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Abstract. In order to realize the real-time monitoring of the grain condition, grain condition information should
be collected during storage operations. A drill-in granary grain condition detector which can drill into a grain pile
in a granary is proposed. The kinematic models of four Archimedes screw mechanisms were established, and
the motion characteristics of grain particles in spiral grooves were described. Several groups of single variable
simulation experiments are designed to discuss the important factors affecting the motion performance of the
detector. Based on a discrete element method with multi-body dynamics (DEM-MBD) simulation calculation,
the force and velocity change images of grain particles were obtained to verify the feasibility of the scheme.
The steering function of the detector is verified by simulation, and the relationship between the steering radius
and the screw rotation speed difference is analyzed. The results show that the drill-in granary grain condition
detector can move forward and turn when it is immersed in the grain pile. It has the characteristics of excellent
flexibility and a high degree of freedom. It compensates for the current situation in which robots cannot go deep
inside the grain pile and complete the steering.

1 Introduction

In the grain storage industry, it is critical to monitor real-
time information about the grain storage conditions and grain
quality. In view of the current monitoring methods of grain
storage information, this paper presents a kind of drill-in gra-
nary grain condition detector. It is equipped with temper-
ature, CO2, and humidity sensors. It can obtain the infor-
mation of the grain condition by entering the grain pile. It
solves the inconvenience caused by the current granary lay-
out sensor. In the case of insufficient granary automation, its
research is particularly important.

This paper mainly studies the kinematic analysis of the
drill-in granary grain condition detector after it enters grain
pile. The drill-in granary grain condition detector can com-
plete the walking movement in the grain pile. It is mainly
composed of four independent Archimedes screws evenly
distributed around the shell, and the middle also has the

Archimedes spiral mechanism. They are connected together
by an oval shell and belong to a screw propulsion vehicle. It
is powered by the rotation of the screws that are evenly dis-
tributed around the shell. It completes the forward movement
and the steering movement in the heap through the coordina-
tion of the screw. With the middle Archimedes spiral mecha-
nism and the inner wall of the shell, a screw transport mech-
anism is formed to complete the backward transport of grain
to reduce movement resistance. Using the screw mechanism
has the advantage of walking on a soft road, and sensors can
be mounted on the spiral propulsion mechanism to detect the
temperature, humidity, and carbon dioxide in each position
of the granary, so as to realize the monitoring of the grain
situation.

The innovation of the drill-in granary grain condition de-
tector lies in a new screw propulsion vehicle model. It con-
sists of a shell as the main body, four axes parallel to each
screw, and the middle of the screw transport mechanism. Its
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four screws and the middle of the screw transport mechanism
are independent of each other, respectively, and are driven by
their respective motors. The axes of its four screws are paral-
lel to each other. The spiral of two adjacent screws are in op-
posite directions. This design makes it stable and flexible in
motion. It can complete the forward movement along the axis
of the shell in the three-dimensional space of the grain stack
and can complete the multi-directional steering movement in
the case of drilling into the grain stack. It can inspect ev-
ery sampling point in the granary. Unlike a traditional robot
that moves on a grain surface, it has fewer restrictions on its
movement in space. It has the advantages of dexterity, a high
degree of freedom, and strong adaptability.

The structure of this article is as follows. Section 2 intro-
duces the research significance and related background of the
drill-in granary grain condition detector and extends the pur-
pose of this research. Section 3 introduces the overall design
of the drill-in granary grain condition detector and the work-
ing principle of key components and is illustrated in the fig-
ures. Section 4 continues the theoretical calculation analysis
of the key technology in this design. The kinematic analy-
sis of the screw in the discrete environment in the granary is
completed, and the steering kinematic analysis of the device
is carried out. The influence of different parameters of the
key components on the overall motion state of the device is
discussed. Based on a discrete element method with multi-
body dynamics (DEM-MBD) simulation analysis, the whole
device was taken as the analysis object to solve the kinemat-
ics image in the three-dimensional space of the granary. The
kinematics law of the whole device under the influence of
different factors is obtained. Section 5 is the conclusion.

2 Related work

Grain condition monitoring is of great significance to the
grain storage industry. Surveys show that most developing
countries in the world lose between 20 % and 40 % of their
crops in legumes and cereals after harvest (Brown et al.,
2013; Magan and Aldred, 2007; Manandhar et al., 2018;
Olorunfemi and Kayode, 2021). The quantity of loss during
storage accounted for about 55 % of the total loss (Banga
et al., 2018; Gitonga et al., 2013; Kumar and Kalita, 2017;
Liu et al., 2017). In grain storage, grain mildew and insect
pests are important reasons for grain quality decline, which
not only cause a lot of economic losses but also have an im-
pact on national food security (Feinstein, 1969; Abramson et
al., 2005; Duan et al., 2019; Ramachandran, 2022).

The higher temperature and moisture content of the grain
can provide favorable conditions for mildew, insect pests,
and heat from the grain itself. In turn, mildew, heat, and in-
sect infestation of grain can change the concentration of CO2,
humidity, and temperature inside the grain stacks (Maier et
al., 2010; Mannaa and Kim, 2018; Schmidt et al., 2016;
Ziegler et al., 2021). Therefore, these physical and chemi-

cal parameters will be used to control and monitor the qual-
ity of grain. At present, temperature sensors, humidity sen-
sors, and CO2 concentration sensors are commonly used for
grain situation monitoring in granaries. Thermocouple and
integrated silicon (digital) sensors are the most commonly
used temperature sensors for grain storage in the market (Lu,
2011; Neethirajan et al., 2008; Wang et al., 2013). Thermo-
couple and digital temperature sensors are made of cables for
warehouse installation and can be used for grain temperature
monitoring. As grain is a poor heat conductor, a large number
of temperature sensors are needed to be evenly and reason-
ably arranged in the granary. Different from humidity sensors
and CO2 concentration sensors, only a small number of tem-
perature sensors can complete the corresponding information
collection. The reason is that air circulates through the grain
stacks (Gonzales et al., 2009; Neethirajan et al., 2010; Singh
and Fielke, 2017).

When using the layered arrangement of multiple sensors
(Onibonoje et al., 2019; Qi and Li, 2012; Wu et al., 2021;
Yu et al., 2011), it is sufficient to use the cylinder used in
household granaries or transportation, but it will have many
shortcomings if it is used in large warehouse. In developing
countries, the automation degree of large granaries is low,
and the technology of grain information collection systems
is backward, which makes it is difficult to meet the require-
ments of storage enterprises (Deichmann et al., 2016; Henny
and Stamm, 1981; Lutful et al., 2013). Rather than system-
atically replacing or modifying the monitoring and control
system, the addition of automated equipment in the ware-
house makes it more acceptable for storage enterprises. The
low degree of automation of grain in and out of large ware-
house also hinders the hierarchical arrangement of sensors in
the grain situation monitoring system (Newman, 1987) be-
cause the distribution of sensors may interfere in the in-and-
out movement of grain. The drill-in granary grain condition
detector can supplement the deficiency of modern grain con-
dition monitoring and control systems. It is equipped with
a corresponding sensor with high flexibility and a high de-
gree of freedom characteristics and can accurately obtain the
grain situation information of each position in the granary. It
can be recycled after performing the task of detecting the
grain condition, thereby avoiding conflict and interference
with other granary operations. Therefore, the drill-in granary
grain condition detector is of great significance for grain con-
dition monitoring and control.

In order to meet the application requirements of the drill-in
granary grain condition detector, it has become a prerequisite
to develop the walking device in a grain pile with the perfor-
mance meeting the requirements. It not only meets the needs
of modern grain situation monitoring but also the national
conditions of developing countries aiming to reduce trans-
formation costs. Some scholars or scientific research institu-
tions have carried out research on the walking mechanism in
a granary or in other discrete material environment, which
can provide us with some new ideas.
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Safar et al. (2019) designed a helical wheel-type omni-
directional mobile walking mechanism. It is composed of
four spiral wheels with axes in the same plane. The direc-
tion of each spiral wheel is adjusted by a separate steer-
ing gear, which has certain flexibility and different traction
performance on different surfaces and in different wheel di-
rections. The screw-driven rover on soft terrain was stud-
ied by Nagaoka et al. (2010b). A new double Archimedes
rod-driven rover was introduced. Based on the mathemati-
cal modeling of the Archimedes rod-driven mechanism walk-
ing on soil, a three-dimensional kinematic model and a dy-
namic model were established, which were verified by sim-
ulation analysis. The maneuverability was also studied. The
motion trajectory was empirically analyzed by independently
inputting different screw angular velocities (Nagaoka et al.,
2010a). Green et al. (2021) developed a new spiral-propelled
digging rover called Casper. Casper is mainly composed of
four Archimedes screws. The two screws in the front can be
used as a moving mechanism and can also be used to loosen
discrete particles. It facilitates the rear ramp mechanism to
shovel into the collection bin. The influence of different fac-
tors on mining speed, power consumption, and speed are
mainly studied. Thoesen et al. (2020, 2018) and Eimanis and
Auzins (2019) studied the changes in thrust generated by he-
lical propulsion mechanism at different pitch and speed in
granular media through experiments and simulation calcula-
tions and further proposed the feasibility of helical drive ve-
hicle moving in discrete environment, which was verified by
a DEM-MBD simulation. Darbois Texier et al. (2017) stud-
ied the relationship between the dynamics of helical mech-
anisms in granular media and the spiral speed and its ge-
ometric parameters. Li et al. (2021) proposed a method to
study the motion characteristics of flexible plates in granu-
lar media. The specific structure of its model was a two-fin
robot, and a flexible fin with an origami structure was pro-
posed to improve its compliance in particle motion. Based
on granular resistive force theory (RTF), the characteristics
of motion, deformation, and propulsion force of the two-fin
robot were analyzed. Pan et al. (2021) studied the motion and
force of spherical objects intruding into granular media and
proposed the concepts of dynamic buoyancy of particles and
the Saffman lift of particles.

The above research provides many new ideas for the re-
search of the drill-in granary grain condition detector, but
many of the existing screw-propelled vehicles (SPVs) are ap-
plied to the surface of granular medium stacks. It cannot meet
the needs of information detection in granaries. The research
of other flexible structure walking mechanisms is still in the
initial stages of theory, and it will take a long time to apply it
to grain information detection.

To sum up, it is necessary to monitor the grain situation
of large warehouse, and the research of the drill-in granary
grain condition detector is one of the ways to solve the dif-
ficulty of monitoring information of a large warehouse. At
present, the research of the SPVs in a discrete environment

Figure 1. Schematic diagram of motion direction of detector.

provides a theoretical basis for the drill-in granary grain con-
dition detector.

3 Structure of the drill-in granary grain condition
detector

The main grains stored in granaries are wheat, rice, soybeans,
and corn, and the bulk grains are stored in a large warehouse.
The screw drive is one of the most efficient ways to drive on
such a soft surface composed of particulate matter (Knight
et al., 1965). When the two axes are parallel to each other
and in the same plane, then the screw can drive the vehicle to
complete forward, backward, and turning movements on the
surface of the grain pile. The opposite direction of the two
screws is conducive to the overall torque balance when the
vehicle is running. It is also feasible to design four screws
to drive the vehicle to complete the movement and steering
in the three-dimensional working space inside the grain pile.
If the vehicle can complete the movement in the grain pile,
then it can try to carry sensors to detect the grain situation.
Figure 1 shows the movement mode of the drill-in granary
grain condition detector (hereinafter referred to as a detector)
in the granary after it is inserted into the grain pile.

The detector works by going deep into a pile of grain and
being propelled by four screws that rotate at the same speed.
The four screws rotate in the same direction as the spiral.
The four screw axes of the detector are parallel to each other,
and the spiral directions of the two adjacent screws are dif-
ferent. The differential steering of the detector in the grain
pile is realized by using the rotational speed difference in
two pairs of the screws. A screw transport drum at the center
of the detector delivers grain to the rear of the detector to re-
duce forward resistance and to rotate in the same direction as
its screw. It has four spiral blades that form enclosed spaces
with the inner shell. It is conducive to improving the trans-
port efficiency and motion stability. The whole device has a
total of five rotational pairs, and each rotational pair of the
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transmission system is independent of each other. Each spi-
ral mechanism is driven by a motor to make the whole more
flexible, and the direction of rotation of each spiral mecha-
nism is always consistent with its spiral direction. The shape
of the detector shell is similar to an oval shape, which facil-
itates steering. Its overall structure and internal transmission
diagram are shown in Fig. 2.

3.1 Geometric parameters of the screw

The screw is the core component that drives the motion of the
detector. It is composed of two shapes of the screw, where
one is composed of a cylindrical drum and spiral blade, and
the other is composed of an olive-shaped drum and spiral
blade. The olive-shaped drum is located at the front of the
screw. It reduces the resistance of the detector when it moves
forward and turns. Helical blades have a certain height to
provide adequate traction and can be designed to be single or
multiple. The structure of a single screw is shown in Fig. 3.

When the detector moves inside the grain pile, the spiral
blade can segment the grain. The higher the spiral blade, the
thicker the grain layer cut, and the greater the torque required
by the screw will be. The ratio of the spiral blade height to
drum diameter is α, as follows:

α =
h

D
, (1)

where D is the diameter of the screw drum, and h is the
height of the spiral blade. When the α value is close to 0.125,
the driving performance of the mechanism is better than that
of the α value 0.167 and 0.208 (Neumeyer and Jones, 1965).
Considering that the detector will need a greater propulsion
force to overcome the resistance after entering the grain pile,
α = 0.214, which is greater than 0.125.

The expression of the relation between the helix angle and
pitch on the drum is as follows:{
P = π (r + r1) tanη
r = r1+h

, (2)

where P is the pitch, h is the height of the spiral blade, η is
the helix angle, and r is the radius of the drum. According
to Cole and Sch’s (1961) research, the helix angle with the
best energy-saving effect and performance is 30◦. Since the
mechanism is embedded in the grain pile, the value of η is
30◦, considering the propulsion rate of the detector. To sum
up, the key parameters of the screw are shown in Table 1.

3.2 Screw transport drum

The main structure of the screw transport drum is also com-
posed of a hollow drum and spiral blade, and its structural
design is shown in Fig. 4.

The hollow internal structure of the screw transport drum
can accommodate the battery, motor, and internal meshing
gear mechanism. The whole drum runs through an axis part.

Table 1. Key parameters of the screw.

Parameter Values Unit

h 15 mm
n 4
r 35 mm
η 30 ◦

P 154 mm

Its two ends are connected by bearings, and the rotation of the
spiral transport mechanism is realized by an internal mesh-
ing gear transmission. It is also designed with four spirals
to maintain the high efficiency of the transport. The height of
the spiral blade is almost close to the inner shell, which forms
a closed space for the grain and improves the transportation
efficiency of the grain. After the detector moves deep into the
grain pile, the screw transport drum keeps rotating. It trans-
ports incoming grain to the rear of the detector by means of
a screw transport, thus reducing the drag of the detector’s
propulsion.

3.3 Analysis on model to maneuvers

As shown in Fig. 1, the motion states of the detector in-
clude moving forward and steering along the axis of the over-
all mechanism. The maintenance and transformation of the
two motion states are coordinated by the rotation of four
screws. Each screw receives a different axial force and lat-
eral force at different speeds. The different rotation differ-
ence between the screws makes the whole mechanism have
different force conditions. As shown in Fig. 5, the two screws
in each view are a group. When the four screws rotate at
an equal rotation speed, they receive the same magnitude
and direction of the axial force. The lateral force is equal
and opposite in magnitude, so the detector keeps steady
progress. When |ω1| = |ω2|> |ω3| = |ω4|, the traction force
of the two groups of the screws is not the same. The trac-
tion relationship is Fx1 = Fx2 > Fx3 = Fx4, and the detec-
tor will turn around the y axis in the negative direction of
the z axis. When |ω1| = |ω2|< |ω3| = |ω4|, the traction re-
lationship is Fx1 = Fx2 < Fx3 = Fx4. The mechanism will
be turned about the y axis in the positive direction of the
z axis. When |ω1| = |ω3|> |ω2| = |ω4|, the traction force of
the two groups of the screws is not the same. The traction
relationship is Fx1 = Fx3 > Fx2 = Fx4, an the detector will
be turned in the positive direction of the y axis around the z
axis. When |ω1| = |ω3|< |ω2| = |ω4|, the traction relation-
ship is Fx1 = Fx3 < Fx2 = Fx4. The detector will then turn
around the z axis in the negative direction of the y axis.

The blades of the screw transport drum located in the mid-
dle of the detector form a closed space with the inner shell
(for grain size). Its screw transport drum is limited to trans-
ferring grain in front of the detector. Its screw transport drum
does not exert an obvious force influence on the change in
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Figure 2. Schematic diagram of the drill-in granary grain condition detector. (a) Internal drive structure. (b) Approximate geometric dimen-
sion.

Figure 3. Schematic diagram of the single screw structure.

Figure 4. Schematic diagram of the spiral transport mechanism.

the direction of motion of the detector. In order to achieve no
rotation around the x axis when the detector moves, the two
adjacent screw rods are designed with different spiral direc-
tions. The lateral force of each screw rod is offset with each
other. Each screw is subjected to the lateral forces in the z
and y directions of Fz and Fy , respectively. Assuming that
the straight-line distance of the screw axis and x axis is lsx ,
the relationship between the overall torqueM and Fz and Fy
of the detector on plane yoz can be expressed as follows:

M =

n∑
i=1
−(−1)nlsx

√
F 2
yi +F

2
zi = 0, n= 4. (3)

4 Key parameters exploration and kinematics
analysis

4.1 Kinematics model of single screw element

The ideal screw element kinematic model is shown in Fig. 6.
The screw element is placed in an absolute three-dimensional
coordinate system

∑
o (X,Y,Z). Except for the middle spiral

transport drum, the other screws on the detector are suitable
for the kinematic model. The only difference between them
is in the spiral direction of the spiral blade, and the other
technical parameters are all the same.

As the whole detector moves inside the stack under the
action of the screw, the grain grains will be squeezed or rolled
relative to each other, resulting in slippage between the screw
and grain. Therefore, the concept of the slip rate is introduced
here, and its expression is as follows (Dugoff and Ehlich,
1967):

sx =
Pω/2π − vx
Pω/2π

× 100%, (4)

where ω is the angular velocity, and vx is the velocity of the
screw along the x direction. When 0≤ sx ≤ 10, the screw
element is in the driving state. When −1≤ sx ≤ 0, the screw
unit is in the braking state.

The angle formed between the velocity vector v in a given
coordinate system

∑
s(x,y,z) and its component vx on the

x axis can be defined as the offset angle α. In
∑
s(x,y,z),

the relationship between α and vector v and component vx is
as follows:

α = tan−1(vy/vx). (5)

In addition, vx and vy can be expressed as follows:

vx =
Pω(1− sx)

2π
, (6)

vy =
Pω(1− sx)

2π
tan−1α. (7)

When the screw element moves in the three-dimensional
working space of the grain pile, the grain between the screw
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Figure 5. Relationship between screw speed and driving direction of the mechanism. Note: ω1 is the rotational speed of the right-hand screw,
ω2 is the rotational speed of the left-hand screw, ω3 is the rotational speed of left-hand screw, and ω4 is the rotational speed of right-handed
screw. The rotational speed of the screw is the same as the direction of the screw. Fx is the axial force on the screw, and Fy and Fz are the
lateral forces on the screw.

Figure 6. Kinematic model of the screw element.

blades is generally regarded as being one with the screw
blades. Its traction force is controlled by the shear stress ex-
erted on the grain by the edge of the spiral blade. Therefore,
the thrust force of the screw element on grain layer can be
expressed by the motion trajectory of spiral blade. Then the
expression of the trajectory of a single screw element in the
coordinate system

∑
o(X,Y,Z) is as follows (Nagaoka et al.,

2010b):

T =

 r cosθ sinδ+VXt +X0
r cosθ cosδ+VY t +Y0
r sinθ + z0

T

. (8)

Then, the following simultaneous equations apply:{
VX = vx cosδ+ vy sinδ
VY =−vx sinδ+ vy cosδ . (9)

The trajectory of the spiral blades at
∑
o(X,Y,Z, ) is shown

in Fig. 7.
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Figure 7. Trajectory diagram of the spiral blade.

Figure 8. Relationship between the grain particle velocity and its
component.

4.2 Kinematic analysis of grain in spiral groove

The spiral blade of the screw transport drum and the inner
shell form a closed space called the spiral groove. Between
the spiral groove, grain particles do not interfere with each
other. By simulating the motion of the grain particles under
the action of spiral transport drum, the relationship between
the axial velocity of grain particles and the motion parame-
ters of spiral transport mechanism was deduced, as shown in
Fig. 8.

In Fig. 8, vab is the chip removal velocity in the stationary
coordinate system. vsl is the relative slip chip removal speed.
vta is the linear speed of the screw transport mechanism at
this point. vpe is the vertical velocity. η0 is the helix angle
of the screw transport drum. αt is chip removal angle. The
relation between the axial rising speed of the grain and other
components is as follows (Hou et al., 2020):

cotαt · vpe+ cotη0 · vpe = vta. (10)

Then, Eq. (10) can be expressed as follows:

vpe =
tanαt tanη0

tanαt + tanη0
vta. (11)

vpe means that the higher the vertical velocity, the higher
the transmission efficiency of the screw transport drum will
be. The coefficient of the grain transport capacity can be ex-
pressed by the ratio ε of vertical velocity to the linear veloc-
ity of the screw transport mechanism at this point, and the
expression is as follows:

ε =
tanαt tanη0

tanαt+ tanη0
. (12)

It can also be expressed with the following formula:

vpe = εω0R, (13)

where ω0 is the rotational speed of the screw transport drum,
and R is the radius of the point of the screw transport drum.

4.3 Simulation of grain detector movement process
based on DEM-MBD

Considering that it is difficult to observe the movement track
of grain particles after the detector is immersed in the grain
pile, it is even more difficult to observe the movement track
of grain particles inside the detector. And the interaction be-
tween the grain particles and screw has a complex mechani-
cal relationship. Therefore, DEM-MBD simulation is used in
this section to verify the motion process of the detector and
the motion status of particles inside it. In this experiment,
EDEM, discrete element simulation software, and Adams
multi-body dynamics simulation software were used for the
coupling simulation. Due to the simulation of a granary en-
vironment producing a large number of particles, it will in-
crease the number of calculations and the amount of simu-
lation time. Compared with wheat and rice, soybeans with
a larger single particle volume, larger gap ratio, and similar
spherical shape were selected as the simulation particle ma-
terial to reduce the number of calculations.

Compared with dense rock and concrete, the soybean
stored in the granary is more dispersed, and the adhesion
between grains is very small. Therefore, the Hertz–Mindlin
bond model and linear spring model provided in EDEM
are not applicable. As the detector moves through the grain
pile, the interaction between the soybean particles is com-
plex. However, tangential and normal forces can be described
in a certain way. The Hertz–Mindlin model covers tangen-
tial and normal forces in the contact process (Owen and
Cleary, 2009). It can explain the influence of elastic mod-
ulus and Poisson’s ratio on contact force and is applicable
to most materials with specific parameters. Therefore, the
Hertz–Mindlin (no slip) model was used to solve the con-
tact state between soybean particles and between detector
and soybean.

In EDEM, the particle model is modeled according to the
actual size and shape of the soybeans, which results in a large
increase in computation. In order to speed up the simula-
tion, the soybean particle model was simplified to the equiv-
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Table 2. Material parameters.

Material Density Poisson’s Shear modulus
(kg m−3) ratio (Pa)

Soybean 1257 0.4 3.04× 10+8

Screw and shell 7850 0.28 8× 10+10

Screw transport drum 785 0.28 8× 10+10

Table 3. Contact parameters.

Contact Collision Coefficient Rolling
recovery of static friction

coefficient friction coefficient

Soybean–soybean 0.4 0.2 0.02
Soybean–screw 0.5 0.3 0.02

alent sphere of 6 mm (Deshpande et al., 1993). The com-
puter used for simulation was a professional workstation,
and the processor was an Intel® Xeon® Gold 6154 CPU at
3.0 OG 2.99 GHz (two processors), the operating memory
was 128 GB, and the maximum number of CPU cores was up
to 72. It fully meets the operational requirements of EDEM.
The rotational speed of the screw and the screw transport
drum on the detector is controlled by Adams. The geometric
parameters of the screw used in this simulation are shown in
Table 1. The contact parameters are simplified and modified
to facilitate the smooth progress of the simulation. Material
parameters and simulation parameter settings are shown in
Tables 2 and 3 (Ghodki et al., 2018; Yan et al., 2020).

In order to simulate the motion behavior of the detector
when it is deep in the grain pile, the rotation speed of the
screw and the screw transport drum should be set in Adams.
In this simulation, the speed of the four screws was set at
300 rpm (revolutions per minute), and the speed of the screw
transport drum was set at 420 rpm to ensure the transmission
of grain. The gravity direction of the simulation environment
is −y. The magnitude of the acceleration due to gravity is
9.8 m s−2. Through the interception of simulated images at
different times, it can be clearly seen that the detector moves
along the−Y direction under the action of the screw drive. At
t = 0.27 s, the particle is generated and stable after standing,
the screw and the screw transport drum begin to rotate, and
the detector starts to move. When t = 3.27 s, the simulation
is completed, and the whole device advances 95 mm along
the −y direction. See Fig. 9 for more information.

Figure 11 shows the velocity changes in particles around
the screw transport drum and the direction of the velocity
vector. It can be seen that particles move under the guidance
of the spiral blade on the screw transport drum. The direction
of the velocity vector is roughly consistent with the theoret-
ical direction, and there is not too much disorder in the di-
rection of the particle movement, but the particles are mov-
ing tangentially along the inner shell rather than efficiently

along the drum. It shows that the setting speed of the spi-
ral transport drum is greater than the required speed, which
is not conducive to energy utilization. It generally achieves
the goal of transporting grain particles from the front end
of the detector to the back end. Since the simulation simu-
lates the working condition after the detector is sunk into the
grain pile, it needs to be stabilized after the particle genera-
tion, as shown in Fig. 10. Between t = 0.27 s and t = 0.65 s,
the particles directly generated between the screw transport
drum and the inner shell of the detector are discharged. At
the later moments, the particles continuously enter the front
end of the detector and are transmitted to the rear end of the
detector through the screw transport drum. From t = 1.6 s to
t = 3.27 s, the detector has already entered stable running.
Since the screw speed on the detector rotates at a uniform
speed, the particle velocity around the screw at the three mo-
ments does not change much, as shown in Fig. 11.

The screw rotates to push the detector forward, and the spi-
ral blades on the screw can divide the grain and exert force
on the particles (see Fig. 12). The results show that the force
distribution of particles near the screw is small and evenly
distributed. The main force range is 0.12–0.18 N, and the
maximum force range is 0.3–0.6 N. Particles around the pe-
riphery of the spiral blade will be subjected to a large force,
and the distribution is relatively uniform. The force of par-
ticles between the spiral blades and close to the axis of the
screw can be ignored. It shows that the force of the screw on
grain layer is not only the normal stress exerted by screw but
also the shear stress exerted by outer edge of the screw blade.
The thrust generated by the screw is mainly generated by the
shear stress. Combined with Fig. 13, it is found that the par-
ticle velocity between the spiral blades is the largest, which
is close to the linear velocity of the screw drum. It shows that
the grain layer between the spiral blades and the screw can
be regarded as one.

4.4 The influence of key factors on maneuverability of
detector

Through a single factor experiment. The effects of the screw
angle, blade height and screw speed on detector’s motion per-
formance were studied. The influence of different depth oper-
ations in the grain pile on detector velocity is also studied. By
coupling EDEM software with Adams multi-body dynamics
software, the simulation results under different levels of the
same factor are obtained and analyzed. The aim is to find
the key parameters which have a great influence on the per-
formance of the detector. The experimental arrangement is
shown in Table 4, and different combinations of experiment
numbers correspond to different experimental purposes. The
purpose of the experiment is to find out the factors that have
significant influence on the motion performance of the de-
tector. The combination of experimental numbers and their
experimental purposes are shown in Table 5.
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Figure 9. Detector position changes. (a) Detector position at 0.27. (b) Position of detector at 3.27.

Figure 10. When t = 0.27 s, the screw transport drum transfers par-
ticles.

The experimental results are derived by simulation. Fig-
ure 14 shows the velocity change curves at different times
in Experiment 1. Experimental errors lead to useless peaks
in experimental data, which is not convenient for analyzing
the experimental data and reading the graph. The experimen-
tal data need to be filtered. Then, the experimental results of
different experimental purposes will be calculated and ana-
lyzed, and the influence degree of four different factors in
Table 5 on the motion performance of the detector will be
obtained.

Experimental data of different spiral blade heights were
obtained according to simulation experiments, as shown in
Figs. 15 and 16.

Because the detector moves in the negative direction of
y axis, the velocity direction obtained by simulation is mostly
negative. According to Fig. 15, the speed corresponding to
h= 8 mm is slightly lower than that corresponding to h=
15 mm. The slip rate curve calculated by h= 8 mm is slightly
higher than that calculated by h= 15 mm. The average speed

Table 4. Simulation experiment arrangement of single factor
change.

Experimental Screw Screw motion Environmental
group parameters parameters parameters

h η ω Initial depth

1 8 mm 25◦ 180 rpm 0.06 m
2 15 mm 25◦ 180 rpm 0.06 m
3 15 mm 30◦ 180 rpm 0.06 m
4 15 mm 30◦ 240 rpm 0.06 m
5 15 mm 30◦ 300 rpm 0.06 m
6 15 mm 30◦ 180 rpm 0.52 m
7 15 mm 30◦ 180 rpm 1.02 m

Table 5. Experiment factors and experiment number combination.

Experiment factors Experiment no. combination

Blade height (h) 1, 2
Helix angle (η) 2, 3
Screw rotation speed (ω) 3, 4, 5
Initial depth 3, 6, 7

and slip rate corresponding to h= 8 mm are 0.0051 m s−1

and 98.77 %, respectively. The average speed and slip rate
corresponding to h= 15 mm are 0.0055 m s−1 and 98.60 %,
respectively. It can be seen that the screw slip rate is high
due to the large resistance. However, the increase in blade
height also brings a positive effect to the increase in speed,
and the slip rate decreases slightly. The comprehensive detail
in Fig. 16 shows that the speed corresponding to h= 8 mm
before 0.5 s is greater than that corresponding to h= 15 mm.
The resistance increases with the increase in driving depth.
The smaller spiral blades could not effectively separate grain
layers, leading to a gradual increase in the slip rate and
a gradual decline in velocity. In contrast, the displacement
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Figure 11. Particle state and particle velocity vector transmitted by the screw transport drum at three moments.

curve corresponding to h= 15 mm shows that the attenua-
tion of velocity decreases significantly.

The helix angle is also an important factor affecting the
detector’s walking performance. It can be seen by comparing
Figs. 17 and 18.

Figure 17 shows that the maximum speed of the detector
with η of 25◦ is no more than 0.02 m s−1 after it is stationary

in motion, which is obviously smaller than that of the detec-
tor with η of 30◦, and the slip rate is on the contrary. The
reason for the above results is that the increase in spiral an-
gle will increase the pitch. The increase in the pitch will nat-
urally increase the efficiency of the screw cutting the grain
layer. Eventually, the screw speed is increased, and the slip
rate is reduced under the condition of constant rotation speed.
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Figure 12. t = 1.6 s force on particles around the screw. The maximum value of the legend in panel (a) is 0.3 N, the maximum value of
legend in panel (b) is 0.6 N, and the minimum values of the two are the same.

Figure 13. Particle velocity around the screw.

The average speed and slip rates of η = 25◦ are 0.0055 m s−1

and 98.60 %, respectively. η = 30◦ corresponds to average
speed and slip rates of 0.0086 m s−1 and 98 %. In Fig. 18,
the displacement of η = 25◦ is significantly smaller than that
of η = 30◦, and the velocity is always smaller than that of
η = 30◦. It indicates that the increase in helix angle from 25
to 30◦ is beneficial to the motion of detector, which confirms
the theory of Cole (1961).

The increase in the screw rotation speed will lead to the
increase in detector motion speed, but the change in speed
and slip rate in the environment inside the grain pile needs
further verification, as shown in Figs. 19 and 20.

Combined with Figs. 19 and 20, it is shown that, with
the increase in the screw rotation speed, the motion speed
of the detector increases significantly. The slip rate also de-
creases with the increase in rotational speed. The screw ro-
tation speeds of 180, 240, and 300 rpm are 0.0086, 0.0182,
and 0.03 m s−1, respectively, and the corresponding slip rates

are 98 %, 96.94 %, and 95.9 %. The screw rotation speed in-
creases at a speed of 60 rpm. Combined with the image, it can
be seen that the relationship between the three speed gradi-
ents and the corresponding speed is close to a linear increase.
The magnitude of displacement is also close to a linear in-
crease. The magnitude of the slip rate is also close to a lin-
ear decrease. It shows that the increase in the screw rotation
speed within a certain range is beneficial for reducing the slip
rate and improving the motion speed of the detector.

As the detector needs to go deep into the interior of the
granary, it is necessary to study the kinematic rules at differ-
ent depths. Figures 21 and 22 show the kinematic images at
three depths.

As the initial depth increases, as shown in Fig. 21, the ve-
locity corresponding to different depths also increases, and
the slip rate decreases. The average speed corresponding to
the three initial depths of 0.06, 0.52, and 1.02 m is 0.0086,
0.0218, and 0.026 m s−1, respectively, and the average slip
rate corresponding to them is 98 %, 95.11 %, and 94.18 %,
respectively. Combined with Fig. 22, it can be shown that,
compared with the change in speed and slip rate at the ini-
tial depth of 0.06 to 0.52 m, the change in speed and slip rate
corresponding to the initial depth of 0.06 to 1.02 m is greatly
reduced. It indicates that the motion speed of the detector
is positively correlated with the depth under the condition
of a constant screw speed. The possible reason for this phe-
nomenon is that, with the increase in the depth of the gra-
nary, the pressure in the granary increases, and the porosity
between grains decreases, which leads to the enhancement
of the force between the screw and grains and thus reduces
the slip rate. When the detector reaches a certain depth, the
slip rate decreases and the speed increases slowly. The reason
may be related to the mechanical properties inside the grain
pile.
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Figure 14. Variation curves of the velocity in Experiment 1 at different times.

Figure 15. Velocity and slip rate corresponding to different helical blade heights. (a) h= 8 mm. (b) h= 15 mm.

Figure 16. Displacement curves corresponding to different blade heights.

4.5 Simulation and analysis of detector steering motion

After the verification in Sect. 4.4, it is found that the relation-
ship between the screw speed and movement speed is linear.
It is assumed that the differential steering of the detector can
be realized through the speed difference between the screws.
However, the interaction between the screw and grain layer
is very complex. Its kinematic and mechanical behavior re-
mains to be clarified if the screw is turned in the internal envi-

ronment of a grain pile. Therefore, on the basis of simulation
verification and simulation, the results are analyzed. The ge-
ometric parameters of the simulated screw are the same as
those in Table 1. The contact parameters and contact param-
eters between the detector and granular materials are shown
in Tables 2 and 3. The simulation start is shown in Fig. 23.

In Fig. 23, when t = 0.55 s, the detector is at rest at the ini-
tial position. The gravity direction is −Y , and the detector is
moving in the−Y direction and turning around theX axis to-
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Figure 17. Velocity and slip rate corresponding to different spiral lift angles. (a) η = 25◦. (b) η = 30◦.

Figure 18. Displacement curves corresponding to different spiral lifting angles.

Figure 19. Speed and slip rate corresponding to different screw speeds. (a) ω = 180 rpm. (b) ω = 240 rpm. (c) ω = 300 rpm.
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Figure 20. Displacement curves corresponding to different screw rotation speeds.

Figure 21. Velocity and slip rate at different initial depths. (a) Initial depth is 0.06 m. (b) Initial depth is 0.52 m. (c) Initial depth is 1.02 m.

ward the Z axis. Figure 5 shows the relationship between the
screw speed and the overall movement direction of the mech-
anism, which will not be described too much here. Only the
rotation speed of the screw is taken as the influencing factor
in the experiment. Two groups of experiments were set as the
control, and the rotational speed ratio between the two groups
of the screw was 4 : 1 and 2 : 1, respectively. The screw rota-
tion ratio and speed in the two groups of experiments are
shown in Table 6.

The simulation results of Experiment 1 and Experiment 2
are shown in Fig. 24.

At the beginning of t = 2.16 s, the speed of the detector
with a rotational ratio of 2 : 1 in the Y direction is greater
than that of the detector with a rotational ratio of 4 : 1 in the Y

Table 6. Setting of rotation speed of the screw on both sides.

Group Rotation speed Rotation speed Rotating
of left screw of right screw speed ratio

1 240 rpm 60 rpm 4 : 1
2 240 rpm 120 rpm 2 : 1

direction. The former has a greater effect on particles. From
t = 4.32 s and T = 6.5 s, respectively, the effect of the de-
tector with screw rotation ratio of 4 : 1 on particles is greater
than that of the detector with screw rotation ratio of 2 : 1. It
indicates that, after entering the steering process for a pe-
riod of time, the increase in the speed difference increases
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Figure 22. Corresponding displacement curves at different initial depths.

Figure 23. The detector turns to the simulated initial state.

the torque of the detector. In general, the displacement of the
detector in Experiment 2 in the −Y direction is greater than
that in Experiment 1.

The steering angle of the detector is also an important ex-
perimental result, which is the key to evaluating the steering
ability of the detector.

In Fig. 25, the steering angle of the detector in Experi-
ment 1 is always larger than that in Experiment 2. The differ-
ence between the two has grown over time. Combined with
the displacement of the detector in the −Y direction in Ex-
periments 1 and 2, it can be shown that the steering radius
of the detector in Experiment 1 is smaller. When the detector
is steering, the steering radius is reduced by increasing the
speed difference between the two groups of the screws, and
the turning is finally completed.

5 Conclusion

This paper presents a drill-in granary grain condition detec-
tor. The scheme design of the drill-in granary grain condi-
tion detector and its walking process in grain pile are es-

tablished. The kinematic model of a single screw was estab-
lished, and the kinematic diagram was obtained by calcula-
tion and simulation, based on DEM-MBD. It was found that
grain particles near the screw drum could be regarded as one
with the screw. The kinematic model of the grain particles
in the screw transport mechanism was established, and the
motion state of grain particles in spiral groove was observed
through simulation images. It is concluded that grain parti-
cles move under the guidance of spiral blades on screw trans-
port drum. The idea that the particle velocity vector direction
is consistent with the theoretical direction is confirmed. It
can transport grain from the front end of the detector to the
back end. Through experimental analysis, the increase in the
screw blade height reduces the slip rate and effectively re-
duces the velocity attenuation caused by the working depth.
The helix angle on the screw changes from 25 to 30◦, so that
the speed of the detector increases and the slip rate decreases.
The moving speed of the detector increases significantly as
the screw rotation speed increases. The incremental relation-
ship between the two is close to linear. Increasing the depth
of the detector will increase the speed of the detector and re-
duce the slip rate. However, when the depth reaches 1.02 m,
the range of variation decreases greatly. In the detector steer-
ing experiment, it is found that the larger the rotational speed
ratio of two pairs of the screws, the smaller the steering ra-
dius will be. At present, only the kinematics of the model is
studied. The mechanical properties between the detector and
grain are the focus of the next step, and the corresponding
theory has been used as support. In terms of kinematics, the
future plan is to do an experimental verification on a proto-
type and design a reasonable orthogonal experiment to find
out the optimal parameter setting for the future optimization
design.
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Figure 24. Simulation of the screw speed ratio of 4 : 1 (a) and screw speed ratio of 2 : 1 (b), when t = 2.16 s, t = 4.32 s, and t = 6.5 s.

Figure 25. Steering angles of detector at different screw speed ra-
tios.
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