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ABSTRACT Inchworm robots are typical insect bionic robots that are able to move in narrow space such as
pipelines, which expand the range of robot application. In this paper, the motion control method of the bionic
sucker inchworm robot (BSIR) based on MPC is proposed, which enables the inchworm robot to achieve
‘‘�’’ motion gait and steering gait on vertical and horizontal planes of different materials. Firstly, the negative
pressure suction cup imitating octopus tentacles (NPSC-IOT) is designed and the sucker control model is
proposed. Under negative pressure control, the adsorption pressure of the sucker is adjusted to satisfy the
needs of the trunk structure movement. Secondly, the bionic sucker controller based on MPC is designed,
and the closed-loop control is realized by using the data feedback from the air pressure sensor. Thirdly, BSIR
with installed NPSC-IOT as the robot’s tentacles is developed. Finally, the experiment verifies the feasibility
of the bionic sucker controller based on MPC to control BSIR to achieve ‘�’ motion gait and steering gait
on vertical and horizontal planes of different materials. The experimental results show that BSIR is able to
achieve ‘‘�’’ gait and turning gait on vertical and horizontal surfaces of glass, tiles, white gray walls, and
metal.

INDEX TERMS Bionic octopus sucker, bionic inchworm, MPC control, crawling robot, motion planning.

I. INTRODUCTION
Bionic robots are the important branch of robot field. The
current application of bionic robots has realized the imitation
of part of the structure and function of human or animal in
nature [1] or motion characteristics [2]. The bionic robots
that have been realized in the current research include bionic
mechanical fish, bionic hexapod robot, bionic flapping wing
machine, mechanical gecko and mechanical frog. However,
in some special environments, such as the detection of indus-
trial environment, the search and rescue of earthquake site
and the exploration of transmission pipeline, the conventional
bionic robot [3] can’t walk normally in this area, so that
it can’t complete the tasks of detection, search and rescue.
In order to solve such problems, researchers have focused
on insects that are able to move in the small space, and
studied the use of bionic technology to achieve the movement
of such robots to meet the special needs of industrial sites.
Aiming at the robot moving in special environment, this paper
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studies the key technology of the bionic sucker inchworm
robot (BSIR) motion based on MPC control method.

As the bionic insect robot, the inchworm robot has attracted
the attention of many researchers. The composition and con-
trol of the body structure of the inchworm robot is one of the
key technologies to realize multi-degree-of-freedom control.
The torso body of the inchworm robot currently studied usu-
ally adopts an �-shaped mechanical structure [4]. For exam-
ple, the structure of the Omegabot crawling robot achieved
the functions of extension and contraction. The torso structure
of such robots was composed of multiple 1-DOF (Degrees Of
Freedom) motion joints in series, eliminating other redundant
structures and retaining functional structures [5], [6]. This
control method was similar to the single-legged control of
multi-legged robots [7]. Compared with multi-legged robots,
it shows simple and efficient advantages in both mechanical
and control aspects [8], [9], [10]. In order to further simulate
the peristaltic movement of the inchworm, researchers from
Virginia Tech University improved and designed the milli-
pede robot, adding a large number of gastropods to its trunk
structure, which made the robot move through the swing of

VOLUME 11, 2023
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 92943

https://orcid.org/0000-0001-9782-680X
https://orcid.org/0000-0001-9612-7580
https://orcid.org/0000-0002-4789-6700


C. Xue et al.: Research on Motion Control of Bionic Sucker Inchworm Robot Based on MPC

the abdominal foot [11], [12]. Researchers from the Central
Institute of Mechanical Engineering in India have created a
large number of joints in the torso, allowing the robot to move
through the swinging friction of the joints [13]. In addition,
the connecting rod robot designed by Hanyang University in
South Korea and the double anchor crawling robot designed
by the University of Texas in the United States made the trunk
composed of two motion joints, which performed 1-DOF
reciprocating motion over short distance and had the lowest
peristaltic motion performance [14], [15].
With the emergence of various new materials, the

researchers used the soft structure to construct the torso
structure of the inchworm robot. Researchers at Beijing Uni-
versity of Aeronautics andAstronautics usedmemory alloy to
simulate the trunk of the inchworm robot, and electronically
controlled the elasticity of the memory alloy to simulate the
crawling movement of caterpillars, completing the crawling
motion [16]. The trunk of the modular soft robot and the
double finger gripper robot designed by researchers from
Tianjin University was composed of pneumatic actuators.
This structure was composed of soft material elements to
form the small strain angle module, and then the plurality of
modules were combined to form a large deformation bending
of the overall structure [17]. The lightweight materials of
these structures provided new ideas for the lightweight of
robot structures, and the driving form was slightly different
from the traditional driving [18], [19]. The rigidity of the soft
material is small and the load-bearing is small, which limits
the volume and operation ability of the robot, and the devel-
opment cost of related materials is large. At present, the leg
structure is used to replace the trunk part, and reducing the
structural redundancy of the robot is the best choice to balance
the cost and performance. From the perspective of control, the
trunk is composed of servo motors, and its control process is
simple and stable. Therefore, this paper studies the method of
the bionic sucker control based onMPC to improve the bionic
performance of this simple torso structure.

Another important structure of the inchworm body is the
tentacles at both ends, which are the important force points
during the movement of the inchworm. Therefore, the design
and control of the structure are the key technologies for
the inchworm robot to complete the movement in differ-
ent environments. The tentacles of inchworm robots usually
adopt claw structure, electromagnet foot structure and fine
bristles structure. Most of the claw-type structures rely on the
clamping rod structure to fix their own posture. For example,
the climbing rod robot designed in our laboratory was able
to complete the designated motion planning [20]. However,
the claw structure was difficult to stabilize its posture as a
force point, and its analysis and control process is relatively
complex. Different from the structure of the mechanical claw,
the electromagnet as the foot structure is able to adsorb the
motion plane, which can provide a very stable force point
for the robot, and the control process is relatively simple
[21]. The soft toe electromagnetic foot module designed
by researchers from Thailand can enable robots to move in

various environments by improving the contact surface shape
of the electromagnet [22]. However, the electromagnet foot
structure is only suitable for adsorbing metals such as iron,
nickel, and cobalt, which limits the materials used in robot
motion scenarios. The biomimetic gecko robot designed by
researchers at the National Institute of Science in South Korea
and the wet adhesive pad designed by Tongji University simu-
lated the tentacles of geckos or insect footpads by increasing
foot contact surfaces. The foot contact surface of the gecko
tentacle was designed with many small protrusions made
of polyethylene siloxane material. Applying pressure on the
foot, this structure and the contact plane produced the tangen-
tial van der Waals force, causing the two to adsorb together
[9], [23], [24]. Due to the flexibility of the raised material
and the substrate material, the adhesive stability of the struc-
ture itself was not high, and the foot size was also large,
which posed a great challenge to its miniaturization process.
Researchers studied the movement of octopuses and found
that their adsorption movement was different from the first
three forms. Octopuses use suction cups on their tentacles to
fix their bodies on a moving surface and move by switching
the tentacle attachment [25].This structure of the octopus
sucker is beneficial to reduce the size of the foot structure.
Therefore, this paper studies the negative pressure suction cup
imitating octopus tentacles (NPSC-IOT) as the tentacle of the
imitation inchworm robot.

This article draws inspiration from the body structures
of two organisms, the inchworm and octopus, and some
researchers have conducted in-depth research on them [26],
[27], [28]. Since the trunk structure we designed adopts the
connection drive structure of the traditional servo motor,
we will use the mature forward and inverse kinematics analy-
sis method [29] according to the structure model. Compared
with the more complex flexible material structure, our control
process will be simpler and more stable. For robots with
unconventional structures, some researchers have focused on
optimizing their gait [30], [31] tomake their movementsmore
accurate. But the demand for control accuracy in the robot
motionwe design is not high, and there is not only one posture
that can complete the robot’s motion. Therefore, we pay more
attention to the gait planning of the robot and design more
robot gait to adapt to the complexity of the environment. The
diversity of gait can help robots choose suitable and effective
gait for transition when facing environmental constraints.

In this paper, NPSC-IOT is designed, and the sucker con-
trol method based on MPC (Model Predictive Control) is
proposed [33]. And BSIR is developed. The robot can achieve
‘‘�’’ motion gait and steering gait on vertical and horizon-
tal planes of different materials. This expands the robot’s
mobile environment and increases its ability to adapt to the
environment. The main contributions of this paper are as
follows:

(1) NPSC-IOT is designed, and the sucker control model
is proposed. By using this control method, the adsorption
pressure of the sucker is adjusted to meet the needs of trunk
structure movement.
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(2) The bionic sucker controller based onMPC is designed.
The closed-loop control is realized by the data feedback from
the pressure sensor. The MPC control algorithm adjusts the
suction force of the sucker by changing the flow rate of the
vacuum pump.

(3) BSIR is developed. The NPSC-IOT is installed at the
end of BSIR as the tentacles of the robot. Four longitudinal
servo motors and two transverse servo motors are installed in
its trunk structure, which can realize ‘�’ type movement gait
and steering gait.

(4) The motion gait planning of MPC-BSC (Model Pre-
dictive Control-Bionic Sucker Control) is proposed, which
controls BSIR to achieve ‘‘�’’ motion gait and steering gait
on vertical and horizontal planes.

The remaining contents of this paper are as follows:
The second part describes in detail the structural design of
NPSC-IOT, the control model of the sucker and the con-
trol algorithm of the sucker force based on MPC. The third
part introduces the structure of BSIR, and proposes the gait
planning based on MPC-BSC. The fourth part describes
NPSC-IOT test, MPC-BSC test and motion test based on
MPC-BSC in detail, and analyzes the related performance.
The fifth part summarizes the full text.

II. BIONIC SUCKER CONTROLLER BASE ON MPC
A. DESIGN OF NPSC-IOT
The sucker on the octopus tentacle is composed of two cham-
bers. The outer chamber is an organ like a funnel, and the
inner chamber is like a mortar socket of pestle, as shown in
Fig.1 [32]. The edge tissue of the octopus is the soft tissue
that expands outward, and has a certain radian, which forms
an outer air cavity with the contact plane; the throttling orifice
is a narrow channel that the edge of the sucker converges to
the center and connects the inner and outer gas chambers, and
has the switching function. The air cavity and the acetabulum
are the muscle tissues that form the inner air cavity, and
adjusting the muscle contraction can form negative pressure.
The bottom muscle is the muscle tissue that connects the
octopus tentacles and the edge of the sucker. The rigidity is
stronger than the edge tissue, which can provide the force
point for the force of the sucker. When the tentacle of the
octopus is to absorb the target object, the bottom muscle
will shrink, which will deform the edge tissue so that it
can perfectly fit to the target object, thus forming a closed
external air cavity. At this time, the air chamber and the
acetabulum begin to shrink, causing a strong negative pres-
sure inside the sucker. The tighter the muscle contraction of
the socket, the greater the negative pressure, and the stronger
the sucker. The larger the sucker, the greater the adsorption
force [28]. The octopus sucker has the characteristics of small
size and large load capacity. In this paper, NPSC-IOT is
designed as the tentacle of inchworm robot to improve its load
capacity.

In this paper, NPSC-IOT is designed as shown in Fig.2(a).
The structure is mainly composed of sucker adsorption plate,

FIGURE 1. The sucker structure of octopus.

FIGURE 2. Sucker structure: (a) The structure decomposition of sucker
(b) The contact surface structure of sucker adsorption plate.

silica gel edge, bleeder hole, vacuum pump, air pressure
sensor, solenoid valve, outlet 1, outlet 2, foaming strip, silica
gel fixing and module connector. The silica gel edge simu-
lates the edge tissue of the octopus sucker, and the sucker
adsorption plate and the contact plane form the outer cavity.
The sucker bleeder hole and the solenoid valve connect the
channel of the external air chamber and the vacuum pump,
and have the switching function. The vacuum pump is used
to simulate the ability of the octopus sucker muscle to con-
tract the inner air cavity to form a negative pressure. When
the sucker is adsorbed, the sucker adsorption plate and the
adsorption plane can be closely fitted. Under the negative
pressure control, the adsorption pressure of the sucker can be
adjusted to meet the demand of the trunk structure movement
for force.

The NPSC-IOT is installed at the end of BSIR as the
tentacles of the robot. When the inchworm robot moves, the
NPSC-IOT adsorbs support surface to provide support for
the BSIR’s movement. In order to ensure the stability of the
inchworm robot movement, the sucker is required to provide
a continuous and stable support force, that is, the sucker is
required to provide a stable adsorption pressure. When the
volume of the outer air cavity composed of the suction plate
and the contact plane is too large, the adsorption pressure is
unstable. Therefore, we designed the contact surface of the
sucker adsorption plate as a matrix block structure to reduce
the volume of the outer air cavity and improve the stability
of the adsorption pressure. The contact surface structure of
the suction plate is shown in Fig.2 (b). The structure can not
only increase the contact area, but also reduce the negative
pressure space of the sucker.
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The edge of the silicone rubber is the outer sealing structure
of the sucker structure. The edge structure is prior to the
contact plane of the sucker adsorption plate. In the process
of mutual extrusion, the outer space of the edge can form
a negative pressure space first to improve the adsorption
success rate. Due to the less degree of freedom of the robot ’s
motion control, in some postures, the sucker structure cannot
adsorb the plane from the vertical direction, andmust be close
to the plane from the side. If the sucker adsorbs the plane at
a certain inclination angle, some positions of the sucker in
the structure without the edge of the silica gel can’t fit the
plane and leak, which reduces the success rate of adsorption.
The increased silica gel edge structure can form a negative
pressure space before the contact plane of the sucker plate
to assist the suction of the sucker, so the sucker is allowed to
adsorb the target at a certain deviation angle, thereby reducing
the control difficulty.

The center of the suction plate is the bleeder hole of the
sucker, and a foaming strip with a diameter slightly larger
than the groove spacing is inserted into the outer ring of the
groove. In the case of extrusion, the foam strip will shrink,
making the sucker plate close to the moving plane. At the
same time, as the barrier of internal and external air pressure,
it is the sealing structure of the inner layer of the sucker. The
silica gel fixation is used to fix the silica gel edge structure
covered on the sucker adsorption plate, increase the sealing
of the silica gel edge structure and the connection stability
with the sucker adsorption plate. The module connector is
used to connect the sucker module with the rotating shaft
of the transverse servo motor to enhance the stability of the
sucker module to the robot support. The pressure sensor is
used to monitor the pressure inside the sucker, and adjust the
output of the vacuum pump according to the output value of
the sensor, so as to control the adsorption force of the sucker
adsorption plate. The solenoid valve is used to quickly release
the negative pressure space in the air path of the sucker, so that
the sucker loses its adsorption force and facilitates the robot to
perform the next gait. Outlet 1 is used to release the negative
pressure space in the air path of the sucker, and outlet 2 is
used for the suction output of the vacuum pump. The vacuum
pump is used to provide negative pressure for the gas path
of the sucker, so that the sucker produces negative pressure,
thereby adsorbing the contact plane, and adjusting the output
of the vacuum pump can adjust the adsorption force of the
sucker.

B. CONTROL MODEL OF SUCKER
The bionic sucker adjusts the adsorption force by controlling
the negative pressure of the external air chamber. When the
solenoid valve is turned off, the sucker does not provide
suction. When the solenoid valve is closed, the sucker pro-
vides adsorption force. At this time, the adsorption force
is adjusted by controlling the vacuum pump. The control
scheme is shown in Fig.3, and the closed-loop control is
realized by using the feedback data of the air pressure sen-
sor. For closed-loop control systems, PID control is usually

FIGURE 3. Closed-loop control scheme of sucker.

used to meet system requirements. However, the PID control
algorithm does not predict the model, and its performance
depends on the adjustment of parameters. The MPC control
method can overcome this defect, and its control process is
based on the model prediction of the current state to the
future state, which can quickly adjust the output.MPC control
is superior to PID control in response speed and control
workload. At present, theMPC control method is widely used
in the field of vehicle control, and the control object is the
driving motor of the vehicle. The control process of vehicle
drive motor is similar to the vacuum pump control in this
paper [34], [35], [36]. In this paper, MPC control algorithm
is used to adjust the adsorption force of bionic sucker.

The MPC control algorithm adjusts the suction force of
the sucker by changing the flow rate of the vacuum pump.
The algorithm collects the pressure data of the sucker to
predict the future operating state and correct the output
expectation of the flow rate variation of the vacuum pump.
According to the control process in Fig.3, in this control
algorithm, the pressure value P in the sucker and the flow
rate v of the vacuum pump are state variables, Pi−1 and Pi
represent the pressure values of the previous moment and the
current moment respectively; vi−1 and vi represent the flow
rate of the vacuum pump at the previous moment and the
current moment, respectively. The flow rate variation is the
control quantity. ai−1 and ai represent the flow rate variation
of the vacuum pump at the previous moment and the current
moment respectively; eP represents the pressure error in the
sucker; ev represents the flow rate error of the vacuum pump.
The sucker model equation based on MPC is established as
shown in Equation (1).

eP = Pi−1 − Pi − viT + Ps
ev = |vi−1 − vi|

Pi = Pi−1 −
vi−1T
V0

−
ai−1T 2

2V0
vi = vi−1 + T

(1)

where V0 is the space volume inside the sucker; Ps is the air-
tight leakage pressure; T is the time constant. The state space
equation of the sucker is established as shown in Equation (2).

ẋ (t) = Ax (t) + Buu (t) + Bλ λ (k) (2)

where x (t) = [eP, ev,Pi, vi] is the system state quantity;
u (t) = ai is the system control quantity; λ (k) is the system
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FIGURE 4. The overall mechanical structure of the robot.

TABLE 1. The name of each module of the robot marked in Fig.4.

TABLE 2. Parameters of TD-8120 motor.

measurement error; A, Bu and Bλ are the state coefficient
matrix, the input control coefficient matrix and the measure-
ment interference coefficient matrix, which can be obtained
by solving the Jacobian matrix by the Taylor expansion of
Equation (5).

C. DESIGN OF BIONIC SUCKER CONTROLLER BASED ON
MPC
In the above established state space equation, two objective
functions including response speed and accuracy based on
the principle of MPC algorithm are introduced. Assuming the

TABLE 3. Overall specification parameters of the robot.

sampling period T , the discrete state equation can be obtained
according to equation (2) as shown in equation (3).{

ẋ (k + 1) = Akx (k) + Bku (k) + Bλkλ (k)
y (k) = Ckx (k)

(3)

where Ak = I + AT , I is the unit matrix; Bk = BuT ; Bλk =

BλT ; Ck = diag (1, 1, 1, 1). The control input u is replaced
by the control increment 1u. The control process is realized
by controlling the flow rate variation of the vacuum pump ai.
The relationship between the control increment 1u and the
control input u is shown in Equation (4).

u (k + j|k) = u (k + j− 1|k) + 1u (k + j|k) (4)

The model prediction state equation is shown in
Equation (5).

Y (k) = Dx (k) + F1U (k) + Gu (k − 1) +Hλ (k) (5)

where Y (k) is the predictive output of the control part at time
k for the future time domain NP , NP is set to 30; 1U (k)
is the sum of control increments in the control time domain.
λ (k) is the error interference in the model at time k , which is
the air tightness effect of the sucker structure in this paper.D,
F, G, H are coefficient matrices. Through the current state
variable x (k) and the control increment 1U , the future state
variables and output variables of the system can be predicted.
The objective function with relaxation factor is established as
shown in Equation (6).

Jk =

NP∑
j=1

||y(k + j|k) − yr (k + j|k)||2Q

+

Nc∑
j=0

||1u(k + j|k)||2R + ρε2 (6)

whereNc is the control time domain, set to 5; y (k + j|k) and
yr (k + j|k) are the current pressure value and the expected
pressure value respectively;Q andR are the coefficientmatrix
of self-control target. In this paper, the error weight coeffi-
cientQ = 5I , the ride comfort weight coefficientR = 5I ,R is
the unit matrix. The relaxation factor is added to the objective
function, which is used to represent the range of system
fluctuation. At the same time, in order to avoid the system
having no solution in the solution, ε is the relaxation factor
of the system. ρ is the weight coefficient of the parameter.
The deviation of the system is shown in Equation (7).

E (k) = Y r (k) −W rx (k) −Wuu (k − 1) +Wλ λ (k) (7)
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FIGURE 5. Robot motion posture: (a) Initial attitude (b) General attitude.

where W x , Wu and Wλ are coefficient matrices. Through
equation (6) and equation (7), the standard quadratic pro-
gramming function can be obtained as shown in Equation (8).

min
1U

(
1
2
1UTZ1U + f T1u

)
(8)Z =

[
2WT

1uQW1u 0
0 ρ

]
f = − 2WT

1uQE(k)

(9)

where W1u is the left multiplication Ck of the block matrix
in the parameter matrix F. The constraints of state variable,
input control variable and input control increment are shown
in Equation (10).

umin + εvmin ≤ u (k + j|k) ≤umax + εvmax
1umin + εvmin ≤ u (k + j|k) ≤ 1umax + εvmax
ymin + εvmin ≤ y (k + j|k) ≤ ymax + εvmax

(10)

where umin and umax are the minimum and maximum values
of the input control quantity respectively; 1umin and 1umax
are the minimum and maximum values of control increment,
respectively. ymin and ymax are the minimum and maximum
values of the system output respectively. εv is the relaxation
range of the upper and lower boundaries; v is the current flow
rate of the vacuum pump.

According to Equation (14), the expected flow rate vari-
ation of the vacuum pump at time k can be solved, and
the expected speed at time k is obtained as shown in
Equation (11).

v (k) = u (k) = u (k − 1) + 1u (k) (11)

u (k) is the next input control quantity feedback to the system
loop, forming a closed-loop control.

III. THE MOTION ANALYSIS OF INCHWORM ROBOT
BASED ON MPC-BSC
A. BIONIC SUCKER INCHWORM ROBOT STRUCTURE
In this paper, BSIR is developed, and its overall structure is
shown in Fig. 4. The robot mainly includes four parts: sucker,

TABLE 4. Robot parameter table.

transverse servo motor group, longitudinal servo motor group
and other components. The sucker is the P1 part in Fig.4,
which is installed at the tentacle position at both ends of the
inchworm robot to realize the foot function under the torso
when the inchworm is moving. The transverse servo motor
group and the longitudinal servo motor group cooperate to
realize the trunk function of the robot. The transverse servo
motor structure is the P2 part in Fig.4, which provides the
steering function for the robot motion. The longitudinal servo
motor unit is the P3 part in Fig.4, which provides the robot
with the function of stretching and shrinking to produce
displacement difference, and mainly controls the alternating
adsorption of suckers. The other parts are the P4 part in
Fig.4, including the battery and the drive control circuit of
the robot. The quality of these parts cannot be ignored during
the movement of the robot. Table 1 shows the robot parts
represented by the label in Fig.4. The driver of BSIR adopts a
TD-8120MG servo motor. The motor parameters are shown
in the Table 2. Based on the mechanical structure of the robot,
the motion range of the robot can be obtained. The overall
specification parameters of the robot are shown in Table 3.

B. ANALYSIS OF SUCTION CUP FORCE
The adsorption force provided by the sucker is related to
the contact area and pressure of the sucker. The contact
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part between the sucker and the target object includes the
silica gel edge and the sucker adsorption plate. The silica
gel edge function is to provide the sealing function of the
external gas chamber. The sucker adsorption plate provides
a contact surface with the object. The pressure is provided
by the vacuum pump. The pressure provided by the vacuum
pump can be controlled by programming. Therefore, in order
to ensure the stable movement of the inchworm robot, it is
necessary to determine the size of the suction plate. First of
all, we need to determine the maximum torque applied by the
robot to the force point, and clarify the minimum adsorption
force required by the sucker. Then, the mathematical model
between the size of the suction plate and the adsorption force
is established.

The torque of the robot during the movement is constantly
changing. We analyze the torque of each part of the structure
on the sucker during the movement of the robot.

The motion posture of the robot is shown in Fig.5, and the
parameters of each part of the robot are shown in Table 4.
Because the mass of the longitudinal servo motor C1, C2, C3,
the vacuum pump D1, D2 and the longitudinal servo motor is
consistent, the centroid of the servomotor C1 and the centroid
of the vacuum pump D1 can be regarded as the whole of the
joint L1, and the centroid is at the midpoint of the L1. The
servo motor C3 and the vacuum pump D2 can be regarded as
the whole of the joint L3, and the centroid is at the midpoint
of the L3. Similarly, the sucker structure A2 and the steering
structure B2 are also regarded as a straight rod E2 with a
center of mass at the midpoint. Due to the large mass of the
battery, it is not suitable for simplification and needs to be
considered separately.

According to the general posture shown in Fig.5 (b). The
torques I1, I2, I3, I4 and I5 exerted by joint L1, joint L2,
joint L3, sucker structure and steering structure E2 and bat-
tery F on sucker structure A1 are shown in Equation (12). The
total torque I applied by the robot to the sucker structure A1
is shown in Equation (13).

I1 = (m3 + m4) g
(
L
2
sin θ1

)
I2 = m3g

(
L sinθ1 +

L
2
cos (θ2 − θ1)

)
I3 = (m3 + m4) g(
L sinθ1 +

L
2
cos (θ2 − θ1) +

L
2
sinθ4

)
I4 = (m0 + m2) g(
L sinθ1 +

L
2
cos (θ2 − θ1) + L sinθ4

)
I4 = (m0 + m2) g(
L sinθ1 +

L
2
cos (θ2 − θ1) + L sinθ4

)

(12)

I = I1 + I2 + I3 + I4 + I5 (13)

The torque exerted by the robot ’s motion attitude on the
sucker structure A1 and the adsorption force FS provided by

FIGURE 6. The theoretical attitude of the maximum adsorption force
required by the robot.

TABLE 5. Vacuum pump parameter table.

the sucker are shown in Equation (14).

FS =
I1 + I2 + I3 + I4 + I5

l0
(14)

When θ1 = θ2 = θ3 =
π
2 , θ4 = 0, the robot ’s

posture is shown in Fig.6. At this time, the robot ’s parts exert
the maximum torque Imax = 15.9 kg · cm on A1. Accord-
ing to the equation (14), the minimum adsorption force FS
required by the sucker at this time can be obtained to be about
65.0 N.

The vacuum pump parameters selected in this paper are
shown in Table 5, and the negative pressure value provided by
the air pump can be controlled by programming. According
to the equation (15), the area S of the sucker adsorption plate
can be calculated.

FS = PS (15)

When FS = 65.0N , S = 20.3cm2. When the area of
the suction plate is greater than 20.3cm2, it can provide
a stable adsorption force for the movement of the robot.
In the design process of the sucker, we added redundancy,
and set the size of the gas chamber of the sucker adsorption
plate to 48mm ∗ 48mm, and the edge size of the silica gel
to 68mm ∗ 68mm. Considering providing a suitable arm l0
for the adsorption force of the sucker, we design the sucker
adsorption plate as a square. We use 3D printing technology
(hot melt remodeling printing technology) to print the sucker
plate. The material is ABS (a terpolymer of acrylonitrile,
1,3-butadiene and styrene monomers). The physical diagram
of the sucker structure is shown in Fig.7.

C. MOTION ANALYSIS BASED ON MPC-BSC
In this paper, the bionic sucker controller based on MPC is
used to control BSIR to realize the ‘�’ motion gait. Fig.8 is
the simplified diagram of the robot, which is convenient for
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FIGURE 7. The physical drawing of sucker structure.

understanding the position of each part of the robot during the
movement. In order to better explain the movement process
of the robot, we assume that when the robot moves in the
horizontal plane, the direction of the robot is from left to right.
Fig.9 describes the movement gait of the BSIR in the hor-
izontal plane. Through the contraction and extension of the
trunk structure, the sucker is moved, so that the front-end and
back-end suckers alternately adsorb attachments to achieve
walking function. In order to test the performance of the
bionic sucker, we designed two gaits as shown in Fig.9. The
first gait is shown in Fig.9 (a). Firstly, the robot is in the initial
state, that is, the trunk structure shrinks, and the minimum
distance between the front-end and back-end suckers is the
S1 attitude in Fig.9 (a). Then the back-end sucker adsorbs the
plane and reaches a stable state of adsorption. The front-end
sucker is lifted, and the front-end longitudinal servo motor
extends to move the front-end sucker forward, which is the
S2 attitude in Fig.9 (b). Next, the back-end longitudinal servo
motor controls the front-end and back-end suckers to expand
by adjusting the rotation angle, and the front-end sucker is
ready for adsorption, which is the S3 attitude in Fig.9 (a). The
front-end sucker falls down and begins to adsorb the plane
and reaches a stable state of adsorption. The electromagnetic
valve of the back-end sucker disconnects the gas path and
releases the negative pressure to make the back-end sucker
suspended, which is the S4 attitude in Fig.9 (a). The front-end
longitudinal servo motor shrinks and the back-end sucker
is lifted, which is the S5 attitude in Fig.9 (a). Finally, the
back-end longitudinal servo motor shrinks and moves the
back-end sucker to the front-end sucker near the plane to
prepare the adsorption plane, which is the S6 attitude in
Fig.9 (a). The back-end longitudinal servo motor continues
to shrink until the back-end sucker is close to the plane and
adsorbed. When the back-end sucker reaches a stable state
of adsorption, it returns to the S1 attitude and completes a
step motion. In the normal forward motion, during the transi-
tion from S6 attitude to S1 attitude in Fig.9 (a), the sucker
at the front-end can directly perform S2 attitude without
adsorbing the plane, reducing the running time of attitude
transition.

The second gait is shown in Fig.9 (b), which is a kind
of gait derived from the height adjustment of the first gait
according to the current environmental situation. Firstly, the
robot is limited to a high impact and in a shrinking state,
which is the T1 attitude in Fig.9 (b). Then the back-end sucker
adsorbs the plane and reaches a stable state of adsorption. The

FIGURE 8. Simplification of robot.

FIGURE 9. Two postures of the robot moving in the horizontal plane.

front-end sucker is lifted, and the front-end longitudinal servo
motor extends to move the front-end sucker forward, which is
the T2 attitude in Fig.9 (b). Next, the back-end longitudinal
servo motor controls the front-end and back-end suckers to
expand by adjusting the rotation angle, and the front-end
sucker is ready to adsorb. Different from the first posture, the
trunk structure will stretch to the maximum length, which is
the T3 posture in Fig.9 (b). The front-end sucker falls down
and begins to adsorb the plane and reaches a stable state of
adsorption. The electromagnetic valve of the back-end sucker
disconnects the gas path and releases the negative pressure to
make the back-end sucker suspended, which is the T4 attitude
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in Fig.9 (b). The front-end longitudinal servo motor shrinks
and the back-end sucker is lifted, which is the T5 attitude
in Fig.9 (b). Finally, the back-end longitudinal servo motor
shrinks the trunk structure. After reaching the height limit,
the back-end sucker is close to the plane and adsorbed, that
is, returning to the T1 posture in Fig.9 (b) to complete a step
action. Due to the extension of the torso part is too long, the
tension applied to the sucker in the adsorption state is large,
and it is not recommended to turn the movement. Therefore,
in the case of height limitation, only a certain distance can
be contracted to set aside displacement margin for the next
extension.

Based on our designed robot gait plan, we can design the
control process of the robot during movement, and provide
more detailed control to the robot to complete the motion
gait. In the pose planning of biomimetic inchworm robots,
the choice between different poses is determined by two
conditions: the stride length of the robot completing the stride
gait and the maximum point that the robot is limited to reach
during the motion process. The motion attitude of the robot
is controlled according to the motion environment, motion
requirements and other conditions. The attitude control pro-
cess we designed is shown in Fig.10. Firstly, the pose limit
that the robot can reach and the step size range for step
motion are determined based on the limitations of the motion
environment, in order to determine the initial state of the
robot, as shown in Fig.9 for two different heights of poses;
Select the appropriate step size within the robot’s step range,
calculate the step attitude using the principle of forward and
inverse kinematics of the robot, and determine the rotation
angle of each servo motor in the step attitude, as shown in S2
and S3 in Fig.9 (a) and T2 and T3 in Fig.9 (b); According to
the force analysis process of robot motion posture proposed
by us, the minimum adsorption force that the suction cup
should provide can be calculated under the corresponding
robot posture. We control the suction cup adsorption force
to 1.2 times the minimum value, thereby reducing the power
consumption of the vacuum pump; By determining the step
size and transition posture, we ultimately obtain the robot’s
switching posture, which facilitates the switching of suction
cup structure for adsorption and release, as shown in the S4
posture in Fig.9 (a) and the T4 posture in Fig.9 (b); After com-
pleting the posture switch, the robot’s transition posture is still
limited by height, and then the posture corresponding to the
first half stage transitions to the initial posture, completing a
step motion.

The forward motion of the robot is a cyclic process of step
motion, and the step size of the step motion is controllable.
The backward motion of the robot is an inverse cycle process
of step motion.

The bionic sucker designed in this paper expands the mov-
able environment of the inchworm robot, so that the robot can
move on both horizontal and vertical planes with different
inclination angles. Fig.11 shows the motion process of the
robot in the vertical plane. During the operation of the robot,
the adsorption force on the sucker is calculated in real time

FIGURE 10. Control process of posture change.

FIGURE 11. Motion process of robot in vertical plane.

according to equation (14). The bionic sucker controller of
MPC adjusts the negative pressure of the vacuum pump to
provide the adsorption force and ensure the stable movement
of the robot.

D. STEERING MOTION ANALYSIS
Since the inchworm robot adds a transverse servo motor unit,
the robot can achieve a steering gait. The inchworm robot
has certain requirements for the space size to complete the
steering gait. Next, we calculate the minimum space required
for the inchworm robot to complete the steering.

In order to show the steering motion process of the inch-
worm robot, we use the robot ’s top view to describe the
process. Based on the overall structure of the robot in Fig.4,
the top view of the robot can be obtained as shown in Fig.12.
When the robot is in the initial attitude S1, the steering
process of the robot is shown in Fig.13. The inchworm robot
turns the initial state as shown in the X1 pose in Fig.13,
and there is a certain distance between the two suckers d0;
when the robot performs a large-angle steering motion, the
torso part will appropriately increase the step length of the
step according to the steering angle to ensure that the two
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FIGURE 12. Top view of robot in initial pose.

FIGURE 13. The simplified view of the robot during the steering process.

suckers will not collide with each other during the steering
process. As shown in Fig.13, the distance between the two
suckers after the robot increases the step length d ; after
completing the step motion, the robot performs a steering
motion, as shown in the X3 pose in Fig.13, α is the angle
of the robot ’s steering.

During the above steering process, the distance d between
the two suckers plays a crucial role in adjusting the steering
angle. d0 is the initial value of the distance between two
suckers, which is determined by the mechanical structure.
When the robot performs a small angle steering motion, d0
can meet the displacement difference caused by the sucker
steering, so it does not need to perform step motion. When
steering at a large angle, the distance between the two suckers
needs to be increased to meet the displacement difference
required for steering.

According to the attitude process of the robot steering,
we derive the relationship between the steering angle and the
distance between the two suckers as shown in Equation (16).

D = D1 + D1 tanα +
D1

cosα
d = D1 sinα

d =
D sinα cosα

1 + sinα + cosα

(16)

The D1 in the equation (16) is the distance from the inter-
section point to the edge of the sucker, which is generated by
the intersection of the position of the sucker on the steering
center axis after steering and the position before steering in
Fig.12, as shown in Fig.14. D is the side length of the sucker.
From Equation (16), it can be obtained that the spacing d of
the two suckers changes with the rotation angle α. Under the
condition that the distance between the two suckers d is the

initial distance d0 and there is no collision during the steering
process, the maximum steering angle of the steering motion
can be obtained to be about 32◦. When the steering angle
exceeds 32◦, the distance d between the two suckers will
exceed the initial distance. The robot needs to increase the
step size to adapt to the displacement difference caused by
the steering motion, so as to ensure that the two suckers do
not collide. The required step size is increased by rotating the
θ1 angle through the longitudinal servo motor 1, as shown in
Equation (17).

θ1 = sin−1
(
d − d0
L

)
(17)

It can be obtained from Eq. (16) that when the rotation angle
α = 45◦, the distance d between the two suckers is 15.3 mm,
which is the maximum distance between the two suckers.
The maximum circular space radius r0 required for the robot
steering process is shown in equation (18).

r0 =

√(
3
2
D+ d

)2

+

(
1
2
D

)2

(18)

The radius r0 of the maximum circular space can be calcu-
lated to be 131.6mmby Equation (18). In this range, the robot
can ensure free steering without collision.

IV. EXPERIMENTAL TEST
A. SUCKER TEST
In order to test the adsorption force of the sucker on dif-
ferent material planes, we built a sucker adsorption force
test platform as shown in Fig.15. Experimental condi-
tions: vacuum pump power supply voltage constant 5V; the
test equipment is Edberg push-pull meter; the test planes
are metal plane, wood plane, glass plane, ceramic tile
plane and wall plane respectively. The roughness of the
metal plane is about Ra0.8, the roughness of the wooden
plane is about Ra200, the roughness of the glass plane
is about Ra0.006, the roughness of the ceramic tile plane is
about Ra0.1, and the roughness of the wall surface is about
Ra1000. The pull direction is perpendicular to the adsorption
plane.

We define a test experiment process as the tension applied
to the sucker increases from 0 to the sucker deforms or falls
off from the adsorption plane. The tension value was recorded
in each experiment. Ten test experiments were carried out on
different material planes, and the test results are shown in
Fig.16. The 10 tests of the sucker on the above five different
material planes all ended when the sucker deformed, and no
sucker fell off.

In order to verify the importance of the silicone edge of the
cup, we tested the adsorption force of the cup without silicone
edge. The experimental conditions are consistent with the
sucker test experiment with silicone edge, and the test results
are shown in Fig.17. The minimum, maximum, average and
variance of the adsorption force test results of the suckers
with or without silicone edge on different material planes are
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FIGURE 14. Relationship between sucker spacing and rotation angle.

FIGURE 15. Adsorption force test platform of suckers on different
material planes.

FIGURE 16. Adsorption force test results of suckers with silica gel edges
on different material planes.

compared as shown in Table 6 and Table 7. The test results
show that the minimum adsorption force of the cup with silica
gel edge is much larger than themaximum adsorption force of
the cup without silica gel edge. In the sucker test experiment
without silica gel edge, the suckers fell off in 10 tests of
adsorbing different material planes. The adsorption force of
the sucker with the edge of the silicone rubber is much larger
than the adsorption force required for the robot to move. The
measurement error of the push-pull force meter we selected
is ± 0.1N. By correcting the testing platform, we can obtain

FIGURE 17. Adsorption force test results of suckers without silica gel
edges on different material planes.

TABLE 6. Statistical analysis of adsorption force data of suckers with
silicone edges on different material planes.

TABLE 7. Statistical analysis of adsorption force data of suckers without
silicone edges on different material planes.

that the mechanical error of the platform is within the range
of ± 0.5N, so the measurement error for this test is within the
range of ± 0.5N.

B. SIMULATION EXPERIMENTS MEASURING THE
ADSORPTION FORCE REQUIRED FOR INCHWORM ROBOT
MOTION
In order to test the adsorption force required by the inchworm
robot during motion, we built an inchworm robot motion
force test platform as shown in Fig.18. The test platform
is to install the adapter plate at the position of the robot ’s
sucker A1. A metal wire is drawn at the center point of the
adapter plate near the outer 24 mm and connected to the
measuring column of the Edberg push-pull meter to keep
the metal wire perpendicular to the motion plane. In the
motion posture of the robot, two postures are selected as
shown in Fig.18 for testing, of which posture 1 is the posture

VOLUME 11, 2023 92953



C. Xue et al.: Research on Motion Control of Bionic Sucker Inchworm Robot Based on MPC

FIGURE 18. Sucker force test platform under two postures.

FIGURE 19. Test results of suction cup force in two different postures.

TABLE 8. Test data statistics for two postures.

demonstrated above; pose 2 is an arbitrary general pose.
During the experiment, the tension at the push-pull gauge is
applied to keep the robot stable as shown in Fig.18. When
the arm is parallel to the motion plane, the tension value of
the push-pull gauge is recorded and repeated 10 times. The
test results are shown in Fig.19, the test data statistics for two
postures are shown in Table 8. The maximum tensile force
measured based on attitude 1 is about 73.1N, the theoretical
calculation value is about 65.0N, the maximum measure-
ment error is 12.5%, and the average measurement error is
2.4%; The average tensile force measured based on attitude
2 is 41.1N, the theoretical calculation value is 37.3N, the
maximummeasurement error is 10.2%, and the average mea-
surement error is 1.5%. Due to the quality of other small parts
of the robot and the error factors in the testing process, most
of the test results will be larger than the theoretical calculation
results.

FIGURE 20. Simulation results of suction cup pressure controlled by MPC
and PID during robot motion.

C. MPC-BSC TEST
In order to verify the effectiveness of the MPC-based sucker
controller, we use MATLAB to simulate and analyze the
MPC-based bionic sucker controller. The initial pressure in
the sucker is set to 0; the maximum flow rate v of the vac-
uum pump is 100mL/s. Signal change period T = 0.1ms;
the maximum negative pressure P that can be reached in
the sucker is 60kPa. The maximum flow rate variation a
of the vacuum pump is 100mL/s2. According to the robot
motion posture and the robot motion posture torque cal-
culation method shown in Fig.9 (a), the adsorption force
that the sucker should provide in the six postures can be
obtained, so as to obtain the negative pressure value that
the vacuum pump should provide. The simulation results are
shown in Fig.20. It can be seen from the simulation results
that the negative pressure in the sucker can be quickly reached
and stabilized at the reference negative pressure value under
the control of the MPC sucker controller. By comparing
the negative pressure changes in the sucker controlled by
PID, we can see that the pressure in the sucker controlled
by MPC can reach the reference negative pressure value
faster, showing the rapid response characteristics of MPC
control.

We will transplant the MPC based suction cup control
algorithm to the bionic inchworm robot control system, adjust
the suction force of the suction cup based on the gait selected
during the simulation process, and collect pressure data from
the pressure sensor, as shown in Figure 21. Due to the fun-
damental error of the sensor, the initial value is 0.74kPa,
and subsequent data increases or decreases above the initial
value. The reference values of the control air pressure values
corresponding to each posture are marked with dashed lines
in the figure. The blue line represents the output result of
the suction cup air pressure controlled by PID, and the red
line represents the suction cup air pressure data controlled by
MPC. We can see from the graph that there is an overshoot in
the pressure change of the suction cup controlled by PID, and
the response speed is not as fast as the suction cup pressure
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FIGURE 21. Experimental test results of suction cup pressure controlled
by MPC and PID during robot movement.

FIGURE 22. Motion process of robot in horizontal tile plane.

controlled byMPC. However, after the pressure stabilizes, the
stability of the two control methods is consistent, and the error
between the pressure data and the reference value is within
± 0.2kPa.

D. MPC-BSC INCHWORM ROBOT MOTION TEST
In order to verify the feasibility of the MPC-based bionic
sucker controller to control the movement of the inchworm
robot on different angle planes, we selected two extreme
conditions α = 0◦ and α = 90◦ to test the feasibility of the
inchworm robot movement. We tested the crawling motion
of the robot on the marble tile plane at both horizontal and
vertical angles. The test results are shown in Figure 22 and
Fig.23. The test results show that the robot can complete the
‘�’ motion gait under different tilt angles. You can see the
process of the robot moving on the tile plane at two angles in
the videos of Supplementary Materials 1 and 2.

The added bionic sucker can make the inchworm robot
move on the plane of different materials. In order to verify
this performance, we tested the motion feasibility of the
inchworm robot on the vertical tile plane, glass plane and
rougher wall, as shown in Fig.24 and Fig.25. The test results
show that the robot can complete the ‘�’ motion gait in
different material planes. You can see the process of the robot

FIGURE 23. Motion process of robot in vertical tile plane.

FIGURE 24. Motion process of robot on vertical glass surface.

FIGURE 25. Motion process of robot on vertical wall surface.

moving on the vertical glass surface and wall in the videos of
Supplementary Materials 3 and 4.

In order to verify the feasibility of the MPC-based bionic
sucker controller to control the steering of the inchworm
robot, we tested the steering motion of the robot on a hori-
zontal metal material test bench, as shown in Fig.26. The test
results show that the robot can complete the steering motion.
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FIGURE 26. The process of robot steering motion.

FIGURE 27. The motion process of combining step gait and turning gait of
robots.

In order to verify the improvement of the walking and
turning postures of the inchworm like robot on its motion
ability, we combined the two postures to control the robot
to complete the obstacle avoidance process, as shown in
Figure 27. Figure 27 (a) shows the turning gait during the first
half of the obstacle avoidance process, while Figure 27 (b)
shows the step gait during the second half of the obstacle
avoidance process. It can be seen that the step gait and turning
gait we designed for the inchworm like robot can be combined
with control to improve the robot’s operational performance.
You can see the turning gait and stride gait used by the robot
during obstacle avoidance in the video of Supplementary
Material 5.

In order to further test the motion performance of the
robot, we selected a load-bearing column of an elevated
bridge as the testing platform outdoors, with a surface made
of cement material, which has a higher roughness com-
pared to the previously tested plane. We control the robot to

FIGURE 28. Robots perform stride gait on cement pillars.

move vertically on this plane, as shown in Figure 28. The
motion process can be seen in the video of Supplementary
Material 10, where the robot is able to complete the step
motion.

In the video of Supplementary Material 6, you can see the
continuous movement of the robot in the horizontal plane;
In the video of Supplementary Material 7, you can see the
continuous movement of the robot on the vertical metal door
surface; In the video of Supplementary Material 8, you can
see the continuous movement of the robot on the vertical
glass surface; In the video of Supplementary Material 9,
you can see the continuous movement of the robot on the
wall.

V. CONCLUSION
In this paper, a motion control method of bionic sucker
inchworm robot based on MPC is proposed. Firstly, an imi-
tation octopus negative pressure sucker is designed and a
sucker control model is proposed. Under negative pressure
control, the adsorption pressure of the sucker can be adjusted
to meet the needs of the trunk structure movement. Sec-
ondly, a bionic sucker controller based on MPC is designed,
and the closed-loop control is realized by using the data
feedback from the air pressure sensor. The MPC control
algorithm adjusts the flow rate of the vacuum pump to
adjust the adsorption force of the sucker. The algorithm col-
lects the pressure data of the sucker to predict the future
operating state and correct the output expectation of the
flow rate variation of the vacuum pump. Then, a bionic
sucker-type inchworm robot is designed. The designed bionic
sucker is installed at the end of the inchworm robot as
the tentacle of the robot. The torso structure of the inch-
worm robot is equipped with four longitudinal servo motors
and two transverse servo motors, which can realize ‘�’
motion gait and steering gait. Thirdly, a motion gait based
on MPC-BSC is proposed: ‘�’ motion gait and steering
gait.

Finally, the adsorption force of the sucker on different
material planes was tested experimentally. The adsorption
forces on the metal plane, the wood plane, the glass plane, the
ceramic tile plane and the wall surface were respectively; to
verify the effectiveness of the MPC-based sucker controller,
we use MATLAB to simulate the MPC-based bionic sucker
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controller. The performance of vacuum pump flow rate con-
trol of PID control algorithm and MPC control algorithm is
compared by simulation. The experimental results show that
MPC control has faster response speed and higher stability.
It is verified that the bionic sucker controller based on MPC
can control the feasibility of the inchworm robot moving on
different angle planes. The controller can control the robot to
complete the movement gait on the glass plane, the tile plane
and the wall surface, and realize the steering gait on the metal
plane.

As a conceptual robot, the inchworm robot designed in this
paper can be applied in different working environments by
adjusting the size of the robot. In small size volume, it can
detect the internal situation of narrow space; in large size,
it is possible to transport items to places where conventional
transport equipment cannot reach. There are still some short-
comings in the inchworm robot designed in this paper, such
as the attitude planning of the sucker adsorption process, the
optimization of the angle of the servo motor when the robot
is stepping. These problems will be solved in the follow-up
work.
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