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The impact gap is an important structural parameter of the vibrator in a
self-moving capsule device. This parameter needs to be set before
packing the capsule robot. This study presents numerical simulation
results evaluating the influence of impact gap on the dynamic behavior
of the capsubot. Analytical techniques of time history plot, progression
map, phase diagram, Poincaré map and bifurcation diagram are used to
evaluate the system stability. The analysis results help designers have a
technical basis to choose the appropriate impact gap in accordance with
the operational requirements of the capsule. These results can be used
to optimize control variables and design parameters, as a premise in
building an experimental system to verify and evaluate the dynamic
behavior of the capsubot system. This approach will also help reduce
time and save costs on designing and manufacturing experimental
models when developing active - controllable capsules.
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Robot dang vién nang
Ung xtr dong luc hoc
Tu dich chuyén
Rung-va dap

Vién nang noi soi

Khoang cach va dap la thong so két cau quan trong cta bd tao rung
trong thiét bi tw di chuyén dang vién nang. Thong s nay can duoc thiét
lap truéc khi dong goi robot vién nang. Bai bao nay trinh bay cac két
qua md phong sd danh gia sy anh huong cia khoang cach khe ho va
dap dén tmg xtr dong luc hoc cua capsubot. Cac k¥ thuat phan tich vé
db thi thoi gian, ban db tién trinh, dd thi pha, ban d6 Poincaré va do thi
r€ nhanh dugc st dung dé danh gia tinh on dinh cta hé théng. Két qua
phan tich gitp ngudi thiét ké c6 can cir k¥ thuat dé lya chon khodng
cach khe h¢ va dap phu hop véi yéu cdu hoat dong cia vién nang. Cac
két qua nay co thé dugc st dung dé t6i wu hoa cac bién diéu khién va
tham s6 thiét ké, lam tién dé xay dung hé théng thuc nghiém nhim
kiém chimg va danh gia ing xtr dong hoc cua hé théng capubot thuec.
Céch tiép can nay ciing s& gitip giam thoi gian va tiét kiém chi phi thiét
ké, ché tao m6 hinh thir nghiém khi phat trién vién nang chii dong, diéu
khién dugc.
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1. Introduction

Recently, self-moving capsule devices have been developed for endoscopic applications,
diagnosis and treatment of gastrointestinal diseases [1] - [3]. This is a research direction that
helps turn passive endoscopic capsules into capsules that can move on their own according to
external control signals, helping to increase the ability to reach the correct damaged area to
observe and treat gastrointestinal diseases. The mini robots using legs, padding, inchworm-like
mechanism, spiral wing motor, suction cup principle [3], are difficult to enclose in a smooth
capsule shape. Moving parts can damage the walls of the digestive tract. The solutions of using
an external magnetic field to forcefully control the capsubot have also been tested by many
research groups, as shown in the review by Chen et al. [4]. This method essentially exploits the
magnetic interaction between an external magnetic field source acting on a permanent magnet
inside the capsule model. In this way, capsubot can move to accurately access the area that needs
to be observed for diagnosis, sampling or treatment safely and non-invasively. To control
external magnetic fields, handheld devices [5], robotic arms [6], [7] or specialized rotating
magnetic field creation systems [8], [9] can be used. The biggest advantage of this method is that
the capsule is small in size, light in weight, and generates low temperature. However, a
significant challenge arises in maintaining the equilibrium of the magnetic force exerted by the
external permanent magnet on the capsule robot. When this force becomes unbalanced, the
capsule may become immobilized. Increased friction between the capsule and the intestinal wall
during movement can potentially result in damage to the intestinal tissue. Generally, solutions
that utilize external magnetic fields for navigating capsule endoscopy present several
disadvantages. These include the risk of causing harm to the patient's body due to the effects of a
strong magnetic field, the dependence of magnetic force on both distance and body thickness, as
well as the complexity and high cost associated with the magnetic field control system.

The capsubot design direction that exploits the vibration-impact effect using vibrators located
inside the capsule is considered a viable alternative. This principle exploits the sudden change in
inertial force arising upon impact (vibro-impact), to overcome resistance from the environment,
thereby creating displacement of the mechanical system [10], [11]. By this way, the device can be
enclosed in a smooth capsule, also known as capsule robot or capsubot. The basic physical model
describing the vibro-impact capsule robot system is described in Figure 1, in which, the inertial
mass m;, excited by the electromagnetic force F,, moves back-forth and impacts the capsubot
body m,. A linear spring &k and a viscous damper c is used to connect the two masses m; and m,.
The friction force between m; and m; is assumed to be zero. X; and X, represent the absolute
displacements of the two masses, respectively. In the initial position, when m; is not excited, the
distance between m; and m, is denoted by G. The internal mass m; will impact to the capsubot
body when the relative displacement X;-X; is greater than or equal to the gap G value. The impact
stiffness between the two masses m; and m; is characterized by a linear spring with stiffness k.
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Figure 1. (a) Basic physical model of vibro-impact capsule robots,
(b) The excitation force F,, with the square wave signal
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Up to now, the basic principle commonly applied to the vibrator has been to use the electric-
magnetic force interaction to create linear motion of the mass m;. Experimental models for
capsubots using this principle have been proposed by many research groups, such as solenoids
[12] - [14], eccentric motors [15], round-trip pendulums [16], electromechanical vibrators [17] or
linear motors [18]. However, these devices are still quite large and cumbersome, requiring
physical wires to transmit energy and control signals, potentially hindering movement and
damaging the digestive tract wall. Although the large size of the device is convenient for
installing measuring devices to support the experimental process. It is an obstacle and difficult to
develop for small-sized capsubot applications.

Design requirement of the capsubot is able to self-moving under external control signals. It is
necessary to eliminate physical wires and be packaged in a capsule shell as shown in Figure 1.
Therefore, a vibrator, a power source, and a device to receive control signals from the outside
need to be arranged inside the capsule. The main difficulty is the limitation of the space size
inside the small capsule and the working equipment modules. In particular, when installing the
vibrator, it is necessary to set a reasonable and fixed impact gap in advance. When the capsule is
closed, it will be difficult to change this size. Studies also show that impact gap as a great
influence on the robot's ability to operate [19], [20]. To choose this structural parameter properly,
it is necessary to calculate and realistically evaluate the displacement ability of the capsule. This
study presents results using numerical simulation solutions to evaluate the influence of impact
gap on the dynamic behavior of the capsubot. This method will help determine a reasonable G,
reduce calculation time, the number of changes to the vibrator structure. The numerical
simulation results will also serve as a premise for building experimental models and developing
applications of capsubot.

2. Materials and Methods

Modelling of vibro-impact capsubot is proposed, including: mathematical model, and wireless
control capsubot model.

2.1. Mathematical model

The mathematical model describing the motion of the capsubot (Figure 1) can be expressed as
follows:

m, X1 = Fm _k'XreI _C'\/rel - H'Fimp
) (1)
m, X, = —F, +k.X +H.Fy —F,

Where, the relative displacement and relative velocity between the masses m; and m, are
defined as Xre = X1 — Xpand Vi = X, - X, = (dXy/dt — dX,/dt), respectively.
The impact force Fin, between m; and m; is represented as follows:
Fimp =k, (X, =X, =G) 2
The Heaviside function H describes the impact interaction between m; and m, as follows:

cV

rel rel

(L if(X,~ X, ~G)>0
_{o, if (X,—X,-G)<0 @)
The friction force component Fis represented in the form of Coulomb friction:
F :(m1+m2)-g-ﬂ-5ign(xz) (4)

In which, g is the gravitational acceleration; u is the Coulomb coefficient of friction between
the capsubot and the environment. The “sign” function represents the direction of the frictional
force, which opposes the direction of motion.
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The excitation force, F,, depends on the excitation square signal form, frequency f, and
current, as illustrated in the following equation:

F = F, .heav(sin(27 ft)) (5)

Where: F) is the excitation force amplitude, f is the excitation frequency and ¢ is time. F)
depends on the coefficient, BL and the current amplitude, i), expressed by the equation F, =
(B.L).iy. The excitation force F,, with the square wave signal, iy = 0.5 A, f= 20 Hz is shown as
Figure 1b.

2.2. Wireless control capsubot model

A model of a self-moving capsule device using a battery combined with a Bluetooth signal
receiver is proposed as shown in Figure 2. The commercial Linear Voice Coil Motor (LVCM-
013-032-02) is used as the vibrator for the capsubot, with the characteristic coefficient of the
electromagnetic interaction force between the wire tube and the permanent magnet core given by
B*L= 0.76N/A. A lithium-ion battery (LIR1654 -120 mAh) is used as the power source for both
the DW-CT14 amplifier circuit and the oscillation motor. The excitation signal is provided by a
function generator, which transmits the signal to the amplifier circuit via a Bluetooth USB receiving
antenna. When an oscillating electrical signal form square-pulse is amplified for the coil of the
vibrating motor, it causes the magnet core m; to oscillate and impact the stopper. The inertial force
of the moving mass m;, combined with the impact force and spring elastic force, creates an
interaction between the capsule shell and the environment, causing the capsubot to move. To create
the interaction between m; and m,, a linear conical spring is used in the inner tube of coil with
stiffness & and damping coefficient c. The displacement of the capsubot is measured by the Micro
Laser Distance Sensor (HG-C1100). The measured signal is recorded by the DAQ NI USB-6008
and stored on a computer using NI SignalExpress software. The structural and control parameters
for the proposed capsule model are selected as shown in Table 1.

Capsubot:

- The vibrator (Linear motor +
Conical spring+Stop flange)

- DW-CT14 Bluetooth audio
amplifier circuit

- Pin LIR1654 -120 mAh

- Base frame

- Shell

Figure 2. Wireless control capsubot system
Table 1. Experimental parameters of the proposed capsubot model

Parameter Notation Value Unit
Internal mass m; 0.007 Kg
Body mass m, 0.043 Kg
Coefficient LVCM (Force constant) BL 0.76 N/A
Impact gap G 0-3 mm
Coefficient of friction u 0.275 -
Stiffness of spring k 178.19502 N/m
Stiffness of impact ko 980000 N/m
Damping coefficient c 0.1736 Ns/m
Excitation current iy 0.2-0.8 A
Excitation frequency f 1040 Hz
Dimension RxLc 0.015x0.07 m
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Next, numerical simulation method is used to investigate and evaluate the mathematical
model of the proposed capsubot. Equation (1) has strong nonlinear characteristics, containing
many influencing parameters, especially the function describing the state of impact (Equation
(3)). XPPAuto software is used to find solutions for Equation (1). The solution program is written
in code form, convenient for changing the initial condition parameters. The resulting data are
analyzed, evaluated and presented through the Originlab tool. In this way, the values of the
impact gap G will be investigated at the different excitation force and frequencies levels.
Analytical techniques of time history plot, the progression map, the phase diagram — Poincaré
map, the bifurcation diagram will be used to evaluate the dynamic behavior of the capsubot
when changing the impact gap G.

3. Results and Discussion
3.1. Effect of the impact gap G and frequency f to the obtained progression

With a battery-powered capsule system (Figure 2), the battery capacity will decrease over
time because it has to supply both the amplifier circuit and the vibrator. This means that the
current supplied to the coil of the vibrator will also decrease over time. Through calculation,
three levels of excitation current ip = 0.2, 0.5 and 0.8A will be investigated. To evaluate the
achieved displacement progression of capsubot after the same time period 5 seconds, the
scanning function to simultaneously survey both parameters of excitation frequency f and impact
gap G on XPPAuto software will be exploited. The investigation results are shown in Figure 3.

(a) 0.2A (b) 0.5A (c) 0.8A
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Figure 3. Displacement after 5s of the capsubot when changing impact distance G
and frequency f at three excitation force levels

In Figure 3a, at the value of excitation force corresponding to the current amplitude supplied
to the vibrator iy = 0.2 A, the capsubot almost only moves forward and the objected backward
progression of capsubot is very small (-0.2 mm, the blue region). With the impact gap area, G =
[1-1.25] mm, the forward displacement of the capsubot increases as the excitation frequency
increases, and reaches the largest forward value when f = 35-40 Hz (the red region). However,
with the requirement to be controllable, the capsubot needs to be able to move forward and
backward to the specified positions. When capsubot is working, the excitation frequency and the
current supplied to the vibrator are often chosen as control parameters. These two parameters are
set by the function generator and wirelessly transmitted to the amplifier circuit via USB
Bluetooth, as depicted in Figure 2. Besides the criterion of the objected progression, choosing the
impact gap G needs to consider the ability to control the direction of the capsubot forward and
backward by changing the frequency and excitation current. Figure 3b depicts the progression
map of the capsubot after 5s when changing the frequency and impact gap with the amplytude of
excitation current i = 0.5 A. In the range of gap G = (1-2) mm, the capsubot can move forward
and backward when changing the frequency of the excitation signal. The red region in Figure 3b
shows the largest objected progression after 5s corresponding to the values of G and f. With the
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investigated parameter ranges, the average speed of backward moving after 5s was quite slow
compared to forward moving (3.2 mm/s compared to 18.6 mm/s). At a large excitation force
amplitude level, i; = 0.8 A, the gap G can be selected in the range of (1.5-3) mm to achieve the
requirement of controlling the direction of motion by changing the excitation frequency. The
desired forward and backward progression can be completely controlled by selecting the impact
gap corresponding to the excitation frequency. However, when the capsubot operates with a large
excitation current i, the battery capacity will decrease rapidly, the operating time of the capsubot
will be short, causing heat generation. Depending on the control purpose, if the capsubot wants to
achieve fast movement speed then the parameters (G, f) are selected and set according to the
graph Figure 3a. On the contrary, if the capsubot wants to achieve a long operating time, then the
control parameters (G, f) should be selected according to the relationship shown in Figure 3a. To
achieve effective operating time and movement speed, the current ip = 0.5 A is selected to
continue analyzing and evaluating the level of dynamic stability for the capsubot. Figure 4 shows
more clearly the analysis results of the objected progression after 5s, for the point (G =2 mm, f =
20 Hz) marked on Figure 3b.
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Figure 4. The objected progression after 5s when the frequency changes with G =2 mm (a)
and the impact gap G changes with f = 20Hz, i;= 0.5 (b)

3.2. The time history plot and progression map, yp

Capsubot is investigated the displacement progression when setting G = 2mm, f = 20 Hz and
ip=0.5 A. This is very important to evaluate the interaction between its dynamic response and the
obtained progression. Figure 5 shows the results of analyzing the displacement progression X, of
the capsubot over time. In particular, Figure 5a is a time history plot, showing the displacement
of the capsubot with the relative displacement X, = X;-X, of m; and m.,.

At the moment of impact, the displacement progression exhibits a sudden variation (or jump),
resulting in the relative displacement being fixed at the position of the stop-impact flange. The
‘progression per period’ values, denoted as yp, are calculated as the difference between X; at the
end and X, at the beginning of each excitation period, Tp, across two adjacent slices. yp is shortly
called “progression map”. This is a map describing the set of points yp Over time t. Using the
OriginLab data analysis tool, the "Reduce to Evenly Spaced X" function is employed to evenly
distribute data points along the time axis within the dataset. This function facilitates the
determination of the variation of the progression per period yp over time. The progression map is
presented in Figure 5b. Furthermore, the stability of the capsule robot's movement is directly
correlated with the proximity of the yp points. Specifically, when the yp points are closer together
or distributed within a narrower range, this indicates reduced fluctuations. Consequently, such a
reduction in variability contributes to a more stable movement of the capsule robot.

The time history plot visually illustrates the trends in system behavior as survey parameters
are altered. By the time history plot and the progression map, we can roughly evaluate the
dynamic characteristics of the system. However, very little other information can be found using
this analysis technique and be difficult to analyze and evaluate the dynamic characteristics and
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behavior of the system. To solve this problem, phase diagram, Poincare’ map and bifurcation
diagram analysis techniques are used.
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Figure 5. (a) Time history plot showing the displacement process X, , Xe and (b) the progression map or
variation of yr over time. The excitation of f=20Hz, io = 0.5A was applied when setting G=2mm

3.3. Phase diagrams and Pointcaré map

The phase diagram is often represented through the relationship between the relative
displacement X, and the relative velocity V., of two masses m; and m,. Due to the elimination of
the time axis, the phase diagram allows many motion cycles to be superimposed on each other in
a small representation space. Thanks to the phase diagram, it is possible to see whether the
capsubot's motion rules are stable between working cycles or not. Figure 6a shows the phase
trajectories of 100 cycles of excitation force and the Pointcaré map. The Pointcaré slice technique
is used to contruct the Pointcaré map. At the moment when the excitation force decreases to Fy,=
0, the coordinates of the point (Xi.p - Vie.p) are recorded on the phase trajectory over one
excitation cycle period, as illustrated in Figure 6.b. The Poincaré points, marked in red, are
positioned along the phase trajectory lines across 100 survey cycles, exhibiting a discrete
distribution that forms a dense region of red dots without overlap (as depicted in the enlarged
image in the center of Figure 6a), thereby creating the Poincaré map. Therefore, the analysis of
the phase map indicates that the motion of the proposed capsule exhibits characteristics of
unstable and chaotic behavior. Additionally, Figure 6.b illustrates the phase trajectory over one
excitation cycle, highlighting two impacts between between m; and m, that occur during each
cycle. This observation is consistent with the time history plot presented in Figure 5a.
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Figure 6. The phase diagram and Pointcaré map of capsubot (a) with 100 cycles and (b) with one
excitation period
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3.4. Bifurcation diagram

Bifurcation analysis was applied to examine the stability of the system. The bifurcation
diagram represents the relationship between the relative velocities and the excitation frequency
(Ve — ). At a excitation frequency value, the values of the relative velocity V, are determined.
The special value of frequency that causes a sudden variation of V, that reflects the behavioral
characteristics of the system is called the bifurcation value. The bifurcation value refers to the
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excitation signal frequency f at which the relative velocity V. between masses m; and m, begins
to bifurcate into two distinct curves. After biffurcating, at the next excitation frequency two states
will occur. At some excitation cycles, the relative velocity will be distributed over a branch. At
some other period, the relative velocity falls into the other branch. When the control variable (f)
changes, the obtained relative velocity values V., will create a bifurcation diagram. In this study,
it is built by using numerical simulation method with XPPauto software. Figure 7 shows the
relative velocity V. corresponding to the surveyed frequency value. This is also the bifurcation
diagram that reflects the stability of the capsubot under survey conditions. In the range of
frequency f = (10.6 - 11.4) Hz, capsubot works in a state of chaotic motion. At most other
excitation frequencies, there are strong fluctuations in the relative velocity V., indicating that the
capsubot moves unstable. At the high excitation frequencie range (27 - 40) Hz, the relative
velocity variation will be wider. Especially at the frequency of 20.6 Hz, there is a sudden jump
from forward to backward motion, sensitive to changes in the excitation frequency signal, leading
to difficulty in control at this excitation frequency range. These are the results of dynamic
analysis in a typical case with the condition of impact gap G = 2 mm and excitation current iy =
0.5 A. In other working conditions, the implementation method to evaluate the dynamic behavior
of the capsubot will be similar. Under the initial excitation conditions investigated, the results
show that the motion has no the biffurcation and the bifurcation value (point) is undetermined.

400 200 " |
- Bifurcation - Bifurcation

Vrel (mm/s)
Vrel (mm/s)

400 - T T T T 1 T . r : . T T
10 15 20 25 30 35 40 100 104 108 12 116 120
Frequency (Hz) Frequency (Hz)

Firure 7. The bifurcation diagram of the relative velocity, V¢, with respect to various excitation frequency, f
4. Conclusion

This study presents the results of analyzing the influence of impact gap on the dynamic
behavior of the capsubot. The interactive influence between structural parameters (the impact gap
G) and control parameters (frequency f and excitation current ip) are evaluated. Five techniques
are used to analyze the dynamic behavior of the capsubot, including: the time history plot, the
progression map, the phase diagram, Poincaré map and the bifurcation diagram.

These numerical investigation results will help the designer choose the structural parameter,
G, and arrange the impact flange for the vibrator appropriately, before putting it into the sealed
capsule. To achieve good displacement, aiming to save energy and prolong battery working
time, the impact distance should be chosen G = 2 mm. Based on control requirements, the
capsubot can be set up by selecting the parameters (G, f, ig). The results will help to optimize
control variables and design parameters and to reduce time and costs in designing and
manufacturing experimental models for developing active capsules. With the operating principle
of an internal battery-powered vibrator using this Bluetooth control signal, the capsubot can be
developed and tested in many environments close to real working conditions, in addition to dry
friction conditions.

The numerical solution is very meaningful in investigating and selecting optimal parameters.
However, the use of the Culomb friction model is still different from the actual working
conditions aimed at the capsule in the gastrointestinal tract containing fluid and mucosal folds.
Experimental results investigating of capsule navigational capabilities; evaluating of dynamic
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stability; verifying the suitability of the model as well as the actual dynamic behavior of the
capsule robot in different environments will be published in upcoming studies.
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