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SUMMARY

A novel micro in-pipe robot using an internally threaded profile for propulsion is proposed in this
paper, and the dynamic model of the robot in the turbulent liquid pipeline is established, and the
computational fluid dynamics method is used to solve the influence of environmental parameters
and operating parameters on the robotic performance. By the orthogonal experimental optimization
method, the optimal inner spiral structural parametrical combination is obtained. According to the
working principle of the inner spiral robot, an inner spiral driving device is designed and fabricated,
and the running experiment in the pipeline full of 201 methyl silicone oil verifies the feasibility of
the proposed robot. Adopting the pulsating blood flow function as the inlet condition, in a pulsating
period, the robotic performance is numerically analyzed.

KEYWORDS: Computational fluid dynamics; Inner spiral in-pipe robots; Orthogonal optimization;
Pulsating blood flow.

1. Introduction
There are many small-diameter pipelines filled with liquid in human body, such as gastrointestinal
tracts, blood vessels, etc. The basic operation of inspection and sampling in the human pipelines
adopts the traditional way such as directly inserting endoscopic catheters. As the catheters are
inserted by human hands, they can easily damage soft tissues and cause pain to a patient. Especially
when the effective inserting length of the catheter is great and the curved shape of the catheter is
complex, the endoscope is difficult to go deep into the corners inside the human body, and it is often
difficult to achieve effective diagnoses and treatments. To solve these problems, scientists began to
seek appropriate improving ways to make up for the above defects. In recent years, the medical
micro system inside human body has emerged as the times required. To develop autonomous medical
micro robots for placing into the human pipelines to complete the minimally invasive or noninvasive
diagnoses and treatments has become a hot research topic in the field of international medical and
electronic field.

Since 1999, some medical capsule endoscope systems have been developed,'™ which end the
discomfort and the problems that the traditional medical endoscopic catheter insertion brings. The
wireless capsule endoscope system mainly relies on the gastrointestinal motility to achieve its own
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Fig. 1. A single-sectional outer spiral-type in-pipe robot.'®

motion. The system cannot control its moving speed and determine its position. The system also cannot
seriously and carefully check a certain position, and therefore it’s potential to cause the omission.
The moving direction of the system is not changed, so the diseased region is not effectively treated.
Thus the active capsule in-pipe robots appear. The leg type of capsule endoscopic robots have all
been developed,>® which use micro battery or external magnetic field to actuate, and their movement
mode is peristalsis. Peristalsis refers to crawling such as insects’ creeping, and it is a typical mode of
soft animal movement; for example inchworms, earthworms, and snakes move by peristalsis. Various
crawling bionic in-pipe robots have all been developed.”~'” The researchers do not intensively study
inchworm-like or earthworm-like or snake-like, and they research for different actuating materials, for
different robot design schemes corresponding to different actuators. Actuating materials include shape
memory alloys, ion-exchange polymer metal composite, piezoelectric materials, ionic conducting
polymer films, and so on. When the crawling in-pipe robots are running, the robots contact directly
with the pipeline walls, which easily damage the inner walls; especially when they are pipelines of
human body, the robots cause some damage to the inner organic tissues of the body and result in
human suffering and discomfort.

A large number of animal species live in water, and their movement mode is swimming. Water
is the medium of aquatic animal movement, and it is much heavier than air. An aquatic animal is
subject to the buoyancy of water, and the resistance to its movement in the water is larger than that
in the air. Some fish-like, jellyfish-like, sperm-like, and tadpole-like swimming in-pipe robots have
been developed.!'™'* The swimming robots are flexible, and their acceleration performance is good.
However, their backward movements need large-angle steering. When the diameter of the operating
pipeline is small, such as blood vessels, the large-scale steering of the robot is basically difficult to
achieve; therefore, for the swimming robots, their backward movement and position adjustment are
main problems.

Ikeuchi found that in a pipeline filled with fluid, when a cylinder with a spiral shell rotates at a
high speed, the liquid produces axial thrust on the cylinder.!> When liquid has a certain viscosity, it
produces supporting force along the opposite direction of gravity because of the dynamic pressure
effect of liquid. And then a layer of liquid membrane which separates the cylinder from the pipeline
wall is formed. Therefore, the spiral-type robot is a novel in-pipe robot that causes relatively less
damage to the pipeline. A single sectional spiral-type micro in-pipe robot is driven by external
magnetic field in the pipeline filled with fluid, as shown in Fig. 1.'® Controlling the strength and
direction of the external magnetic field can change the clockwise or counterclockwise rotation of
the permanent magnet inside the robot, so the produced liquid force drives the robot forward or
backward. Zhou Yinsheng proposed a double-sectional spiral-type medical micro in-pipe robot, as
shown in Fig. 2.7 The robot consists of a cylinder with a left spiral groove, a micro motor with a right
spiral shell, and a flexible coupling. When the power of the micro motor is turned on, the rotational
direction of the micro motor with the right spiral shell is opposite to that of the cylinder with the left
spiral shell, and the two thrust forces generated by the fluid have the same directions. Changing the
rotational direction of the micro motor can change the moving direction of the robot. The flexible
coupling can make the robot move in a bent pipeline.

The above-mentioned spiral robots use spiral grooves or spiral strips on the outer surface. When
the robots rotate at a high speed, the thrust of liquid to the robotic surface drives the robot to move. At
the same time, according to the dynamic pressure effect of the liquid in the pipeline, the supporting
force of the robot is produced, and a liquid film is formed, which can help to avoid damage to the
inner wall of the pipeline. But when the liquid film’s thickness is small and the rotating speed of
the robot is high, the robotic spiral shell may cause damage to the inner wall of the pipeline. At the
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Fig. 3. Structural diagram of the inner spiral in-pipe robot.

same time, when the rotating speed of the robot shell is reduced, the supporting force formed by the
dynamic pressure effect of the liquid is not enough to support the robot, thus the robot will contact
the inner wall of the pipeline and damage it.

Aiming to overcome the above problems of the outer spiral in-pipe robots, a novel inner spiral
in-pipe robot with smooth surface is proposed based on liquid environment. The dynamic model
of the robot in the liquid pipeline is established, and the correctness of the adopted numerical
method is verified, and the influences of environmental parameters and operating parameters on the
performance of the robot are researched, and the structural parameters of the robot are optimized, and
the experiment verifies the working principle of the robot. In the end, the operation of the robot in the
pulsating flow field is analyzed. The proposed robots are expected to be applied to gastrointestinal
tracts, blood vessels, and other tiny pipelines filled with liquid, conducting inspection, sampling,
dredging, and other functions.

2. Structural Design of the Inner Spiral Robot
Based on the outer spiral micro in-pipe robots showed in Figs. 1 and 2, the authors propose an inner
spiral micro in-pipe robot in liquid environment. This robot is small in size, and its outer surface is
smooth, and it is less invasive, and the rotational speeds of its inner and outer surfaces are changeable.
The structure of the inner spiral robot is shown in Fig. 3. In Fig. 3, the permanent magnet 2 and
the coil 3 compose of the micro motor, between which the rolling (or sliding) bearing 8 supports.
The permanent magnet 2 is fixed on the smooth body shell 7, and the coil 3 is fixed on the hollow
shaft 6 with left threads. The micro battery 4 and other modules are fixed on the hollow shaft 6 or the
smooth body shell 7. At the beginning, because the robotic outer shell is in contact with the pipeline
wall 5, there is a frictional force. When the power is turned on, the inner spiral portion of the robot
rotates, and the liquid within the hollow shaft will produce axial thrust force and supporting force.
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Meanwhile, the liquid resistance is generated, which hinders the inner spiral portion to rotate, and
the outer shell begins to rotate. According to Newton’s third law, the torque given to hollow shaft
6 equals the torque given to body shell 7. Since 6 and 7 are not fixed, and the surface area of 7 is
greater than that of 6, that is, liquid resistance of 7 is greater than that of 6 under the same rotational
speeds, the rotational speed of 6 is greater than that of 7 under actual condition. The robotic inner
and outer axial thrust forces decrease with the increase of the robotic running speed, and when the
robotic axial thrust force is equal to 0, at this time, the robot runs at a constant speed. Adjusting the
area ratio between the body shell part and the hollow shaft part can change the rotational speeds of
the inner and outer surfaces of the robot.

Due to the dynamic pressure effect of liquid, a layer of liquid film will be formed between the robot
shell and the working pipeline wall 5, and the robot is in a suspended state, which avoids the direct
contact between the robot and the pipeline wall, so as to achieve the purpose of driving without injury.
Changing the rotational direction of the micro motor can change the direction of the robotic thrust
force, that is, change the direction of the robotic motion. The imaging, wireless communication, and
control module 1 are also arranged along the robotic body circumference, and the wireless control of
the robot can be achieved.

3. Dynamic Equation of the Liquid in the Pipeline

When the proposed spiral robot runs in the pipeline full of liquid, the liquid in the pipeline also flows.
Through the analysis of the liquid flow field near the robot (pressure field and velocity field), the
robotic force and velocity can be gotten. To analyze the flow field of the liquid in the pipeline, the
dynamic equation of the liquid is first established.

Turbulent flow is very common in nature. In the turbulent motion process, the fluid particles mix
and move randomly. The local velocity, pressure, and other physical quantities are likely to pulsate
irregularly in space and time. When the spiral in-pipe robot rotates at high speed in the pipeline full
of liquid, the liquid flow is turbulent flow. The pressure and velocity of the liquid vary with time, and
the pulsation is strong. Suppose the liquid is the Newton fluid, and it is not affected by temperature
and pressure, and the inner and outer surfaces of the robot are rigid.

The fluid continuity equation and momentum equation are:'®
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where ¢ is time, x; is Cartesian coordinate, u; is fluid velocity mean of the x; direction, w; is fluid
velocity pulsate value of the x; direction, p is pressure time mean value on the fluid micro unit, p is
density of the fluid, u is fluidic dynamic viscosity, and F; is physical strength on the fluid micro unit.

The eddy viscosity model of the Reynolds averaging method is adopted as the turbulent model,
and it can be written as
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where p, is turbulent viscosity, and k is turbulent kinetic energy.
Eddy viscosity model adopts the standard k—e turbulent model, where ¢ is turbulent dissipation
rate. Turbulent viscosity u, can be expressed as a function of k and ¢, i.e.

k2
W = pCu? “4)

where C, is an empirical constant and is 0.09.
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The above fluid continuity and momentum equations in turbulent condition are suitable for all
kinds of robots in liquid environment. To obtain the analytic solution of the above partial differential
equations is difficult, by using the numerical method, namely the use of computational fluid dynamics
(CFD) software FLUENT 14, the approximate solution to meet the practical requirements is gotten.
The steps to solve are roughly as follows. First, a three-dimensional (3D) model of the robotic system
is established by using PRO/E software, and then the meshes are divided and the boundary conditions
are set by GAMBIT software, and those dynamic equations are solved by the use of CFD software
FLUENT. In the parameter setting, the standard k-¢ turbulent model is selected. After the solution,
the liquid flow field near the robot and the forces and moments on the robot are obtained.

In order to verify the correctness of the adopted numerical calculation method, the authors compute
the axial thrust force of the rotational outer spiral cylindrical body with its length change in the
simulating pipeline filled with silicone oil in ref. [19]. In the experiment, the viscosity of the silicone
oil is 0.9 Pa s, the inner diameter of the simulating pipeline is 4.5 mm, the radius of the spiral
cylindrical body is 2 mm, and its rotational speed is 800 r/min. The spiral groove is rectangular and
its depth is 0.4 mm, the thread number is 6, the ratio of the groove face width to the sum of the groove
face width and its bottom width is 0.5, at the same time, the central line of the spiral cylindrical body
and the central line of the simulating pipeline coincide.

Figure 4 is the contrast curve of the calculated values by numerical method and the experimental
values in ref. [19]. The calculated values are basically close to the experimental values, and the
calculated results agree well with the experimental results, and it verifies the correctness of the
numerical calculation method adopted in this paper.

4. Performance Analysis of the Robot
In the analysis of the performance of the inner spiral robot, the robot shown in Fig. 3 is applied to a
pipeline filled with liquid. For practical operation, the flow of liquid in the pipeline is turbulent, and
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Fig. 5. The 3D diagram of the inner spiral robotic system.
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Fig. 6. Contour diagram of the pressure to the pipeline wall.

the supporting force of the liquid on the robot is equal to the weight of the robot. Here, the impact of
the weight is ignored. We assume that the initial pipeline diameter is 12 mm, and the pipeline length
is 75 mm. The robotic outer surface is smooth, its outer diameter is 8 mm, its axial length is 15 mm.
The robotic inner spiral parameters are: inner diameter is 2.8 mm, axial length is 15 mm, thread
number is 6, lead is 15 mm, spiral groove is rectangular, groove face width is 1.5 mm, groove bottom
width is 1 mm, and groove depth is 0.6 mm. The robotic system is modeled by the 3D software, and
the diagram is shown in Fig. 5.

In the analysis, we assume that the robotic running speed is O, the rotational speed of the robotic
shell is 600 r/min (forward), and the rotational speed of the robotic inner shaft is —600 r/min (reverse).
We initially assume liquid density is 1000 kg/m?, liquid viscosity is 1 Pa s, pipeline diameter is
12 mm, and eccentricity (the distance between the central line of the robot and the central line of the
pipeline) is O.

Figure 6 is the contour diagram of the pressure to the pipeline wall when the robot is rotating in
the pipeline. Different colors represent different pressure values. As can be seen, the high-pressure
area is mainly concentrated near the area around the robot, and the maximum positive pressure value
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Fig. 8. Relation curve between maximum pressure of the pipeline wall and liquid density.

is 30.9 Pa, and the maximum negative pressure value is 18.7 Pa. It is showed that when the robot runs
along the central axis of the pipeline, the pipeline wall is not substantially damaged.

By means of “Result Reports” of the software FLUENT 14, the robotic axial thrust force is
0.0143 m N, and the supporting force of the liquid on the robot is 0.6922 m N. When the flow of
liquid is laminar, we use the same calculation method. The robotic axial thrust force is 0.0307 m N,
and the supporting force of the liquid on the robot is 0.8548 m N. It shows that the liquid turbulence
reduces the robotic axial thrust force and the supporting force of the liquid on the robot.

4.1. Effect of environmental parameters on the performance of the robot

When the inner spiral robot runs in the pipeline full of liquid, the environmental parameters influencing
the robotic performance indexes (including the axial thrust force, the maximum pressure of the
pipeline wall, and the supporting force of the liquid on the robot) involve liquid density, liquid
viscosity, pipeline diameter, and eccentricity.

4.1.1. Liquid density. Liquid density changes from 500 kg/m® to 1500 kg/m®. Figures 7-9 are
respectively the curves of the robotic axial thrust force, the maximum pressure of the pipeline wall,
and the supporting force of the liquid on the robot with liquid density. As seen here, when liquid
density is increased, the robotic axial thrust force and the maximum pressure of the pipeline wall are
all increased, and the supporting force of the liquid is decreased, but their changed values are smaller,
which indicates the influence of liquid density on the robotic performance is smaller.

4.1.2. Liquid viscosity. Liquid viscosity changes from 0.5 Pa s to 2.5 Pa s. Figures 10-12 are
respectively the curves of the robotic axial thrust force, the maximum pressure of the pipeline wall,
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Fig. 9. Relation curve between supporting force of the liquid on the robot and liquid density.
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Fig. 11. Relation curve between maximum pressure of the pipeline wall and liquid viscosity.

and the supporting force of the liquid on the robot with liquid viscosity. As seen here, when liquid
viscosity is increased, the robotic axial thrust force, the maximum pressure of the pipeline wall, and
the supporting force of the liquid are all increased. Contrasting the influence of liquid density on the
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robotic performance, the influence of liquid viscosity is greater.
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4.1.3. Pipeline diameter. Pipeline diameter changes from 10 to 14 mm. Figures 1315 are respectively
the curves of the robotic axial thrust force, the maximum pressure of the pipeline wall, and the
supporting force of the liquid on the robot with pipeline diameter. As seen here, when pipeline
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diameter is increased, the robotic axial thrust force, maximum pressure of the pipeline wall, and the
supporting force of the liquid are all decreased, and the influence of pipeline diameter is much greater.

4.1.4. Eccentricity. Eccentricity changes from 0 to 1.2 mm. Figures 16—18 are respectively the curves
of the robotic axial thrust force, the maximum pressure of the pipeline wall, and the supporting force
of the liquid on the robot with eccentricity. As seen here, when eccentricity is increased, the robotic
axial thrust force, the maximum pressure of the pipeline wall, and the supporting force of the liquid
are all increased, and the influence of eccentricity on the robotic performance is also much greater.

4.2. Effect of operating parameters on the performance of the robot

When the inner spiral robot runs in pipeline full of liquid, the operating parameters influencing the
robotic performance indexes involve inner spiral rotational speed, outer surface rotational speed, inner
and outer surface rotational speed sum, robotic running speed.

In the analysis, we assume that the initial robotic running speed is 0, the initial rotational speed of
the robotic shell is 600 r/min, and the initial rotational speed of the robotic inner shaft is —600 r/min.
Liquid density is 1000 kg/m?, liquid viscosity is 1 Pa s, eccentricity is 0, and pipeline diameter is
12 mm.

4.2.1. Inner spiral rotational speed and outer surface rotational speed. The rotational speed of the
robotic shell changes from 200 to 1000 r/min, and the rotational speed of the robotic inner shaft
changes from —200 to —1000 r/min.
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Figures 19-21 are respectively the curves of the robotic axial thrust force, the maximum pressure
of the pipeline wall, and the supporting force of the liquid on the robot with inner spiral rotational
speed and outer surface rotational speed.

As seen here, when outer surface rotational speed is increased, the maximum pressure of the
pipeline wall and the supporting force of the liquid are increased, but when inner spiral rotational
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speed is increased, they do not basically change. The robotic axial thrust force is proportional to
outer surface rotational speed, but it is inversely proportional to inner spiral rotational speed, and the
influence of outer surface rotational speed is the same as that of the inner spiral rotational speed.

4.2.2. Inner and outer surface rotational speed sum. In actual operation, inner spiral rotational speed
and outer surface rotational speed of the inner spiral robot will change each other, but their sum
will remain unchanged, and it is equal to the micro motor rated speed, therefore the inner and outer
surface rotational speed sum is also a very important operating parameter. We assume that the inner
and outer surface rotational speed sum is constant and equals to 1200 r/min. The rotational speed of
the robotic shell changes from 1000 r/min to 200 r/min, and the rotational speed of the robotic inner
shaft changes from —200 to —1000 r/min. Figures 22-24 are respectively the curves of the robotic
axial thrust force, the maximum pressure of the pipeline wall, and the supporting force of the liquid
on the robot with inner and outer surface rotational speed sum. As seen here, although the rotational
speed sum is unchanged, the robot axial thrust force, the maximum pressure of the pipeline wall, and
the supporting force of the liquid are all decreased with the decrease of the outer surface rotational
speed and the increase of the inner spiral rotational speed. So the influences of the outer surface
rotational speed and the inner spiral rotational speed on the robotic performance are different.

4.2.3. Robotic running speed. The robotic running speeds are respectively 1 mm/s, 2 mm/s, and
3 mm/s, and the running time is 0.2 to 0.8 s for this period. Figures 25 and 26 are respectively the
curves of the robotic axial thrust force and the supporting force of the liquid on the robot with robotic
running speed.

As seen here, when the robot runs at a certain speed in different running times, the robotic axial
thrust force and the supporting force of the liquid all change a little. When the robotic running speed is
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increased, the robotic axial thrust force is negative, and its direction is opposite to that of the running
speed, and the value is increased. This shows that in the process of operation, the resistance of liquid
to the robot will be increased. When the robotic running speed is increased, the supporting force of
the liquid is slightly decreased.
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5. Experimental Verification of the Inner Spiral Robot

The robotic axial thrust force and the supporting force of the liquid on the robot of the proposed
inner spiral robot in the liquid pipeline are analyzed by the numerical method. What is the actual
operating situation in the liquid pipeline? Can the robot move forward and be suspended in a liquid
environment? These problems are needed to be experimentally verified. Considering such problems as
the manufacture of micro batteries, the manufacture of other micro components, and the assembly of
the microrobot, an inner spiral driving device (that is the robotic prototype) is designed and fabricated
according to the working principle of the inner spiral robot. Through the running experiment in
the pipeline full of 201 methyl silicone oil, the rationality and feasibility of the proposed robot are
verified.

When the inner spiral robot works in a small pipeline full of liquid, the robot is suspended in
the pipeline by means of the wedge force produced by the liquid between the robotic shell and the
pipeline wall, and it moves by the liquid reacting thrust force because of the high-speed rotation of the
spiral inner shaft, so there are no relatively fixed parts in the rotating process. Therefore, according to
the above working principle of the inner spiral robot, the designed inner spiral driving device adopts
the epicyclic gear train, the structural principle is shown in Fig. 27. Taking into account the external
power supply affecting the robotic operation and force, the battery is built-in.

As shown in Fig. 27, the micro motor 4 is fixed on the spiral inner body 1, and it is direct current
motor with the diameter of 8 mm. The inner and outer bodies 1 and 2 are connected into a whole
through a bearing. The reference circle diameter of the planetary wheel 6 (i.e. the gear on the micro
motor output shaft) is d, and the planetary wheel is driven by the micro motor and is meshed with the
sun wheel 5 (i.e. the smooth outer body), and the reference circle diameter of the sun wheel is D. The
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Fig. 27. Structural principle of the designed inner spiral driving device.

planetary wheel and the sun wheel have the same modulus. The planetary wheel number of teeth is
12, and the sun wheel number of teeth is 192.

When the power is switched on, the rotational speed of the micro motor is n,, and the rotational
speed of the inner body is n;, and the rotational speed of the outer body is n,, so it is

a4 )

ng — ny D

When n; is 0, the maximum rotational speed of the outer body is

No2max = 57Nd,

When n; is 0, the maximum rotational speed of the inner body is

d
D—d

Nimax = — ng.

Negative sign indicates that the rotational directions of the inner body and outer body are opposite.

In the practical operation, the inner and outer surface rotational speeds n; and n, will reach the
dynamic balance with the inner and outer loads varying, so as to drive the robot move at a constant
speed.

Figure 28 is the prototype system of the inner spiral robot. Figure 29 is the exploded view of
the robotic prototype, and the parts include the left spiral inner body with the lining, smooth outer
body, covers, micro motors, no. 9 batteries, wireless transceiver module, and remote controller. The
smooth outer body, spiral inner body, lining, and covers are made of aluminum alloy. The length
of the prototype is 60 mm, the outer diameter is 50 mm, and the weight is 102 g. The inner spiral
parameters are: inner diameter is 21 mm, thread number is 6, spiral groove is rectangular, groove face
width is 1.5 mm, groove bottom width is 4.5 mm, groove depth is 2.5 mm, and spiral angle is 28.6°.

The experimental pipeline is a transparent organic glass pipeline, its diameter is 59 mm, and
its length is 1200 mm. Experimental liquid is 201 methyl silicone oil, and its viscosity is 1 Pa s.
Through the wireless remote switching on the micro motor power, the inner and outer surfaces
rotate simultaneously, and the robot runs slowly in the oil, as shown in Fig. 30. Figures 31-33 are
respectively the forward displacements of the robot in the pipeline at 0, 10, and 20 s. The measured
forward average speed is 2 mm/s, and the measured backward average speed is 1.8 mm/s when the
micro motor power is reversely switched on. It is feasible that this spiral in-pipe robot works in liquid
environment.
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Fig. 28. Robotic prototype system.

Fig. 29. The parts of the robotic prototype system.

Fig. 30. The inner spiral robot in the pipeline filled with oil.

6. Structural Parameter Optimization of the Inner Spiral Robot
The above research shows that the inner spiral robotic axial thrust force is not large, so improving the
robotic axial thrust force of this robot is a key consideration. Because the inner spiral robotic shell is
a smooth surface, the robotic structural parameters influencing the robotic axial thrust force are the
geometrical parameters of the inner spiral groove. The inner spiral structural parameters are shown
in Fig. 34 and include: (1) parameter a; (groove root width), (2) parameter b; (groove face width),
(3) dip angle «, (4) groove depth Ay, (5) spiral angle @, and (6) thread number n;. In Fig. 34, 1,
represents inner spiral pitch, and @ equals arctan(n; #,/(;r d;)), where d; is outer diameter of the
inner spiral groove.

Considering the influences of the six inner spiral structural parameters on the robotic performance
are not linear and are coupling each other, in order to find the optimal combination of the structural
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Fig. 31. The forward displacement of the robot in the pipeline at O s.

Fig. 33. The forward displacement of the robot in the pipeline at 20 s.

parameters of the maximal robotic axial thrust force, the orthogonal experimental optimization method
is introduced.

For convenience, we use lead s; (s; = n; #;) as a substitute for spiral angle @, and set six inner
spiral structural parameters as six experimental factors. Each parameter is given three different typical
values to represent three experimental levels, and the experimental index is defined as the robotic
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Table I. Orthogonal experiment of inner spiral structural parameters of the inner spiral robot.

Axial thrust

No. a; (mm) by (mm) o (°) hy (mm) s1 (mm) ny force (m N)
1 0.5 0.75 70 0.2 10.54 6 0.031
2 0.5 0.75 920 1 12.57 10 0.029
3 0.75 0.5 90 0.2 15 8 0.096
4 0.75 1 110 0.6 10.54 6 0.008
5 1 0.5 110 0.6 12.57 10 0.004
6 1 1 70 1 15 8 0.040
7 0.5 0.5 110 1 15 6 0.079
8 0.5 1 110 0.2 12.57 8 0.015
9 0.75 0.5 70 1 12.57 10 0.112
10 0.75 0.75 70 0.6 10.54 8 0.017
11 1 0.75 920 0.6 15 6 0.053
12 1 1 90 0.2 10.54 10 0.018
13 0.5 0.5 90 0.6 10.54 8 0.141
14 0.5 1 70 0.6 15 10 0.004
15 0.75 0.75 110 0.2 15 10 0.022
16 0.75 1 90 1 12.57 6 0.044
17 1 0.5 70 0.2 12.57 6 0.039
18 1 0.75 110 1 10.54 8 0.027
Axial A

‘ L ‘bl Q)dl

Fig. 34. Inner spiral structural parameters of the inner spiral robot.

axial thrust force. If the tests are done, 729 (3°) tests are needed, and a set of the optimal structural
parameters is found. According to ref. [20], using the orthogonal table L;5(3°) shown in Table I, we
can obtain the optimal solution through only 18 tests.

According to the 18 sets of design parameters in Table I, every inner spiral robotic 3D system is
respectively modeled and numerically calculated. From the results of Table I, the optimal inner spiral
structural parametrical combination of the robotic optimal performance (i.e. the maximal robotic
axial thrust force) is: parameter a; is 0.5 mm, parameter b; is 0.5 mm, dip angle «; is 90°, groove
depth A, is 0.6 mm, lead s; is 10.54 mm, thread number 7, is 8, and the value of the robotic maximal
axial thrust force is 0.141 m N.

In order to let these inner spiral structural parameters be dimensionless, we define parameter 81,
(the ratio of groove root width to pitch) as equal to a,/t;, parameter B, (the ratio of groove face
width to pitch) equal to b;/t;, and parameter y | (the ratio of groove depth to outer diameter of inner
spiral groove) equal to h;/d;. So the optimal inner spiral structural parametrical combination of the
robotic maximal axial thrust force is: parameter 8; is 0.38, parameter 8, is 0.38, dip angle «; is
90°, parameter y | is 0.15, spiral angle @ is 40°, and thread number 7, is 8.
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Fig. 35. Computed average blood flow velocity curve of aorta.

7. Performance Analysis of the Robot in Pulsating Flow

7.1. Pulsating blood flow function

For the sake of convenience, we assume that the working pipeline is blood vessel. Due to intermittent
ventricular ejection of the heart, blood flow in the blood vessel is greatly pulsating. When it is at
resting heart rate, blood flow is almost zero, and only in the ejection period, blood flow exists. The
positive flowing time is about 1/4 to 1/3 of the heartbeat cycle.?! Now we assume that the blood vessel
is aortic, and its wall is simplified as rigid. Heart beat frequency is 75 times/min, that is, the heart
cycle is 0.8 s. Among it, the shrinkage period accounts for 0.3 s, and the diastolic period accounts for
0.5 s. The computed average velocity curve of aorta is shown in Fig. 35, and the expression is given
below:?!

2.4e7757 5in 13.09¢ (0O<t=<024)
Vinlet (1) = { —0.343¢7 75370029 5in 13.09( — 0.24) (0.24 <t < 0.2743), ®)
0 (0.2743 <t < 0.8)

where Vit is the computed average velocity of aorta, and the unit is m/s; ¢ is time, and the unit is s.

7.2. Numerical calculation of the robotic system

According to the actual situation of the human body, we assume that density of blood is
1053.1 kg/m?, dynamic viscosity of blood is 0.0045135 Pa s, and the direction of blood gravity
is the negative direction of y axis. The rotational speed of the robotic shell is 600 r/min, the rotational
speed of the robotic inner shaft is —600 r/min, and the numerical method and other parameters are
consistent with the above static flow.

Figures 36 and 37 are respectively the curves of the robotic axial thrust force and the maximum
pressure of the vascular wall in a pulsating cycle (0.8 s) when the robotic linear velocity changes
from 0 mm/s to 25 mm/s. As seen here, the changing trends of the robotic axial thrust force and the
maximum pressure of the vascular wall are basically the same with the changing trend of the blood
flow velocity, and the pressure of the vascular wall is within an acceptable range of people. When
the high-speed rotating robot does not have running speed, the robotic axial thrust force is greater
than the value when the robot runs. When the robot runs, the increasing liquid resistance decreases
the robotic axial thrust force, and the maximum pressure of the vascular wall will be slightly higher
than the value when the robot has no running speed. Contrasting the curves of the robotic axial thrust
force and the maximum pressure of the vascular wall at different running speeds, the influence of
the robotic running speed on the robotic axial thrust force and the maximum pressure of the vascular
wall is not large.
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8. Conclusions and Future Work

A micro in-pipe robot using an internally threaded profile for propulsion is proposed, which is
expected to be applied to intestinal tract, blood vessels, and other tiny pipelines filled with liquid in
human body.

The dynamic model of the robot in the turbulent liquid pipeline is established, and the correctness
of the adopted numerical method is verified. The CFD method is used to solve the flow filed, and
the influences of environmental parameters (liquid density, liquid viscosity, pipeline diameter, and
eccentricity) and operating parameters (inner spiral rotational speed, outer surface rotational speed,
inner and outer surface rotational speed sum, robotic running speed) on the robotic performance (the
axial thrust force, the maximum pressure of the pipeline wall, and the supporting force of the liquid on
the robot) are obtained. The axial thrust force of the inner spiral robot is proportional to liquid density,
liquid viscosity, eccentricity, and outer surface rotational speed, and it is inversely proportional to
pipeline diameter, inner spiral rotational speed, and robotic running speed. The maximum pressure
of the pipeline wall is proportional to liquid density, liquid viscosity, eccentricity, and outer surface
rotational speed, and it is inversely proportional to pipeline diameter, and it has little relation with
inner spiral rotational speed. The supporting force of the liquid on the robot is proportional to liquid
viscosity, eccentricity, and outer surface rotational speed, and it is inversely proportional to liquid
density, pipeline diameter, and robotic running speed, and it has little relation with inner spiral
rotational speed.

According to the working principle of the inner spiral robot, an inner spiral driving device is
designed and fabricated. Through the running experiment in the pipeline full of a certain viscous
liquid, the feasibility of the proposed robot is verified.
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By orthogonal experimental optimization method, the optimal inner spiral structural parametrical
combination of the robotic maximal axial thrust force is: parameter 81; is 0.38, parameter 8, is 0.38,
dip angle «; is 90°, parameter y; is 0.15, spiral angle @ is 40°, and thread number n; is 8.

Adopting the pulsating blood flow function as the inlet condition, in a pulsating cycle, the robotic
axial thrust force and the maximum pressure of the vascular wall are numerically calculated. The
changing trends of the robotic axial thrust force and the maximum pressure of the vascular wall are
basically the same with the changing trend of the blood flow velocity, and the pressure of the vascular
wall is within an acceptable range of people. The influences of the robotic running speed on the
robotic axial thrust force and the maximum pressure of the vascular wall are not large. When the
high-speed rotating robot does not have running speed, the robotic axial thrust force is greater than
the value when the robot runs, and the maximum pressure of the vascular wall will be slightly less
than the value when the robot runs.

The proposed inner spiral robot uses micro batteries for energy supply, so the development of the
battery for large capacity and small size is an important foundation of this robot for long working
hours. Another way of energy supply is external magnetic drive.

The size of the robotic prototype is bigger than that of practical requirements, such as human
blood vessels, so it should be further miniaturized. The in vivo experiments of the inner and outer
spiral robot have not been done in the organismal lumen, and the real clinical application is still a
long distance. A lot of experimental research is also required.
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