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Abstract The cylinder movement is affected by multiple
factors and it is difficult to establish the accurate movement
model of the cylinder. In order to improve the reliability of
the production line design and to speed up the production
line debugging, a novel cylinder movement modeling
method based on aerodynamics is proposed. The kinetic
theory, thermodynamic theory and kinematics knowledge
are applied and integrated various factors which affect the
movement characteristics of the cylinder are considered.
According to the proposed mathematical model of cylinder
movement, thecombined simulation software of cylinder
movement based on Visual Studio and Visual Component
(3D Create) is developed to calculate thevelocity, accel-
eration and movement time of the cylinders during the
running of the assembly line. Comparison results of
cylinder’s movement time under different intake air and
displacement show that the mathematical model of cylinder
movement based on aerodynamic is more accurate and the
degree of fittingis 0.9846, which proves the effectiveness of
the combined simulation software of cylinder movement.
By the cylinder movement modeling method based on
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aerodynamic, accurate value of takt and the debug
parameters can be calculated as a reference for the
designers and debuggers of the cylinder-driven assembly
lines.
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1 Introduction

With the progress and development of science and tech-
nology, manufacture has been evolved into a complex
engineering system composed of many manufacturing
elements instead of a simple process of individual
behavior and the isolated machine. Production line is an
effective combination of man and machine, which has
been widely used in the manufacturing industry. Along
with the emergence of flexible manufacturing, agile
manufacturing, JIT manufacturing, networked manufac-
turing, and so on, manufacturing technology began to
develop in the direction of systematic, flexible, reconfig-
urable, integrated, networked, intelligent and greenregen-
eration. The transformation of manufacturing mode and
the manufacturing technology also influences planning,
design and operation of manufacturing system dramati-
cally [1, 2].

Production line without manual operation can improve
production efficiency and reduce labor costs greatly. An
important indicator of production line is the takt that refers
to the tact time required for producing a single product by
the production line. The takt of production line is closely
related to cylinder motion. In the design of production line,
a virtual simulation is often carried out to verify whether it
can meet the requirements of the takt of production line.
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For the cylinder-driven assembly line, an important part of
virtual simulation of production line is to simulate the
cylinder movement. Since there are a large number of
cylinder components in the assembly line, each cylinder
motion can affect the takt of assembly line in the virtual
simulation. The movement time of the cylinder is deter-
mined by multiple factors, including load, friction, pres-
sure, temperature, flow. Thus, it is critical to build the
accurate movement model of cylinder and obtain the
motion parameters under different conditions in order to
accurately calculate the takt of assembly line.

There have been many studies about cylinder motion
characteristics analysis. Guoliang Wu built an experimental
platform to collect and analyze data, and obtained a poly-
nomial relationship of cylinder friction and velocity. The
minimum creep velocity of cylinder was drawn and the
speed of cylinder was analyzed by the process results of
displacement data [3]. Di Zhu and Sai Ye put forward a
theoretical method to calculate the equivalent thermal
power during the charging and discharging process of
cylinder, which predicted the temperature changes of
cylinder wall when cylinder reached the thermal steady
state equilibrium [4]. Jingya Kuang studied the impact
cushioning performance about the load changes, and
established a mathematical model of buffer cylinder about
energy, flow and movement based on aerodynamics [5].
Yukio Terashima mainly analyzed the cylinder’s friction
characteristics and researched the influence of friction on
cylinder’s movement [6]. Kawakami et al. did some
research on dynamic characteristics of pneumatic cylinder
[7]. Jun Huang and Xiaoning Li did dimensional analysis
about creeping phenomena of cylinder by experiment [8].
However, the existing researches on the modeling of
cylinder movement only focused on a very limited number
of motion characteristics and contributing factor of the
cylinder, and these methods do not constitute a compre-
hensive analysis of various factors on the cylinder move-
ment characteristics.

Gas viscosity refers to the nature of the friction gener-
ated between the layers of the gas when the gas flows. Gas
compressibility refers to the nature of gas volume reduction
with the increase of pressure. Thermal conductivity is the
performance of material conducting heat. These factors
which impact the movement of cylinder should be con-
sidered in the establishment of the mathematical model of
cylinder movement to improve the accuracy of the model.
The energy loss of the cylinder during movement and the
influence of gas compressibility on the cylinder motion
characteristics are also regarded as effective factors to
establish the mathematical model of the cylinder move-
ment. Therefore, this paper takes into account of various
impact factors (including friction, load, pressure, flow, heat
loss, gas compression, etc.) on the cylinder motion
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characteristics (including velocity, acceleration, motion
time), and aims to create a more inclusive and complete
cylinder movement model. The mathematical model is
introduced into the developed simulation software which is
built by Visual Studio and Visual Component (3D Create),
and combined simulation of the cylinder movement is
achieved based on the simulation software. At the same
time, simulation results are recorded. In comparison with
the physical lab experimental data, the simulation accuracy
on the cylinder movement is verified, which shows the
effectiveness of the novel cylinder movement modeling
method based on aerodynamics.

2 Analysis on Impact Factors of Cylinder
Movement

Cylinder movement model consists of the models of
velocity, acceleration and movement time of cylinder.
Movement process of the cylinder is divided into four
parts: start-up process, speed-up process, uniform process
and stop process. Among them, start-up process includes
two states: stationary state and critical state. Figure 1
shows all parameters in the conditions of stationary state,
critical state, acceleration state and steady state.

In Figure 1, parameter instructions are as follows: Pj
is the pressure of gas source (MPa); P, is the pressure of
intake side in stationary state (MPa); P, is the pressure
of intake side in the critical state (MPa); P5 is the pressure of
intake side in the acceleration state (MPa); P, is the pressure
of intake side in the steady state (MPa); P, is atmospheric
pressure (MPa), P, = 0.101 MPa; T is the temperature of
intake pipe (K); T, is the outdoor temperature (K); fis the
static friction (N); f; is the maximum static friction (N); f> is
the kinetic friction force (N); m is the load of cylinder (kg).

As can be seen from the above illustration, the pressure
and temperature in the intake chamber vary with the move-
ment of cylinder, so does the friction. However, gas prop-
erties in the intake side and outlet side remain unchanged.

2.1 Cylinder’s Internal Pressure

When the cylinder is in the stationary state of the start-up
process, the pressure in the cylinder intake side is repre-
sented as P, = P,.

When the cylinder is in the critical state of the start-up
process, according to the theory of piston force balance, the
following formula can be obtained:

P2S = fi + PaS. (1)
In Eq. (1), P, is the atmospheric pressure (MPa); S is the

cross-sectional area of the cylinder (mmz). In this case, the
intake side pressure is calculated by
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(a) Start-up process (stationary state)
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Figure 1 Parameter statement in each cylinder movement process

P, = (fi + P.S)/S. (2)

Similarly, when the cylinder is in the steady state, the
intake-side pressure is calculated by

P4:(fZ+PaS)/S' (3)

2.2 Thermodynamic Analysis of Gas in Side
Cylinder

According to modern practical pneumatic technology, first
law of thermodynamics and mass and heat capacity for-
mula can be obtained as [9]

dq = dI + PdV,
¢ = dq/dT.

(4)
(5)

In Eq. (4) and Eq. (5), g is heat (J), I is gas internal energy
(J), P is gas pressure (MPa), V is volume (dm3), c is heat
capacity of mass (J/kg-K), T is temperature (K). In the pro-
cess of cylinder motion, the parameters, such as P, T and V,
vary because cylinder is not adiabatic with the outside. In this
case, the gas in the cylinder is the changeable process. Ac-
cording to the first law of thermodynamics and mass and heat
capacity formula, it can be seen that:

0g = cdT = cydT + PdV. (6)

In Eq. (6), cy is quality volumetric heat capacity (J/kg-K).
By differentiating state equation PV = RT and substituting
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(b) Start-up process (critical state)
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(d) Uniform process (steady state)

the result into Eq. (6), state equation of variable processcan
be obtained as

PV" = C. (7)

In Eq. (7), C is a constant. When n = 0, PP =pP=C
is isobaric process; when n = 1, PV = C is isothermal
process; when n = £oo, V = C is isochoric process.

2.3 Cylinder Throttle Valve Control

Flow is defined as the amount of fluid per unit time through
a cross-sectional area. The volume flow is used to incom-
pressible fluid, but only mass flow is used to compressible
fluid [9]. When the gas passes through the throttle, the
entire flow is a stable one-dimensional flow, which is
similar to the case of the shrinking nozzle. Therefore, the
gas through the throttle can be calculated by the mass flow
equation of the shrinking nozzle [10]. The empirical for-
mula is shown as follows:

_dM CV2kAPg,)

R o

2 \*T Jk—1 <c
711 y 00y
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In Egs. (8)—(11), Q,, is the mass flow (kg/s); M is gas
mass (kg); R is gas constant, for atmosphere,
R = 287 N-m/(kg-K); t is the time (s); A is the throttle
area (mmz); C, is the flow coefficient, and
C, = 0.95-0.98; k is adiabatic coefficient, and k = 1.4; C,
is the critical pressure ratio; P; is the intake side pressure
under different states (MPa). In the process of the cylinder
motion, the throttle upstream pressure is larger than the
throttle  downstream  pressure, namely, Pg> P;,
o > 0.528. In this case, the gas mass flow through the
throttle is calculated as:

1.43 1.71
Py Py
iy 1.55CqAPX\/ &) -(%)

In Eq. (12), Q,, is gas mass flow (kg/s). When the cylinder
is in equilibrium state, the gas mass flow through the
throttle is defined as:

143 1.71
Py Py
ar 155CAP () ()
T odr VOA4RT, '
In Eq. (13), Q.3 is gas mass flow in equilibrium state
(kg/s).

Qm3 (13)

2.4 Gas Compressibility during Cylinder Movement

The impact of gas compressibility on the cylinder motion is
mainly in the startup process. In the start-up process, it has
a certain time for the gas to fill the entire space in the intake
side until the pressure reaches P,. During this filling pro-
cess, according to the law of mass conservation, the fol-
lowing formula can be obtained:

P Vi = p Vi + pAV. (14)

Where p, is the intake side density after filling (g/mL);p, is
the intake-side air density in the initial state (g/mL),
p; = 1.29 kg/m3; p is gas density of the intake pipe (g/
mL); AV is volume of gas which gets into the intake side
from the throttle valve (mL).

In the whole start-up process, the cylinder’s temperature
is assumed to be constant. Then the start-up process
belongs to adiabatic process, and p o< P is satisfied.
According to Eq. (14), the following formula can be
obtained:

@ Springer

- V P, — PV
AVIZ(Pz 1) 1:( 2 1) L (15)
p Py

In Eq. (15), AV, is volume change amount caused by gas
compressibility (mL). Because the volume of gas getting
into the cylinder is equal to the volume of gas getting out of
the cylinder, the following expression is shown:

AVl = Qvlll. (16)

In Eq. (16), O, is the gas flow through the throttle in the
start-up process (mL/s). In the start-up process, the gas flow
through the throttle is

1.43 1.71
1.55C,AP, (j;—) - (,i’—)
01V 0.4RT;

According to Eq. (15)-Eq. (17), the start time can be
calculated as

(P2 — Pl)V1p1\/0.4RTS

143 171
tsscari [ (5) " - (5)

2.5 Gaseous Heat Loss during Cylinder Movement

O = (17)

=

(18)

o

Since the gas in the cylinder is compressed, the tempera-
ture of gas in the cylinder rises. At this time, temperature
gradient generates between the gas inside the cylinder and
the gas outside the cylinder, which can cause heat loss. The
heat loss of the gas is equivalent to the volume change
amount of gas at certain temperature according to the
conductive formula of gas:

T T —T,

Ag=—j—=— . 1
q=—hpgo=—h— (19)

where Agq is the heat loss (J), %{ is the temperature gradient
(K/m), A is the thermal conductivity (W/(m-K)), the 4 of air
is 2.47 x 1072 W/(m-K), s is the thickness of cylinder wall
(m). When the temperature gradient is small, the influence
of the gas thermal conductivity can be ignored. Any gas
has various properties as described above. By the laws of
thermodynamics, according to Eq. (7), heat loss amount on
account of the reduction of the gas volume at constant

temperature can be defined as follows:
Ag = c1p,AVTy. (20)

where ¢, is the specific heat capacity of air, ¢; = 1x10°
J/kg°C, AV is the change amount of gas volume (m>).
According to Eq. (19) and Eq. (20), the change volume of
gas can be obtained:

_ NTy —T>)

AV,
sc1p1Th

(21)
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In Eq. (21), AV, is volume change amount caused by
gaseous heat loss (mL).

Similarly, according to Eq. (13) and Eq. (21), the
cylinder movement time influenced by the heat loss of gas
is calculated as

AV, ATy — T>)\/0.4RT,

0, 143 171
P 155scip, T chPs\/ (;;) - (,54)
(22)

Iy

3 Mathematical Model of Cylinder Movement
3.1 Velocity Modeling of Cylinder Movement

Many factors affect the velocity of cylinder movement, such
as cylinder’s diameter, flow of solenoid valve, diameter and
length of the gas pipes, the supply amount of gas sources, and
the position of the control components in the gas path [11]. In
this paper, the cylinders use intake throttling way and
cylinder’s diameter, flow of solenoid valve and the supply
amount of gas sources are mainly considered.

In the cylinder’sstart-up process, the velocity of the
cylinder v = 0. In the cylinder’s uniform process, the
intake side pressure is P3, the volume flow of throttle valve
is 0,3, volume increment of the cylinder intake sideis equal
to the intake air. So the following formula can be obtained:

3 =——=235" . (23)

According to Eq. (13) and Eq. (23), the velocity of
cylinder is calculated as follows:

T3 171
P, SPy
].SSCqAPS\/(f2+PaS) - (fz+PaS>
vy = ’
2 035V 0.4RT;

In the cylinder’sspeed-up process, thevelocity of cylin-
der increases from zero to maximum value v, in uniformly
accelerated motion.

(24)

3.2 Acceleration Modeling of Cylinder Motion

From the stationary state to the steady state, the cylinder
has a process of variable accelerated motion. During this
process, the pressure of the intake side fluctuates between
P, and Py, and the fluctuation curve is shown in Figure 2.

In the cylinder’sspeed-up process, the creeping phe-
nomenon is generated because of the impact of insta-
ble pressure in the intake side and other factors. In order to
facilitate the calculation, the pressure of intake side inthe

051

Pressure P/ MPa

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time t/s

Figure 2 Pressure change in the cylinder’s intake sidein the process
of variable accelerated motion

cylinder’s speed-up process is equivalent to a constant,
which can be expressed as

P3 = (P2 +P4)/2 = (fi + 12+ 2P.S)/2S. (25)

Therefore, the cylinder’s acceleration a in the speed-up
process is calculated as

(Py+P4)S _ fi +fo+2P,S
2m - 2m '

(26)

3.3 Movement Time Modeling of Cylinder

Motion time of the cylinder consists of three parts: the
start-up time #;, acceleration time #, and uniform motion
time 3.

In the start-up process, the gas gets into cylinder’s intake
side from intake pipe quickly, which makes the intake-side
pressure P, increase to P,. By calculation, the cylinder’s
start-up time ¢, in this process can be obtained.

In the cylinder’s speed-up process, according to New-
ton’s laws of motion:

Vo = atp, (27)
2
1%
L =— 28
1 2a’ ( )
vz =1—1, =1,. (29)

In Egs. (27)—(29), v, is the cylinder’s velocity in steady
state (mm/s), a is cylinder’s acceleration (mm/sz), t, is
cylinder’s acceleration time (s), /; is cylinder’s accelerated
motion displacement (mm), /, is cylinder’s uniform motion
displacement (mm), #3 is cylinder’s motion time in steady
state (s), [ is cylinder’s stroke (mm).

According to Eq. (24), Eq. (26) and Eq. (27), cylinder’s
acceleration time can be obtained as follows:

1.43 1.71
SPy SPy
3-1mCAP 5\/ (f2+PuS> B (f2+PuS>

,03S(fl +fH+ 2PaS)\/0.4RTS

Hh = (30)
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According to Eq. (24), Eq. (26) and Eq. (28), cylinder’s
displacement in speed-up process can be obtained as
follows:

1.43 1.71
242 p2 SP, SP,
2.4quA P [(f2+Pas) — (fg+PaS> }
0.4(fi +f2 + 2P,S)RT,p3S2

According to Eq. (24), Eq. (29) and Eq. (31), cylinder’s
uniform motion time can be obtained as follows:

1p3S\/04RT,

1.43 L71
SP, SPy
1.55C4APS\/(fz+pas> _(fz+PaS>

1.43 1.71
SP, SPy
1.55quAPs\/ (m) - <fz+PaS)

VOART,(fi +fo + 2P.S)psS

L =

(31)

3 =

4 Combined Simulation Based on Visual
Component and Visual Studio

The processes of cylinder movement combined simulation
based on Visual Component (VC) and Visual Studio (VS)
are as follows:

(1) Set up cylinder model in the simulation module
based on Visual Component, including module
structure, parameter setting, system running and
other steps;

(2) Create a simulation operation interface in Visual
Studio, which contains the input and output of
parameters, cylinder type, and so on, use C#
language programming for the backstage setting;

(3) Import the mathematical model of cylinder move-
ment into the Visual Studio, and run the program
according to the formula in Sect. 3.3;

(4) Output the calculation results of the mathematical
model of the cylinder motion in Visual Studio to
Visual Component so as to realize the combined
simulation of Visual Component and Visual Studio.

Figure 3 is a combined simulation flow chart based on
Visual Component and Visual Studio. Through the inter-
face, air pressure, air inflow, inertia load and cylinder type,
speed, acceleration, displacement and other parameters are
inputted or outputted to realize the interaction with the
cylinder simulation system which contains a variety of
models of cylinders.

Three-dimensional models of cylinder standard partscan
be established with the same size through software Pro/E.
By converting the format using 3Dmax software, the 3D
models of cylinder standard parts are imported and shown

@ Springer
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Figure 3 Flowchart of cylinder combined simulation based on VC
and VS

into the 3D visualization interface based on Visual Com-
ponent software, which is shown in Figure 4.

5 Combined Simulation Result Analysis

In order to verify the reliability of combined simulation
results and the accuracy of mathematical model of cylinder
motion, test platform was constructed and the velocity,
acceleration and movement time were obtained in the
process of actual experiment. Comparative analysis on the
experimental results and simulation results has been carried
out.

5.1 Construction of Test Platform and Collection
of Experimental Results

In the experiment, the cylinder model adopts MY3B16-700
(SMO), throttle value type is SRCT-03, work pressure is
0.6 MPa, and displacement sensors, pressure Sensors,
directional control valve, flow control value, filters, oscil-
lography, air source are used in the test platform [12-16].
The types and precisions of measuring apparatuses are
shown in Table 1. Figure 5 is the experimental model of
cylinder motion.

Figure 4 3D visualization interface based on Visual Component
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In order to ensure the consistency of simulation con-
ditions with the experimental conditions of the cylinder
motion, the parameters of test platformare set in Table 2.
In Table 2, the max static friction force depends on the
size of different cylinders. Different types of cylinders
have different max static friction force. In the purchase of
cylinders, the max static friction force can be obtained
from the product brochures. In this paper, 0.25 N is
obtained from the cylinder parameters in the specification
of cylinder we selected. The sliding friction force has the
direction along the contact surface and opposite to the
direction of relative motion of the cylinder. It was cal-
culated by the formula f, = uF,. Where, F,, is the pressure
on the cylinder piston surface, u is the dynamic frictional
coefficient, which is provided by the cylinder manufac-
turer in the specification.

5.2 Comparison of Experimental Results
and Simulation Results

Table 3 and Table 4 show the comparison result of
experimental data and simulation data. Comparison of
cylinder’s movement time under different intake air is
shown in Table 3. Comparison of cylinder’s movement
time under different displacement is shown in Table 4.
The accuracy of the combined simulation is verified by
comparison with the experimental results and the
cylinder motion simulation resultsbased on dimensional
analysis. Cylinder motion simulation method based on
dimensional analysis uses the principle of dimensional
analysis to get the cylinder dimensionless mathematical
model [17].

Figure 6 is the comparison of cylinder’s movement time
under different intake air. The blue curve, the red curve and
the green curve correspond to the cylinder’s running time
in the testing experiment, the combined simulation running
time and the cylinder’s running time based on dimensional
analysis. The method based on dimensional analysis adopts
dimensional analysis theory to make mathematical model
dimensionless and get a dimensionless model, and the
simulation curve can be obtained by using MATLAB
eventually [18-20].

Table 1 Types and precisions of measuring apparatuses

Measuring apparatus  Type Precision

PSE540A-R06 0.1-1 MPa

Type T thermocouple 1 °C

LK-G500 700 mm, 0.01 mm
NI-6259 -

Pressure sensor
Temperature sensor
Displacement sensor

Data collection

/ Tested cylinder

E / Pressure sensor
_

I' / Flow control valve

Displaceement
sensor

Oscillograph

Directional valve

= Airsource\
A<
o4

Regulator Filter Separator

Figure 5 Experimental model of cylinder motion

Table 2 Parameter setting of cylinder movement test platform

Parameter Value
Displacement //mm 700
Diameter D/mm 16
Sectional area of throttle S/mm?> 1.2
Pressure of gas source P¢/MPa 0.6
Atmospheric pressure P,/MPa 0.101
Load m/kg 2
Static friction fj/N 0.25
Kinetic friction f/N 0.2
Cylinder’s sectional area S/mm? 201
Indoor temperature 7,/ °C 23
Temperature in uniform motion 7,/ °C 31
Thickness of cylinder E/mm 1

Table 3 Comparison of cylinder’s movement time under different
intake air

Experiment Intake air Time t/s
No. I/(mL-s™) : ,
Testing Combined Based on
simulation  dimensional
analysis
1 0.2 15 15.2 11
2 0.5 12 12.2 10
3 1 11 10.8 9
4 2 9 8.8 8
5 3 6 6.2 5.9
6 4 3.9 3.7 3.5
7 5 3 3.2 3
8 6 2.4 2.2 2
9 7 1.8 2 1.8
10 8 1.5 1.6 1.5
11 9 1.2 1.1 1
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Table 4 Comparison of cylinder’s movement time under different
displacement

Experiment  Displacement Time #/s
No. Dp/mm - -
Testing Combined Based on
simulation  dimensional
analysis
1 0 04 0.4 0
2 100 1.21 1.2 1
3 200 3 3.1 2.8
4 300 4 3.9 33
5 400 4.7 4.72 4
6 500 5.4 53 44
7 600 6.1 6.05 5.1
8 700 7 6.95 5.8
16
14 |
12 |-
<10 F
(&)
£ st
[_1
6 |-
4 -
2 B o
1 1 1 1 1 1 1 1 ]

01 2 3 4 5 6 7 8 9
Intake air 1,/ (ml * s™")

Figure 6 Comparison of cylinder’s movement time under different
intake air

Apparently, cylinder’s actual movement time and com-
bined simulation running time fit basically under different
intake air. By calculation, its degree of fitting R* = 0.9846,
which proves thatthe mathematical model of the cylinder
motion combined simulation is very accurate. However,
the impact factors of the cylinder motion characteristics are
not considered, so the cylinder’s simulation time based on
dimensional analysis is significantly shorter than the actual
cylinder operation and combined simulation running time.
Moreover, the smaller intake air amount is, the larger the
difference of the cylinder’s simulation time based on
dimensional analysis and the actual cylinder operation time
is, which means the impact factors have a greater impact
under the condition of smaller intake air amount.

Figure 7 is the comparison of cylinder’s movement time
under different displacement. The blue curve, the red curve
and the green curve correspond to the cylinder’s running
time in the testing experiment, the combined simulation
running time and the cylinder’s running time based on
dimensional analysis. From Figure 7, the start time of
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Figure 7 Comparison of cylinder’s movement time under different
displacement

cylinder simulation based on dimensional analysis is 0 and
there is no reaction time. The actual experiment and
combined simulation both have reaction time, and the
reaction time is about 0.4 s, and the reaction time decreases
with the increase ofthe work pressure. In the subsequent
operation process, cylinder’s running time without con-
sidering aerodynamic is lower than the actual cylinder
movement time and combined simulation running time,
and the time gap continue increasing with the increase of
displacement. This is because the gas viscosity resistance
acts against the cylinder and the heat loss during the
cylinder operation lead to the increase of cylinder move-
ment time [21-27].

From Figure 7, cylinder motion combined simulation
has more accurate results compared with the cylinder’s
simulation based on dimensional analysis, which proves
the effectiveness of the mathematical model of cylinder
movement.

6 Conclusions

(1) A novel, more inclusive mathematical modelling
method on cylinder movement is proposed, which
takes into account not only the friction, the inertia
load on the cylinder motion characteristics, but also
the impact of the gas compressibility, thermal con-
ductivity, energy loss, viscosity and other aerody-
namic and thermodynamic characteristics.

(2) A combined simulation software based on Visual
Component (VC) and Visual Studio (VS) is devel-
oped, which integrated the above mathematical
model, and can run the virtual simulation of cylinder
movement by setting up the input parameters and
can obtain the simulation results about cylinder
movement.

(3) A physical lab testing platform with precision
measuring apparatuses is built, which can measure
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the cylinder’s motion under different loading
conditions.

The real world experimental results on the above
platform show very good agreement with the com-
bined simulation results under different conditions,
with the degree of fitting R = 0.9846, which proves
that the mathematical model of the cylinder move-
ment combined simulation is very accurate.

The real world experimental results and combined
simulation results are compared with the traditional
mathematical model based on dimensional analysis
theory, and it shows that the proposed method is
much more accurate than dimensional analysis
model.

“

)
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