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-is paper presents the dynamic model of heavy-duty concrete spreader with liquid-solid rigid-flexible coupling by means of
mathematical modeling and CAE cosimulation. -e mathematical method of liquid-solid dynamic model of heavy-duty concrete
spreader is described. Based on the liquid-solid coupling system, two degrees of freedom are added to change the model into a
liquid-solid rigid-flexible coupling model, and the calculation process of the model is given in detail. -e results show that,
considering two flexible body factors, the solution scale is relatively large and the complexity of mathematical model derivation is
increased. It is very difficult to establish a general dynamic equation which can be easily solved by computer. -erefore, this paper
presents a new method of CAE cosimulation of liquid-solid rigid-flexible coupling. -is method is divided into two parts: the
computer simulation process of liquid-solid coupling and the computer simulation process of rigid-flexible coupling. First, the
fluid-solid coupling is carried out by COMSOL software, and then the rigid-flexible coupling is carried out by HyperMesh
software, Ansys software, and Adams software. -is method can easily establish the dynamic model of the liquid-solid rigid-
flexible coupling system, which provides a new idea for the simulation of heavy-duty concrete spreader.-e simulation results can
provide valuable insights into product design and structural optimization.

1. Introduction

In recent years, precast concrete members have been de-
veloping rapidly and the heavy-duty concrete spreader is an
important equipment in the production line of precast
concrete components. -e performance of the concrete
spreader will affect the efficiency of the whole production
line. Multispiral heavy-duty concrete spreader has the ad-
vantages of strong adaptability, good operability, high
spreading efficiency, and advanced automation performance
[1–4].

At present, there are few researches on the dynamics of
heavy-duty concrete spreader. In contrast, the similar dy-
namic characteristics of cranes are studied. For example,
Japanese scholar used the Newton-Raphson iterative
method to establish a velocity model to study vibration
effects [5]. American scholar developed a systematic fuzzy

controller to achieve the swing of the wire rope during crane
operation [6]. Sun of Northeastern University conducted a
stability study on the vibration law of the crawler crane
system based on virtual prototype technology [7]. Wang
et al. of Nankai University established the dynamic math-
ematical model of the rotary jib type marine crane by using
the Lagrangian analysis method and verified the accuracy of
the model by simulation test [8].

Modeling the system of heavy-duty concrete spreader is
an important means to study its performance. Because of the
different methods of analysis, there are various methods of
system modeling. Newton’s motion theorem and Lagrange’s
dynamics theory are the most commonly used systems
modeling theories. Newtonian mechanics mainly focus on
the force analysis of a single particle, while the concrete
spreader system is relatively complex, so it is difficult to
establish an accurate mathematical model with Newton’s
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motion theorem. Lagrange’s equation is based on the analysis
of the energy in the working process of the heavy-duty
concrete spreader. Considering the whole kinetic energy and
gravity potential energy of the system, by establishing the
energy function of the system, the nonbinding dynamic
equation is established for the horizontal and vertical motion
of the spreader. -e system model established by Euler-
Lagrange equation fully reflects the dynamic structure of the
heavy-duty concrete spreader, which is simpler than New-
ton’s motion theorem, and lays a foundation for further
research on the performance and control of the heavy-duty
concrete spreader. But, for the heavy-duty concrete spreader
system, the dynamic model established by Euler-Lagrange
equation is also very complex.

In recent years, in the field of mechanical manufacturing,
the maturity and perfection of CAE simulation technology
have led the development of modern manufacturing tech-
nology to a higher level. -e development of digital de-
velopment in virtual environment can not only optimize the
design of structure but also complete simulation experi-
ments [9, 10]. It even replaces experiments that are difficult
to be accomplished through physical experiments and re-
alizes the virtual manufacturing of mechanical products
[11–13]. -e model of the product is built by CAD/CAE
simulation, and the simulation analysis is carried out for
various working conditions before it is put into use, so as to
improve the design of the product and improve the per-
formance of the product.

2. The Structure Characteristics and
Working Principle

-emain function of concrete spreader is to homogenize the
concrete through the dispersing device and uniformly
output the concrete into the mold [14–16]. -e structure is
shown in Figure 1.

-e cart is driven by two motors by gear rack device and
can walk along the frame in the Y direction, and the parallel
track on the cart serves as the route for the trolley. -e
walking trolley is driven by amotor by gear rack device along
the track in the X direction. -e dispersing device is used to
carry concrete and implement the spreading process. It is
mainly composed of a funnel-type feeder, a casing, a con-
crete conveying device, a scatter device, a pneumatic gate, a
bottom plate, and a weighting sensor, as shown in Figure 2.

According to the spreading mode, the concrete con-
veying device can be divided into spiral conveying and
spider shaft conveying. -e working process of the spreader
is as follows: the lubrication device is enabled before starting
the concrete spreader to ensure that the oil can continuously
lubricate the spiral shaft. -en, the concrete feeder is moved
to the feeding position to receive the concrete. -e cart and
trolley are moved to the desired spreading area using remote
controller. Open the pneumatic gates, the number of which
is calculated according to the required spreading width. At
the same time, the conveying motors are started, and the
concrete is slowly pushed out of the dispersing device by the
spirals. -e cart and trolley are moved again to complete the
spreading work in all areas. When all the precast

components are completed, the concrete spreader will be
moved to the cleaning position, and then all the gates and the
bottom plate are opened, and the residual concrete inside the
spreader is cleaned with a high-pressure water gun for the
next round of work [17–19].

It can be seen that the concrete spreader system is a
nonlinear underactuated system with fewer input variables
than output variables. In addition, the complexity of its
working environment, as well as the influence of uncertain
factors such as external wind, air resistance, and friction
resistance between the trolley and the guide rail, makes the
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Figure 1: -e structure of concrete spreader.
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Figure 2: -e dispersing device.
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trolley show serious time-varying and nonlinear charac-
teristics in the working process. -erefore, it is not easy to
build an accurate model. For the convenience of modeling,
the following assumptions and requirements are given: -e
quality of the cart is much smaller than that of the trolley,
dispersing device, and load, which can be neglected. Cart
and loaded dispersing device can be treated as particles when
modeling. -e friction of the connecting parts of the con-
crete spreader is neglected.

3. Dynamic Model of Heavy-Duty
Concrete Spreader

-e Lagrangian method provides a powerful analysis tool for
multivariable, multiconstrained, strongly coupled dynamic
systems.

4. Modeling Method of Dynamic Model for
Liquid-Solid Multibody System of Spreader

Figure 3 is the system model of the concrete spreader,
wherein xM, yM, and zM represent the centroid coordinates of
the trolley, and xm, ym, and zm represent the centroid co-
ordinates of the loaded dispersing device. -e load in the
spreader is concrete. During the movement of the trolley, the
concrete will sway, which will cause the change of the
centroid position of the loaded dispersing device.M denotes
the mass of the trolley, m denotes the mass of the loaded
dispersing device, and l denotes the distance between the
centroid coordinates of the loaded dispersing device and the
centroid coordinates of the trolley. θx denotes the angle
between the Z-axis and the line that is projected on the XZ
plane through connecting the center of mass of the loaded
dispersing device and the center of mass of the trolley. θy
denotes the angle between the line connecting the center of
mass of the loaded dispersing device and the center of mass
of the trolley and the XZ plane. fx and fy are the horizontal
driving forces of X-axis and Y-axis, respectively.

-e process of establishing the dynamic model is as
follows.

-e trolley’s centroid coordinates can be expressed by
the following formula:

xM � x,

yM � y,

zM � 0.

⎧⎪⎪⎨

⎪⎪⎩
(1)

Similarly, the centroid coordinates of the loaded dis-
persing device can be expressed as

xm � x + l sin θx cos θy,

ym � y + l sin θy,

zm � −l cos θx cos θy.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(2)

-e velocity components of the trolley on the axle of X,
Y, and Z can be expressed as follows by derivation of formula
(1):

_xM � _x,

_yM � _y,

_zM � 0.

⎧⎪⎪⎨

⎪⎪⎩
(3)

Similarly, the velocity components of the loaded dis-
persing device on X-axis, Y-axis, and Z-axis can be expressed
as follows:

_xm � _x + _l sin θx cos θy + l _θx cos θx cos θy − l _θy sin θx sin θx sin θy,

_ym � _y + _l sin θy + l _θy cos θy,

_zm � − _l cos θx cos θy + l _θx sin θx cos θy + l _θy cos θx sin θy.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(4)

-en the kinetic energy of the system is the sum of the
kinetic energy of the cart and the kinetic energy of the loaded
dispersing device:

T �
1
2

Mv
2
M +

1
2

mv
2
m �

1
2

M _x
2
M + _y

2
m + _z

2
M 

+
1
2

m _x
2
M + _y

2
m + _z

2
M .

(5)

Z

O

(xM, yM, zM) 

(xm, ym, zm) 

fy

fx

θx

θy

mg

θ
I

Y

X

Figure 3: -e system model of the concrete spreader.
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-e lowest point of centroid coordinates during the
operation of the loaded dispersing device is used as the
relative zero potential reference point of the system. -e
potential energy of the system can be expressed as follows:

V � mgl − mgl cos θx cos θy. (6)

-en the Lagrangian function of the system is

L � T − V
1
2

M _x
2

+ _y
2

  +
1
2

m

_x
2

+ _y
2

+ _l
2

− 2 _x _θyl sin θx sin θy+

2 _x _θxl cos θx cos θy2 _x _l sin θx cos θy + 2 _y _l sin _θy + 2l _y _θy cos θy+

_θ
2
xl

2cos2θy + _θ
2
yl

2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

+ mgl cos θx cos θy − 1 .

(7)

Let the generalized coordinates of the system be
q � (x, y, l, θx, θy)T. From the standard Euler-Lagrange
equation of mechanical system:

d
dt

zL(q, _q)

z _q
  −

zL(q, _q)

zq
  � Qj (j � 1, 2, . . . k). (8)

-e dynamic model of the moving mechanism of the
heavy-duty concrete spreader is obtained as follows:

(M + m)€x + ml cos θx cos θy
€θx − ml sin θx sin θy

€θy + m sin θx cos θy
€I+

Bx _x + 2m cos θx cos θy
_l _θx − 2m sin θx sin θy

_l _θy − ml sin θx cos θy
_θ
2
x−

2ml cos θx sin θy
_θx

_θy − ml sin θx cos θy
_θ
2
y � fx,

(M + m)€y + ml cos θy
€θy + m sin θy

€I + By _y + 2m cos θy
_l _θy − ml sin θy

_θ
2
y � fy,

m€I + m sin θx cos θy€x + m sin θy€y + Bl
_l − mlcos2θy

_θ
2
x − mg cos θx cos θy − ml _θ

2
y � 0,

ml
2cos2θy

€θx + ml cos θx cos θy€x − 2ml
2 sin θy cos θy

_θx
_θy + 2mlcos2θy

_l _θx + mgl sin θx cos θy � 0,

ml
2€θy + ml cos θy€y − ml sin θx sin θy€x + ml

2 cos θy sin θy
_θ
2
x + 2ml _l _θy+

mgl cos θx sin θy � 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

5. Modeling Method of Dynamic Model for
Liquid-Solid Rigid-Flexible Multibody
System of Spreader

When considering the beams of the cart as a flexible body, it
can be simplified to add two degrees of freedom to the
generalized coordinates of rigid system. -ey are the dis-
placement amount zM of the trolley in the vertical direction
and the rotation angle θM of the trolley along the X-axis. r is
the length of the beam of the trolley. k is the stiffness co-
efficient of the beam of the cart, and k is a variable whose
magnitude is related to the position of the flexible beam. J is
the moment of inertia along the X-axis of the cart and the
loaded dispersing device. -e system dynamics model is
established as follows.

-e trolley’s centroid coordinates can be expressed by
the following formula:

xM � x,

yM � y,

zM � z,

θM � 0.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(10)

Similarly, the centroid coordinates of the loaded dis-
persing device can be expressed as

xM � x + l sin θy cos θy,

yM � y + l sin θy,

zM � z − l cos θx cos θy.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(11)
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-e velocity components of the trolley on the axle of X,
Y, and Z can be expressed as follows by derivation of formula
(10):

_xM � _x,

_yM � _y,

_zM � _z,

_θM � _θ.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(12)

Similarly, the velocity components of the loaded dis-
persing device on X-axis, Y-axis, and Z-axis can be expressed
as follows:

_xm � _x + l sin θx cos θy + lθx cos θx cos θy − lθy sin θx sin θy,

_ym � _y + _l sin θy + l _θy cos θy,

_zm � _z − _l cos θx cos θy + l _θx sin θx cos θy + l _θy cos θx sin θy.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(13)

-en, the kinetic energy of the system is the sum of the
kinetic energy of the trolley and the kinetic energy of the
loaded dispersing device:
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+
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2
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(14)

-e potential energy of the system can be expressed as
follows:

V � mgl +
1
2

kz
2

+(M + m)gz − mgl cos θxθy, (15)

where k is the stiffness coefficient of the flexible beam, and
the expression is

k �
3EIr

x
2
(r − x)

2. (16)

-e potential energy of the system is obtained by in-
troducing (16) into (15):
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3EIrz

2
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2
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-en, the Lagrangian function of the system is
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Let the generalized coordinates of the system with two
degrees of freedom be added. From the standard Euler-
Lagrange equation of mechanical system of formula (8), the
dynamic model of liquid-solid rigid-flexible coupling mul-
tibody system of heavy-duty concrete spreader can be ob-
tained. From the Lagrange function (18), the solution is very
complicated. -erefore, it is not listed here.

It can be seen from the process of establishing the dy-
namic model that, due to the consideration of two soft body
factors, a coupling motion occurs between the rigid motion
and the elastic deformation of the flexible body. It increases
the complexity of mathematical model derivation, and the
solution scale is relatively large. It is very difficult to establish
a more versatile equation of motion with more degrees of
freedom and computer-solving.

In this paper, a computer simulation method of liquid-
solid rigid-flexible coupling loaded concrete spreader is
presented, which combines several kinds of software. It
makes dynamics simulation very convenient and plays an
important role in the research. -e simulation results can
provide reference for product design and structural
optimization.

6. CAE Cosimulation of Liquid-Solid Rigid-
Flexible Multibody System

In order to accurately obtain the dynamic model of heavy-
duty concrete spreader, it is necessary to consider the liquid-
solid coupling between concrete and dispersing device
motion and the rigid-flexible coupling between the defor-
mation of the flexible part of the beam and the rigid body of
other parts. -erefore, the whole system is a liquid-solid
rigid-flexible coupling system. -e method is to first use
SolidWorks software to model, use COMSOL software for
liquid-solid coupling, and then use HyperMesh software,
Ansys software, and Adams software for rigid-flexible
coupling. -e specific process is shown in Figure 4.

-e comprehensive application of CAD/CAE software
aims at giving full play to the advantages of each software
and avoiding its shortcomings. -us, the whole process of
software geometry modeling, meshing, analysis, and result
processing is high-speed, efficient, clear, error-prone, and
easy to operate and modify. SolidWorks software, COMSOL
software, HyperMesh software, Ansys software, and Adams
software have good integration effects, making data inter-
action more convenient and accurate, so they were chosen.
Applying them to the design process of the machine can
quickly and intuitively and accurately discover the problems
in the design and optimize the design structure. It can be
seen that data interaction plays an important role in the
comprehensive application of software.

7. Liquid-Solid Coupling Process

At present, the study of liquid-solid coupling is important
and universal [20, 21]. COMSOL Multiphysics coupling
simulation software based on differential control equation
can simulate the movement of the free surface of the con-
crete inside the machine during the movement [22], and

through the visualization of the postprocessing results, the
crest and trough of liquid and the pressure distribution in
the fluid are faithfully reflected. -e specific process is as
follows.

Modeling: Model the spreader using SolidWorks soft-
ware and import it into COMSOL software. It should be
noted that the imported model cannot be directly analyzed,
and the model needs to be modified and simplified [23, 24].

Boundary conditions: add gravity, reference pressure,
and pressure constraint points, and set the initial liquid level
and open boundary, and the other boundaries are set to fixed
wall surfaces.

Initial conditions: the material library is used to give
physical parameters corresponding to air and concrete. -e
density of the concrete is 2400 kg/m3, and the viscosity of the
concrete is 20 P·s. -e viscosity can be obtained by the L-box
experiment and the slumping area test method, as shown in
Figures 5 and 6.

Assuming that the trolleymoves in the direction ofX, the
fluid in the dispersing device moves with the dispersing
device. Because of inertia, the liquid level of fluid will be left
low and right high. It corresponds to the velocity of the fluid
in the opposite direction to the movement of the dispersing
device. Based on this relative simulation method, the initial
velocity in the X direction of the concrete is −0.4m/s, which
is used to simulate the motion of the dispersing device.

Meshing: COMSOL comes with a meshing tool. -is
model uses a free triangle mesh. In order to better simulate
the free surface change, select the refinement function, click
on the initial liquid level boundary, and change the number
of refinements to 3.

Results and treatment: Figure 7 shows the distribution of
the fluid in motion. It can be seen that assigning a negative X
direction velocity to the fluid, that is, the velocity of the
dispersing device moving to the left, which will cause the
phenomenon of low left and high right on the free liquid
surface due to inertia, and the fluid will fluctuate in the
domain, over time, this fluctuation will gradually weaken. It
is found that when t� 0.5 s, the fluctuation of liquid level
reaches its maximum value, and when t� 2.5 s, the fluctu-
ation of liquid level tends to flatten obviously.

To determine the maximum value of the peak, an ob-
servation section that is parallel to theXZ plane can be added
to the model. As shown in Figure 8, the distance between the
peak and the initial liquid level can be calculated.

Using COMSOL software, the pressure contours at
different time can be obtained, and the change with the
liquid level can be observed.-e pressure distribution can be
loaded into Adams software for dynamic simulation
analysis.

8. Rigid-Flexible Coupling Process

-e principle of establishing rigid-flexible coupling model is
to generate flexible parts for slender members with small
stiffness, while, for parts with larger stiffness, rigid body
model is used [25]. -erefore, the rigid-flexible coupled
multibody dynamic model analyzed in this paper only deals
with two beams of the cart, while the other parts are rigid
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bodies, as shown in Figure 9. In addition, the elastic de-
formation of slender body has a significant impact on the
output response of the system. If it is simplified as a rigid

body, the actual result of parameter identification will have a
larger error. -erefore, the coupling dynamics simulation of
rigid and flexible bodies is closer to the real situation
[26–29]. Adams/Flex module in Adams software has two
ways to acquire flexible members, one of which is to acquire
the modal of components by means of finite element soft-
ware. We use Ansys software to discretize the finite element,
extract the modal of the flexible member, and convert the
result into a modal neutral file that Adams software can
recognize and then import it into Adams software for dy-
namic analysis.

When the finite element is discretized for the beam, the
flexible beam is composed of I-beam+ guide + rack, and the
elongated structure and fine-tooth structure increase the
complexity of the grid. -e quality of the grid drawn by the
Ansys software automatic drawing grid function is difficult
to meet the requirements. In order to ensure the stability and
accuracy of the results, HyperMesh software should be used
to mesh complex three-dimensional entities. In order to
ensure the accuracy and speed of calculation, all meshes are
hexahedral meshes, as shown in Figure 10.

Import the partitioned grid into Ansys software, and
remember the node number of quality unit. -e flexible
body is placed in the original position of the original Sol-
idWorks software inertial coordinate system, and con-
straints and forces are exerted between the flexible body and
the parts. By setting the node of mass element on the end
face of each beam as the mark point of Adams, it is con-
nected with other rigid body parts.

�e 3D solid model of the machine by solid works 

Rigid body Flexible body with
simple structure

Flexible bodies with
complex structures

Assembling in
adams Hypermesh part

Add motion
pair 

Add motion and
load

Setting
parameters

Simulation
analysis

Define unit type

Define material
properties

Meshing

Defining rigid
areas

Output MNF file

Define unit type

Define material
properties

Meshing

Simplify the model

Add boundary
conditions

Add initial
conditions

Meshing

Results and
processing

Extract data

COMSOL model Ansys parts
model

Figure 4: CAE cosimulation flow chart of liquid-solid rigid-flexible coupled multibody system.

Figure 5: L-box experiment.

Figure 6: Slumping area experiment.
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In addition, materials need to be set in Ansys software:
material: Q235, elastic modulus: 212E+009 Pa, Poisson’s
ratio: 0.28, density: 7850 kg/m3, solid unit: solid185 high-
order unit, and mass unit: mass21.

Afterwards, components and motion pairs are set up in
Adams software: -e dispersing device is the integral part 1;
the frame of the trolley is the integral part 2; the four wheels
of the trolley are parts 3–6; the frame of the cart is divided
into two flexible beams and two supporting steel beams,
which are parts 7–9; the four wheels of the cart are parts
10–13; the three servo motors are parts 15–17; the three
motor gear shafts are parts 18–20; and the frame is part 21.
Standard gravity acceleration is added to each part. At the

same time, the wheel and guide rail are restrained by contact
body. Gear shaft and frame adopt rotating pair. Gears and
racks are constrained by contact bodies. -e rest of the
stationary components and the ground are fixed. Figure 11 is
the Adams model of heavy-duty concrete spreader.

After the model is created, as well as in the process of
creating the model, the motion simulation of the model can
be carried out, and the performance test can be carried out to
verify the correctness of the design scheme. In the simulation
process of the model, the motion characteristics of the
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Figure 11: Adams model of heavy-duty concrete spreader.
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model, such as distance, speed, and other motion param-
eters, are calculated automatically. In postprocessing envi-
ronment, this information can be clearly reproduced by
using charts. In addition, the measurement target can be
customized. In the simulation process, the stress and de-
formation of each point of the flexible beam can be easily
obtained. Driving force of motor can be calculated and
expressed by curve; and the measuring curve shows the
change of the measuring object intuitively. In order to
compare different design schemes, design points and vari-
ables can be defined to parameterize the model. -e optimal
design variables can be obtained by iterative simulation with
different values of design variables.

In addition, vibration module of Adams can also be used
for vibration simulation analysis, and the natural frequen-
cies, main modes, and frequency response curves of the
system can be obtained [30–34]. For example, Figure 12
shows the modal distribution of heavy-duty concrete
spreader, Figure 13 shows the frequency response of the
centroid of the dispersing device, Figure 14 shows the
vertical acceleration power spectral density curve of the
centroid of the spreader, and Figure 15 shows the modal

participation factor curve. -e virtual detection vibration is
convenient to replace the complicated detection process in
the actual vibration research, thereby avoiding the drawback
that the actual detection can only be carried out in the later
stage of the design and is expensive. -erefore, CAE cosi-
mulation can shorten the development cycle and reduce the
design cost.

9. Conclusions

In this paper, the mathematical method of the liquid-solid
coupling dynamics model of heavy-duty concrete spreader is
established by using the Euler-Lagrange equation. On this
basis, the modeling method from liquid-solid coupling
dynamics model to liquid-solid rigid-flexible coupling
model is proposed.-e calculation and derivation process of
dynamic model is given in detail, which provides a new idea
for mathematical modeling of similar equipment.

CAE cosimulation method for heavy-duty concrete
spreader based on liquid-solid rigid-flexible coupling is
proposed. Compared with mathematical modeling methods,
CAE cosimulation method is simple to model and provides
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an effective reference for studying the structural design and
performance optimization of other similar mechanical
products.

In the CAE cosimulation process of heavy-duty concrete
spreader, the vibration module of Adams can be used to
analyze the vibration, and the natural frequency, modal
main vibration mode, and frequency response curve of the
system are obtained, shortening the development cycle and
reducing the design cost.
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