. Similar decay trends of intestinal hoop pres-

sure were observed in our earlier study [34], where
the viscoelastic property of the intestine was studied.
In Phase II, the DC stepper motor pulled the capsule
moving forward. As the external diameter of the cap-
sule (11 mm) was larger than the inner diameter of
the intestine (about 9 mm), the intestine was observed
moving together with the capsule in this phase, so the
data in Phase II were considered as transient. In Phase
III, the data were used to calculate the average friction
on the capsule as no obvious movement of the intes-
tine was observed. In Phase IV, the DC stepper motor
stopped pulling the capsule, and the measured friction
decayed again due to the viscoelasticity of the intes-
tine. According to the measurement in Fig. 13a, b, the
average frictions in Phase III were 3641.87 mN for the
capsule moving at 4 mm/s and 3973.08 mN for the
capsule moving at 8 mm/s, respectively.

For Case 4, 42 experimental tests were carried out
at different capsule speeds, and numerical and experi-
mental results are compared in Fig. 13c, where black
dots represent the average frictions over the time spans
of Phase III, black solid line denotes the fitting of the
average frictions, grey lines represent the 95% confi-
dence bounds of the fitting, and black dash lines are
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Fig. 14 Hoop stress distribution for Case 4. The capsule moved
at 4 mm/s in a circumferentially contractive intestine with the
radius of 5.0 mm, and the largest stress distribution was located
close to the tail of the capsule

numerical predictions by using Eq. (16) for the intesti-
nal radius of Ri = 4.4 mm and Ri = 4.8 mm. Based
on the experimental results, the fitted friction–velocity
relationship can be represented as

Fc4e = 1539V 0.25
c + 1383, (18)

where the fitted results show a high accordancewith the
experimental data with the r-squared fitting goodness
at 0.9073, and all the experimental data are within the
95% confidence bounds. As can be seen from Fig. 13c,
numerical prediction by using Eq. (16) is not that accu-
rate as the fitted results by using Eq. (18), but still
gives some degree of fitness. One possible reason is
that the intestinal friction coefficient varies as capsule’s
speed increases. This inference can be confirmed from
Fig. 13c, where the maximum and the minimum fric-
tions were 4500 mNmeasured at the progression speed
of 12 mm/s and 2500 mN recorded at the progression
speed of 0.4 mm/s, respectively. These maximum and
minimum frictions will be used in Sect. 5 to study the
force magnification phenomenon. In addition, the fric-
tion prediction for Ri = 4.8 mm is much smaller than
the one for Ri = 4.4 mm, so the hoop-induced friction
is very sensitive to the radial deformation of the syn-
thetic small intestine. This can be confirmed by the FE
results presented in Fig. 13c, where the radius of the
small intestine varied from 5 mm to 4.4 mm, and the
friction acting on the capsule increased from about 1.5
N to 3.8 N.

Figure 14 presents the hoop stress distribution when
the capsule moved at 4 mm/s in a circumferentially
contractive intestine with the radius of 5.0 mm. As can
be seen from the figure, the largest stress distribution
with an average contact pressure of 10.795 kPa was
located close to the tail of the capsule, which could be

due to the stress relaxation of the synthetic material of
the small intestine used in our experiments.

5 Capsule’s dynamics and force magnification

For the vibro-impact capsule shown in Fig. 1b,
although the excitation force on the innermass is small,
the interaction force between the inner mass and the
capsule shell could reach its maximum when impact
occurs, so exceeding the intestinal friction and pro-
pelling the capsule forward or backward. This vibro-
impactmechanismperforms as a forcemagnifierwhich
can enhance capsule’s progression. In this section,
we will optimise this propulsive force for the capsule
through mathematical modelling and numerical analy-
sis of the millimetre-scale prototype.

5.1 Prototyping the millimetre-scale vibro-impact
mechanism

As shown in Fig. 15, a millimetre-scale vibro-impact
mechanism was designed, manufactured, and inte-
grated inside a capsule shell for testing. A permanent
magnet was used as the inner mass which was excited
by an external magnetic field, and its motion was con-
strained by a linear bearingmounted inside the capsule.
A helical spring was fixed to the linear bearing at one
end and fixed to the inner mass at the other end. The
constraint on the capsule was engineered by using a
3D-printed crossed structure to provide elasticity for
the impact while keeping the total weight of the cap-
sule at the minimum. It should be noted that the present
work will focus on the optimisation of the magnifica-
tion through numerical analysis of the mathematical
model of the prototype. Optimisation of the geomet-
ric dimension of the constraint could also enhance the
magnification, but it will be studied in another publi-
cation in due course.

5.2 Mathematical model of the prototype

According to Figs. 1b and 15a, Mm is the mass of the
magnet, and Mc is the total mass of the rigid capsule
consisting of the shell, the bearing, and the constraint.
k and k1 represent the stiffness of the helical spring
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Fig. 15 (Colour online) aConceptual design of the vibro-impact
capsule system. A permanent magnet was used as an inner mass
excited by an external magnetic field. The bearing which held
the magnet, the constraint that provided impacts for the mag-

net, and the capsule were all 3D-printed as a whole. A helical
spring was fixed between the bearing and the magnet to provide
restoring force for the magnet. b Dimension of the constraint. c
Photograph of the disassembled prototype

and the constraint, respectively. Here, only the damp-
ing of the helical spring c is considered, and G1 rep-
resents the gap between the magnet and the constraint.
Xc and Vc represent the displacement and the veloc-
ity of the capsule, and Xm and Vm represent the dis-
placement and the velocity of the magnet, respectively.
When the relative displacement Xm − Xc is greater
than or equal to the gap G1, the magnet will impact
with the constraint. Such a collision will result in a
large impact force acting on the capsule, so propel the
capsule moving forward. The external excitation, Fe,
is a harmonic signal written as Fe(t) = Pd cos(2π f t),
where t is the time, Pd and f are the amplitude and
the frequency of the excitation, respectively. Therefore,
the governing equations of the prototype are written as

{
Mm Ẍm = Fe − Fi,
Mc Ẍc = Ff + Fi,

(19)

where Ff is the intestinal friction on the capsule and
Fi represents the interaction force between the capsule
and the magnet written as

Fi =
{
kXr + cVr, Xr < G1,

kXr + cVr + k1(Xr − G1), Xr ≥ G1,
(20)

where Xr = Xm − Xc and Vr = Vm − Vc represent the
relative displacement and velocity between the inner
mass and the capsule, respectively.

In this work, experimentally identified frictionmod-
els (17) and (18) will be compared with Coulomb fric-
tion model (1), so the intestinal friction can be written
as

Table 2 Identified parameters of the millimetre-scale capsule
prototype

Parameter Unit Value

Mm g 1.8

Mc g 1.67

G1 mm 1.6

k kN/m 0.062

k1 kN/m 27.9

c Ns/m 0.0156

{
Ff ∈ [−Pf , Pf ], Vc = 0,
Ff = −sign(Vc)Pf , Vc �= 0,

(21)

where Pf = Fc1 for Coulomb friction,

{
Ff ∈ [−0.0025, 0.0025], Vc = 0,
Ff = −sign(Vc)Fc1e, Vc �= 0,

(22)

for Case 1, and

{
Ff ∈ [−1.3830, 1.3830], Vc = 0,
Ff = −sign(Vc)Fc4e, Vc �= 0,

(23)

for Case 4.
The identified physical parameters of the prototype

are given in Table 2. The stiffness and damping coeffi-
cients of the helical spring were identified through free
vibration test. It is worth noting that due to the dimen-
sion of the constraint, it was difficult to attach any sen-
sor to measure the magnification force when the mag-
net impacts the constraint, particularly when the cap-
sule was moving. So a FE model of the constraint was
built as shown in Fig. 15b to verify the effectiveness
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Fig. 16 (Colour online) a FE model, b experimental set-up, and c force–deflection curves for static testing of the constraint

of the magnification and the accuracy of the numerical
analyses carried out in the next subsection.

Figure 16 presents the static testing of the constraint
through FE modelling and experiment. In Fig. 16a, a
FE model of static testing was developed in ANSYS
WORKBENCH by using the static structural module,
where a magnet applied continuous force on a fixed
constraint. In Fig. 16b, experimental set-up of the static
testing is shown, where the constraint was secured on
a holder fixed onto a supporting table, and a contin-
uous force acting on the constraint was applied from
the Instron machine through a rod with the same diam-
eter of the magnet. FE (blue lines) and experimental
results (green dots) of static testing are presented in
Fig. 16c, where three 3D-printed constraints with the
same targeted thickness 0.6 mm were tested. However,
due to the inaccuracy of 3D printing, the thicknesses
of the constraints were slightly different leading to
three different values of stiffness. In FE simulation, the
constraints with different thicknesses were also simu-
lated. It was found that they were reasonably consistent
with experimental testing, and the experimental aver-
age stiffness was close to the FE model with the thick-
ness of 0.7 mm. Finally, providing that the constraint
performed linear elastic deformation, the experimental
average stiffness k1 = 27.9 kN/m (marked by red line)
was used in the numerical simulation carried out in the
next subsection.

5.3 Influence of friction models on capsule’s
dynamics

This subsection compares the dynamics of the proto-
type under Coulomb friction (21) and the friction mod-
els (22) and (23) identified experimentally in Cases

1 and 4 to demonstrate the effectiveness of Coulomb
friction on predicting the dynamics of the prototype.
Numerical simulations were carried out in the range
of the frequency of external excitation f ∈ [1, 40] Hz
which was an adjustable frequency range in experi-
ment. The results were presented on the bifurcation
diagrams where the relative velocity V ∗

r , which is a
projection of the Poincaré map on the Vm-Vc axis, was
plotted as a function of excitation frequency. To mon-
itor the progression of the prototype, the average pro-
gression of the capsule per period of excitation was
plotted as a function of excitation frequency.

Figure 17 presents the bifurcation diagram and the
average velocity of the prototype with Coulomb fric-
tion Pf = 7.8 mN and the friction model (22) identi-
fied experimentally in Case 1. It can be seen from the
figure that the dynamics of the prototype are similar
for both friction models. As the frequency of excita-
tion increased, the prototype experienced the transi-
tion from a nonimpacting to an impacting response. It
was recorded that the first grazing was encountered at
f = 21.9 Hz, and the prototype started to move from
oscillating in place to backward progression. Then, the
capsule experienced a short period of chaotic motion
due to the second grazing event. A zoom-up of the
chaotic range was displayed in an additional window
showing two small ranges of chaos connected by a short
period-4 response and finally terminated by a period-1
response with two impacts per period of excitation via
a reverse period-doubling cascade. As the frequency of
excitation increased further, the prototype bifurcated
from the period-1 responsewith two impacts per period
of excitation to a period-1 responsewith one impact per
period of excitation at about f = 28.66Hz. Thereafter,
the impact became effective, and the prototype started
to move forward from about f = 31.76 Hz.
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Fig. 17 (Colour online) a Bifurcation diagram and b average
progression velocity of the prototype model (19) with Coulomb
friction (21), Pf = 7.8 mN (green dots), and the friction model
(22), Pf = Fc1e (red dots), for Case 1 calculated by varying the
frequency of external excitation, Pd = 150 mN, and using the

parameters given in Table 2. Internal windows demonstrate the
trajectories on the phase plane (Xr , Vr) and the time histories of
capsule’s displacements obtained for f = 10.1, 22.1, 24.4, 24.9,
27.6, and 36.8 Hz using Coulomb friction (21) (green lines) and
the friction model (22) (red lines)

Fig. 18 (Colour online) a Bifurcation diagram and b average
progression velocity of the prototype model (19) with Coulomb
friction (21), Pf = 2.5 N (green dots), which is the minimal
friction identified in experiment, and the friction model (23),
Pf = Fc4e mN (red dots), for Case 4 calculated by varying the

frequency of external excitation, Pd = 150 mN, and using the
parameters given in Table 2. Internal windows demonstrate the
trajectories on the phase plane (Xr , Vr) and the time histories of
capsule’s displacements obtained for f = 8.1, 12.7, 18.2, 23.4,
26.4, and 37.9 Hz

A comparison of bifurcation diagrams and average
progressions of the prototype with Coulomb friction
Pf = 2.5 N and the friction model (23) identified
experimentally in Case 4 is presented in Fig. 18, where
the frequency of external excitation was varied as a
branching parameter, and Pf = 2.5 N is the mini-
mal friction identified experimentally in Case 4. It can
be observed that the prototype had a similar dynam-
ics with both friction models, which also revealed a
similar transition as Case 1 from a nonimpacting to
an impacting response when the frequency of excita-

tion was increased. The prototype had chaotic response
(with a number of small windows of period-1 motion)
and no significant forward progression until f = 13.32
Hz at where chaotic response bifurcated into a period-
1 response with two impacts per period of excitation.
As the excitation frequency increased, the period-1
response with two impacts evolved into a period-1
response with one impact per period of excitation at
f = 23.4 Hz. Thereafter, the impact became more
efficient, and the average progression of the prototype
was faster.
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The studies above suggest that the dynamics of
the prototype was not influenced significantly by the
friction models but the threshold of the friction, e.g.
Pf = 7.8 mN for Case 1 and Pf = 2.5 N for Case 4. It
also reveals that the period-1 response with one impact
per period of excitation is the most efficient response
for forward progression of the prototype when the fre-
quency of external excitation is about f > 35 Hz. The
threshold of the friction is also essential to forward and
backward progression since when the friction is too
large as Case 4, no backward motion can be observed.

5.4 Propulsive force magnification

To evaluate the magnification efficiency of the vibro-
impact mechanism, the magnification factor is intro-
duced as

Af = max(|Fi|)
Pd

. (24)

Themagnification factors of the vibro-impactmech-
anism for various excitation frequencies and ampli-
tudes under different intestinal frictions calculated by
using Eqs. (19)–(23) are shown in Fig. 19. It is clearly
seen from the figures that the frequency of the excita-
tion affected the magnification factor, and better mag-
nification can be obtained in the frequency range f ∈
(28, 33) Hz. The intestinal frictions used in Fig. 19,
Pf = 0.007 N, Pf = 0.17 N, 2.5 N, and 4.5 N, were
the minimum friction measured in Case 1, the max-
imum experimental friction measured in Case 3, the
minimum and maximum experimental frictions mea-
sured in Case 4, respectively. In addition, Pf = 10 N
and +∞ N were calculated to simulate the extreme
cases when the capsule was stuck. As the intestinal
friction increased, the maximum magnification fac-
tor increased, so the magnification effect was more
remarkable for larger intestinal friction. Furthermore, it
can be observed that the magnification with the friction
model (22) identified experimentally in Case 1 is very
similar to the ones with Coulomb frictions, Pf = 0.007
N, Pf = 0.17 N, and Pf = +∞ N. The magnification
with the friction model (23) identified experimentally
in Case 4 is similar to the ones with Coulomb frictions,
Pf = 2.5 N, Pf = 4.5 N, and Pf = 10 N. This consis-
tency also confirms that Coulomb friction model (21)
can be used competently to predict the dynamics of

the prototype under different capsule–intestine contact
conditions.

6 Conclusions

This paper studied amillimetre-scale vibro-impact cap-
sule system for small bowel endoscopy with a specific
focus on experimental and numerical investigation to
predict the intestinal friction acting on the capsule by
considering various capsule–intestine contact condi-
tions. Experimental and numerical results obtained in
this study can be used to guide the design and proto-
typing of the next generation of controllable capsule
endoscope.

To measure the intestinal friction, an experimental
rigwas designed and self-assembled, and four capsule–
intestine contact conditionswere tested for awide range
of capsule’s progression speeds. ForCase 1, the capsule
moved on a flat-open synthetic small intestine, and the
measured friction is small increasing from 7 mN to
23 mN as capsule’s progression speed was increased
from 0.2 mm/s to 12 mm/s. Numerical prediction by
using the Coulomb friction model was about 7.8 mN
which has a large discrepancy from the experimental
measurement. So, a fitted friction–speed relationship
based on experimental measurement was proposed to
describe the friction when the capsule moves on a flat-
open intestine.

For Case 2, the capsule moved on an open intestine
which was fixed to an arc-shape holder with a small
and a large circular fold. Experimental results show
that the intestinal friction jumps to a peak value when
the capsule crosses over the fold, and then decreases to
a trough value when capsule’s gravity centre passes the
fold. After the entire capsule passes the fold, it moves
on a smooth section of the intestine, hence the friction
is close to its counterpart recorded in Case 1. Experi-
mental observation also indicates that the friction peaks
(up to 100 mN) when the capsule passes the large fold
are about two or three times larger than the ones when
the capsule passes the small fold.

For Case 3, a complete synthetic small intestine was
used with its bottom half fixed to the arc-shape holder
and its top half naturally collapsing on the capsule due
to gravity. Friction–displacement curve indicates a sim-
ilar trend as Case 2, but larger frictions (up to 170 mN)
were recorded.
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Fig. 19 (Colour online) Magnification factors calculated for Pf = 0.007 N, Pf = 0.17 N, Pf = 2.5 N, Pf = 4.5 N, Pf = 10 N,
Pf = +∞ N, Pf = Fc1e, and Pf = Fc4e, under Pd ∈ [0.01, 0.5] N and f ∈ [5, 40] Hz, with the other parameters obtained from
Table 2

For Case 4, both experimental and numerical stud-
ies were conducted to obtain the friction acting on
the capsule when the capsule moved in a contractive
intestine whose inner diameter was smaller than cap-
sule’s external diameter. In this case, the intestine sur-
rounded the capsule tightly, hence the intestinal hoop
stress introduced a huge friction on the capsule, which
were between 2.5 N and 4.5 N based on different
capsule’s progression speeds according to our exper-
iments. Meanwhile, the discrepancy between numer-
ical predictions and experimental results reveals that
the friction coefficient is a function of capsule’s pro-
gression speed, and the hoop-induced friction is very
sensitive to the radius of the intestine, which could vary
in a wide range during the passage in the small bowel.

To verify the proposed vibro-impact propelling
mechanism, a mathematical model of the capsule pro-
totype was developed, and a force magnification fac-
tor was introduced. When the magnet collides with the
constraint, the interaction force between the magnet
and the capsule increases to a peak value, which could
be many times larger than its excitation force and is
sufficient to overcome the measured intestinal frictions
in experiments. Since direct measurement of the mag-
nification force on the prototype was difficult in exper-
iment, a FE model of the constraint was developed to

compare with the experimental static testing by using
an Instron machine. The consistency between FE and
experimental results indicates that the average stiffness
of the constraint identified through experiment can be
used to predict the dynamics of the prototype providing
that the constraint performs linear elastic deformation.

Numerical studies indicate that friction models do
not have significant influence on the dynamics of the
prototype but the threshold of Coulomb friction. The
period-1 response with one impact per period of exci-
tation is the most efficient response of the prototype
for forward progression. Parametric investigation also
suggests that the magnification factor could be up to
70 for the excitation frequency operated between 28
Hz and 33 Hz, and the larger the intestinal friction is,
the more efficient the magnification is.

Futurework includes parametric optimisation, exper-
imental verification, and in vitro test of the millimetre-
scale prototype.
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