
mdpi.com/journal/machines

Special Issue Reprint

Bio-Inspired Smart Machines
Structure, Mechanisms and Applications 

Edited by 

Yanjie Wang, Xiaofeng Liu, Aihong Ji, Shichao Niu and Bo Li



Bio-Inspired Smart Machines:
Structure, Mechanisms and
Applications





Bio-Inspired Smart Machines:
Structure, Mechanisms and
Applications

Editors

Yanjie Wang

Xiaofeng Liu

Aihong Ji

Shichao Niu

Bo Li

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Yanjie Wang

Hohai University

Changzhou

China

Xiaofeng Liu

Hohai University

Changzhou

China

Aihong Ji

Nanjing University of

Aeronautics and Astronautics

Nanjing

China

Shichao Niu

Jilin University

Changchun

China

Bo Li

Xi’an Jiaotong University

Xi’an

China

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Machines (ISSN 2075-1702) (available at: https://www.mdpi.com/journal/machines/special

issues/BioInspired SmartMachines).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-7264-2 (Hbk)

ISBN 978-3-0365-7265-9 (PDF)

doi.org/10.3390/books978-3-0365-7265-9

Cover image courtesy of Dong Mei and Yanjie Wang

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Yanjie Wang, Dong Mei, Xiaofeng Liu, Aihong Ji, Shichao Niu and Bo Li

Bio-Inspired Smart Machines: Structure, Mechanisms and Applications
Reprinted from: Machines 2023, 11, 405, doi:10.3390/machines11030405 . . . . . . . . . . . . . . . 1

Zhiwei Yu, Yifan Zeng and Ce Guo

Mechanical Design and Performance Analysis of a Weevil-Inspired Jumping Mechanism
Reprinted from: Machines 2022, 10, 161, doi:10.3390/machines10030161 . . . . . . . . . . . . . . . 7

Linghao Zhang, Liuwei Wang, Zhiyuan Weng, Qingsong Yuan, Keju Ji and Zhouyi Wang

Fabrication of Flexible Multi-Cavity Bio-Inspired Adhesive Unit Using Laminated Mold
Pouring
Reprinted from: Machines 2022, 10, 184, doi:10.3390/machines10030184 . . . . . . . . . . . . . . . 25

Yingtao Zhang, Benxiang Gong, Zirong Tang and Weidong Cao

Application of a Bio-Inspired Algorithm in the Process Parameter Optimization of Laser
Cladding
Reprinted from: Machines 2022, 10, 263, doi:10.3390/machines10040263 . . . . . . . . . . . . . . . 41

Xiaobin Xu, Wen Wang, Guangyu Su, Cong Liu, Wei Cai, Haojie Zhang, Yingying Ran, et al.

Obstacle Modeling and Structural Optimization of Four-Track Twin-Rocker Rescue Robot
Reprinted from: Machines 2022, 10, 365, doi:10.3390/machines10050365 . . . . . . . . . . . . . . . 55

Gang Zhang, Fuxin Du, Shaowei Xue, Hao Cheng, Xingyao Zhang, Rui Song and Yibin Li

Design and Modeling of a Bio-Inspired Compound Continuum Robot for Minimally Invasive
Surgery
Reprinted from: Machines 2022, 10, 468, doi:10.3390/machines10060468 . . . . . . . . . . . . . . . 71

Renguo Yang, Yadong Gao, Huaming Wang and Xianping Ni

Reducing Helicopter Vibration Loads by Individual Blade Control with Genetic Algorithm
Reprinted from: Machines 2022, 10, 479, doi:10.3390/machines10060479 . . . . . . . . . . . . . . . 89

Yu Xing, Lei Liu, Chao Liu, Bo Li, Zishen Wang, Pengfei Li and Erhu Zhang

Mechanical Deformation Analysis of a Flexible Finger in Terms of an Improved ANCF Plate
Element
Reprinted from: Machines 2022, 10, 518, doi:10.3390/machines10070518 . . . . . . . . . . . . . . . 105

Dawei Huang, Yadong Gao, Xinyu Yu and Likun Chen

The Feature Extraction of Impact Response and Load Reconstruction Based on Impulse
Response Theory
Reprinted from: Machines 2022, 10, 524, doi:10.3390/machines10070524 . . . . . . . . . . . . . . . 125

Zhipeng Liu, Linsen Xu, Xingcan Liang and Jinfu Liu

Stiffness-Tuneable Segment for Continuum Soft Robots with Vertebrae
Reprinted from: Machines 2022, 10, 581, doi:10.3390/machines10070581 . . . . . . . . . . . . . . . 143

Zhengyan Zhang, Houcheng Wang, Shijie Guo, Jing Wang, Yungang Zhao and Qiang Tian

The Effects of Unpowered Soft Exoskeletons on Preferred Gait Features and Resonant Walking
Reprinted from: Machines 2022, 10, 585, doi:10.3390/machines10070585 . . . . . . . . . . . . . . . 161

Yongqiang Zhu, Xiumin He, Pingxia Zhang, Gaozhi Guo and Xiwan Zhang

Perching and Grasping Mechanism Inspired by a Bird’s Claw
Reprinted from: Machines 2022, 10, 656, doi:10.3390/machines10080656 . . . . . . . . . . . . . . . 179

v



Qingfang Zhang, Xueshan Gao, Mingkang Li, Yi Wei and Peng Liang

DP-Climb: A Hybrid Adhesion Climbing Robot Design and Analysis for Internal Transition
Reprinted from: Machines 2022, 10, 678, doi:10.3390/machines10080678 . . . . . . . . . . . . . . . 197

Chunxu Li, Xiaoyu Chen, Xinglu Ma, Hao Sun and Bin Wang

Skill Acquisition and Controller Design of Desktop Robot Manipulator Based on Audio–Visual
Information Fusion
Reprinted from: Machines 2022, 10, 772, doi:10.3390/machines10090772 . . . . . . . . . . . . . . . 217

Gang He, Hu Yang, Tao Chen, Yuan Ning, Huatao Zou and Feng Zhu

Lattice Structure Design Method Aimed at Energy Absorption Performance Based on Bionic
Design
Reprinted from: Machines 2022, 10, 965, doi:10.3390/machines10100965 . . . . . . . . . . . . . . . 239

Xin Zhao, Gangqiang Tang, Chun Zhao, Dong Mei, Yujun Ji, Chaoqun Xiang, Lijie Li, et al.

Bio-Inspired Artificial Receptor with Integrated Tactile Sensing and Pain Warning Perceptual
Abilities
Reprinted from: Machines 2022, 10, 968, doi:10.3390/machines10110968 . . . . . . . . . . . . . . . 257

Guisheng Fang and Jinfeng Cheng

Design and Implementation of a Wire Rope Climbing Robot for Sluices
Reprinted from: Machines 2022, 10, 1000, doi:10.3390/machines10111000 . . . . . . . . . . . . . . 269

Dong Mei, Xin Zhao, Gangqiang Tang, Jianfeng Wang, Chun Zhao, Chunxu Li and Yanjie

Wang

A Single-Joint Worm-like Robot Inspired by Geomagnetic Navigation
Reprinted from: Machines 2022, 10, 1040, doi:10.3390/machines10111040 . . . . . . . . . . . . . . 289

Xin Fan, Junyan Wang, Haifeng Wang, Lin Yang and Changgao Xia

LQR Trajectory Tracking Control of Unmanned Wheeled Tractor Based on Improved Quantum
Genetic Algorithm
Reprinted from: Machines 2023, 11, 62, doi:10.3390/machines11010062 . . . . . . . . . . . . . . . 305

vi



About the Editors

Yanjie Wang

Yanjie Wang is currently working as a Professor at the College of Mechanical and electrical

Engineering, Hohai University, Jiangsu Province, China. He received his Ph.D. degree in Mechanical

Engineering from Xi’an Jiaotong University (XJTU), Xi’an, China, in 2015 and then joined Hohai

University. His research interests include polymer-based sensors and actuators, smart materials and

structures, and advanced bionic systems and robotics.

Xiaofeng Liu

Xiaofeng Liu received the B.S. degree in electronics engineering and M.S. degree in computer

application from the Taiyuan University of Technology, Taiyuan, China, in 1996 and 1999, respectively,

and the Ph.D. degree in biomedical engineering from Xi’an Jiaotong University, Xi’an, China, in

2006. He joined as an Associate Professor with the College of Information and Electrical Engineering,

Shandong University of Science and Technology, in 2006. From 2008 to 2011, he held a post-doctoral

position with the Institute of Artificial Intelligence and Robotics, Xi’an Jiaotong University. From

2011, he has been with the College of IoT Engineering, Hohai University, Changzhou, where he

is currently a Full Professor and the Vice Director of the Changzhou Key Laboratory of Robotics

and Intelligent Technology. His current research interests focus on the study of nature-inspired

navigation, human–robot interaction, and neural information processing.

Aihong Ji

Aihong Ji is currently working as a Professor at the College of Mechanical and Electrical

Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, China. He received his

Ph.D. degree in Nanjing University of Aeronautics and Astronautics in 2007. His research interests

include biomechanics, climbing robots, Micro Aerial Vehicle, Unstatic Aerodynamics, Insects flying,

animals locomotion.

Shichao Niu

Shichao Niu is currently a professor at Key Laboratory of Bionic Engineering (Ministry of

Education), Jilin University. He received his PhD degree (2014) in Bionic Science and Engineering

from Jilin University. His current research focuses on bio-inspired materials with micro/nanoscale

hierarchical structures, the diversified optical functional surfaces in nature, bio-inspired functional

materials for energy and optical applications and the bionic machinery design and manufacture.

Bo Li

Bo Li is a currently an associate professor in School of Mechanical Engineering, Xi’an Jiaotong

University, Xi’an, China. He received his PhD degree in Xi’an Jiaotong University in 2012, and served

as a postdoctral research fellow in National University of Singapore from 2013–2014. His research

interests include design and fabrication of soft actuator and robot with potential applications in

medical operation and inspection.

vii





Citation: Wang, Y.; Mei, D.; Liu, X.; Ji,

A.; Niu, S.; Li, B. Bio-Inspired Smart

Machines: Structure, Mechanisms

and Applications. Machines 2023, 11,

405. https://doi.org/10.3390/

machines11030405

Received: 15 March 2023

Accepted: 17 March 2023

Published: 20 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Editorial

Bio-Inspired Smart Machines: Structure, Mechanisms
and Applications

Yanjie Wang 1,*, Dong Mei 1, Xiaofeng Liu 2, Aihong Ji 3, Shichao Niu 4 and Bo Li 5

1 College of Mechanical and Electrical Engineering, Hohai University, Changzhou Campus,
Changzhou 213022, China; dongmeicz@hotmail.com

2 College of Internet of Things (IoT) Engineering, Hohai University, Changzhou Campus,
Changzhou 213022, China; xfliu@hhu.edu.cn

3 College of Mechanical & Electrical Engineering, Nanjing University of Aeronautics and Astronautics,
Nanjing 210016, China; meeahji@nuaa.edu.cn

4 Key Laboratory of Bionic Engineering, Ministry of Education, Jilin University, Changchun 130022, China;
niushichao@jlu.edu.cn

5 School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, China; liboxjtu@xjtu.edu.cn
* Correspondence: yj.wang1985@gmail.com

With the long-term evolution of nature, each creature has its unique structure and
function, which can adjust to unstructured environments with diversity. These structures,
mechanisms, and potential principles from biology will definitely excite new ideas for
improving and optimizing conventional machine designs and control. By imitating certain
characteristics of these creatures, such as grasp, twist, locomotion, or flying, etc., bio-
inspired smart machines can engage in certain difficult tasks instead of human beings,
such as medical surgery, rapid manufacture and assembly, disaster search and rescue, and
scientific investigation. Therefore, bio-inspired smart machines have an important research
significance and broad developmental prospects.

In light of this, this Special Issue provides an international forum for professionals, aca-
demics, and researchers to address some of the latest theoretical and technological advances
in bio-inspired smart machines and their structure, mechanisms, and applications. After a
stringent peer review process, eighteen papers were finally included in this Special Issue,
which cover the following aspects: (1) bio-inspired machines and robotics, (2) bio-inspired
modeling and control, and (3) bio-inspired sensors and active materials. A summary of the
accepted papers is outlined below.

In the context of bio-inspired machines and robotics, a weevil-inspired jumping mecha-
nism was designed in [1]. In this paper, a miniature prototype was designed to reproduce a
weevil’s jumping mechanism with its working principle and anatomical structure to verify
how weevils’ jumping mechanisms work; it performed well in terms of its jumping height.
This paper presented the anatomical structure and working principle of the weevil jumping
mechanism, followed by an explanation and analysis of its kinematics and dynamics, then
performing virtual prototype simulations to compare different design schemes, with results
guiding the parameter optimization and subjecting a prototype machine into a height
test. In comparisons among the existing jumping mechanisms whose jumping method is
bio-inspired, the present design weighs 44.7 g and can jump to a maximum height of 2 m.

To meet the requirements for the flexible end-effectors of industrial grippers and
climbing robots, inspired by the animal attachment mechanism, a bio-inspired adhesive
unit (Bio-AU) was designed in the second study [2]. Based on the lamination mold casting
process, the “simultaneous molding and assembly” method was established, which can
be applied to form and assemble complex cavity parts simultaneously. Moreover, the
dovetail tenon-and-mortise parting structures were analyzed and designed. Furthermore,
the adhesion between the parting surfaces can be improved using plasma surface treatment
technology. By applying the above methods, the assembly accuracy and pressure-bearing

Machines 2023, 11, 405. https://doi.org/10.3390/machines11030405 https://www.mdpi.com/journal/machines
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capability of the complex flexible cavities are improved, which reduces the individual
differences between the finished products.

In [3], the authors proposed two new flexible perching grasping mechanisms inspired
by a bird’s claw, one of which is articulated and the other is resilient. The difference being
that the former has a pin-articulated claw structure and uses a double fishing line to perform
the grasping and resetting action, while the latter uses a resilient linking piece, a single
fishing line, and a resilient linking piece to perform the grasping and resetting action. The
results of the experiments show that the two types of perch gripping mechanism have their
own advantages and disadvantages. Another work, [4], was also inspired by birds, which
proposed and fabricated a single-joint worm-like robot with a centimeter scale, the motion
of which can be easily guided by a magnet. The robot consists of a pneumatic deformable
bellow and a permanent magnet fixed in the bellow’s head that will generate magnetic force
and friction. The experiment exhibits its excellent environmental adaptability. Moreover,
the robot’s motion was successfully guided under the presence of the magnetic field, which
shows a great potential for pipeline detection applications.

In [5], a four-track twin-rocker bionic rescue robot with an inner and outer concentric
shaft was designed to achieve the best obstacle surmounting performance of a mobile
robot in the rescue environment. From the viewpoint of dynamics, the motion process
of the mass center of the robot when climbing steps forward and backward was studied.
The maximum obstacle height of the robot was calculated. The relationship between the
elevation angle of the car body, the swing angle of the rocker arm, and the height of the
steps was analyzed using a simulation. The simulation results show that the maximum
forward and reverse obstacle crossing heights were 92.99 mm and 155.82 mm, respectively.

A tubular stiffening segment based on layer jamming was proposed in [6], which
can temporarily increase the stiffness of the soft robot in the desired configuration. First,
the authors provided the details of the TSCR design, including the mechanical design
and bio-inspired compliant spine mechanisms. Then, an analytical model of a two-layer
jamming structure was proposed, as well as extending predictions to many-layer jamming
structures. Experimental tests show that the bending stiffness of the initial TSCR increased
by more than 15× at 0◦, 30× at 90◦, and 60× in compressive stiffness.

In [7], the effect of exoskeleton assistance on preferred speeds was tested. The U-
shaped oxygen consumption and lower limb muscle activity curve with the minimum
at preferred frequency were obtained by inviting participants to participate in the test,
which indicated that the resonant condition existed under the preferred condition. Average
metabolic reductions of 4.53% and 7.65% were found in the preferred condition compared
to the general and comparison condition, respectively.

In [8], with the aim to improve the mobility and adaptability of WCR to complex
urban operating environments and expand the application scope of the robot according to
the clinging characteristics of different creatures, a double propeller wall-climbing robot
(DP-Climb WCR) with a hybrid adhesion system was designed that can be internally
transitioned based on the principle of a biomimetic design from the perspective of robot dy-
namics. Through mechanical and aerodynamic experiments, it was verified that the robot’s
actual output pulling force can meet the transition motion demand, and the robustness and
adaptability of the WCR to complex application environments are improved.

In [9], a six-wheeled wire-rope-climbing robot was proposed. Under the condition of
its own weight of 3.8 kg, the robot can carry a maximum of 8 kg of working tools for online
laser cleaning and the maintenance of steel wire ropes and a visual safety inspection. The
developed climbing robot is composed of separable driving and driven trolleys. It adopts
the spring clamping mechanism and the wheeled movement method and can also easily
adapt to the narrow working environment and the different diameter ranges of the sluice
wire rope.

Within the context of bio-inspired modeling and control, a novel process parameter
optimization approach for laser cladding is proposed in [10], based on a multi-objective
slime mold algorithm (MOSMA) and support vector regression (SVR). In particular, SVR is

2
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used as a bridge between target and process parameters for solving the problem of lacking
accurate information regarding the function relationship. The performance of the proposed
approach was evaluated using the TOPSIS method, based on actual laser cladding data, and
was compared with several well-known approaches. The results indicate that the optimal
process parameters obtained by the proposed approach have a better process performance.

In [11], a bio-inspired compound continuum robot (CCR) combining the concentric
tube continuum robot (CTR) and the notched continuum robot was proposed to design a
high-dexterity minimally invasive surgical instrument. A kinematic model, considering the
stability of the CTR part, was established. The unstable operation of the CCR is avoided. The
simulation of the workspace shows that the introduction of the notched continuum robot
expands the workspace of the CTR. The dexterity indexes of the robots are also proposed, and
the simulation shows that the dexterity of the CCR is 1.472 times that of the CTR.

In [12], an improved ANCF lower-order plate element was used to increase the ac-
curacy of the Yeoh model and characterize the geometrical structure of silicone rubber
fingers, taking into particular consideration the effect of volume locks and multi-body
system constraints. First, the improved Yeoh model based on the ANCF plate element is
introduced; then, on the basis of the above-mentioned theory, the computation of a silicone
rubber finger is presented. The simulation results showed that the motion performance of
the flexible finger can be characterized by the proposed model effectively, including the
expansion, deformation, bending status, and so on, under different air pressures.

In order to analyze the effect of higher-order harmonics on the hub load, a rotor that
can realize individual blade pitch control was designed in [13]. The Glauert inflow model
was introduced to calculate the induced velocity of rotor blades in a rotor disk plane,
and the Leishman Beddoes (L-B) unsteady dynamic model was employed to calculate the
aerodynamic forces of each section of a rotor blade. The results showed that the influence
of each high-order harmonic control on the reduction in the individual blade vibration load
is similar in different advanced ratios.

In [14], an impact load identification method based on impulse response theory (IRT)
and a BP (back propagation) neural network is proposed. By extracting the peak value in the
rising oscillation period of response, it transformed the excitation and response signals into
the same length. First, it is deduced that there is an approximate linear relationship between
the discrete time integral of the impact load and the amplitude of the oscillation period
of the response. Second, a BP neural network was used to establish a linear relationship
between the discrete time integral of the impact load and the peak value in the rising
oscillation period of the response. Third, the network was trained and verified. The results
show that this method has a high accuracy and application potential.

In [15], a control system for desktop experimental manipulators based on an audio-visual
information fusion algorithm was designed. The robot could replace the operator to complete
some tedious and dangerous experimental work by teaching it the arm movement skills. The
system is divided into two parts: skill acquisition and movement control. For the former, the
visual signal was obtained through two algorithms of motion detection, which were realized
by an improved two-stream convolutional network. The latter employed motor control and
grasping pose recognition, which achieved precise controlling and grasping.

In the process of trajectory tracking using the linear quadratic regulator (LQR) for
driverless wheeled tractors, a weighting matrix optimization method based on an improved
quantum genetic algorithm (IQGA) was proposed in [16] to solve the problem of weight
selection. A kinematic model of the wheel tractor was built based on the Ackermann
steering model, the state weighting matrix in the LQR controller was optimized using
IQGA, and, finally, a joint simulation was performed using Carsim and MATLAB. The
simulation results after comparing the other four optimization algorithms showed that
the proposed IQGA speeds up the algorithm’s convergence, increases the population’s
diversity, improves the global search ability, preserves the excellent information of the
population, and has substantial advantages over other algorithms in terms of performance.
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As to the context of bio-inspired sensors and active materials, a new strategy was
proposed for developing electronic skin with tactile sensing and pain warning in [17]. A
bionic artificial receptor with innocuous sensing and damage warning functions based on
the coordination of the ion–electric response principle and mechanical signal attenuation
was fabricated. The ion-sensing film provides the carrier of touch or pain perception,
while the PDMS layer as a soft substrate is used to regulate the perception ability of the
receptor. The sensing voltage of the artificial receptor primarily derives from the bending
deformation of two IPMC sensory layers. Experiments show that the sensitivity of the touch
response and pain response is 0.136 mV/Pa and 0.026 mV/Pa, respectively. Additionally,
the distinction ability of touch and pain becomes more pronounced under a higher elastic
modulus and larger thickness.

To obtain the lattice structure with an excellent energy absorption performance, the
structure of a loofah inner fiber was studied by [18] to develop the bionic design of the
lattice structure by an experiment and simulation analysis method. From the compression
experiment of the four bionic multi-cell lattice structures (bio-45, bio-60, bio-75, and bio-90)
and VC lattice structures, its shown that all are made of PLA and fabricated by the fused
deposition modeling (FDM) 3D printer. The comprehensive performance of the bio-90
lattice structure is the best in the performance of the specific volume energy absorption
(SEAv), the effective energy absorption (EA), and the specific energy absorption (SEA).
Based on the experimental result, the energy absorption performance of the bio-90 lattice
structure was then studied using a simulation analysis of influence on multiple parameters,
such as the number of cells, the relative density, the impact velocity, and the material.
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Abstract: Jumping mechanisms constitute an important means of resolution in applications such
as crossing uneven terrain and space exploration. However, the traditional design mainly uses
engineering design thinking, but seldom studies the structural characteristics of organisms themselves
and lacks biomimetic research basis, which leads to the difference between jumping mechanism and
biological structure and its jumping ability. On the other hand, it lacks in-depth study on biological
jumping mechanism from the view of engineering. Weevil has excellent jumping performance, and
its key jumper structure is specially designed by biologist. To investigate the motion mechanism and
working mechanism of the jumping mechanisms, this paper takes the weevil as the bionic object,
and designs a weevil-inspired jumping mechanism. A miniature prototype is designed to reproduce
weevil’s jumping mechanism with its working principle and anatomical structure to verify how
weevil’s jumping mechanisms work, and turns out to perform well at jumping height. This paper
is presented the anatomical structure and working principle of the weevil jumping mechanism,
followed by explanation and analysis of its kinematics and dynamics, then performing virtual
prototype simulations to compare different design schemes, with results guiding the parameter
optimization and subjecting a prototype machine into a height test. In comparisons among existing
jumping mechanisms whose jumping method is bio-inspired, the present design, which weighs 44.7 g
and can jump to a maximum height of 2 m. The present research establishes a biologically inspired
working principle and provides a new practical archetype in biologically inspired studies.

Keywords: bio-inspired robot; jumping mechanism; mechanical design; weevil

1. Introduction

Overcoming obstacles and rough terrain is a difficult but common challenge faced
by miniature jumping robots. In general, biological creatures do so by flying, climbing,
or jumping, of which jumping is superior in that it (i) uses less energy and is quieter
than flying and (ii) is simpler and more reliable than climbing. The decisive factor for
a mechanism’s jumping performance is its mechanical design, and there has been much
research into methods for storing and releasing energy. In those works, some structures
such as planar six-bar mechanism and cams have emerged as being particularly useful and
have been used widely.

Among them, the planar six-bar mechanism is the structure that is used most widely.
A typical planar six-bar mechanism comprises bars in a hexagonal configuration that has
mirror symmetry both vertically and horizontally. However, the upper and lower edges
of the hexagon are usually realized in the form of joints or planes, and linear tension
elements are usually fixed on their left and right endpoints. Anderson learned through
research that elastic energy storage and utilization can enhance jumping efficiency much
more than overall jumping performance [1,2]. So it is useful to increase the jumping range
with energy storing strategies by adding springs. To maximize the stored energy, springs
usually appear in parallel; they store energy by widening the structure while compressing

Machines 2022, 10, 161. https://doi.org/10.3390/machines10030161 https://www.mdpi.com/journal/machines
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its height and lowering its center of mass (COM). This design is the most universal and
the one most likely to achieve high energy destiny. Jung used it in their JumpROACH
and its previous type [3,4], and Woodward used it in their Multimo-Bat [5]. Because of
its good performance, this classical design has been altered variously to adapt it to more
requirements. In their wheeled mechanism, Ye converted the linear rods into arcs to allow
the wheels to rotate [6]. In their Jump-Flapper, Truong broke the linear springs into two
disconnected ones and changed their hanging locations [7]. In their MSU Jumpers, Zhao
removed the linear springs and instead used torsion ones on the joints to gain space inside
the hexagon [8–10].

Cams are used widely as triggering solutions. A cam stores energy as its radius
increases and then releases that energy freely when its radius jumps from maximum to
minimum. As such, the two degrees of freedom (DOFs) of storing energy and triggering
are combined into one using only one component, and therefore cams are very suitable for
robots for which the main priority is to minimize the weight. In their work, Shen, Zhang
and Kovac used cams for triggering [11–13].

Another way to design a mechanism that has superior jumping ability is to use biolog-
ically inspired design. Because many insects can jump to heights of tens or even hundreds
of times their body length, potential designs can come from studying their jumping loco-
motion or anatomical structure. However, most bio-inspired jumping mechanisms to date
have been designed by focusing on limb locomotion, the aim being to maximize the jump-
ing height by enlarging the gain in displacement during launch. Feature points extracted
using high-speed photography are recombined into the skeleton of the mechanism. Typical
examples are (i) the galago-inspired SALTO series by Haldane and (ii) numerous flea- and
locust-inspired robots, such as that proposed by Zhang [14–19]. Rarer in the literature
is bio-inspired design based on an anatomical launching principle, even though such an
approach is essential for improving how energy is stored and released [17]. Of this type
exists the flea-inspired robot developed by Noh [20–22].

According to Nadein, weevils (Coleoptera: Curculionidae: Rhamphini) can reach a
maximum speed of 2.0 m/s when jumping, which is quite large among jumping insects.
With their hind legs being relatively short, their jumping ability is attributed instead mainly
to their special jumping mechanism [22].

However, this special structure is yet to be realized into an engineering design. To fill
in this research gap, we have designed a jumping mechanism according to the anatomical
structure of weevils and involving no classical structures. With few but useful improve-
ments to achieve better engineering performance, it well explains jumping principle of
a weevil’s jumping mechanism. It represents a new structure type in the research into
bio-inspired jumping mechanisms, and shows feasibility and superiority of this structure
by operating smoothly and performing well in jumping height.

In this study, with weevil’s jumping mechanism as the research object, designs a
weevil-inspired jumping mechanism, its kinematic and dynamics were explanted and
analyzed, virtual prototype simulation and experiment were then conducted. This study
provides a new practical archetype in biologically inspired studies.

2. Design of Jumping Mechanism

We present a new jumping mechanism with the bionic idea from weevil, and it is not
like the existing jumping mechanism.

2.1. Biological Working Principle

With limbs that are relatively short, the weevil’s jumping ability comes mainly from its
jumping mechanism. From anatomical observations, Nadein proposed a functional model
of the weevil’s jumping mechanism [22].

In the initial phase, the extensor muscle is relaxed, and contraction of the flexor muscle
(fm) minimizes the angle between the femur and tibia until the flexion state, to restore the

8



Machines 2022, 10, 161

jumping mechanism. During this period, the tibial flexor sclerite (TFS) is dragged over an
internal protrusion (ip) (Figure 1a,b).

Figure 1. Working period (a–d) with initial and terminal phases (e–f) of weevil’s jumping mechanism.
Red arrays stand for forces in muscles, green arrays stand for motions. Abbreviations: em, extensor
muscle; el, extensor ligament; fm, flexor muscle; fl, flexor ligament; ip, internal protrusion; MET,
metafemoral extensor tendon; TFS, tibial flexor sclerite © 2018 Elsevier Ltd. All rights reserved [22].

Next, the extensor muscle begins to contract, pulling the metafemoral extensor ten-
don (MET) to store energy by stretching the extensor ligament (el). The fm is now kept
contracted so as not to displace the TFS (Figure 1b,c).

When the energy stored in the el reaches a certain amount, the fm is relaxed. This
causes the TFS to be dragged over the internal protrusion again to the lower side. Losing
the pull provided by the fl, the tibia rotates freely around the pivot, driven by the huge
extension force provided by the el (Figure 1c,d). As the tibia rotates relative to the femur,
the body of the weevil is sent into the air.

Because of the support from the ip to the tibial flexor sclerite in the configuration shown
in Figure 1c, a relatively small force is required to stop the tibia from rotating. Compared to
structures with no sclerite or internal protrusion, the weevil’s jumping mechanism requires
less power in the fm.

2.2. Mechanical Redesign

Based on the working principle of the weevil’s jumping mechanism and aimed at
better engineering implementation, the jumping mechanism is redesigned into a mechanical
structure. In our design, the pull from the flexor muscle is removed through a mechanical
position-limiting design. Representing the tibial flexor sclerite, a triangular slider (TS) is
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driven by rectangular slider (RS) through the upper string (US), and the RS is driven by the
motor, thereby saving a degree of freedom.

This design can be approximated as a two-dimensional model as shown in Figure 2,
where the parts are named. The shell of the femur becomes the Support board (SB),
which contains structures including the guide rail of the RS, the sliding bolt-nut pair
(NBP), the string hole, and the protrusion structure (PS). The latter corresponds to the
internal protrusion in the biological jumping mechanism. The biotical TFS becomes the
TS mechanical structure. The slider is designed to move downward freely in its guide rail
beneath the PS, and go through the gap between the RS and the PS. While above the PS, it
is also being credible to touch the PS at its cup while strings are tensioned.

Figure 2. Naming of parts in a side view of the device. In brackets are biological structures in
corresponds. *: structures on support board (SB).

The metafemoral extensor tendon becomes the RS. Inside this is a nut that is driven by
the motor so that the RS moves in a straight line along the output shaft, driving the RS to
move together with it on its guide rail.

The tibia becomes the pole, which was not designed precisely. It is connected to the
SB with a revolute joint, enabling it to rotate freely around the joint. Hollow structures are
designed so that the pole does not interfere with the SB. The guide rail of the lower string
(LS) is to the right of the joint, and springs hang on the other side.

The scalar design is arranged to match the length of the motor output shaft (MOS) in
scale, and detailed shape design to fit the angular range of output movement with the one
of biological mechanism, also to enlighten the mechanism as much as possible. Besides, the
length of the pole is decided according to a rule described in Section 3.2 to maximize the
jumping height.

2.3. Working Cycle

Figure 3 shows the working cycle of the mechanism. The springs are loaded for a
relatively long time, during which a large amount of elastic energy is stored. Soon after, it
is released in a moment so that the pole is driven freely by the springs, transforming the
stored energy into kinetic energy. Throughout the whole cycle, the springs always have
a preload.

10



Machines 2022, 10, 161

Figure 3. Five typical stages of the mechanism with some components marked: (a) the RS moves
downwards and pulls the TS moving upwards through the US; (b) the RS moves upward and the TS
reaches the L-shaped PS, whereupon it rotates because of the unbalanced torque; (c) the RS continues
to move upward and the pole is unable to rotate because of the pull provided by the LS; (d) the RS
continues to move upward, pushing the NBP upward in its guide rail; (e) the TS falls freely down
through its guide rail and the mechanism executes the launching process.

Between the stages shown in Figure 3a,b, the RS moves downwards and pulls the TS
moving upwards through the US. Size of the PS, TS and RS are adjusted carefully to let the
TS get through the gap between the RS and PS smoothly.

Between the stages shown in Figure 3b,c, the RS moves upward and the two strings
are both tensioned. The TS moves downward from its highest position until it reaches
the L-shaped PS, whereupon it rotates because of the unbalanced torque until it comes
into contact with the sliding nut–bolt pair. Now, the tension in the lower string and the
support from the sliding nut–bolt pair and the protrusion structure form a balance in the TS,
stopping it from displacing. Also, the pole is unable to rotate because of the pull provided
by the LS.

Between the stages shown in Figure 3c,d, the RS continues to move upward, pushing
the NBP upward in its guide rail and taking the place of the NBP in the position limit of
the TS.

These two processes, in which the RS moves upward, stretching the springs while
the pole stays locked in the pre-triggering stage, reflect the processes in the biological
jumping mechanism whereby the flexor muscle holds the tibia and the tensed extensor
muscle stretches the extensor ligament, storing elastic energy therein.

Between the stages shown in Figure 3d,e, the RS continues to move upward. At a
critical position, it loses contact with the TS, whereupon the position limit for the TS is
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lost. The TS then falls freely down through its guide rail. During this sliding action, the
lower string slides to the other end of its guide rail on the pole. This is the launching
process, whereby the pole is driven violently by the springs releasing their elastic energy in
a moment.

The corresponding process in the biological structure is when the fm relaxes and the
TFS loses the forces that were stopping it from moving toward the tibia, whereupon the
tibia is driven by the el to rotate with great acceleration.

After the stage shown in Figure 3d, the RS continues to move upward until its upper
limit, whereupon the motor rotates in the opposite direction, sending the sliders to their
opposite ends and restoring the stage shown in Figure 3a. During this period, the lower
string slides to the end farthest from the revolute joint, and the sliding nut–bolt pair slides
to the lower end. This is the resetting process that marks the end of the cycle.

To describe how the movements of the RS, TS, and pole are related, the whole mech-
anism is simplified into a geometrical model as shown in Figure 4. The origin of the
coordinate system is dot O, the revolute joint connecting the SB and the pole. The y axis
is parallel to the motor output shaft, and the x axis is vertical. The string hole and the
TS become a dot to simplify the whole model. The variables appear in the form dMN;
for example, dOP is the distance between dots O and P. The value of such a variable is
calculated using the Pythagorean method and the coordinates of each dot.

Figure 4. Geometric model describing transmission relationship: (a) practical realization; (b) ab-
stracted model. The thick blue lines indicate the orbit of the associated sliding dot. Meanings of
dots: R1, hanging point of upper string on rectangle slider (RS), whose orbit is expressed in blue;
R2, hanging point of spring on RS; U, string hole; T, triangle slider (TS); P′, position where lower
string passes through the pole; P, intersection point of the extension cord of lower string and the
direction of the pole (from dot O). Meanings of constants and variables: k, stiffness coefficient of
serried springs; u, length of springs, LD, length of lower string, equals dOP in value; LD, length of
upper string, approximately equals dUR1 +dTR1 in value; θP, angle between y axis and OP; dOP′ , angle
between y axis and OP’.

The variable η is defined to express the displacement of the TS on its orbit, the line
UO, through the constraint in the upper string. The value of η is calculated as

η =
dUT

dUO
=

Lu −
√
(xr1 − xu)

2 + (yr1 + yu)
2√

x2
u + y2

u
(1)
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In the triangle formed by points T, O and P, we have

cos
(
θ p′
)
=

d2
OP′ + [(1 − η)dUO]

2 − L2
D

2dOP′ (1 − η)dUO
(2)

As θp reaches a critical value at which the lower string is almost perpendicular to the
→

OP direction, the lower string slides from its present end to the other. We call this critical
angle θc. Therefore, jumps occur in dOP and

(
θp − θ p′

)
, leading to the jump in the curve of

(yr0 − yr1) versus θp shown in Figure 5. The maximum and minimum values of θp are 146◦
and 26◦, respectively, very close to those in the biological structure, namely 141◦ and 24◦,
respectively [22].

Figure 5. Curve of displacement of RS (yr0 − yr1) vs. angle between pole and motor output shaft
(θp). The thick blue curve is the resetting process in which the RS moves downward. The area with a
colored background is for θp > θc, and that with the white background is for θp < θc. The yellow
dotted curve is the launching process in which the RS moves upward. The area with the yellow
background is for the post-launch period, and the rest is for the pre-launch period.

2.4. Theoretical Dynamical Analysis

Komarsofla has proposed a novel one-legged hopping robot mechanism with aflat
foot [23]. By researched the transitions between different modes and the conditions for these
transitions, including stance, taking-off under-actuated, flight, landing under-actuated, and
recovery, they derived the potential and kinetic energies of the system and other terms
of the Euler–Lagrange equations. On this basis, we established the dynamic equation.
Adopting the same coordinates as those in Figure 4 (O as the origin; the motor output shaft
as the y axis), the mechanism is abstracted into a simpler model for dynamical analysis of
the ejection process as shown in Figure 6.

The mass of the whole mechanism excluding the pole is m2. The COM of this part is
marked with the bigger black-and-white icon, and distance from it to point O is LM. The
distances from point O to the two ends of the pole are L1 and L2, and that to the COM of
the pole is LP. The mass of the pole is m1, with its COM on the smaller black-and-white
icon. The angle between the horizontal plane and the pole is θ1, and that between the pole
and line OM is θ2.
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Figure 6. Dynamic model of proposed mechanism for ejection process.

Lagrange dynamical equations are set up to carry out dynamical analyses. Here τ1
refers to values of torques on the point where the pole contacts with the ground, and τ2
refers to torque on the point O.

The dynamic equation of the mechanism can be written in the form:

[
τ1
τ2

]
=

[
D11 D12
D21 D22

][ ..
θ1..
θ2

]
+

[
D111 D122
D211 D222

]⎡⎣ .
θ1

2

.
θ2

2

⎤
⎦+

[
D112 D121
D212 D221

][ .
θ1

.
θ2.

θ2
.

θ1

]
+

[
D1
D2

]
(3)

where
[

D11 D12
D21 D22

]
is the 2 × 2 mass matrix of the mechanism,

[
D111 D122
D211 D222

]
is the

Coriolis coefficients,
[

D112 D121
D212 D221

]
is an 2 × 2 matrix of centrifugal coefficients.

[
D1
D2

]
is an 2 × 1 vector of gravity terms. Therefore, we have

D11= m1(L2−LP)
2+m2

(
L2

2+L2
m

)
− 2L2Lmcos θ2 (4)

D12= m2(L 2
m − L2Lmcos θ2

)
(5)

D122= m2L2Lmsin θ2 (6)

D112= 2m2L2Lmsin θ2 (7)

D1= m1g(L2 − LP)cos θ1 − m2g2(L m cos(θ1+θ2)+L2cos θ1) (8)

D21= m2(L 2
m − L2Lmcos θ2

)
(9)

D22= m2L2
m (10)

D211 = −m2L2Lmsin θ2 (11)

D2 = −m2gLmcos(θ 1+θ2) (12)

D111= D121 = D222= D212= D221= 0 (13)
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Other dynamical indicators that describe the motion during the ejection process are
given in Equations (14)–(16) and are plotted in Figure 7. The angle θs between the springs
and the pole is

θs= arctan[
xr2 − L1sin(θ p)

yr2 − L1cos(θ p)
]− (90◦ − θp) (14)

Figure 7. Curves of dynamical indicators vs. time. Area with white background is when mechanism
is in contact with the ground. Area with gray background is when mechanism is in the air.

The torque Ts2p on point O applied by the springs is

Ts2p= k(u − u0)L1sin(θ s
)

(15)

The tension Fls in the lower string is

Fls =
k(u − u0)L1sin(θ s)

(1 − t)dUOsin(θp)
(16)

Based on the model roughly designed through kinematics analyses, a virtual prototype
is built in detail to study how some dynamical paraments of this mechanism vary via time.
The result shows that angular kinetic energy is ignorable relative to translational kinetic
energy, so that little energy loss is caused by spinning.

3. Virtual Prototype Simulation

3.1. Introduction to Simulation

With kinematics analysis above and to fit the size of motor output shaft and range of
the angle between tibia and femur during a weevil’s jump, we have arrived at an abstract
structural design. To have precise adjustments on some parameters having considerable

15



Machines 2022, 10, 161

impact on jumping ability of the mechanisms, we carried out virtual prototype simulations
to learn about how these parameters impact with jumping orbit of the mechanism.

Some virtual prototypes with differences in certain variables are built and tested in the
MSC Adams software package (version 2018). The simulation results were imported and
processed in the MATLAB software package (version R2019a) and then plotted to determine
how to improve the performance of the mechanism by controlling these variables.

A typical virtual prototype is built according to the parameters defined in Figure 8.
The scale is defined to match the length of the MOS. Lc1 is set to 73 mm, θc1 to 5.5◦, LM to
84 mm, θc2 to 5.2◦, Lc2 to 2.3 mm, Lc3 to 30 mm, LD to 45 mm, L2 to 73 mm, and k to 0.64
N/mm. Here, k is the stiffness coefficient of the springs, and θp is the angle between the
motor output shaft and the horizontal plane. The value of the latter just before ejection is
defined to be θpinit and is 26.2◦ here.

Figure 8. Five typical stages of the mechanism with some components marked.

3.2. Spepated Variable Simulation

In this section, the parameters k, LD, and L2 are altered in turn to see how they
influence the performance of this mechanism. Only one or two variables are adjusted
simultaneously. After altering each variable separately, LD and L2 are adjusted together
while keeping the COM right above the front end of the pole. Ding have mentioned that
horizontal off-set between the COM and the contacting point during the launch leads to
horizontal displacement of the flight [24]. This cross-variable-comparison is proposed in
supplementary to test how can we maximize its jumping height while setting the similar
limit to the horizontal displacement. Unless stated otherwise, a variable takes its value
from the original prototype. Table 1 shows the featured dynamical parameters that can
reflect the jumping performance of the jumping mechanism. Figure 9 shows how these
variables impact on the jumping performance.

Table 1. Featured Dynamical Parameters.

Variable Name Definition Practical Significance

xm Displacement on x axis at landing Idealized horizontal displacement
ym Displacement on y axis at apex Idealized jumping height

Fkmax Maximum spring tension force Stored elastic energy and
deformation of the spring

Fkmin Minimum spring tension force Unreleased elastic energy

Fgt

Average of tangential component
of force between ground and

mechanism with time
Initial horizontal velocity

Fb2t
Average of tangential force

between SB and TS with time
Interaction forces between

components
ω2 Average angular velocity of SB Measure of spinning
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Figure 9. Jumping performance influenced by changing the design parameters (abscissa: altered
parameter; ordinate: influence indicator): (a) the indicators of ejection performance influenced by the
change of the parameter k; (b) the indicators of ejection performance influenced by the change of the
parameter L2; (c) the indicators of ejection performance influenced by the change of the parameter
LD; (d) the indicators of ejection performance influenced by the change of the parameters LD and L1.

In Figure 9a, k is changed to analyze how it influences the chosen indicators of ejection
performance. In the physical prototype, this variable can be changed by changing the
number of springs or using springs with different stiffness.

In Figure 9b, L2 is changed by modifying the length of the thin slice attached to the
end of the pole in the direction in which the pole is pointing. This operation hardly changes
the mass distribution. When L2 is set as 71 mm, the mechanism starts turning over before
ejection because the projection of the COM on the ground is outside the supported area; in
this case, the device slips upon ejection. By setting L2 as 72 mm or larger, the device stands
in a stable manner.

In Figure 9c, LD is changed such that θpinit is 26.5◦, 30.3◦, 33.5◦, 36.4◦, and 39.1◦. With
LD set to 44 mm, the mechanism falls so quickly that the ejection is considered to fail.

In Figure 9d, because 43 mm is the minimum LD value for the whole running cycle to
finish (otherwise the TS would be unable to form the position limit), LD is assigned starting
with 44 mm, so θpinit is correspondingly 21.8◦, 26.5◦, 30.3◦, 33.5◦, and 36.4◦. Meanwhile,
L2 is set as a function of LD, with the constraint condition provided by kinetic analyses,
aiming at keeping the projection of the COM on the ground near the front edge of the pole.
Here, the best L2 value is to be determined.

Each comparison shown in Figure 9 is analyzed below in order. With increasing k,
the jumping performance of the mechanism grows almost linearly. However, the internal
reaction forces also grow, thereby drawing more motor power.

The value of L2 has little effect on how the components interact with each other, but it
has a large effect on the ejection orbit. A critical value Lc appears when the projection of the
COM on the ground coincides with the front edge of the box on the pole. With L2 greater
than Lc, the height performance worsens slowly, the landing position moves in the −x
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direction, and the angular velocity increases slowly. With L2 less than Lc, slips occur that
lead to ejection failure, and consequently the jumping height decreases sharply. Therefore,
the value of L2 should be set so that the projection of the COM on the ground is close to the
front edge and securely inside the supported area.

Keeping L2 steady but decreasing LD in the range that enables the operation cycle
to finish, the maximum elastic energy is stored, thereby leading to greater displacement
and forces being produced, as well as faster spinning. LD is expected to be smaller, but a
sufficient margin is required to avoid the risk of turning over caused by uneven terrain and
vibrations while the mechanism is running. For the case shown in Figure 8, suitable values
are 44 mm for LD and 30◦ for θpinit.

For cases in which the COM is right above the front edge of the pole, because torque
applied to the COM is reduced by minimizing arms of forces causing spinning, the rotations
are reduced adequately.

In conclusion, a larger k value should be adopted to maximize the force used for
launching, L2 should be controlled as a function of LD to keep the subpoint of the COM
near the front edge of the pole. In the meantime, LD should be kept as short as possible to
lower the COM before the launch, releasing more energy during the ejection.

3.3. Dynamical Quantities vs. Time

To observe the instantaneous status of the mechanism, some parameters were sam-
pled during the ejections of two chosen virtual prototypes. These cases have the same
geometrical design but with k values of 0.64 and 1.28 N/mm, the latter being used for the
physical prototype. To plot smooth curves of these parameters versus time, the data were
over-sampled and filtered by a moving-average filter at a length of nine. Figure 10 shows
the time-varying trends during ejection and while in the air.

 

Figure 10. Curves vs. time t [s] of some dynamical parameters, with k = 0.64 and 1.28 N/mm: (a) orbit
of COM of the mechanism [displacement on y axis (Y) vs. displacement on x axis (X)]; (b) time-varying
trend of θp; (c) time-varying trend of elastic force in serried springs (Fk); (d) time-varying trend of
tension force in upper string (Fupstr); (e) time-varying trend of tension force in lower string (Flowstr);
(f) time-varying trend of tangential component of contact force between pole and ground (Fgt), equal
to friction force between mechanism and ground (normal component of this force has the same trend
after subtracting the weight of the mechanism); (g) time-varying trend of interaction force between
RS and TS (Fr2t); (h) time-varying trend of interaction force between support board (SB) and TS (Fb2t);
(i) squared angular velocity of motor (ω2).
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The curves in Figure 10 show that the ejection starts at 0.4 s and lasts for a very short
while. In a short period before and after the ejection, for the two different k values adopted,
the chosen parameters have the same trend. With bigger k value adopted, the curve grows
linearly, and time spent in the ejection declines.

The maximum horizontal and vertical displacements grow in the same ratio as k is
doubled. The tension in the springs is established as the RS moves upward and is then
released rapidly at the ejection. θp increases rapidly during the ejection but is constant
before and after this process.

The tension in the upper string is small before the ejection, and a pulse for accelerating
the TS appears during the ejection. This pulse can be weakened by lengthening the upper
string, to transfer this force into collision between the TS and SB. The lower string is
tensioned before the ejection and released at the ejection. If LD is set too short, then a pulse
can appear at the ejection to stop the pole.

The spinning accelerates swiftly then decelerates markedly because of the separate
actions for each part during ejection of the pole. This spinning then decelerates slowly
during the in-air process.

To have a jump that is gentle in damage but strong in displacement, a larger value of
k should be set, the surfaces of the sliders should be polished to reduce friction, and the
strings must be long enough to avoid inducing intense interior pulse forces.

4. Experimental Studies

4.1. Introduction

Based on the chosen scheme of virtual prototype, a physical prototype (Figure 11) was
built using three-dimensional printing. Fishing wire was used for the upper and lower
strings, and the total stiffness of the serried springs was measured to be 1.28 N/mm. The
motor adopted is in the GA12-N20 type, with an output shaft in the length of 55 mm. The
Li-ion battery is with an output voltage of 12 V.

Figure 11. Physical prototype.

To deal with uneven terrain and vibration of the motor while running, a PVC slice
was attached to the pole through nut–bolt pairs, thereby enlarging the supported area and
preventing the mechanism from falling over. Being convenient to install and uninstall, we
used it as our method for adjusting the variable L2.

In the posture shown in Figure 4b, the total height of the mechanism is 9 cm, and the
height of the COM is 5 cm. This is a long-lasting state just before the ejection. With four
springs in parallel (k = 1.28 N/mm in total), this mechanism weighs 44.7 g in total (Table 2).
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Table 2. Weight budget of proposed jumping mechanism.

Part Mass[g] Portion

Motor 13.7 30.6%
Battery 5.0 11.2%

Motor fixtures 3.0 6.7%
Pole 6.8 15.2%
SB 6.3 14.1%
RS 1.9 4.3%
TS 0.2 0.4%

Springs 4.0 8.9%
Nuts and bolts 3.8 8.5%

Total mechanism 44.7 100%

4.2. Orbit Test

We subjected the mechanism to an ejection test to verify its jumping performance. In
the recording, a scale in centimeters was set as the background. Because of installation
error, according to the first frame in Figure 12 for t = 0 ms, the height of the COM seemed
to be approximately −7 cm. For normalization, we added 12 cm to all the sampled height
data. The recording was done using a camera with a frame rate of 480 frames per second;
frames during the in-air process were sampled uniformly and are arrayed in Figure 12 The
time cost of the catapult action is estimated as being 12.5 ms, which is six times that in the
biological structure, namely 2.1 ms [22].

Figure 12. Arrayed frames during in-air process.

The vertical displacement of the COM during a typical jump was sampled uniformly
and is plotted in Figure 13 as the blue dots fitted with the red parabola in MATLAB (version
R2019a) through a polynomial model with a degree of two. And height-to-time curves of
other jumps distributes in the area surrounded by imaginary curves and colored with pink.

The height of the COM was 5 cm before the ejection and reached approximately 205 cm
at apex. Thus, the maximum vertical displacement that was achieved is 200 cm, which
corresponds to an increase in potential energy of 0.876 J.

Compared with the simulation results, the experimental jumping height is smaller
than the simulation results, because the actual test needs to consider friction or other
objective conditions, this can be seen from the comparison between the red line peak value
of k = 1.28 in Figure 10a and the experimental jump height in Figures 12 and 13. The overall
results are consistent, and the superior performance of the jumping mechanism is verified
by simulation and experiment.
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Figure 13. Sampled vertical displacement with curve-fitting result.

5. Discussion

Two topics are to be discussed in this section. The first one is comparisons in similarity
of the corresponding biological structure, followed by comparisons in novelty of adopted
elements. The second one is statements on measurements of proposed mechanism, followed
by comparisons in jumping height performances. Each comparisons are carried out between
this work and other miniature jumping mechanisms.

This work is introducing few structures that does not exist in biological structures,
and all of them plays an auxiliary role in the working principle (namely the NBP), or being
unavoidable in recent researches (namely motor and its relevant elements). Except for this
work, few can do the same. The flea-inspired mechanism TAUB [25,26], as a miniature
mechanism that is bio-inspired in jumping method which performs the best in jumping
altitude according to our survey, uses a hook as its triggering method, BounceBot operates
in a similar way [27]. However, no corresponding structure exists in a flea’s jumping
mechanism. Even the mechanism well explains working principle of a flea’s jumping
mechanism propose by Koh is adopting planar six-bar mechanism to provide the leaping
force [21].

Most of resent bio-inspired works focus on limb locomotion during an insect’s jump,
and the biological archetype adopted are usually fleas or locusts. Ones using traditional
mechanical design methods can hardly avoid using planar six-bar mechanism or other
more complex linkage structure [28]. Therefore, new mechanical structure and archetypes
introduced at present can promote researches on jumping mechanisms. Inspired by wee-
vils, a kind of insect nobody has built a jumping mechanism according to, a new strategy
for storing and releasing energy was enabled herein, providing a new type of structure
for miniature jumping robots. Unlike most bio-inspired miniature jumping mechanisms
focused on increasing the gain of displacement output by imitating the external appearance
of the creature concerned, our work has proposed a new strategy for storing and releas-
ing energy, one that is rarely seen but that has the potential to be combined with other
inspirational ideas.

The design was improved to (i) reduce the weight and (ii) simplify the control. The
number of DOFs was reduced from two to one by redesigning the structure into one that is
dissimilar in appearance compared to the biological structure. The COM of the physical
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prototype was lifted 200 cm in a test. The present device weighed 44.7 g in total, and is
with a height of 9 cm in total when compressed.

Well-known miniature jumping mechanisms proposed previously and that have
good jumping performance are listed in Figure 14, and labeled with jumping height.
Only bio-mimic mechanisms that are driven mechanically while launching are mentioned;
other mechanisms (e.g., ones launched using chemical explosion or electro-deformation)
and robots in large size, especially multilegged ones are not mentioned. Also, only the
robot with best jumping-height performance is shown here among ones proposed by the
same team. It could be seen that this work performs relatively well among all jumping
mechanisms in the similar size.

 

Figure 14. Listing of jumping-height performance for well-known miniature jumping mechanisms
proposed previously.

There are still some problems to be improved in our proposed mechanism. For
example, it can’t make rapid continuous jumps at present, and it needs a little time to re-
store energy after each jump. What’s more, the stability control in the process of mechanism
jumping also needs to be solved. At present, there are some novel solutions, such as adding
tail and other measures to achieve reliable jumping direction [29], which is also the direction
of our next stage improvement.

6. Conclusions

Inspired by the working method of the weevil’s jumping mechanism, where two
sliders and a lever serve as the core, a new type of weevil-inspired jumping mechanism was
proposed herein, thereby providing a new structure, together with its working principle and
optimizing suggestions for future studies of bio-inspired miniature jumping mechanisms.

According to the kinematic analysis and simulations of the virtual prototypes and
within the limits of the structural strength and motor power, the performance of the
mechanism can be improved by doing the following. (1) A spring combination with greater
stiffness should be adopted. (2) The projection of the COM on the ground should be kept
near the front edge of the supported area but securely inside. (3) The lower string should
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be shortened as much as possible to lower the COM before launch. (4) The upper string
should be long enough to allow the pole to be stopped by colliding with the SB.

The mechanism proposed herein works in a similar pattern with the biological struc-
ture, and in a similar appearance. Only few but effective improvements are made to the
mechanism to fit engineering demands, to preserve the original working principle and
apparent structure as well as possible. As a result, only one DOF is required for this
mechanism, and basic requirements such as coping with uneven terrain as the launching
surface or adjusting the jumping height and distance are met in this work. This 44.7 g
mechanism can lift its COM by 200 cm and remain safe upon a hard landing. Its jumping
performance ranks fifth among existing miniature jumping mechanisms.
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Abstract: To meet the requirements for the flexible end-effectors of industrial grippers and climbing
robots, inspired by the animal attachment mechanism, a bio-inspired adhesive unit (Bio-AU) was
designed. Due to its fluid-driven operating characteristics and multi-level adhesive structure, its
fabrication and molding is challenging, including the assembly and molding of complex cavities
with good pressure-bearing capability, mechanical properties of multi-level materials with variable
stiffness, etc. In this study, based on the lamination mold casting process, the “simultaneous molding
and assembly” method was established, which can be applied to form and assemble complex cavity
parts simultaneously. Moreover, the dovetail tenon-and-mortise parting structures were analyzed
and designed. Furthermore, the adhesion between the parting surfaces can be improved using
plasma surface treatment technology. By applying the above methods, the assembly accuracy
and pressure-bearing capability of the complex flexible cavities are improved, which reduces the
individual differences between finished products. Additionally, the maximum pressure-bearing value
of the sample was 83 kPa, which is 1.75 times that before optimization. the adhesive structure with
different stiffness components was fabricated at low cost using silicon rubber substrates with different
properties, which met the requirements of multi-level material with variable stiffness of the Bio-AU.
The bending angle of the optimized molding product was about 50.9◦ at 80 kPa, which is significantly
larger than the 24.6◦ of the lighting-cured product. This indicates that the optimized lamination mold
casting process has a strong inclusion of materials, which improves the deformation capacity and
self-adaptability of Bio-AUs and overcomes the defects of 3D printing technology in the formation of
large, flexible, and controllable-stiffness structures. In this study, the effective fabrication of flexible
multilayer adhesive structures was accomplished, and technical support for the development of
Bio-AUs was provided, which met the requirements of bionic climbing robots and industrial adhesive
grippers for end-effectors.

Keywords: fabrication of flexible multi-cavity; lamination mold pouring process; bio-inspired adhe-
sive unit; variable stiffness of materials

1. Introduction

A flexible end-effector is an irregular flexible structure with a large deformation ability;
it is typically composed of flexible materials (such as silicone and rubber). When driven
by fluids and electromagnetics, among others, they can be attached to the target with
high adaptivity. Therefore, the flexible end effector has unique application prospects in
many fields [1–3], such as robot feet and flexible grippers for industrial sorting. In recent
years, with the in-depth research on the bio-adhesion mechanism and the development
of micro-nano manufacturing technology [4–7], biomimetic dry adhesion technology has
been introduced in the field of the attachment of end-effectors. As a result, a fluid-driven
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flexible end-effector with an adhesive function has been developed [8,9], which can adhere
to objects that are extremely difficult to grasp by friction in conventional environments,
such as objects with small surface curvature, smoothness, and easy damage, thereby
expanding the workable boundary of the flexible end-effector. The performance of flexible
end-effectors is affected by a combination of the material properties, cavity structure, and
actuation modes [10]. Based on current research on the bio-adhesion mechanism, the
animal’s flexible adhesion system [11,12] is a multi-layer and cross-scale variable stiffness
structure, which achieves good adhesion through the cooperation of various functional
components [13]. Inspired by the multi-layer and cross-scale variable stiffness structure,
the fluid-driven multi-layer adhesive cavity structure was creatively designed, of which the
fabrication and molding are challenging, such as the molding of irregular cavity structures
of flexible materials, the assembly and sealing of complex cavities, and the stiffness and
toughness of the forming structure must meet the requirements of adhesive deformation.

Existing fabrication technologies for flexible multicavity structures are mainly divided
into 3D integrated printing technologies and traditional mold casting technologies. The
most used 3D integrated printing technologies, such as stereolithography (SLA) [14], fused
deposition modeling (FDM) [15], and poly-jetting [16,17], are limited by the materials used
in the process. A structure prepared using the SLA process (light-cured material) can
withstand a maximum strain of 40%, whereas that prepared by traditional mold casting
(silicone rubber material, PDMS) can withstand more than 600% strain [10]. Similarly, the
shore hardness of materials used in FDM, such as Ninja-flex or TPU, is usually 80~90 A,
and a large external load is required to achieve the target deformation. The material used
by the poly-jetting technology is closer to PDMS than the above two technologies, which
has better flexibility and elasticity. Although the poly-jetting technology can realize a mixed
and integrated printing of materials with different stiffnesses, the expensive equipment
has a low performance-price ratio. Traditional mold casting technologies, which include
lamination molding [10,18], lost-wax casting [19], and rotational molding [20], can be used
to fabricate simple structural models. Meanwhile, this technology is inexpensive, and the
material used is flexible and elastic. However, in view of the fabrication requirements of
the Bio-AU, its complex multicavity structure cannot be fabricated integrally by lamination
mold casting, and it needs to be poured in layers and bonded using adhesives, which
challenge the assembly accuracy and pressure-bearing capability of the complex multi-
cavity structure. Lost wax casting technology, which makes the paraffin inner mold first and
dissolves the inner mold through a high temperature or a water bath after the pouring is
completed, can be used to fabricate the complex multi-cavity structure integrally. However,
this method involves complicated processing steps, and it is difficult to completely remove
the residual paraffin, which ultimately affects the adhesion performance of the Bio-AU.
Compared with other fabrication processes, the lamination mold casting process is highly
sensitive to the complexity of the structure, making it difficult to fabricate the cavity
integrally using this process, although it is more inclusive of materials and can be applied
to a wide range of materials. Therefore, cavity assembly technology can be improved
based these considerations, which can improve the fatigue resistance and pressure-bearing
capability of the cavity to meet the fabrication requirements of the Bio-AU.

In this paper, owing to the preparation and molding requirements of complex multi-
cavity Bio-AUs, the existing processing technologies were compared. It is understood that
the existing traditional lamination mold casting cannot guarantee the assembly accuracy
and pressure bearing capacity of the cavity, and the 3D printing technology is limited
by the base material. Therefore, based on the lamination mold pouring (divided cavity
preparation, combined assembly) technology, the cavity assembly process was optimized.
The parting surface structure is directly related to the assembly accuracy and structural
bearing performance of the multi-layer cavity, thereby affecting the pressure bearing ca-
pability and fatigue resistance of the toe, and also affecting the design of the mold. First,
the parting surface and mold design of the flexible multi-cavity Bio-AU were carried out,
and the structural design of the parting surface of the dovetail tenon and tenon was carried
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out to improve the fatigue resistance and compression resistance of the cavity. Then, the
preparation and molding of the flexible Bio-AU were introduced from the selection and
formulation of the substrate and the specific production process. Three process methods
were introduced: the lamination mold casting (“divided cavity molding-integrated assem-
bly,” DCMA) process; the optimized lamination mold casting (“simultaneous molding and
assembly,” SMA) process; and the stereolithography (SLA) 3D printing technology. Finally,
in order to evaluate the performance of the optimized lamination mold casting process,
the bending and pressure-bearing properties of the three types of samples prepared by
the three processes were compared and tested, and the application of the Bio-AU was
demonstrated.

2. Parting Surface and Mold Design of the Bio-AU with Flexible Multi-Cavity

2.1. Forming Requirements

The design of the soft multi-cavity Bio-AU was inspired by the geckos’ cross-layer
variable stiffness adhesion system, as well as its reversible adhesion-detachment behavior.
It is a flexible multi-cavity structure with a sheet-like bionic flexible skin flap attached to
the abdomen. It expands to bend towards the abdomen when driven by positive pressure,
enveloping, and adhering to the target. Additionally, it contracts to bend toward the
back side when driven by negative pressure, detaching from the target. These behaviors
are similar to the adaptive stable adhesion and valgus detachment of geckos. As a type
of adhesive unit, the Bio-AU is required to have good intrinsic flexibility to adaptively
envelope and adhere to the object, together with a certain rigidity to drive the underlying
flap structure and lift the Bio-AU adhesion (Figure 1). Therefore, the preparation and
molding of flexible multi-cavities of Bio-AUs with variable stiffness characteristics (complex
soft multi-cavity with excellent flexibility, high pressure-bearing capability, and significant
differences in stiffness and deformation at each layer) is the basis of their function, which
is a significant challenge for future research on bionic climbing robots. To ensure that
the multi-cavity structure has the required compression and deformation capabilities,
dovetail tenon and tenon parting surface structures were designed to enhance the bonding
performance and the pressure-bearing capability of the Bio-AU. The mold design and
specific fabrication process of the Bio-AU were established to realize the fabrication and
molding of the AUs’ complex soft multi-cavities.

Figure 1. Design inspiration and structure of bio-inspired adhesive unit (Bio-AU).

2.2. Parting Surface Design

Based on lamination mold casting technology, the Bio-AU was fabricated in separate
cavities and assembled together. The structure of the parting surface is directly related to
the assembly accuracy of the multi-cavity, thereby affecting the compression and fatigue
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resistance of the cavity. Inspired by the traditional stable tenon-and-mortise structure, a
dovetail tenon-and-mortise parting surface is designed.

First, the influence of different parting surfaces on the mechanical properties of in-
terfacial bonding was studied. The failure mode of the cavity expansion to the parting
surface is usually vertical interfacial separation. When the inner cavity of the Bio-AU was
loaded, the effect on the parting surface could be simplified by applying a vertical inter-
facial separation force on the parting surface. To simulate the above process, a simplified
two-dimensional finite element model of the parting surface was established in Abaqus
(SIMULIA, Dassault System, Providence, RI, USA), as shown in Figure 2b. The lower
parting surface was fixed, while the upper parting surface was displaced along the vertical
direction until it was completely separated. The interfacial separation force and avulsion
energy (See the Supplementary Materials for measurement methods of both), which were
generated throughout the separation process, were extracted and used as evaluation criteria
for the stable performance of the parting surface structure. The Mooney-Rivlin model was
used to describe the silicone rubber material used for the fabrication of the Bio-AUs. The
cohesive force model (bilinear constitutive model) was introduced to describe the adhe-
sive connection and failure behavior between the two interfaces. The maximum nominal
stress criterion was selected as the evaluation criterion for damage initiation, in which the
maximum stress value was set to 0.15 MPa, and the maximum avulsion displacement was
set to 5 × 10−4 mm. Finite element models of three different parting surface structures
(plane, right-angle tenon-and-mortise (RTM), and dovetail tenon-and-mortise (DTM)) are
shown in Figure 2a,b. Under the same displacement, the failure states of the interfaces were
analyzed and compared. Figure 2c shows that the maximum interfacial separation force
required for the three parting surface structures is approximately the same, whereas the
DTM structure with the mechanical locking feature results in the rebound of the interfacial
separation force during the damage failure stage. Meanwhile, Figure 2d shows that the
average energy required for the complete separation of the DTM parting surface structure
is the largest.

To optimize the pressure-bearing capability of the DTM parting surface, four structural
parameters were studied: the length of the short side of the tenon W, the height of the
vertical tenon Ht, the length of the long side of the tenon Wt and the fixed overall length H
(Figure 2b) (three levels of W, Ht and Wt were set as shown in Table S1 of the Supplemen-
tary Materials). The orthogonal experimental method was used to extract representative
combinations for comparison (Table 1). As shown in Figure 3a,b, the maximum interfacial
separation forces of the nine parting surfaces are approximately the same. However, the
best performance was from the test No. III parting surface, where its interfacial separation
force has an obvious rebound during the damage stage, and its avulsion energy reached
0.43 mJ, which is nearly 1.6 times that of the test No. VIII parting surface (Figure 3c).
Therefore, the test no. III parting surface was selected for fabricating the Bio-AU cavity.
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Figure 2. Finite element analysis and corresponding results of plane models for three different parting
structures (plane, right-angle tenon-and-mortise (RTM), and dovetail tenon-and-mortise (DTM)):
(a) diagram of three parting structures; (b) finite element analysis of plane models for three parting
structures under the same displacement (0.6 mm); (c) interfacial separation force; and (d) avulsion
energy of three parting structures generated during interface separation.

Table 1. Orthogonal experiment method design.

Test Number
Factors Level

CombinationW Ht Wt

I 1 1 1 W1Ht1Wt1
II 1 2 2 W1Ht2Wt2
III 1 3 3 W1Ht3Wt3
IV 2 1 2 W2Ht1Wt2
V 2 2 3 W2Ht2Wt3
VI 2 3 1 W2Ht3Wt1
VII 3 1 3 W3Ht1Wt3
VIII 3 2 1 W3Ht2Wt1
IX 3 3 2 W3Ht3Wt2
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Figure 3. Finite element analysis and corresponding results for plane models of nine DTM parting
structures: (a) finite element analysis of plane models for different DTM parting structures under the
same displacement (0.6 mm); (b) interfacial separation force of nine DTM parting structures generated
during interface separation; and (c) avulsion energy of nine DTM parting structures generated during
interface separation.

2.3. Mold Design

Based on the lamination mold casting technology, the Bio-AU is divided into three
parts: upper cavity fold, lower cavity abdomen, and skin flap. These were independently
fabricated and assembled. The upper cavity fold was combined with the lower cavity
abdomen through the DTM parting surface. Due to the Bio-AU with complex structure, the
following challenges will be encountered during the fabrication process: (a) efficient filling
of silicone during the pouring of the complex structures: such as thorough release of air
bubbles, rapid replenishment, etc. (b) effective fabrication and rapid demolding of large
slenderness ratio structures (such as thin flap layers).

Regarding the above challenges, the following solutions were proposed:

1. Arranging the position and number of vents and feeding grooves reasonably: To
avoid the complex multi-cavity structure, the vents were mostly located at the joint
surface. In addition, the vents could be used as injection ports and exhaust ports
simultaneously. Garbage chutes were set around the joint surface, which could
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accelerate the release of air bubbles and the replenishment of the mold from all
around (Figure 4a).

2. Using tapered pins and screws to locate and lock between male and corresponding
female molds. Taper pins are precisely located and easy to separate, while screws can
not only ensure the stability of mold clamping, but also facilitate disassembly.

3. To take out the finished product from the mold smoothly, a certain draft angle was set
at the position of complex structures such as cavity folds. And notches were designed
on each mold to separate the male and female molds using tools.

4. Large slenderness ratio structures (such as thin flap layers) are difficult to demold
due to their different axial strengths but uniform radial stiffness. In order to ensure
the quality of finished products, the molds with a radial demolding direction were
designed, which were symmetrically divided along the axis. In this way, the axial
tearing is avoided during demolding (see Figure 4c).

Figure 4. Exploded and physical diagrams of mold: (a) upper cavity fold molds; (b) lower cavity
abdomen molds (unembedded objects); (b’-1) first set of lower cavity abdomen molds (embedded
objects); (b’-2) second set of lower cavity abdomen molds; and (c) flap molds.

The above molds are all laser sintered by Shenzhen Future Factory using 7500 high-
performance nylon material, which has the characteristics of high temperature resistance,
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high strength, high surface quality, and easy demolding (See the Supplementary Materials
for calculations related to mold design).

3. Fabrication and Molding of Bio-AUs

3.1. Selection and Formulation of Variable-Stiffness Substrates for Bio-AUs

The Bio-AU has requirements of high deformation and outstanding adaptability,
which presents challenges to the fabrication process. When driven by pressure, the upper
cavity fold should be easily deformed, while the lower cavity abdomen should maintain
a certain stiffness and toughness to drive the underlying flap structure. Furthermore, the
flap should also maintain a certain stiffness for rapid detachment. Therefore, the Bio-AU
should be a multi-layer structure with variable stiffness, which means that the selection and
formulation of materials are determined by the requirements in stiffness and deformation
of Bio-AUs’ each layer.

Polydimethylsiloxane (PDMS) is a commonly used flexible silicone rubber material.
It is known that its elastic modulus ranges from 0.83 to 1.23 MPa under different curing
conditions [21], which is difficult to meet the Bio-AU’s requirements of structural variable
stiffness. Studies [22] have shown that the elastic moduli of materials can be significantly
improved by adding second phase particles (such as SiO2, Fe3O4, etc.) to PDMS. Meanwhile,
the addition of Ecoflex material, which belongs to the same type of silicone but has a lower
elastic modulus and higher toughness than PDMS, can make the Bio-AU maintain high
flexibility as well as a certain toughness [23]. Overall, PDMS (Dow Corning 184) was
selected as the base material, while the Ecoflex 0030 series (Smooth-On Company) and the
nano-silica fume SiO2 (Maclean Company) were used as the auxiliary materials. Finally,
component A and B materials were formulated by using the above materials (see Table 2).

Table 2. Flexible gripper material composition.

PDMS Hardener SiO2 Ecoflex-A Ecoflex-B

Component A 50% 5% 5% 20% 20%
Component B 66.7% 6.7% 6.7% 10% 10%

Component C carbon fiber board T700.

According to the standard for dumbbell tensile samples specified in D412-98a, the
elastic modulus of component A and B materials were studied. Four dumbbell tensile test
samples were respectively cast for each component materials using a mold (Figure 5a).
At the experimental temperature of 24 ◦C, the tensile testing machine (Figure 5b) was
controlled to stretch at a constant rate of 500 ± 50 mm/min. The results show that the elastic
moduli of component A and B materials are respectively 0.9 MPa and 1.74 MPa (Figure 5c),
which illustrates that flexible materials with different stiffness can be formulated by using
auxiliary materials. Therefore, in order to meet the mechanical performance requirements
of the Bio-AU, the upper cavity fold was endowed with component A material, while the
lower cavity abdomen and skin flap structure were endowed with component B material.

Additionally, the stiffness adjustment technology of the flexible cavity (embedded
objects) was also studied, which can meet the variable stiffness requirements of the Bio-
AU with multi-layer structure under different working conditions. The component C
material in Table 2 is T700 Carbon Fiber Board (elastic modulus ≥ 200 GPa; tensile strength
≥ 3500 MPa), whose stiffness is much higher than that of both component A and B materials.
The local stiffness can be significantly increased by cutting carbon fiber plates into sheets
and evenly embedding them in the flexible cavity. And the stiffness can be adjusted within
a certain range by changing the distribution density of the carbon fiber sheets. Therefore,
when the technology is applied to the lower cavity abdomen, its strength can be significantly
improved, thereby ensuring the adaptability of the Bio-AU and improving its adhesion.
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Figure 5. Tensile test for elastic moduli of materials: (a) three component materials; (b) tensile testing
machine; and (c) results of tensile test.

3.2. Fabrication Process

The lamination mold casting usually adopts the process of “divided cavity molding-
integrated assembly,” i.e., after the flexible cavities are poured independently in layers,
the cavity is assembled using the adhesive (silicon with the same properties). This type of
process has low assembly accuracy and uneven bonding, resulting in cavities with large
differences in individual performance and low pressure-bearing capability, which cannot
meet the requirements of bonding and assembly. For this reason, the lamination mold
casting process was optimized by adopting the process of “simultaneous molding and
assembly” (Figure 6b). In this process, the upper cavity is fabricated in advance, and the
assembly of the upper and lower cavities is accomplished simultaneously during the curing
process of the lower cavity. This process can ensure the assembly accuracy of cavities, and
the adhesion between the parting surfaces is enhanced using plasma surface oxidation
treatment technology, which improves the pressure-bearing capability of the Bio-AU.
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Figure 6. Three fabrication processes: (a) lamination mold casting (“divided cavity molding-
integrated assembly,” DCMA); (b) optimized lamination mold casting (“simultaneous molding
and assembly,” SMA); and (c) stereolithography (SLA) 3D printing technology.

For the purpose of reflecting the characteristics of the proposed “simultaneous molding
and assembly” process, three processing methods (the DCMA process (Figure 6a), SMA
process (Figure 6b), and SLA technology (Figure 6c) were introduced and compared.

1. DCMA: The Bio-AU is divided into three parts: upper cavity fold, lower cavity
abdomen, and skin flap. These were independently fabricated and assembled. Subse-
quently, the cavity and the skin flap were assembled sequentially using the adhesive
(the same flexible material). The process is as follows:

Divided cavity molding: (1) Spraying release agent on the surface of upper cavity
fold/lower cavity abdomen/skin flap mold respectively, and pouring silicone rubber
material into the corresponding female mold; (2) Clamping the mold and removing the
bubbles from the mold (4~6 h in the environment of vacuum degree ≥ 100 kPa); (3) Oven
heating and curing (100 ◦C for 50 min), followed by demolding and taking out the finished
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product; (4) Putting the finished product into the plasma surface treatment machine for
surface oxidation treatment;

Integrated assembly: Cavity and flap assembly are performed sequentially. During the
assembly process, the adhesive (component B in Figure 5) should be evenly applied to the
cavity parting surface, while the flap is bonded to the lower surface of the cavity. Before the
heat curing step (30 min at 100 ◦C), each assembled part needs to be pressed tightly. The
release agent material used in the process is Release 200 spray release agent (Smooth-On
Company). In addition, studies have confirmed that the bonding effect between PDMS
treated with oxygen plasma will be improved [24].

2. SMA: Steps (1) to (4) are consistent with the DCMA, which involves making the
upper cavity fold finished product; (5) Spraying the release agent on the surface of
the lower cavity mold and the baffle, and installing the upper cavity in the female
mold of the lower cavity, followed by the baffle and the lower cavity mold, and finally
locking the molds; (6) pouring silicone rubber into the lower cavity mold and releasing
air bubbles from the mold (4–6 h in an environment of vacuum degree ≥ 100 kPa);
(7) oven heating and curing (100 ◦C for 50 min), followed by demolding and removing
the finished cavity with a baffle plate; (8) pulling out the baffle to obtain the final
cavity product. In addition, the fabrication process of the flap was the same as that for
the DCMA. The flap was bonded to the lower surface of the cavity using an adhesive
(component B in Figure 5).

The core steps of this process are Steps (5)–(8). Specifically, the upper cavity folded
product is embedded in the lower cavity abdominal mold, and the baffle plate (The molds
are shown in Figure 4b) prevents the flexible material from blocking the upper cavity fold.
This process ensured that the assembly of the upper and lower cavities was accomplished
simultaneously during the curing process of the lower cavity. However, because of the
difficulty in demolding the flap with a complex and fragile structure, it is difficult to
apply the SMA process to fabricate the flap. Therefore, a flexible adhesive was used to
assemble the cavity and skin flap. Furthermore, the variable stiffness requirements of the
Bio-AU with the multi-layer structure under different working conditions can be satisfied
by combining the stiffness adjustment technology (embedded objects) and the SMA process,
as shown in the lower left corner of Figure 6 (The molds are shown in Figure 4(b’-1,b’-2)).

3. SLA: By applying this technology, the Bio-AU can be integral fabricated without
dividing it separately. The process is as follows: (1) importing the 3D model and
printing; (2) taking out the finished product to be processed; (3) cleaning the finished
product to be processed; (4) processing the finished product support and performing
secondary curing; (5) taking out the final product.

In conclusion, when the SMA process is applied, the cavity can be fabricated without
using the adhesive. Additionally, based on the plasma surface treatment technology, the
assembly accuracy of the cavity is ensured, and the pressure-bearing capability of the cavity
structure is improved. Although the steps of light-curing integrated molding technology are
simple, the materials used are not as good as traditional silicone rubber materials in terms
of strain capability and tensile strength. According to the deformation requirements of the
Bio-AU at different layers, the lamination mold pouring process can formulate materials
with different elastic moduli at a low cost, while the mixed-material 3D printer equipment
is expensive and cost-effective. Therefore, when facing the formation of irregular cavity
structures based on flexible materials, the fabrication and assembly of complex cavities, and
the demand for flexible adhesive cavities with variable stiffness and high toughness, the
optimized lamination mold casting process proposed in this study can provide a feasible
solution.

4. Performance Tests and Results

In this section, the performance of the finished samples fabricated using the above
three processes were studied and compared respectively, which can test the feasibility of
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the DCMA process. It includes the bending performance (bending angle α) and pressure-
bearing capability (pressure-bearing range) of the Bio-AU under different air pressure
values. The definition of the pressure-bearing range is as follows: when the positive
pressure is broken, the air pressure value of the Bio-AU is the maximum positive pressure
value; when the Bio-AU is upturned under negative pressure and the deformation is stable,
the initial air pressure value of the Bio-AU is the maximum negative pressure value. In this
study, the machine with SLA technology is Form3 (Formlabs, Boston, USA). The material
used is flexible resin elastic 50 A, the elastic modulus of which is about 2.89 Mpa, and
its hardness after secondary curing is 50 A. The weights of the finished Bio-AU samples
fabricated by the three processes above were measured to be 26.9 (±0.53) g, 26.7 (±0.31) g
and 27.9 (±0.16) g, respectively. The performance test platform includes the pneumatic
drive system (Figure 7), the Bio-AU fixture and the image acquisition device (See the
Supplementary Materials for instructions for use of the pneumatic drive system).

Figure 7. Pneumatic drive system: (a) functional block diagram; and (b) physical connection diagram.

4.1. Comparison of the Bending Performance and Rupture Failure

Figure 8 shows the bending and pressure-bearing properties of the Bio-AU samples
fabricated using the above three processes. The angle between the line connecting the first
and last points of the Bio-AU and the horizontal line was defined as the bending angle α of
the Bio-AU (Figure 8a). As shown in Figure 8a, because both the DCMA and SMA processes
belong to the lamination mold casting process, the bending angles of the respective samples
are similar under the same pressure, and the rupture failure of the respective samples
occurs at the parting surface. The size of the rupture opening of the DCMA sample is
significantly larger than that of the SMA sample, which illustrates that the cavity fabricated
by the SMA process has a higher assembly accuracy and pressure-bearing capability. When
the driven pressure was 80 kPa, the bending angle of the SMA sample was approximately
50.9◦, which was significantly larger than that of the SLA sample (24.6◦), indicating that
the bending performance of the SMA sample was better than that of the SLA sample under
the same pressure.

36



Machines 2022, 10, 184

Figure 8. Respective performances of Bio-AU samples fabricated via three processes: (a) comparison
of bending performance and rupture failure of Bio-AU samples; (b) bending performance of Bio-AU
samples; (c) box diagram of positive pressure-bearing ranges of Bio-AU samples; and (d) box diagram
of negative pressure-bearing ranges of Bio-AU samples.

4.2. Comparison of the Pressure-Bearing Capability

The pressure-bearing capability is another important performance index of the Bio-
AU. Therefore, the pressure-bearing capabilities of the samples fabricated using these
three processes were studied. In this way, five samples were made by using each process,
leading to a total of 15 samples, whose pressure-bearing ranges were tested. Specifically,
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the average pressure-bearing ranges of the DCMA, SMA, and SLA samples were −68.24
to 47.98 kPa, −79.44 to 83.72 kPa, and −111.73 to 130.11 kPa, respectively. Because of
the inherent advantage of the one-piece molding process, the pressure-bearing range
of the SLA sample was better than that of the DCMA and SMA samples. Meanwhile,
the SMA process effectively increased the pressure-bearing capability of the sample by
simultaneously forming and assembling the cavity. The results show that the maximum
pressure bearing of the SMA sample is nearly 1.74 times that of the DCMA sample, which
narrows the gap between the SMA and SLA samples. The results in Figure 8c,d show that
the individual differences between the SMA and SLA samples are small. Because the cavity
of the DCMA sample is assembled by adhesive bonding, the DCMA samples have low
assembly accuracy, uneven bonding, and large individual performance differences.

4.3. Application

To verify the rationality of both the structure design and the adhesion performance of
the Bio-AU, the adhesion-locking mechanism with the Bio-AU was used to carry out the
adhesive grasping experiment on targets with different structures (Figure 9). As shown in
Figure 9, for objects with irregular shapes and rigid or flexible objects, the adhesion-locking
mechanism not only can achieve stable adhesion by self-retracting and self-locking, but
also accomplish rapid detachment by extension. The results show that the Bio-AU has good
surface adaptability. Therefore, the new adhesion operation mode with the good surface
adaptability and excellent adhesion capability can effectively reduce the damage to the
target while working stably.

Figure 9. Application of the Bio-AU: (a) flexible hand-pulled paper bag weighing 54 g; (b) coke
weighing 482 g; and (c) snacks weighing 200 g.

5. Conclusions

Owing to difficulties in the fabrication and molding of fluid-driven multi-layer variable-
stiffness adhesive structures, a lamination mold casting process using “simultaneous mold-
ing and assembly” method was proposed, which can be applied to form and assemble
complex cavity parts simultaneously. Compared with traditional lamination mold casting
process, this process can solve the dependence of cavity structure assembly on adhesive
performance, resulting in the improvement of the assembly accuracy of the complex flexible
cavities. Meanwhile, the fatigue resistance and pressure-bearing capability of the complex
flexible cavities can be improved by the application of the dovetail tenon-and-mortise
parting structures combined with the plasma surface treatment technology. The results
of pressure-bearing tests show that the individual differences between finished products
prepared by optimized process are small, and the maximum pressure-bearing value of
the sample was 83 kPa, which is 1.75 times that before optimization. Additionally, the
Bio-AU was fabricated using silicon rubber substrates with different properties, whose
elastic modulus of the upper cavity fold was 0.9 MPa, and that of the lower cavity abdomen
and flaps was 1.74 MPa, which met the requirements of multi-level material with variable
stiffness of the Bio-AU. Compared with 3D printing, the optimized lamination mold casting
process has a strong inclusion of materials, which improves the deformation capacity and
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self-adaptability of Bio-AUs and overcomes the defects of 3D printing technology in the
formation of large, flexible, and controllable-stiffness structures. The results of bending
performance tests show that the bending angle of the optimized molding product was
about 50.9◦ at 80 kPa, which is significantly larger than the 24.6◦ of the light cured product.

In this study, the effective fabrication of flexible multilayer adhesive structures was
accomplished, and technical support for the development of the Bio-AU was provided,
which meets the requirements of bionic climbing robots and industrial adhesive grippers
for end-effectors. However, owing to the challenge of miniaturization of the cavity structure
with variable stiffness of complex multi-level materials, it will involve the processing and
forming of the mold, the assembly of the cavity and the efficient demolding of the finished
product, etc., and it is necessary to optimize or explore a new type of lamination mold
casting process.
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Abstract: The process parameter optimization of laser cladding using a bio-inspired algorithm is
a hot issue and attracts the attention of many scholars. The biggest difficulty, at present, is the lack
of accurate information regarding the function relationship between objectives and process parame-
ters. In this study, a novel process parameter optimization approach for laser cladding is proposed
based on a multiobjective slime mould algorithm (MOSMA) and support vector regression (SVR).
In particular, SVR is used as a bridge between target and process parameters for solving the prob-
lem of lacking accurate information regarding the function relationship. As a new metaheuristic
algorithm, MOSMA is to obtain the Pareto solution sets and fronts. The Pareto solution sets are
optimized process parameters, and the Pareto fronts are optimized objectives. Users can select the cor-
responding optimized process parameters according to their needs for the target. The performance
of the proposed approach was evaluated by the TOPSIS method, based on actual laser cladding data
and compared with several well known approaches. The results indicate that the optimal process
parameters obtained by the proposed approach have better process performance.

Keywords: bio-inspired algorithm; laser cladding; process parameter optimization; multiobjective
slime mould algorithm; support vector regression

1. Introduction

With the growing requirements for the mechanical properties of transmission parts,
traditional hardening technology is not remarkable in terms of production cost, benefit and
performance improvement. Laser cladding is a new surface hardening technology with
great potential application value. Under the irradiation of a high energy laser, the cladding
alloy powder is melted and added to the surface of the substrate. The cladding layer has
good mechanical properties after cooling [1]. In addition, it also has the advantages of high
precision, high quality and the low thermal effect of the substrate [2,3].

Laser power P, laser scanning speed V and powder feeding rate F (voltage Fv) are
the three key process parameters, which are easy to control and have a strong impact on
the quality of the cladding layer [4]. Optimal process parameters vary with different sub-
strate materials and laser cladding powders. In order to obtain a high quality cladding layer,
it is of great significance to perform parameter optimization for each laser cladding process.

An empirical statistics method has been used to optimize the process parameters
of laser cladding. The relationship between cladding geometry (width, height, depth
of molten and dilution rate) and process parameters (laser power, powder feeding rate
and scanning speed) has been studied to obtain the linear relationship by the regression
method [5]. According to simulation results of molten pool temperature distribution,
the laser power and scanning speed had a great influence on the temperature field and
geometry of the molten pool [6]. There are specific functions that have been proposed
to describe the geometry of a laser cladding layer based on the recursive model and
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experimental results. Thereby, the complete geometry of the laser cladding layer can be
predicted from the basic process parameters [7].

In this study, T15 high speed steel powder was deposited on a 42CrMo steel sub-
strate with the laser cladding process. It greatly improved the surface hardness and wear
resistance of the substrate and further improved the service life of mechanical parts [8].
On this basis, heuristic algorithms can be used to solve and optimize process parameters.
However, there is no accurate formula between the machining objectives (dilution ratio,
powder utilization rate, etc.) and process parameters. This causes significant difficulty for
the multiobjective optimization of process parameters.

A slime mould algorithm (SMA) is an up to date bio-inspired method, which was pre-
sented by Chen et al. [9] in 2020. It simulated the behavior of slime mould and established
the distinct mathematic model for an outstanding exploratory capacity and exploitation
propensity. SMA was evaluated using various benchmark data and achieved superior
results. A multiobjective slime mould algorithm (MOSMA) employed the same underly-
ing SMA mechanisms for convergence, combined with an elitist nondominated sorting
approach to estimate Pareto optimal solutions [10].

In this paper, a novel process parameter optimization approach for laser cladding
is proposed based on MOSMA and SVR (MOSMA-SVR-POLC). MOSMA is used to op-
timize the process parameters of laser cladding (Pareto solution set). Support vector
regression (SVR) is used to build the relationship between process parameters and ma-
chining objectives. The actual laser cladding data are utilized to assess the performance
of MOSMA-SVR-POLC. Simultaneously, the data fitting method (DFM) [5], the response
surface method (RSM) [11], MODA (multiobjective dragonfly algorithm)-SVR-POLC [12],
MOEA/D (multiobjective evolutionary algorithm based on decomposition)-SVR-POLC [13]
and other variant methods are compared with the proposed approach.

There are two innovations. First, the ingenious combination of MOSMA and SVR is
modeled in the process parameter optimization of laser cladding. SVR is used to predict
the optimization objectives based on the past data of laser cladding, and the predicted
results are involved in the iteration process of MOSMA. Secondly, the proposed approach
is tested using actual machining data, which can well verify the feasibility and effectiveness
of the method.

The remainder of this paper is arranged as follows. Section 2 shows the research
methodology and analysis methods. The MOSMA-SVR-POLC is described in detail.
The case study is shown in Section 3. The discussion and conclusion are provided in Sec-
tions 4 and 5, respectively.

2. MOSMA-SVR-POLC Approach

In this section, the new MOSMA-SVR-POLC hybrid approach is proposed to deal
with the problem of the process parameter optimization of laser cladding. The main
idea is as follows: (a) carry out the process parameter population representation of laser
cladding, (b) obtain the current Pareto solution set and front based on the actual machining
data as the training set and SVR as the fitness function, (c) update the population via
the Pareto solution set, Pareto front and MOSMA. Steps (b) and (c) are repeated until
the cut-off condition is met. The cut-off condition is generally set to reach the maximum
iteration. During theorisation, there are two issues that need special attention. The first
is how the process parameter population of laser cladding is represented. The second is
the membership of the Pareto front. In MOSMA-SVR-POLC, the discussions of these issues
are shown in the following.

1. The process parameter population representation of laser cladding: The population X
is made up of individuals Xi. X = {X1, X2, . . . , Xn}, where n indicates the population
size. The attributes of Xi are determined by the process parameters of laser cladding
(P, Fv, V).

2. The membership of Pareto front: The dilution ratio D%, powder utilization rate PU
and machining efficiency ME are usually used to evaluate the effect of laser cladding.
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Therefore, these indicators can constitute the membership of Pareto front. Thus far,
there is no accurate employing these objectives and process parameters; hence, the
ε-SVR is applied to predict the objectives. In addition, PU and ME are special (in
essence, bigger is better). It is necessary to obtain the reciprocal of PU and ME for
unifying the characteristics of all the indicators (smaller is better).

In this work, ε-SVR [14] is used to predict the dilution ratio D%, powder utilization rate
PU and machining efficiency ME, because there is no accurate calculation formula employ-
ing the objectives (D%, PU and ME) and the process parameters (P, Fv and V) in the field
of laser cladding. The development kit LIBSVM offers the source codes of ε-SVR [15].
The radial basis function (RBF) kernel is very efficient, especially in the prediction of high
dimensional samples [16]. The function is listed below.

K(·) = exp(−γ|u − v|2) (1)

where γ is a coefficient to be set manually, u is the prediction result vector, and v indicates
the actual value vector.

The main process of the MOSMA-SVR-POLC approach is depicted in Figure 1. The spe-
cific steps are shown in the following.

Figure 1. Flowchart of MOSMA-SVR-POLC.

Step 1 Confirm the lower and upper limits of P, Fv and V to form the lower limit
sets LB and the upper limit sets UB. Thus, X is initialized randomly within LB and UB.
The maximum of the iteration is marked as MI. The iteration count variable j is set to 1.

Step 2 Based on training data, obtain the training model using ε-SVR.
Step 3 Based on the training model, predict the (D%, PU, ME) set of each Xi.
Step 4 Obtain the current Pareto solution set PSX and front PSF with the (D%, PU, ME) sets.
Step 5 Update X with the operations of MOSMA.
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Step 6 If j > MI, go to Step 8; otherwise, go to Step 7.
Step 7 j = j + 1. Go to Step 3.
Step 8 Output the Pareto solution set and front.

Multiobjective Slime Mould Algorithm

SMA was presented by Chen et al. [9] in 2020. It was motivated by the oscillating
patterns of slime mould. For forming the optimum path to connect food with outstand-
ing exploratory capacity and exploitation propensity, a distinct mathematic model was
presented using accommodative weights to imitate the process of generating positive and
negative feedback of the propagation wave supported by a bio-oscillator. MOSMA em-
ployed the same underlying SMA mechanisms for convergence, combined with an elitist
nondominated sorting approach to estimate Pareto optimal solutions [10]. The operations
of MOSMA required for this work are shown in Figure 2.

Figure 2. Flowchart of the required operations of MOSMA.

3. Case Study

3.1. Feasibility Experiment

The experimental conditions involve (i) a PC with Matlab R2018a, (ii) the LIBSVM soft-
ware package, and (iii) the data sets, which were obtained from the practical laser cladding
processing experiment. In this study, 42CrMo steel with dimensions of (100 × 100 × 15) mm
was used as the substrate. The steel was treated by quenching and tempering. The cladding
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powder was T15 high speed steel powder with a particle size of (30–100) μm. The chemical
compositiosn of the T15 powder and 42CrMo steel are represented in Table 1.

The laser model was a TruDisk4002, as shown in Figure 3. A single layer cladding
layer was prepared by the coaxial powder feeding method with T15 high speed steel as
the cladding powder, argon as the powder carrier gas and shielding gas in the cladding
process. Experimental process parameters are listed below: laser power (P) selection
of 1400 W, 1700 W, 2000 W and 2300 W; the scanning speeds (V) were 6 mm/s, 7 mm/s,
8 mm/s and 9 mm/s; similarly, there were four rates of powder feeding voltage (Fv): 40 V,
50 V, 60 V, 70 V. Other parameters include: defocus: 16 mm, lap rate: 30%, and protective gas
flow: 20 L/min. The complete experimental method was adopted. A total of 64 machining
experiments were carried out. They were cut with a sample size of (15 × 15 × 15) mm.
The inlaying, grinding, polishing and other processes were carried out to make the sample
surface show a mirror effect and no obvious scratches. Then, the surface of the samples
were etched with a solution with HNO3. Lastly, the 64 samples were placed in sequence
under an electron microscope for observation and photography. The geometric shape
of the cladding layer of each sample was recorded (as shown in Figures 4 and 5, where w is
width, h is height, and b is melting depth. S1 is melting height area, and S2 is melting depth
area). Figure 5 shows the transverse cross section of the claddings using a scanning electron
microscope. The relative geometric dimensions of the cladding layer were measured with
AutoCAD software. It was found that there were no obvious cracks, pores, inclusions nor
other defects in the cladding layer section.

The machining data are shown in Table 2, where D% can be obtained according to
Equation (2) [17]. PU is calculated via Equation (3), and ME is obtained by Equation (4).

D% =
S2

S1 + S2
(2)

PU =
S1 × V × 0.00819 × 60

0.28815 × Fv
(3)

ME = S1 × V (4)

Figure 3. Laser cladding system.
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Table 1. Chemical composition of clad powder and substrate materials.

Material Form
Elements wt (%)

C V Mn Cr Mo Co Si W Fe

42CrMo Plate 0.4 - 0.63 0.99 0.19 - 0.21 - Rem
T15 Powder 1.6 4.7 0.45 4.5 - 5.4 0.48 11.7 Rem

Figure 4. Geometric shape diagrammatic sketch of the cladding layer.

Figure 5. Cross section optimal micrographs of the single clad tracks for different process parameters.

With the machining data in Table 2, the proposed MOSMA-SVR-POLC was used to
search the optimized process parameters. The parameter settings of MOSMA-SVR-POLC
are shown in Table 3. The machining data is regarded as the training set, and X is taken
as the test set. The prediction D%, 1/PU and 1/ME are obtained via these approaches.
The final Pareto optimal solution and front of MOSMA-SVR-POLC are revealed in Table 4.
The corresponding graphics of MOSMA-SVR-POLC are shown in Figure 6. From the figures,
the relationship between D%, PU and ME is extremely complex.
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Table 2. Machining parameters and measurement results for each single clad.

ID P (W) Fv (V) V (mm/s) D% PU ME (mm3/s)

1 1400 40 6 37.51% 0.5082 11.921
2 1400 40 7 21.71% 0.432 10.132
3 1400 40 8 31.95% 0.4636 10.874
4 1400 40 9 18.71% 0.3966 9.3024
5 1400 50 6 11.18% 0.4654 13.65
6 1400 50 7 48.71% 0.4509 13.223
7 1400 50 8 7.74% 0.4035 11.835
8 1400 50 9 7.87% 0.3697 10.842
9 1400 60 6 5.73% 0.4497 15.826

10 1400 60 7 3.46% 0.4446 15.644
11 1400 60 8 3.38% 0.3939 13.86
12 1400 60 9 3.31% 0.3648 12.837
13 1400 70 6 2.90% 0.4675 19.193
14 1400 70 7 1.55% 0.439 18.02
15 1400 70 8 0.69% 0.4514 18.531
16 1400 70 9 0.49% 0.3968 16.288
17 1700 40 6 29.19% 0.4797 11.251
18 1700 40 7 26.65% 0.4791 11.237
19 1700 40 8 28.27% 0.4815 11.294
20 1700 40 9 34.03% 0.4673 10.961
21 1700 50 6 17.46% 0.5342 15.667
22 1700 50 7 18.50% 0.4816 14.123
23 1700 50 8 16.66% 0.4893 14.35
24 1700 50 9 17.86% 0.4348 12.753
25 1700 60 6 8.81% 0.4919 17.311
26 1700 60 7 11.61% 0.4923 17.324
27 1700 60 8 11.31% 0.4934 17.362
28 1700 60 9 11.37% 0.4495 15.819
29 1700 70 6 7.03% 0.5152 21.148
30 1700 70 7 7.07% 0.4809 19.741
31 1700 70 8 4.98% 0.455 18.679
32 1700 70 9 7.43% 0.4282 17.576
33 2000 40 6 36.10% 0.588 13.791
34 2000 40 7 37.95% 0.549 12.878
35 2000 40 8 38.59% 0.5437 12.754
36 2000 40 9 39.37% 0.5456 12.798
37 2000 50 6 26.31% 0.6026 17.674
38 2000 50 7 27.72% 0.6127 17.968
39 2000 50 8 29.92% 0.5654 16.582
40 2000 50 9 31.49% 0.5601 16.427
41 2000 60 6 19.79% 0.5891 20.73
42 2000 60 7 21.59% 0.5807 20.435
43 2000 60 8 21.60% 0.5501 19.358
44 2000 60 9 21.75% 0.5057 17.795
45 2000 70 6 12.90% 0.5743 23.573
46 2000 70 7 14.43% 0.5379 22.082
47 2000 70 8 14.92% 0.525 21.55
48 2000 70 9 15.71% 0.5068 20.805
49 2300 40 6 42.39% 0.6426 15.072
50 2300 40 7 39.94% 0.6557 15.379
51 2300 40 8 42.53% 0.6237 14.629
52 2300 40 9 41.97% 0.6167 14.465
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Table 2. Cont.

ID P (W) Fv (V) V (mm/s) D% PU ME (mm3/s)

53 2300 50 6 30.71% 0.6159 18.064
54 2300 50 7 34.84% 0.5758 16.888
55 2300 50 8 36.04% 0.5794 16.993
56 2300 50 9 39.57% 0.5202 15.256
57 2300 60 6 25.77% 0.6217 21.876
58 2300 60 7 27.57% 0.5631 19.816
59 2300 60 8 29.52% 0.5669 19.949
60 2300 60 9 30.35% 0.5241 18.443
61 2300 70 6 18.37% 0.6274 25.756
62 2300 70 7 18.88% 0.5917 24.289
63 2300 70 8 22.34% 0.5601 22.991
64 2300 70 9 22.47% 0.5741 23.568

Table 3. Parameter setting of MOSMA-SVR-POLC and other approaches.

Approach Parameter Item Value

All Number of search agents 200
Number of maximum iterations 200

Kernel type of ε-SVR RBF
Penalty factor of ε-SVR 0.7
Coefficient γ of ε-SVR 1/3
Coefficient ε of ε-SVR 0

MOSMA-SVR-POLC Parameter z 0.03
MODA-SVR-POLC Enemy distraction weight 0.096

MOEA/D-SVR-POLC Probability of selecting parents 0.9
Maximal copies of a new child 2

Number of neighbours 13
MOPSO-SVR-POLC Personal learning coefficient 1.5

Global learning coefficient 2
Inertia weight 1

Inertia weight damping ratio 0.99
NSGAII-SVR-POLC Crossover rate 0.5

Mutation rate 0.02
MOGWO-SVR-POLC Number of grids 10

Leading wolf selection pressure coefficient 4
Noncracking selected coefficient 2

Many optimized process parameters were obtained, which is a challenge for prac-
tical application: how to select the optimal one for practical machining? The TOPSIS
method [18] was used to obtain the best process parameter. The key lies in the weight
of the three indicators: D%, 1/PU and 1/ME. The Saaty weight method was used to
calculate the weight. The problem becomes to determine how much users value the D%,
1/PU and 1/ME. In this work, D% is considered to be slightly more important than
the other two indicators. Therefore, the weight of D%, 1/PU and 1/ME is 0.6:0.2:0.2 using
the Saaty weight method. The optimal process parameters under this weight are shown
in Table 5, based on Table 4. The relative error between MOSMA-SVR-POLC and the actual
laser cladding is also calculated and shown in Table 5. From Table 5, it can be seen that
only the last error of ME is relatively large, and the others are small. The feasibility of this
method is verified to a great extent.
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Table 4. Pareto optimal solutions and fronts of MOSMA-SVR-POLC.

ID P Fv V D% 1/PU 1/ME

1 1400 67.9 6 16.86% 1.9885 0.0596
2 1400 68.3 6 14.08% 2.0169 0.0589
3 1400 68.4 6 13.27% 2.0251 0.0587
4 1400 68.5 6 12.43% 2.0342 0.0585
5 1400 68.6 6 11.56% 2.0433 0.0583
6 1400 68.7 6 10.67% 2.053 0.0581
7 1400 68.8 6 9.77% 2.0627 0.0578
8 1400 68.9 6 8.87% 2.0725 0.0576
9 1400 69.2 6 6.34% 2.1004 0.057
10 1400 69.3 6 5.59% 2.1088 0.0568
11 1400 69.9 6 2.93% 2.1395 0.0562
12 1400 70 6 2.87% 2.1404 0.0562
13 1400 70 6.1 2.5% 2.1687 0.056
14 1400 70 6.2 2.2% 2.1954 0.0559
15 1400 70 6.3 1.96% 2.2198 0.0558
16 1400 70 6.4 1.78% 2.2411 0.0557
17 1400 70 6.6 1.57% 2.2707 0.0556
18 1400 70 6.7 1.53% 2.2789 0.0555
19 1400 70 6.9 1.51% 2.2815 0.0556
20 1400 70 7.1 1.52% 2.2691 0.0557
21 1400 70 7.2 1.51% 2.2589 0.0559
22 1400 70 7.3 1.49% 2.2477 0.056
23 1400 70 7.4 1.45% 2.2361 0.0562
24 1400 70 7.5 1.37% 2.2257 0.0564
25 1400 70 7.6 1.28% 2.2168 0.0566
26 1400 70 7.7 1.15% 2.2109 0.0568
27 1400 70 8.2 0.3% 2.2462 0.0583
28 1999 70 9 17.21% 1.9662 0.0572
29 2300 40 6 42.43% 1.5557 0.064
30 2300 40 6.2 42.01% 1.5349 0.0642
31 2300 40 6.4 41.4% 1.5216 0.0644
32 2300 40 6.5 41.07% 1.5177 0.0645
33 2300 40 6.6 40.75% 1.5156 0.0646
34 2300 40 6.7 40.46% 1.5156 0.0647
35 2300 40 6.8 40.22% 1.5175 0.0648
36 2300 40 6.9 40.04% 1.5209 0.0649
37 2300 40 7 39.94% 1.5256 0.065
38 2300 40 7.1 39.91% 1.5316 0.0651
39 2300 40.4 6 41.33% 1.5718 0.0639
40 2300 40.6 6 40.04% 1.5916 0.0637
41 2300 70 6 18.35% 1.5944 0.0559
42 2300 70 6.2 18.1% 1.601 0.0556
43 2300 70 6.4 18% 1.6152 0.0552
44 2300 70 6.5 18.03% 1.6252 0.0551
45 2300 70 6.6 18.1% 1.6364 0.0549
46 2300 70 6.8 18.4% 1.6622 0.0547
47 2300 70 6.9 18.63% 1.6764 0.0546
48 2300 70 7.4 20.28% 1.7452 0.0543
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Figure 6. Pareto front of MOSMA-SVR-POLC (3D and 2D).

Table 5. Optimal process parameters and relative errors (RE) of MOSMA-SVR-POLC.

ID in Table 4 (P, Fv, V ) RE

12 (1400, 70, 6) (1.03%, 0.06%, 7.29%)

3.2. Comparative Experiment

The experimental conditions are consistent with those in the feasibility experiment.
The proposed MOSMA-SVR-POLC is compared with the mainstream methods: DFM [5]
and RSM [11], and some variants of MOSMA-SVR-POLC, such as MODA-SVR-POLC [12],
MOEA/D-SVR-POLC [13], MOPSO-SVR-POLC [19], NSGAII-SVR-POLC [20], MOGWO-
SVR-POLC [21]. The parameter settings of these approaches are also shown in Table 3.
The TOPSIS method [18] is also used to obtain the best process parameter. The weight
of D%, 1/PU and 1/ME is also set to 0.6:0.2:0.2. The best process parameters and relative
errors (RE) of these approaches are shown in Table 6. Figure 7 shows the Pareto optimal
front obtained by MOSMA-SVR-POLC and its similar algorithms.

From Tables 5 and 6, it can be seen that the proposed MOSMA-SVR-POLC had
the same optimal process parameters as DFM and MOGWO-SVR-POLC. In terms of RE, it
was much better than DFM and the same as MOPSO-SVR-POLC and MOGWO-SVR-POLC.
DFM performed extremely badly in the RE of D%. RSM, MODA-SVR-POLC, MOEA/D-
SVR-POLC and NSGAII-SVR-POLC obtained different optimal process parameters. RSM
lagged behind MOSMA-SVR-POLC. MODA-SVR-POLC and MOEA/D-SVR-POLC also
had a good performance, except for the RE of ME. NSGAII-SVR-POLC did not perform
well in the RE of D%. From Figure 7, MOPSO-SVR-POLC, NSGAII-SVR-POLC and
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MOGWO-SVR-POLC had a good performance in area C. MOSMA-SVR-POLC performed
well in regions A and B. The above results confirm the capacity of MOSMA-SVR-POLC.
The proposed approach proves to be very competitive.

Table 6. Optimal process parameters and relative errors (RE) of the comparison methods.

Approach (P, Fv, V ) RE

DFM (1400, 70, 6) (180.61%, 8.10%, 6.98%)
RSM (1400, 70, 9) (51.81%, 6.51%, 24.02%)

MODA-SVR-POLC (1700, 70, 6.2) (0.14%, 0.04%, 14.42%)
MOEA/D-SVR-POLC (1700, 70, 6) (0.14%, 0.04%, 15.56%)
MOPSO-SVR-POLC (1700, 70, 6) (1.03%, 0.06%, 7.29%)
NSGAII-SVR-POLC (1402, 68.3, 6) (81.73%, 10.69%, 3.93%)

MOGWO-SVR-POLC (1400, 70, 6) (1.03%, 0.06%, 7.29%)

Figure 7. Pareto optimal front obtained by MOSMA-SVR-POLC and its similar algorithms.

4. Discussion

In the feasibility experiment, the TOPSIS method was used to obtain the optimal
process parameters. However, the difference in weight ratios between optimization ob-
jectives affects the selection of optimal process parameters. In this section, the different
weight ratios were selected to study the output of the optimal process parameters, and
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the prediction accuracy of the proposed approach will be further discussed. The results are
shown in Table 7.

From Table 7, it can be seen that the different weight ratios do define the different
optimal process parameters. This meets the needs of different users for objectives. No
matter which weight ratio, the prediction accuracy of the first two targets, D% and 1/PU,
are higher than 1/ME. Especially in the weight ratios 1/3:1/3:1/3, 0.2:0.6:0.2 and 0.2:0.2:0.6,
this situation is more obvious. The improvement ofthe prediction accuracy of 1/ME may
be the next important research topic.

Table 7. Optimal process parameters and relative errors (RE) of the proposed approach under
different weight ratios.

Objective Weight Ratio ID in Table 4 (P, Fv, V ) RE

1/3:1/3:1/3 44 (2300, 70, 6.4) (8.57%, 5.26%, 32.90%)
0.6:0.2:0.2 12 (1400, 70, 6) (1.03%, 0.06%, 7.29%)
0.2:0.6:0.2 42 (2300, 70, 6) (0.11%, 0.03%, 43.98%)
0.2:0.2:0.6 47 (2300, 70, 6.8) (11.76%, 3.30%, 39.54%)

In addition, the big oh notation is used to calculate the computation cost of the pro-
posed approach. The computation cost of MOSMA and SVR is O(MI(n · d + co f · n)) and
O(l · tk), respectively, co f is the consumption time of objective calculation, d is the attribute
number of individuals, l represents the sample size, and tk represents the time consumed for
the calculation of the SVR kernel function. The proposed approach is composed of MOSMA
and SVR. Therefore, its computation cost is O(MI(n · d + l · tk · n)).

5. Conclusions

This work proposed a new hybrid approach for the process parameter optimization
of laser cladding using a multiobjective slime mould algorithm and support vector regression.
The proposed MOSMA-SVR-POLC realizes objectives prediction and process parameter
optimization in laser cladding and provides users with the most valuable parameters for
different objectives. Furthermore, ε-SVR is applied to predict the D%, 1/PU and 1/ME.
The training data are from the actual laser cladding. MOSMA is used to obtain the Pareto
optimal solutions and fronts. The feasibility experiment and comparative experiment were
carried out to test the performance of MOSMA-SVR-POLC. The experimental results reveal
that MOSMA-SVR-POLC achieves a competitive predictive performance compared with other
well established approaches. The study confirms the feasibility and effectiveness of MOSMA-
SVR-POLC in the field of process parameter optimization in laser cladding.

For future work, the improvement of the setting parameters and prediction accuracy
of ε-SVR should be further studied. Secondly, more kinds of laser cladding experiments,
such as multichannel laser cladding, should be added to verify and modify the method
in this paper.
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Abstract: In order to achieve the best obstacle surmounting performance of a mobile robot in the
rescue environment, a four-track twin-rocker bionic rescue robot with an inner and outer concentric
shaft was designed in this paper. From the viewpoint of dynamics, the motion process of the mass
center of the robot when climbing steps forward and backward was studied. The maximum obstacle
height of the robot was calculated. The relationship between the elevation angle of the car body, the
swing angle of the rocker arm and the height of the steps was analyzed by simulation. The simulation
results show that the maximum forward and reverse obstacle crossing heights were 92.99 mm and
155.82 mm, respectively. Obstacle climbing experiments of the designed robot prototype were carried
out. It was found that the measured maximum height of the step was 95 mm, and the measured
maximum height of the reverse obstacle was 165 mm. Finally, bionic particle swarm optimization
was used to optimize the structural parameters of the rocker arm with an optimal length of 315.2 mm.
The study of this paper can be referenced for the design and analysis of obstacle surmounting rescue
robots with similar structures.

Keywords: bionic tracked rescue robot; double rocker arm; obstacle crossing; centroid; bionic particle
swarm optimization algorithm

1. Introduction

Large-scale natural disasters can cause the collapse of buildings and significant casual-
ties. Rescue workers in harsh environments and the limited time to carry out large-scale
search and rescue are the current concerns of people. Using a rescue robot to assist in rescue
is an effective means to improve the search area and shorten the rescue time.

At present, rescue robots include wheeled rescue robots, bionic foot rescue robots,
hybrid aerial/terrestrial robots and caterpillar rescue robots. Wheeled rescue robots move
fast, and the structure and control are simple, but the ability to surmount obstacles is poor,
which limits their application to relatively flat terrains. Bionic foot rescue robots can be
used in very complicated terrains, but their mechanical structure is complex and their
control is tedious. Hybrid aerial/terrestrial robots [1,2] can fly over obstacles and drive
on the ground to improve energy efficiency. The ability to autonomously explore complex
environments is improved, but the structure and control are more complex. Crawler rescue
robots are suitable for surmounting obstacles, with a simpler mechanical structure and
control compared with bionic foot robots. Crawler mobile robots can move at a relatively
high speed with stability on rugged ground such as steps and slopes. Takemori [3] proposed
a multi-functional tracked rescue robot, FUHGA2. The main track covers the main body
and carries four sub-tracks, with longer six-axis arms and parallel grippers at the top, giving
it high dexterity, maneuverability and high search capability. Cho [4] proposed a rescue
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robot with a chain double-track mechanism with triangular and square track hinges. The
relative rotation of the front and rear body enables the robot to better adapt to the terrain
and reduce energy consumption on rugged ground. However, the roof is relatively low
from the ground, and it is easy to get stuck in complex terrain, resulting in a low driving
speed and efficiency. Kim [5] proposed a single-track crawler rescue robot adapted to
obstacles. With different shapes of obstacles, the robot’s mobile planetary wheel structure
could change the orbit shape to enhance its ability to overcome different obstacles, but
the energy consumption was too large. Li [6] proposed a W-shaped rocker crawler robot
through the combination of a four-wheel rocker structure and a crawler. It can avoid the
situation where the legs of the W-shaped rocker four-wheel robot are stuck on obstacles,
and it can improve the adaptability to chaotic terrain and the stability of obstacle crossing.

In this paper, considering the stability in complex terrains and the ability to jump over
obstacles, the crawler movement mode was adopted to accomplish obstacle crossing for a
rescue robot. Based on the two-tracked mobile robot, the double rocker arm mechanism
was added. To date, four-crawler double rocker rescue robots have received a lot of research
attention. Liu [7] proposed a robot with a variable configuration of the rocker arm. A
triangular wheel structure in the rocker mechanism and application of the elliptical form
principle were used to improve the crawler tension, reduce track deformation and improve
the ability to overcome obstacles. The authors of [8–12] proposed four-track twin-rocker
rescue robots with good adaptabilities which can climb over rugged terrains, such as
convex platforms and gullies. The tracks on the rocker arm are tightly attached to the rigid
body, which enables the robot to climb over convex platforms that have good support.
However, the rocker arm structure in the above literature is shorter than that of the car
body, so the robot can only overcome obstacles in the forward direction, resulting in a small
range of forwarding movement of the robot’s center of mass. In the face of higher steps,
the robot cannot reverse the obstacle by rotating the rocker arm to support the lifting of
the car body. Therefore, through the research and design of the rocker arm structure, the
rocker arm of the rescue robot is enough to support the lifting of the car body to reverse the
obstacle. In the literature [13], the rocker arm structure was designed based on forward
obstacle crossing, so that it can also lift the car body for reverse obstacle crossing by rotating
clockwise. However, due to the short length of the rocker arm, the lifting angle of the car
body is small, and the height of the reverse obstacle crossing is limited.

Thus, the length of the rocker arm has a great influence on the obstacle surmounting
ability, but few studies have looked for the optimal arm length to achieve the maximum
obstacle surmounting ability. Given the above obstacle crossing modeling problems of
robots, static models [14–17] with different motion states are usually adopted to realize
static analysis, and the obstacle crossing performance of robots is analyzed through the
variation rule of the centroid position [18,19] during the robot’s movement.

The innovations of this paper are as follows:

(1) Through the research and design of the bionic leg-type rocker arm structure, the robot
can surmount obstacles upward and downward;

(2) The bionic particle swarm optimization algorithm is used to optimize the structural
parameters of the robot, and the optimal length of the rocker arm is obtained to
achieve the maximum obstacle crossing capability of the robot.

The rest of this article is organized as follows: In Section 2, the structural design of
a four-track twin-rocker rescue robot is described. In Section 3, the mathematical model
is established from the perspective of dynamics, and the maximum height that the robot
can surmount and the pose when it achieves the best performance of obstacle crossing are
deduced according to the position of the robot’s centroid. In Section 4, the simulation and
experimental verification of the rescue robot in this study are carried out, and the bionic
particle swarm optimization algorithm is used to optimize the structural parameters of the
rocker arm. Finally, Section 5 summarizes the research results of this paper.
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2. Structure Design of Four-Track Twin-Rocker Arm Robot

A four-track twin-rocker mobile rescue robot was designed, as shown in Figure 1.
The robot consists of a chassis, leg rocker system, track system, drive system and external
sensor system. The structural design of the double rocker arms of the obstacle surmounting
robot mimics the climbing movement of legs. The internal and external concentric shaft
design is adopted to satisfy the independent driving of the off-road wheel and rocker arm,
and four sets of driving equipment are placed on the same axis to reduce the volume of the
car body. The center of gravity of the vehicle is set at the front wheel of the vehicle, which
is conducive to crossing rugged terrain and obstacles such as gullies and steps.

Figure 1. Four-track twin-rocker arm mobile robot object.

The system control diagram is shown in Figure 2. In the figure, STM32F427 is used as
the control board, and the whole system is powered by a 24 V mobile power supply. During
the operation, it receives the speed instruction issued by the remote control through the
serial port and sends the data to the “C610” electrical adjustment. Then, the corresponding
PWM signal is calculated and sent to the “M3508” deceleration DC motor and “57AIM30”
servo motor to provide power for the track drive system and rocker arm drive system,
respectively. The rocker arm drive system guarantees 360◦ rotation of the rocker arm.

 
Figure 2. The system control diagram.

To reduce the weight of the car, the whole vehicle is made of carbon fiber. The car
adopts a harmonic reducer and a spiral bevel gear to increase the torque on the rocker up
to 120 N·m. The structural parameters are presented in Table 1.
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Table 1. Structural parameters of a four-track twin-rocker mobile robot.

Indicators Parameter

Size/mm × mm × mm 378 × 300 × 136.5
Diameter of track wheel/mm 173

Cross-country wheel diameter/mm 143.5
Rocker arm mass/kg 0.189
Car body quality/kg 12.94

3. Obstacle Crossing Analysis of a Four-Track Twin-Rocker Rescue Robot

In rescue work, the four-track twin-rocker robot faces various terrains, which can be
simplified into a combination of typical obstacles such as slopes, steps and ditches. Among
these obstacles, steps are often used to analyze the obstacle negotiating capability of the
rescue robot.

The obstacle crossing function of the rescue robot is to use a walking mechanism to
drive the robot to move so that its center of mass can cross the boundary line of the obstacle.
During this process, it should be ensured that the robot does not flip over and remains
relatively stable. The obstacle crossing process can be divided into the following two types:

1. The robot’s forward obstacle surmounting process is shown in Figure 3. The robot is
driven by its power to move forward, and the rocker arm rises at a certain distance
from the step so that its track wheel can hit and be supported by the rectangular
corner of the step, as shown in Figure 3a. Then, the rocker arms rotate clockwise
to make the robot body tilt up to a certain angle, as shown in Figure 3b. Under the
action of the driving force, the robot moves forward until its mass center crosses the
boundary of the step, as shown in Figure 3c. Finally, the robot will be pulled up the
step with the force of gravity in the first half of the robot body, as shown in Figure 3d.

  
(a) (b) 

 
(c) (d) 

Figure 3. The process of the robot climbing the steps forward: (a) lift the rocker arm; (b) lift the body
with the support of the rocker arm; (c) the center of mass crosses the step boundary; (d) the body
crosses the step.

2. The reverse obstacle surmounting process of the robot is shown in Figure 4. The first
four steps are identical to the forward obstacle surmounting process in Figure 3a–c.
When the driving wheel fails to cross the step boundary only by rotating the double
rocker arm clockwise to support the front part of the car body, the rocker arm is
rotated backward until it hits and is supported by the ground, causing the center of
mass to rise and move forward, as shown in Figure 4e. When the robot is lifted to a
certain height, it climbs the step under the joint action of the driving force, friction
and support force of the track on the ground, as shown in Figure 4f.
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(a) (b) 

 
 

(c) (d) 

  
(e) (f) 

Figure 4. Reverse climbing process of the robot: (a) lift the rocker arm; (b) lift the body with the
support of the rocker arm; (c) off-road wheel withstands step angle; (d) car body crawler withstands
step edges; (e) the center of mass crosses the step boundary; (f) the body crosses the step.

3.1. Centroid Distribution of Four-Track Twin-Rocker Rescue Robot

When climbing stairs, the gesture of the rocker arm needs to be constantly adjusted
according to the height of the step. When the angle between the rocker arm and the robot
body changes, the position of the robot’s centroid changes accordingly, thus affecting the
robot’s obstacle crossing performance.

The robot’s center of mass trajectory is shown in Figure 5. The coordinate system
XO1Y is established with the center O1 of the rescue robot’s rear cross-country wheel as
the origin, O1O2 as the abscissa and O1O2 as the vertical. G1(L, h) is the center of mass of
the robot body, and G2 is the center of mass of the robot rocker arm. The variation rule of
the robot’s center of mass G(X, Y) with the swing arm movement is as follows:

{
X = m1

m1+m2
L + m2(L1+L2 cos θ)

m1+m2

Y = m1
m1+m2

h + m2L2 sin θ
m1+m2

(1)

(X − m1L + m2L1

m1 + m2
)

2
+ (Y − m1h

m1 + m2
)

2
=

m2
2L2

2

(m1 + m2)
2 (2)

where m1 is the mass of the robot body, m2 is the mass of the robot swing arm, L1 is the
center distance between the two driving wheels, L2 is the distance between the center of the
robot swing arm from G2 to O2, L is the abscissa of the robot body’s center of mass, h is the
ordinate of the robot body’s center of mass and θ is the swing angle of the robot swing arm.
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Figure 5. The trajectory of the robot’s center of mass.

Therefore, the trajectory of the robot’s center of mass is a circle with (m1L+m2L1
m1+m2

, m1h
m1+m2

)

as the center and r = m2L2
m1+m2

as the radius.

3.2. Forward Obstacle Crossing Analysis of Four-Track Twin-Rocker Rescue Robot

1. When the step height is low (1–2 cm), the force of the robot crossing the step can be
obtained by using the static equilibrium equation, as shown in Figure 6.

Figure 6. Robot’s front wheel’s contact with the step.

The function can be established as

⎧⎨
⎩

F1 sin α − f F1 cos α − G + F2 = 0
F1 cos α − f F1 sin α − λF2 = 0
f F1R − GL1/2 + F2(L1 − x)− λF2R = 0

(3)

According to Equation (3), the function can be expressed as

f R
L1

= (
λR − x + λ f x − λ f L1

λL1
) cos α +

λ(L1 − x)− f x + λR f
λL1

sin α (4)

According to Figure 5, the geometric relationship is

sin α =
R − H

R
(5)
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Substituting Equation (5) into Equation (4) and letting f be 0, Equation (4) can be
rewritten as

H
R

= 1 −
√√√√√ 1

1 + (
L1
x −1

1− λR
x
)

2 (6)

where L1 is the center distance between the front and rear driving wheels of the robot, R is
the radius of the driving wheel, G is the gravity of the robot, F1 is the support force of the
step applied on the front wheel, F2 is the support force of the ground applied on the rear
wheel, f is the rolling resistance coefficient, λ is the ground adhesion coefficient, H is the
height of the step and x is the distance between the centroid of the robot and the center of
the front wheel.

As can be seen from Equation (6), as the parameters L1
x and λR

x increase, H
R increases.

Moreover, it is easier for the front wheel to cross the steps.

2. When the rescue robot crosses the step at a certain height while climbing, the vertical
edge line of the step is defined as the key boundary line, as shown in Figure 7. When
the centroid of the robot hits the vertical edge line of the step, the rocker arm is kept
horizontal. The maximum height of the robot crossing steps forward can be calculated:

H(X, Y, α) = R + X sin α + Y cos α − Y + R
cos α

(7)

where X is the abscissa of the robot’s center of mass, Y is the ordinate of the robot’s
center of mass and α is the angle between the car body and the ground.

 
Figure 7. Robot centroid crossing the step boundary in forward obstacle crossing.

To ensure that the rescue robot does not flip over, the elevation angle of the robot
needs to satisfy α ∈ (0, 90◦). The relationship between the elevation angle of the robot α
and the included angle between the rocker arm and the centerline of the car body θ is

α + θ = 2π (8)
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Take the partial derivative of H(X, Y, α) with respect to the abscissa X and ordinate Y
of the robot’s centroid and obtain the following formula:

∂H
∂X

= cos α > 0 (9)

∂H
∂Y

= − sin α − sin α

cos2 α
< 0 (10)

H(X, Y, α) is an increasing function and reduction function of the abscissa and ordinate
for the robot centroid. When the center of mass of the robot is closer to the front wheel
and step, the maximum height to be crossed is higher, and it is easier for the robot to cross
the step.

Take the first partial derivative and the second partial derivative of H(X, Y, α) with
respect to elevation α:

∂H
∂α

= X cos α − Y sin α − (Y + R)
sin α

cos2 α
(11)

∂2H
∂α2 = −X sin α − Y cos α − 1 + sin2 α

cos3 α
(Y + R) < 0 (12)

When α ∈ (0, π
2 ),

∂2 H
∂α2 < 0, H has a maximum value. When ∂H

∂α = 0, the maximum
height that the robot can cross can be obtained as Hmax.

3.3. Reverse Obstacle Crossing Analysis of Four-Track Twin-Rocker Rescue Robot

When the step height is too high, to prevent the robot from flipping over, the forward
obstacle crossing cannot be performed by increasing the elevation angle between the robot
body and the ground. With O3 as the support point and O2 as the rotation center, the rocker
arm is rotated counterclockwise to drive the robot’s centroid forward movement. The
robot’s centroid can cross the key boundary of the step under the action of the driving force,
as shown in Figure 8. The center coordinate system X1O′Y1 is established with O3 as the
origin, O2O3 as the horizontal axis and O2O3 as the vertical axis. The centroid coordinate
of the robot G′(X′, Y′) in the new coordinate system can be expressed as

⎧⎨
⎩

X′ = m1(L1−(L1−L) cos θ1+h sin θ1)+m2(L1−L2)
m1+m2

Y′ = m1(h cos θ1+(L1−L) sin θ1)
m1+m2

(13)

where θ1 is the angle between the centerline O1O2 of the car body and the centerline O2O3
of the rocker arm.

It can be seen that in the new coordinate system X1O′Y1, the trajectory of the robot’s
overall centroid changes with θ1, which is a circle with (m1L1+m2(L1−L2)

m1+m2
, 0) as the center

and r = m1
√

(L1−L)2+h2

m1+m2
as the radius.

The center of mass of the abscissa of the angle θ1 derivation can obtain
dX′
dθ1

= m1(h cos θ1+(L1−L) sin θ1)
m1+m2

> 0, and the centroid abscissa increases with the increase
in the angle θ1, making the center of mass move forward, which favors the surmounting.
However, if the included angle θ1 is too large, the robot will tip forward under the action
of inertia forces after crossing the steps, thus causing the car body to overturn. Therefore,
as long as X′ ≤ L1, the robot will not flip forward around point O2. When X′ = L1,
m1(L1−(L1−L) cos θ1+h sin θ1)+

m2 L1
2

m1+m2
= L1, the maximum critical value θ1max = 71.2◦ can be

obtained through calculation.
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Figure 8. Lifting the state of the car body supported by the rocker arm.

Figure 9 shows the diagram of the robot’s reverse obstacle crossing when the centroid
of the robot happens to be at the key boundary of the step. According to Formula (7), the
height of the step under the new coordinate system X1O′Y1 has the following relationship
with the elevation angle α and included angle θ1:

H = r + X′ sin α + Y′ cos α − Y′+r
cos α

= r + m1(L1−(L1−L) cos θ1+h sin θ1)+
m2 L1

2
m1+m2

sin α − m1(h cos θ1+(L1−L) sin θ1) sin2 α
(m1+m2) cos α

− r sec α
(14)

where r is the cross-country wheel radius.

 
Figure 9. Robot centroid crossing the step boundary in reverse obstacle crossing.
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Let the partial derivative of H with respect to angle θ1 be 0, i.e., ∂H
∂θ1

= 0; then,
Equation (15) can be obtained:

m1 sin α

m1 + m2
[((L1 − L) tan α + h) cos θ1 + (L1 − L − h tan α) sin θ1] = 0 (15)

When α ∈ (0, 90◦), θ1 ∈ (0, 71.2◦) and the elevation α and included angles θ1 satisfy
Equation (15), H has the maximum value.

4. Simulation and Experiment

4.1. Simulation Value of Obstacle Crossing Performance

1. The rescue robot crosses the barrier.

Substitute the parameters of the rescue robot into Equation (7). According to the
calculation, when the pendulum angle is θ = 318◦ and the elevation angle is α = 42◦, the
maximum height is achieved at 92.99 mm. The 3D relationship diagram of the step height,
the robot body elevation angle and the rocker arm swing angle parameters for the forward
obstacle crossing is obtained, as shown in Figure 10a. It is shown in the figure that when
the robot is climbing over step obstacles, when the rocker arm is adjusted to the horizontal
state, the height H that the robot can cross rises first and then descends with the increase in
the elevation angle α of the car body. Therefore, increasing the elevation angle α of the car
body within a certain range is suitable for the step crossing performance.

2. The rescue robot surmounts the obstacle in reverse.

When the rescue robot adopts reverse climbing steps, the parameters of the robot
are substituted into Equation (13). According to the calculation, when the elevation angle
α = 37.8◦ and the included angle θ1 = 48.6◦, the maximum height of the reverse climbing
steps of the robot is 155.82 mm. The 3D relationship diagram of the step height H, robot
elevation angle α and rocker arm and car body parameter θ1 for reverse obstacle crossing
was obtained by simulation, as shown in Figure 10b. In the range of α ∈ (0, 90◦) and
θ1 ∈ (0, 71.2◦), the height H that the robot can cross rises first and then descends with the
increase in the angle θ1. Therefore, when the robot does not flip over, increasing the angle
θ1 between the rocker arm and the car body benefits the step crossing performance.

4.2. Obstacle Crossing Performance Test

In order to verify the maximum obstacle surmounting capability of the four-track
twin-rocker rescue robot, a step with a height of 93 mm, as shown in Figure 11, was selected
for forward obstacle surmounting, while a step with a height of 156 mm, as shown in
Figure 12, was selected for reverse obstacle surmounting. It can be stated that the rescue
machine can surmount the step according to the obstacle surmounting mode shown in
Figure 3. In the theoretical calculation, it is assumed that the track is rigid, but in the actual
measurement, the track is soft, which leads to a drop in the center of mass when the track
touches the ground, which is more conducive for the robot to overcome obstacles. However,
when the robot crosses the obstacle in the forward direction, the support force, friction
force and tension force of the track between the two off-road wheels are less than those of
the track on the rocker arm when crossing the obstacle in the reverse direction. The driving
force, friction force and edge line support make it easier for the center of mass to overcome
obstacles. As a result, the maximum obstacle surmounting ability of the robot in reverse
is stronger than that when moving forward. The measured value of the maximum height
that can be crossed in the forward direction is 95 mm. The measured maximum height that
can be crossed in reverse is 165 mm.
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(a) 

(b) 

Figure 10. Simulation analysis: (a) with a positive obstacle height H, body elevation angle α and
radial angle θ of the 3D curved surface; (b) reverse with the obstacle height H, body elevation angle α

and rocker arm and body angle θ1 of the 3D surface.

    
(a) (b) (c) (d) 

Figure 11. Robot climbing up steps: (a) lift the rocker arm; (b) track wheels against the step;
(c) centroid crossing the step; (d) car body over the step.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 12. Reverse climbing process of the robot: (a) lift the rocker arm; (b) track wheels against the
step; (c) body track against the step; (d) radial supporting body; (e) centroid crossing the step; (f) car
body crosses the step.

4.3. Optimization Design of Structural Parameters

Through experiments, it was found that the length of the rocker arm has a great
influence on the performance of the reverse obstacle surmounting. In order to further
improve the performance of obstacle surmounting, particle swarm optimization was
adopted to optimize the structural parameters of the robot’s double rocker arm. The
bionic particle swarm is initialized by setting the number of particles in the swarm,
the maximum number of iterations and the position parameters. The optimal solution
of a single particle and the global optimal solution for the population are obtained
according to the fitness function. By iterations, if the fitness value of the new-found
particle is better than that of the previous one, the particle position and historical optimal
solution are updated and compared with the current global optimal solution. If the
individual extreme values of all particles are better than the current global optimal
solution, the solution is updated, and the position of the particle is recorded until the
maximum number of iterations is reached or the optimal result has been found. The
specific procedure is shown in Figure 13.

Figure 14 shows that when the number of iterations is 9, the curve gradually con-
verges. When L2 = 157.59 mm, and the optimal length of the rocker arm is 315.18 mm,
the maximum obstacle crossing performance of the robot can be achieved. For L2 =
157.59 mm and L2 = 189 mm, the curved surfaces of the crossing height H versus the
elevation angle α and the included angle θ1 are shown in Figure 15. It can be seen that
when L2 = 157.59 mm, the maximum height of the reverse climbing step of the robot
is 171.58 mm, which is 10.15% higher than the maximum obstacle height that can be
crossed when L2 = 189 mm.
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Figure 13. Flow chart of the particle swarm optimization algorithm.

Figure 14. Convergence curve of L2 with the number of iterations.
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Figure 15. Comparison of obstacle heights with different arm lengths.

5. Discussion

Table 2 provides a brief comparison with previously proposed four-track twin-rocker
robots. From the table, we can see that the mass of the double rocker arm in the litera-
ture [8,11] is relatively short, and only forward obstacle crossing can be carried out, thus
reducing the obstacle crossing performance. Moreover, the obstacle crossing ability is
only simulated without actual measurement. In addition, almost all the previous studies
emphasized the influence of the arm’s length on the robot’s obstacle crossing function. The
following conclusions are drawn: The increase in the centroid height and the forward shift
in position provide more favorable conditions for climbing steps and increase the turning
moment required for obstacle crossing. The change of centroid is closely related to the arm
length, but few people optimize the arm length through the particle swarm optimization
algorithm. Therefore, it is of great significance to combine simulations and experiments to
optimize the arm length structure.

Table 2. Comparison of our four-track twin-rocker robot with similar structures.

Xue [8] Fang [11] Li [13] Wang [17] This Paper

Body length/mm 100 350 350 400 378
Rocker arm length/mm 45 150 225 350 378
Obstacle was reversed No No Yes Yes Yes
Actual measurement

was conducted No No Yes Yes Yes

Structure was optimized No No No No Yes

6. Conclusions

Along with the structure of the four-track twin-rocker rescue robot, the mathematical
model of the robot climbing steps forward and backward was established in this paper.
The theoretical formula of the pose state of the robot was derived to achieve the maximum
obstacle surmounting performance. The obstacle crossing performance of the four-track
twin-rocker rescue robot was analyzed by simulation. Particle swarm optimization was used
to optimize the structure of the rocker arm, and the following conclusions were obtained:
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1. By comparing the theoretical calculation with the experiment, it can be seen that the
experimental measurement was larger. The measured maximum forward and reverse
crossing heights were 93 mm and 156.1 mm, respectively.

2. Combined with the simulation and experiment, it was found that the length of
the rocker arm is critical to the obstacle surmounting process. The particle swarm
optimization algorithm was used to optimize the structural parameters of the robot,
and the optimal arm length of the robot to achieve the maximum obstacle surmounting
ability was found to be 315.18 mm.
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Abstract: The continuum robot is a new type of bionic robot which is widely used in the medical field.
However, the current structure of the continuum robot limits its application in the field of minimally
invasive surgery. In this paper, a bio-inspired compound continuum robot (CCR) combining the
concentric tube continuum robot (CTR) and the notched continuum robot is proposed to design
a high-dexterity minimally invasive surgical instrument. Then, a kinematic model, considering
the stability of the CTR part, was established. The unstable operation of the CCR is avoided. The
simulation of the workspace shows that the introduction of the notched continuum robot expands
the workspace of CTR. The dexterity indexes of the robots are proposed. The simulation shows that
the dexterity of the CCR is 1.472 times that of the CTR. At last, the length distribution of the CCR is
optimized based on the dexterity index by using a fruit fly optimization algorithm. The simulations
show that the optimized CCR is more dexterous than before. The dexterity of the CCR is increased by
1.069 times. This paper is critical for the development of high-dexterity minimally invasive surgical
instruments such as those for the brain, blood vessels, heart and lungs.

Keywords: compound continuum robot; concentric tube continuum robot; notched continuum
robot; dexterity

1. Introduction

The powerful locomotion capability of biologically inspired continuum robots in small
spaces has attracted increasing attention from researchers [1–4]. As shown in Figure 1, this
robot achieves extreme dexterity through the biological structure of bionic snakes, octopus
tentacles and elephant trunks.

Figure 1. Bio-inspired continuum robot.
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The ultra-high dexterity makes the continuum robot widely used in various fields of
medicine such as laparoscopy and thoracoscopy [5–7]. However, with the development of
minimally invasive surgery, the requirements for surgical instruments have become stricter.
The instruments are required to bypass human organs or tissues to perform operations
deeper in the human body, such as transseptal puncture, vascular surgery and skull base
surgery [8,9]. While maintaining high dexterity, continuum robots with smaller diameters
and a larger central access are required in these procedures.

Continuum robots were first built in the 1960s. After the 2000s, with the clarification
of the application scenarios of continuum robots, related research has gradually increased.
The application in the medical field has greatly promoted the research and development
process of continuum robots [10,11]. In the past 10 years, many continuum robots have
been proposed; these continuum robots have obvious trade-offs between the size of the
center channel and the size of the continuum robot. By imitating the bones of snakes,
a continuum robot composed of hinged joints was proposed by Li [12–14]. This robot has
excellent dexterity, but the existence of the hinge narrows the central channel and limits the
use of end instruments. A continuum robot composed of discrete joints and a central rod
was proposed by Simaan [15,16]. Although this structure has unique advantages in terms
of accuracy and stiffness, the central rod of this continuum limits the end instruments. To
solve the problem of the tiny central channel, Murphy et al. [17–19] proposed a notched
continuum robot (NCR). This kind of continuum robot replaces the hinge joints of the
hinged-joints continuum robot by machining notches on the Nitinol tube in order to obtain
a more significant central channel. NCRs have good stiffness and motion accuracy. In
subsequent studies, this notched continuum robot has been used in laryngeal surgery [20],
pediatric vascular surgery [21] and other aspects. However, similar to the hinged-joints
continuum robot, the diameter of the robot is limited to the millimeter level. In 2009,
Webster et al. [22] proposed a concentric tube robot (CTR) made of a nested pre-bent
Nitinol tube. By eliminating the drive cable, the diameter of the robot can easily reach sub-
millimeters. The surgical instruments can be made smaller in size. This special continuum
robot has been used in skull base tumor resection [23], cardiac intervention [24], lung
biopsy [25], etc. Although the CTR can achieve a satisfactory diameter, Alfalahi et al. [26]
pointed out an apparent trade-off between the stiffness of the CTR and the working space.
The stiffness of this robot is mainly determined by the material, which makes it difficult to
change. Therefore, the workspace of the CTR with the same configuration is smaller than
that of the NCR.

Other kinds of continuum robots have also been further developed. Fluid-driven and
magnetic-field-driven continuum robots are a research hotspot. The fluid-driven continuum
robot has excellent flexibility and a great turning angle. Such robots have been intensively
studied by Greer and Laschi et al. [27,28]. Miniaturization and safety issues are the keys
to hindering the application of fluid-driven continuum robots in surgery. There is a risk
of rupture of the fluid bag when moving near scalpels. Magnetic-field-driven continuum
robots can obtain a satisfactory diameter. However, such continuum robots have limitations
in terms of biocompatibility and flexibility [1]. All in all, there are still many problems to be
solved in the application of these two continuum robots in surgery.

Mixing different forms of continuum robots to improve the performance of robots
has attracted the attention of researchers. The cable-driven continuum robot and CTR can
complement each other’s shortcomings. The cable drive continuum increases the CTR’s
workspace. The CTR reduces the size of cable-driven continuum robots. In 2017, the initial
concept of a hybrid-actuated continuum robot was proposed by Li [29]. Li proposed the
combination of a cable-driven continuum with a CTR. The dexterity of this continuum
robot was evaluated. Li’s paper is very instructive. However, Li did not consider the
application limitations of this continuum robot, especially in terms of the size. In 2021,
Abdel-Nasser [30] proposed the use of an articulated continuum robot combined with
a CTR for use in minimally invasive surgery. Abdel-Nasserd’s research shows that the
hybrid-actuated continuum robots have a greater workspace and dexterity. However, not
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all types of cable-driven continuum robots are suitable for being combined with CTR. The
diameter of the articulated continuum robot is too large to be applied in minimally invasive
surgery. Moreover, Li and Abdel-Nasser did not consider the stability issues of the CTR
part when the cable-driven continuum robot par is in a state of high curvature. It should
be noted that instability refers to the rapid jump of the concentric tube robot from one
equilibrium position with higher potential energy to another equilibrium point with lower
potential energy. This movement is difficult to control and is extremely dangerous for
surgical procedures [31,32]. In the design, we need to try to avoid this situation.

This paper proposed a compound continuum robot combining the CTR and the NCR
which can achieve a smaller diameter and a larger central cavity. The possible stability
issues of the CCR are considered. Compared with CCRs proposed in previous studies,
the CCR proposed in this article is more suitable for minimally invasive surgery. The
contributions can be summarized as follows:

• A compound continuum robot (CCR) combining the concentric tube continuum robot
(CTR) and the notched continuum robot is proposed to design high-dexterity mini-
mally invasive surgical instruments. The simulations show that the CCR’s workspace
is bigger than that of the CTR and that the dexterity indices of the CCR are 1.231 times
larger than those of the CTR.

• Stability issues in the CTR part were considered. The failure boundaries of the
workspace are defined. In the newly defined workspace, the CCR can perform stable
movements. The CTR section avoids instability.

• The dexterity index of the CCR is proposed. The length distribution of the compound
continuum robot is optimized using a fruit fly algorithm based on the dexterity index.

The rest of the paper is as follows. Section 2 elaborates on the critical issues of this
paper. Section 3 summarizes the methods and calculations used in this paper. Section 4
simulates the workspace and dexterity of the CCR and discusses the obtained results.
Section 5 summarizes the whole paper.

2. Problem Formulation

Miniaturization and dexterity have been the focus of research on microsurgical instru-
ments. The excellent adaptability and dexterity of the continuum robot make it widely
used in surgical instruments. In the past decade, continuum robots have been widely
adopted in laparoscopy and thoracoscopy. With the advancement of technology, minimally
invasive surgery has gradually developed into deeper areas of the human body that are
more difficult to reach with traditional minimally invasive surgery, such as the skull base,
heart and lungs, as shown in Figure 2. These operations not only require the extremely
high dexterity of surgical instruments but also have strict requirements as to the peripheral
diameter of the surgical instruments and the diameter of the central cavity. The importance
of the diameter is obvious. During the design stage, the importance of the cavity in the
center of a surgical instrument is often overlooked. However, in the actual surgical process,
it is very unlikely that only one instrument is used, and the existence of the central cavity
exists to realize the replacement of these surgical instruments.

However, it is difficult to reduce the diameter and increase the diameter of the central
cavity of the cable-driven continuum robots. The emergence of the concentric tube robot is
a turning point in terms of the miniaturization of the continuum robot. The design of the
cable drive is canceled in CTR. It completes the dexterous movement by advancing and
rotating the pre-bent elastic tube. This design provides a large central channel for surgical
tools, and the diameter can be easily reduced by using flexible tubes with small diameters.
The CTR’s invariable curvature cable-driven continuum robot leads to a smaller working
space and minimizes the dexterity compared with the cable-driven continuum robot. Some
researchers found that the defects of continuum robots can be overcome by combining
different continuum robots. However, the current design of the compound continuum
robot is still at the theoretical stage. Neither the small diameter nor the large central lumen
of the surgical instruments required in actual surgery are discussed. A feasible solution still
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needs to be devised. As shown in Figure 2, in this paper, a biomimetic excitation composite
continuum robot with high dexterity and a small diameter and large central cavity is
proposed. This special continuum robot has broad application prospects in surgical robots.
Meanwhile, like ordinary continuum mechanisms, the CCR can also provide a solution for
the development of dexterous and manual small instruments.

Figure 2. Requirements for surgical instruments in surgery.

3. Methods

This section summarizes the methods and theories used in this paper. The motion
mechanism was expounded, and the kinematic model of the CCR was established. The
stability condition of the CCR was introduced as the boundary condition of the workspace.
Then, a posture dexterity evaluation method was introduced to evaluate the dexterity index
of the CCR. Finally, a fruit fly algorithm was used to optimize the length assignments for
continuum robots.

3.1. Design and Mechanism of Compound Continuum Robot

Keeping a large central cavity in the small size of the continuum robot is one of the
key factors that hinder designers. The traditional processing methods make it difficult for
ordinary cable-driven continuum robots to meet the requirements of operations in small
spaces such as the skull base and heart. In the process of research, we found that the
combination of the NCR and CTR not only circumvents the shortcomings of each but also
meets physicians’ expectations for a new generation of surgical instruments, as shown in
Figure 3.

Figure 3. A bio-inspired continuum robot compound composed of a CTR with an NCR.
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Femtosecond laser machined Nitinol tubes can be used as NCR parts. The tube wall
needs to be pre-machined with four through holes through which the drive cables are to
pass. The CTR part is a curved Nitinol tube with a curvature that is set in advance. The 3D
printing of elastic materials to process the CCR is also an ideal processing method.

The CCR is divided into three parts: the NCR part, the CTR part and the surgical
instrument part. The NCR has degrees of freedom in rotation and bending. The bending
degree of freedom of the NCR is achieved by two pairs of antagonistic filaments, and the
rotational degree of freedom is achieved by the rotation of the straight tube. The CTR has a
unique operating mechanism with degrees of freedom for feed and rotation. The feeding
of the CTR releases the elastic potential energy accumulated by the pre-bent tube, thereby
enabling bending. The curvature of the CTR, without releasing the elastic potential energy,
will be limited to the curvature of the NCR portion. Figure 3 shows the clamps commonly
used in surgery. The surgical clamps were passed through the cavity of the CTR section.
When an instrument needs to be replaced, the clamp can be pulled out along the cavity,
and a new surgical instrument can be inserted through the cavity.

Before the combination, the NCR was able to obtain a large working space, and the
size was difficult to reduce. The CTR enables smaller diameters but less flexibility and
a smaller workspace. Both have a larger central cavity. After bonding, the larger central
cavity is preserved. The robot’s dexterity and minimum size constraints are lifted.

3.2. Kinematics Model and Smooth-Running Workspace

Based on the piecewise constant curvature hypothesis proposed by Hannan and
Walker [33] et al., the kinematic model of the composite continuum can be established. It
assumes that the curvatures of all the points of the continuum robot backbone are equal
constants. As shown in Figure 4, the parameters of the CCR are defined. The skeleton
curves of NCR and CTR can be regarded as two arcs. We stipulate that the constant length
of the NCR part is L1, the bending angle is θ1 and the rotation angle is ϕ1. The variable
length of the CTR part is L2, the bending angle is θ2, the rotation angle is ϕ2 and the fixed
curvature is k. The parameter θ2 is related to the invariant parameter k, and the relationship
between θ2 and k is as follows.

θ2 = kL2 (1)

Figure 4. The backbone curve and coordinates of the CCR.
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The NCR part can be abstracted into a circular tube, as shown in Figure 5. The effect
of incisions on the NCR on the shape of the NCR backbone was not considered when the
number of incisions was sufficient. The yellow and blue rods represent the cables that drive
the NCR. The amount of change (θ) of each parameter in the joint space of the NCR part is
driven by the change in the cable length in the drive space (l).

Figure 5. The relationship between the cable length and angle of the NCR.

Set the yellow cable as cable 1 and cable 2, the blue cable as cable 3 and cable 4 and the
bending radius of each cable as Ri. i refers to the i-th cable. There is 45◦ spacing between
the cables.

According to Figure 5, the radius of the backbone (R0) of the NCR can be expressed by:

R0 = L/θ (2)

According to the geometric relationship in Figure 5, the length of each cable can
be obtained.

li = θRi (3)

Ri = RN ∓
√

2d/4 (4)

Use minus when i is 1 or 2 and plus when i is 3 or 4.
The length of the CTR parts is L2 = [0, L2max]. Taking the fixed end of the NCR as

the basic coordinate system, the DH parameters of the CCR can be obtained, as shown in
Table 1:

Table 1. CCR’s D-H parameters.

D-H Parameters θ a α d

NCR parts ϕ1 L1sinθ1/θ1 θ1 L1(1 − cosθ1)/θ1

CTR parts π/2 0 ϕ2 0
sinL2/k kL2 (1 − cos kL2)/k sinkL2/k

Bring it into the following homogeneous change matrix:

Ti
i−1 =

∣∣∣∣∣∣∣∣
cθi −sθicαi sθisαi aicθi
sθi cθicαi −cθisαi aisθi
0 sαi cαi di
0 0 0 1

∣∣∣∣∣∣∣∣
(5)

In Equation (5), cθi = cos θi, sθi = sin θi, cαi = cos αi, sαi = sin αi.
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By multiplying the homogeneous change matrices of each joint in turn, the end pose
matrix Tz of the CCR can be solved, as shown in Equation (6).

Tz = T1
0 T2

1 T3
2 =

(
Rz Pz
0 1

)
=

⎛
⎜⎜⎝

R11 R12 R13 P1
R21 R22 R23 P2
R31 R32 R33 P3
0 0 0 1

⎞
⎟⎟⎠ (6)

R11 = −cθ2(sϕ1sϕ2 − cθ1cϕ1cϕ2) − sθ2cϕ1sθ1, R21 = cθ2(cϕ1sϕ2 − cθ1sϕ1cϕ2) − sθ2sϕ1sθ1,
R31 = −sθ2cθ1 − cθ2cϕ2sθ1, R12 = −cϕ1cϕ2 − cθ1cϕ1sϕ2, R22 = cϕ1cϕ2 − cθ1sϕ1sϕ2,
R32 = sθ2(cϕ1sϕ2 + cθ1sϕ1cϕ2) + cθ2sϕ1sθ1, R13 = cθ2cϕ1sθ1 − sθ2(sϕ1sϕ2 − cθ1cϕ1cϕ2),
R23 = sθ2(cϕ1sϕ2 + cθ1sϕ1cϕ2)− cθ2sθ1sϕ1, R33 = cθ2cθ1 − sθ2cϕ2sθ1, P1 = 1

k ((cθ2 − 1)
(sϕ1sϕ2 + cθ1cϕ1cϕ2) + sθ2sθ1cϕ1) − 1

θ1
L1cϕ1(cθ1 − 1), P2 = −1

k ((cθ2 − 1)(cϕ1sϕ2 + cθ1sϕ1cϕ2)−
sθ2sθ1sϕ1)− 1

θ1
L1sϕ1(cθ1 − 1), P3 = 1

k ((cθ2 − 1)sθ1cϕ2 + sθ2cθ1) +
1
θ1

L1sθ1, θ2 = kL2.
In the same way, the forward kinematics model of the two-segment NCR and the

forward kinematics model of the two-segment CTR can be solved. The DH parameters are
shown in Tables 2 and 3.

Table 2. NCR’s D-H parameters.

D-H Parameters i θ a α d

Segment 1 1 ϕ1 L1sinθ1/θ1 θ1 L1(1 − cosθ1)/θ1

Segment 2 2 π/2 0 ϕ2 0
3 −π/2 L2sinθ2/θ2 θ2 L2(1 − cosθ2)/θ2

Table 3. CTR’s D-H parameters.

D-H Parameters i θ a α d

Segment 1 1 ϕ1 sink1S1/k1 k1S1 (1 − cos k1S1)/k1

Segment 2 2 π/2 0 ϕ2 0
3 −π/2 sink2S2/k2 kS2 (1 − cos k2S2)/k2

Where ϕ1 and ϕ2 are the rotation angles of the first segment and the second segment
of the NCR, L1 and L2 are the lengths of the first and second segments of the NCR and θ1
and θ2 are the bending angles of the first and second segments of the NCR.

S1 and S2 are the feed movements of the CTR’s first and second sections. k1 and k2 are
the curvatures of the first and second segments of the CTR.

The CTR part is a pre-curved tube with a fixed curvature. When the NCR part bends,
the curvature of the CTR part nested in the NCR part is changed. The elastic force caused
by the changing curvature of the CTR part acts on the tube wall of the NCR part. When this
curvature change is greater than the maximum allowable changing curvature, the elastic
force causes stability problems in the CTR part. As shown in Figure 6, the stability problem
refers to a sudden change in the movement speed of the CTR part when the CTR part is
driven to rotate. The CTR part jumps rapidly from one point (usually a high-potential
stabilization point) to another (usually a low-potential stabilization point).

The condition that the CTR is partially stable is introduced to correct the kinematics.
The relevant theory proposed by Xu and Dupont [34,35] is used to construct the stability
boundary conditions of the CCR. The theory is constructed based on the principle of least
potential energy.

Lc
√

r < arctan
(

K1 + K2

(K1l2 + K2l1)
√

r

)
(7)

r = (1 + v)‖u1‖‖k‖ (8)

v =
k2xy

k2z
− 1 (9)
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Among them, Lc is the length of the curved part of the concentric tube, K1 and K2 are
the stiffnesses of each tube and l1 and l2 are the lengths of the straight part of each tube.
u1 is the curvature of the current NCR part. k2xy is the bending stiffness, and k2z is the
torsional stiffness. The Newton iteration method was used to solve Equation (7).

Figure 6. Stability issues of the CTR.

In actual motion control, it is necessary to obtain all of the possible motion trajectories
of the robot. All of the kinematic parameters of the points on the trajectory need to be
obtained. Because of the redundant nature of the CCR, the CCR can reach the same point
with different attitudes. All of the kinematic parameters corresponding to each pose are
listed in an array. When solving, it is stipulated that the position information of the point is
already known. The kinematic parameters of all the poses that can reach this point need to
be solved.

Let the position information of the point at the end of the robot be Pe [xe ye ze]T. Re
is the pose information of the point. The equation that is to be solved for the inverse
kinematics can be expressed as Equation (10).

Pe =

⎡
⎣((cθ2 − 1)(sϕ1sϕ2 + cθ1cϕ1cϕ2) + sθ2sθ1cϕ1)/k − L1cϕ1(cθ1 − 1)/θ1
((cθ2 − 1)(cϕ1sϕ2 + cθ1sϕ1cϕ2)− sθ2sθ1sϕ1)/k − L1sϕ1(cθ1 − 1)/θ1

((cθ2 − 1)sθ1cϕ2 + sθ2cθ1)/k + L1sθ1/θ1

⎤
⎦ (10)

Assuming the pose is known, transform the pose into equations related to the kine-
matic parameters.

Re(ϕ1, θ1,ϕ2,L2) = Rs (11)

To eliminate the redundant nature of Equation (10), Equation (11) is introduced to
solve the inverse kinematics of the CCR. Let the known terminal pose be Rs and let Re be
the pose expression solved in Equation (7). By traversing all possible Rs values, the inverse
kinematics of the setpoint can be solved by the LM algorithm. The iterative equation is
shown in Equations (12) and (13):

qn+1 = qn + H−1
n gn (12)

Hk = JT
k WE Jk + WN (13)

The LM algorithm can obtain an inverse kinematics solution of the continuum robot.
The geometric properties of the continuum robot show that its inverse kinematics solution is
symmetric, as shown in Figure 7. Therefore, another solution can be obtained by exploiting
the symmetry of the continuum robot.
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Figure 7. Two symmetric solutions at PEOZ.

Assuming that one of the solutions A (ϕ1
PM, θ1, ϕ2

PM, L2
PM) is known, the midpoint

of the continuum robot shape corresponding to this solution is PM. The midpoint refers to
the endpoint of the NCR portion. Let the parameter of its symmetrical solution be B (ϕ1

Ps,
θ2, ϕ2

Ps, L2
Ps) and the midpoint of the corresponding continuum robot be PS. A can be

solved by the symmetry of the continuum robot:

ϕPs
1 = 2ϕPE − ϕPM

1 (14)

From Equation (15), other parameters can be obtained:

F(ϕPs
2 , LPs

2 ) =

{
xe =

((
c(kLPs

2 )− 1
)(

sϕ1sϕPs
2 + cθ1cϕ1cϕPs

2
)
+ s(kLPs

2 )sθ1cϕ1
)
/k − L1cϕ1(cθ1 − 1)/θ1

ze =
((

c(kLPs
2 )− 1

)
sθ1cϕPs

2 + s(kLPs
2 )cθ1

)
/k + L1sθ1/θ1

(15)

3.3. Dexterity Evaluation and Optimization

Dexterity is one of the general evaluation indexes of robots. The commonly used
dexterity evaluation methods of continuum robots include the condition number, end
attitude angle, etc. The dexterity of the continuum robot was evaluated based on the
condition number by Wang et al. [36]. The existing research shows that the evaluation
method based on the condition number examines the uniformity of the robot Jacobian
transformation matrix in all directions [37]. This method cannot intuitively describe the
performance of the robot. In 2016, the continuum robot’s dexterity was evaluated based on a
posture dexterity evaluation method that uses forward kinematics to compute the dexterity
index by Wu [38]. This method can intuitively express the dexterity of the continuum robot.
In this paper, the forward kinematics-based pose dexterity evaluation method is adopted.

In the pose dexterity assessment method, the dexterity of a point is defined as the
number of poses the robot can achieve at that point, as shown in Figure 8. For statistical
convenience, the number of all poses of that point (usually a ball) is taken as the denomina-
tor. The greater the number of poses a robot can achieve at a certain point, the more actions
the robot can perform.
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Figure 8. Cross-section of the robot workspace under the current configuration.

The end pose of the robot is represented by θ0 and ϕ0 in the Cartesian coordinate
system. The end posture of the CCR can be expressed by Equation (16).

Rz = Rotx(θ0)Rotz(ϕ0) (16)

The Rotz (ϕ0) is the rotation matrix around the X-axis. The Rotz (ϕ0) is the rotation
matrix around the Z-axis. The X-axis and Z-axis are divided into n1 and n2 parts. The
dexterity of the point can be represented by the graph which the X-axis and Z-axis form.
Using the graph, the dexterity value of this point can be calculated using Equation (17).

apoint =
np

n1n2
(17)

In Equation (17), np is the number of shares of θ0 and ϕ0 in the dexterity graph
obtained by solving the inverse solution at this point. Then, the dexterity value of the entire
workspace can be expressed by Equation (18).

DI =

N
∑
1

apoint

N
(18)

In Equation (18), DI is called the global dexterity index of the robot in this configuration.
The numerical calculation of dexterity here does not consider the moving of the base
coordinates. When the moving of the base coordinates is introduced, the dexterity value at
this point can be calculated using Equation (19).

ah
point =

nh
p

n1n2
(19)

where h is the distance of the feed. nh
p is the number of shares in the dexterity map with all

of the CCR’s end poses under a given feed distance.
After obtaining the dexterity values of the CCRs with different length configura-

tions, the fruit fly algorithm Toolbox of MATLAB2018b was used to optimize the length
configuration of the CCRs.

4. Results and Discussion

This section simulates the properties of the CCR using the method in Section 3. All
the results are analyzed and discussed. The simulations in this section were all done in
MATLAB 2018b. First, the smooth workspace of the CCR was drawn. The comparison
with the other continuum robot workspaces was used to demonstrate the advantages of
the CCR in the workspace. Then, the dexterity map of the CCR was drawn. A comparison
of the dexterities of different continuum robots was proposed. Finally, using MATLAB’s
FOA toolbox, the length configuration of the CCR was optimized.
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4.1. Workspace

According to Equations (7)–(9), the relationship between the maximum bending angle
of the NCR and the length of each part can be shown in Figure 9 when the stability
is considered. The maximum angle of the NCR is limited to π due to the mechanical
structure limitation.

Figure 9. The relationship between the maximum bending angle of the NCR part and the length of
each part.

Set the length of the CCR to be 50 mm long for the NCR part and 50 mm for the
CTR part. As shown in Figure 10, the workspaces of those robots are drawn by the Monte
Carlo method. Figure 10a is the workspace of the CCR considering the stability problem
and the workspace without considering the stability problem (CCRF). It can be seen that
the curvature of the edge portion of the CCRF exceeds the maximum curvature limit.
Movement in this region can cause instability in the CTR portion. As shown in Figure 10b,
the workspaces of the NCR are more three-dimensional, and the workspaces of the CTR
are flatter. The reachable points of the NCR are concentrated at the far end of the robot. The
reachable points of the CCR are concentrated in the middle part, and the reachable points
of the CTR are focused on the end. This means that, under the same configuration, all three
robots have good motion accuracy at the distal, middle and proximal end, respectively.

  
(a) (b) 

Figure 10. Workspace comparison of continuum robots. (a) The workspace considering the stability
problem and the workspace without considering the stability problem, (b) The workspaces of different
continuum robots.
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4.2. Dexterity Comparison between the CTR and CCR

A total of 20 million groups of parameters were used to randomly operate the forward
kinematics so that there were enough poses to reach the same point. With enough data,
it can be directly considered that the poses obtained at this time are all attainable poses.
Calculate the dexterity index of all the points in the workspace. The dexterity distribution
graph is drawn using the dexterity values of these points, as shown in Figure 11.

Figure 11. The dexterity distribution chart under the current configuration.

Figure 11 shows that the area with good dexterity is mainly concentrated in the
middle of the robot’s workspace. The points with poor dexterity are focused on the edge
of the workspace. By avoiding the movement of the robot to the edge, the robot has
excellent dexterity.

The global dexterity index of the CTR with the same configuration is calculated. The
global dexterity index of the CCR and CTR is shown in Table 4.

Table 4. The dexterity index of the CCR and TCM.

Total
Length

Length of
the NCR Part

Length of
the TCR Part

k of
the TCR Part

Global
Dexterity

CCR 100 50 50 π/100 0.0159
CTR 100 - 50–50 π/100 0.0108

As can be seen in Table 4, the global dexterity index of the CTR is 0.0108. The dexterity
index of the CCR is 1.472 times that of the CTR. The results show that the dexterity of the
CTR can be improved significantly by the CCR. The dexterity graph of the CCR is shown
in Figure 12. It shows that the dexterity of the CCR is improved compared with the CTR.
More importantly, the high dexterity points of the CCR are more evenly distributed, and
the points inside the workspace have better dexterity. The points of poor dexterity are
distributed on the workspace surface.

Figure 12. The dexterity performance of the CTR.
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4.3. Length Distribution Optimization

The parameters and dexterity indexes for the CCR with different lengths can be found
in Table 5. A total of 50 million points were introduced to calculate the dexterity indexes of
the CCR under different length configurations.

Table 5. The dexterity indices of the CCR with different length ratios.

Segment 1 Segment 2
Dexterity Index (DI)

θ1/rad ϕ1/rad L1/mm L2 (mm) ϕ2/rad k/(rad/mm)

Group 1 [0, θg1] [0, 2π] 35 [0, 65] [0, 2π] π/100 0.0156
Group 2 [0, θg2] [0, 2π] 40 [0, 60] [0, 2π] π/100 0.0168
Group 3 [0, θg3] [0, 2π] 45 [0, 55] [0, 2π] π/100 0.0170
Group 4 [0, θg4] [0, 2π] 50 [0, 50] [0, 2π] π/100 0.0159
Group 5 [0, θg5] [0, 2π] 55 [0, 45] [0, 2π] π/100 0.0135
Group 6 [0, θg6] [0, 2π] 60 [0, 40] [0, 2π] π/100 0.0123
Group 7 [0, θg7] [0, 2π] 65 [0, 35] [0, 2π] π/100 0.0123
Group 8 [0, θg8] [0, 2π] 70 [0, 30] [0, 2π] π/100 0.0123
Group 9 [0, θg9] [0, 2π] 75 [0, 25] [0, 2π] π/100 0.0122

The total length of the robot is set as Lm = 100 mm. The curvature of the CTR is set
as π/100, and the maximum bending angle of the NCR is set as π. The global dexterity of
the robots with different length distributions is calculated using the method proposed in
Section 3.3. The dexterity graphs of CCRs configured with different lengths can be found
in Figure 13.

Figure 13. The dexterity of the continuum robot with different length distributions.

In Table 5, θgi = u1iL1i,θgi is the maximum allowable bending angle of the NCR part
(segment 1) in the stable operation of the CCR. Due to physical constraints, θgi is a maximum
of π. u1i can be calculated from Equations (7)–(9). i is the ith group of simulations.
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The smoothing spline of the MATLAB Fitting Toolbox is used to fit the relationship
between L and the dexterity index, as shown in Figure 14. A fruit fly optimization algorithm
(FOA) was used to optimize the CCR length assignment for optimal dexterity. The result
of the optimization is shown in Figure 15. After optimization, the CCR has the optimal
dexterity when the length of the NCR part is 44.3032 mm. To facilitate processing, we select
integers, and the length of the NCR part is 44 mm. The global dexterity index is 0.0170.

 

Figure 14. Fitted model.

Figure 15. FOA-based dexterity index optimization.

The dexterity distribution diagram of the CCR is shown in Figure 16. Comparing
Figures 12 and 16, the improved dexterity index is 7.4% after optimization. The CCR has
good dexterity under the originally set length configuration. Compared with the CCR
under other configurations, the dexterity index is significantly improved. For example,
when the robot is configured with 65 mm (NCR part) and 35 mm (CTR part), DI = 0.0123.
Its dexterity is increased by 38.2%.
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Figure 16. The dexterity after optimization.

5. Conclusions

To meet the requirements of minimally invasive surgery, a bio-inspired composite
continuum robot (CCR) that combines the features of the NCR and CTR is proposed in
this paper. Unlike other continuum robots, the CCR enables smaller diameters and larger
central cavities. Then, to avoid unstable phenomena such as the ‘bifurcation’ of the CCR
during operation, a stability limit is introduced to limit the maximum value of the bending
angle of the NCR part. A kinematic model considering the stable motion conditions of the
continuum robot is established. The workspace of the CCR is compared to the workspace
of the NCR and CTR. The workspace of the CCR is significantly larger than that of the
CTR. Then, the dexterity of the CCR is evaluated with an attitude angle-based evaluation
method. The simulation shows that the dexterity index of the CCR was 2.32 times higher
than that of the CTR. Finally, based on the dexterity index, the length distribution of the
CCR was optimized using a fruit fly algorithm. The optimization results show that when
the length of the CCR is configured as 44 mm (NCR part) and 56 mm (CTR part), it has
the best dexterity. The dexterity value of the optimized CCR is 0.0170. The proposal of
the CCR makes it possible to develop small-sized surgical instruments with a large central
channel. It is ideal for minimally invasive procedures such as those for the skull base, lungs
and heart.

In subsequent research, the authors will study the dynamics and statics of the CCR,
study the tremor caused by CTR motion and build a corresponding experimental platform
to verify the performance of the proposed model.
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Abstract: A rotor that can realize individual blade pitch control was designed. This paper focuses on
finding the trend of helicopter vibration loads after applying multiple high-order harmonic control.
The Glauert inflow model was introduced to calculate the induced velocity of rotor blades in a rotor
disk plane, and the Leishman Beddoes (L-B) unsteady dynamic model was employed to calculate
the aerodynamic forces of each section of a rotor blade. It was found that the influence of each high-
order harmonic control on individual blade vibration load reduction is similar in different advanced
ratios. After these calculations, the genetic algorithm was used to calculate the best combination of
amplitude and phase of the higher order harmonic under a specific flight state. Under the effect of
high harmonic input, the vibration loads of the hub could be reduced by about 65%. These results
can be theoretically applied to design control law to reduce helicopter vibration loads.

Keywords: helicopter; individual blade control; vibration control; optimal state; genetic algorithm

1. Introduction

Dynamic loads at helicopter rotor hubs are one of the main vibration sources of
helicopters. Reducing rotor vibration loads is an important approach to helicopter vibration
suppression. Centrifugal pendulums, double-wire pendulums and other passive dynamic
vibration absorbers were installed on helicopters in the past to reduce rotor vibration
loads [1]. With the continuous development of computer technology, sensing technology
and control technology, active control methods have become a research hotspot. These
methods mainly include high-order harmonic control (HHC), individual blade control
(IBC), active flap control (AFC) [2], active torsion control (ATC) [3] and active control of
structural response (ACSR) [4].

Individual blade control used to reduce helicopter vibration loads has been investi-
gated and proven successful in recent literatures, which is a new method developed from
HHC. HHC reduces vibration load components corresponding to the passing frequency of
the rotor system by applying an excitation to the non-rotating ring of the swashplate [5].
However, IBC is more precise than HHC in theory, which can individually apply HHC to
targeted blades. It can replace the traditional helicopter swashplate on the structure, as
shown in Figure 1.

Between 1977 and 1985, the Ham team at the Massachusetts Institute of Technology
(MIT) conducted an early experimental study of IBC [6,7]. In 2001, Sikorsky and NASA
carried out a full-scale wind tunnel test to find the influence of IBC on the vibration level
of a UH-60 helicopter [8]. In 2008, a group of German scientists headed by Fuerst applied
practically on the basis of single blade control and proposed the concept of an electro-
mechanical-actuator (EMA) rotor system [9]. In an EMA, a servo motor is installed in each
arm of the rotor system to reduce rotor vibration loads. An EMA system implements the
first-order periodic pitch control of the blades and high-order harmonic control of a single
blade through the servo motor motion control. In September 2015, the DLR completed the
first wind tunnel test of its Multiple Swashplate System. During these tests, the potential
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of this new active rotor control system to effectively reduce noise, vibrations and power
consumption using several IBC strategies was successfully demonstrated on two different
model rotors without using actuators in the rotating frame [10].

Figure 1. Helicopter individual blade control.

Genetic algorithm (GA) is a random search method derived from the evolutionary
law of “survival of the fittest, survival of the fittest” in the biological world [11]. It has
been widely used in combinatorial optimization, signal processing, machine learning
and other fields [12–14]. The genetic algorithm regards the solution set of the problem
as a population, and continuously uses genetic operators to combine individuals in the
population to generate a new generation of candidate solution sets and selects the best
solution from the population according to certain criteria during the iteration process, until
the convergence condition is satisfied [15,16].

Although the researchers have conducted much experimentation on IBC, the number
of tests that can be performed at that time is limited and finding the parameters of optimal
amplitudes and phases of multiple harmonics to reduce vibration loads in this limited
number of trials is difficult and expensive. The purpose of the study is to analyze the
influence of IBC on helicopter hub vibration loads reduction. This study gives some
analysis details on how to calculate the influence of IBC on hub vibration loads. This study
presents the optimum control of selective order harmonics and their combinations in order
to reduce helicopter hub vibration loads.

In order to analyze the effect of higher-order harmonics on the hub load, a new rotor
is designed, as shown in Figure 2. The new rotor does not change the basic structure of the
original rotor. An actuator is added to the variable-pitch tie rod. The actuator includes a
motor, a spring and a rod, which can be seen in Figure 3. The lower surface of the rod is in
the shape of a sine curve, so the high-order harmonic pitch control can be applied to the
blades when the motor rotates at a fixed speed. In this paper, the optimal states are obtained
through the GA method, which could be used to guide the design of actuator parameters.
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Figure 2. The rotor, controlled by IBC.

Figure 3. The actuator.

2. Calculation Method

2.1. Rotor Blade Airfoil Aerodynamics

This paper ignores the impact of IBC on original trimming of the helicopter. The
individual pitch control superimposes the higher-order harmonic pitch on the basis of
the rotor collective pitch control and cyclic pitch control. When a helicopter is flying
forward steadily, the angle of attack (AoA) of the rotor blade airfoil is determined by
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the manipulated variable, the blade twist, the flapping adjustment coefficient and the
higher-order harmonic pitch, shown as Equation (1).

θ(t, r) = θ0 + θ1c cos(Ωt) + θ1s sin(Ωt) + θwr + A2 cos(2Ωt + ϕ2) + A3 cos(3Ωt + ϕ3) + . . . (1)

where θ is the pitch angle of the blade. r is relative radius of blade section position. A2 and
A3 represent the amplitudes of the 2nd and 3rd harmonic. ϕ2, ϕ3 are the phases of the 2nd
and 3rd harmonic.

The flow angle of the blade airfoil depends on the relative air flow velocity and
direction, as shown in Figure 4.

 

 

 
 

 

Figure 4. The flow angle of the blade airfoil.

Parameters shown in the figure can be obtained from flowing formulas.

∅ = arctan(uP/ut) (2)

uP = V sin αs − v − r
.
β − V cos αs cos ψ sin β (3)

ut = Ωr + V cos αs sin ψ (4)

where ∅ is the angle of the wind speed and ψ is the azimuth of the blade. uP and ut are the
vertical and lateral components of wind speed.

The flow field of a helicopter rotor is very complex. The method, proposed by Glauert,
was used to calculate the inflow air velocity in the hub plane [17]. The induced velocity is
expressed as a superposition of the uniform term and the periodic variation of the radius
along the radial direction, shown as Equation (5).

v(r, ψ) = v0(1 + Kxrcosψ) (5)

In the formula, the inducing speed v0 is the non-uniform coefficient which can be
calculated from uniform inflow model (v0—induced velocity at the rotor disc center, calcu-
lated by the momentum theory). Kx is the uneven coefficient, which is different in various
theories. This article is based on the recommended values of Coleman, Feingol and Stempin,
as shown in Equation (6).

Kx =

√
1 + (λ/μ)2 − |λ/μ| (6)

The aerodynamic model proposed by Leishman and Beddoes is used to calculate the
airfoil aerodynamics [18]. This model takes into account the delay effect of aerodynamic
load response caused by dynamic stalls, and it also takes into account the different con-
ditions of the aerodynamic environment (attachment flow, trailing edge separation and
leading-edge separation), which accounts for the compressibility of the air flow, the lift loss
caused by separation of the airfoil trailing edge and the leading edge.
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2.2. Response Solution

The rotor blade is analyzed as an elastic beam [19–21]. Hamilton’s variational principle
is used to derive the system equations of motion, which can be expressed as

δΠ =
∫ t2

t1
(δU − δT − δW)dt = 0 (7)

where δU, δT, and δW are the virtual variation of strain energy, kinetic energy and the
virtual work done by external forces. The variations can be written as

δUi =
∫ R

0

� (
Eεxxδεxx + Gεxηδεxη + Gεxζδεxζ

)
dηdζdx (8)

δTi =
∫ R

0

�
ρs

⇀
Vi·δ

⇀
Vidηdζdx (9)

δWi =
∫ R

0

(
LA

u δu + LA
v δv + LA

wδw + LA
φ δφ

)
dx (10)

where εxx is axial strain, and εxη and εxζ are engineering shear strains. Ξηζ is rotating
deformed blade coordinate system. LA

u , LA
v , and LA

w are the distributed airloads in the x, y, z
directions, respectively, and LA

φ is the aerodynamic pitching moment about the undeformed
elastic axis.

For the i-th blade, the virtual energy expression in Equation (7) is written in the
discretized form such that

δΠi =
∫ ψF

ψI
[

N

∑
j=1

(
δUj − δTj − δWj

)
]dψ = 0 (11)

Using the notation
Δj = δUj − δTj − δWj (12)

The blade is discretized into a number of beam elements. There are six degrees of
freedom at each element boundary node. The elemental nodal displacement vector is
defined as

qT
j =

[
u1, v1, v′1, w1, w′

1, φ1, u2, v2, v′2, w2, w′
2, φ2

]
(13)

Using appropriate shape functions, the elemental variation in energy Δj can be written
in the following matrix form as

Δj = δqT
j

(
[M]j

..
qj + [C]j

.
qj + [K]jqj − {F}j

)
(14)

where [M]j, [C]j [K]j and {F}j are (blade) elemental mass, damping, stiffness and load matrices.
By assembling elemental matrices, the total energy can be expressed as

δΠi =
∫ ψF

ψI
δqT([M]

..
q + [C]

.
q + [K]q − {F})dψ = 0 (15)

The above formula can be transformed into the following finite element equation of
the motion of the blade.

[M]
..
q + [C]

.
q + [K]q = {F} (16)

The modal superposition method is used in the case study to calculate the blade
response. The modal superposition method refers to expressing the response of the struc-
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tural system as a linear superposition of the natural modes of each order according to the
inherent characteristics of the structural system [22–24], as shown in Equation (17).

Y(t) =
N

∑
i=1

yiγi(t) = φγ (17)

where φ is modal matrix of the blade. φ was derived from the [M], [C], [K] in Equation
(16) by using the EIG function in matlab.

The blade system has a large degree of freedom, and it is impossible to superimpose
the modes of all orders. It is necessary to perform modal truncation, and so a certain degree
of calculation accuracy will be lost. Since the rotor vibration loads are mainly concentrated
in the low frequency part and magnitudes of high frequency components are low, the
high-order modal response amplitudes are small, and the modal truncation has little effect
on the response results, so the method can satisfy the calculation needs.

2.3. Hub Loads

The hub loads can be obtained by the superposition of the loads at the root of each
blade, as shown in Equation (18). Figure 5 shows the positional relationship of each
force direction.

hR

Fxb

Fyb

Fzb

Fx
Fy

Fz

Mx My

Mz

Figure 5. The relationship of each force direction.
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Fx(ψ) =
N−1
∑

i=0

[
Fxb
(
ψ + 2π

N × i
)

sin
(
ψ + 2π

N × i
)− Fzb

(
ψ + 2π

N × i
)

cos
(
ψ + 2π

N × i
)]

Fy(ψ) =
N−1
∑

i=0
Fyb
(
ψ + 2π

N × i
)

Fz(ψ) =
N−1
∑

i=0

[
Fzb
(
ψ + 2π

N × i
)

sin
(
ψ + 2π

N × i
)
+ Fxb

(
ψ + 2π

N × i
)

cos
(
ψ + 2π

N × i
)]

Mx(ψ) = e· N−1
∑

i=0

[
−Fyb

(
ψ + 2π

N × i
)

sin
(
ψ + 2π

N × i
)]

My(ψ) = e· N−1
∑

i=0

[
Fxb
(
ψ + 2π

N × i
)]

Mz(ψ) = e· N−1
∑

i=0

[
−Fyb

(
ψ + 2π

N × i
)

cos
(
ψ + 2π

N × i
)]

(18)

where e is flap and lag hinge offset of the blade. The loads of the blade are obtained
by integrating the loads of each blade profile in the spanwise direction, as shown in
Equation (19). ⎡

⎣Fxb
Fyb
Fzb

⎤
⎦ =

∫ R

e
Fbdr (19)

The loads Fb can be written as Equation (20).

Fb = FbA + FbI (20)

where FbA is the aerodynamic load which can be written as Equation (21), and FbI is inertial
loads, which refers to [14].

FbA =

⎡
⎣ −dQ

dL cos ω′
dL sin ω′

⎤
⎦ (21)

where dQ and dL are the drag and lift of blade profile, and ω′ is the angular displacement
of the profile.

3. Case Study

The model established in Section 1 can be used to calculate the hub loads of traditional
single-rotor helicopters and is not applicable to new configuration helicopters such as
coaxial helicopters. A helicopter with a 3-bladed main rotor is adopted in the case study
as an example [25]. The rotor parameters of the helicopter are shown in Table 1 and blade
properties of each section are listed in Table 2, in which r means radial station, EIf is flap
stiffness, EIl is lag stiffness, GJ is torsional stiffness, M is blade sectional mass and YG is
chordwise blade c.g. location. In the studied case, the influence of different amplitudes and
phases of different harmonic components of IBC and their combinations was analyzed.

Table 1. Parameters of the main rotor.

Number of
Blades

Radius Blade Chord
Rotor Rotational

Speed
Shaft Angle

of Attack
Flap and Lag
Hinge Offset

3 5.25 m 0.35 m 40.5 rad/s −4◦ 0.475 m
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Table 2. Properties of the blade section.

r
m

EIf
×103

N.kg

EIl
×103

N.kg

GJ
×103

N.m2

M
kg/m

YG
m

r
m

EIf
×103

N.kg

EIl
×103

N.kg

GJ
×103

N.m2

M
kg/m

YG
m

0.445 4500 1100.0 250 25 0 3.59 7.95 420.5 11.1 5.02 −0.0038
0.475 400 350.0 1000 25 0 3.634 7.98 414.0 11.2 6.68 0.112
0.505 770 490.0 1250 15 0 3.754 7.98 414.0 11.2 6.58 0.112
0.525 9350 885.0 2200 105 0 4.173 7.91 399.6 11.2 7.59 0.204
0.545 64 320.0 2000 100 0 4.35 7.85 395.6 12.8 8.36 0.237
0.565 66 330.0 34 38.65 0 4.39 8.50 477.4 12.8 8.67 0.181
0.585 55.6 250.0 27.3 16.15 0 4.41 7.71 482.3 12.8 8.59 0.0183
0.625 51.6 186.5 21.7 8.55 0 4.44 10.04 530.8 12.8 9.64 0.0093
0.665 50.7 134.5 19.3 8.15 0 4.49 17.75 623.7 12.8 15.07 0.0096
0.705 52.00 134.5 19.3 7.75 0 4.61 17.75 623.7 12.8 14.36 0.0133
0.745 52.10 96.9 21.2 10.10 0 4.623 17.75 623.7 12.8 14.92 0.0096
0.795 47.00 104.5 22 7.15 0 4.64 21.43 820.7 19 20.16 −0.0021
0.815 48.50 115.4 22.1 6.80 −0.0017 4.665 13.45 622.5 19 21.26 0.033
0.885 38.64 132.9 18 6.25 −0.0021 4.705 14.49 1020.9 19 21.09 −0.002
0.955 21.77 329.9 17.9 6.82 0.007 4.77 22.60 1288.6 19 17.74 −0.0172
1.025 10.21 555.2 8.2 6.73 −0.0148 4.8 23.53 2301.2 25.7 19.60 −0.0215
1.165 10.31 552.8 8.2 8.50 −0.314 4.855 7.57 730.4 9.9 6.11 0.0054
1.235 7.72 646.1 6.8 8.22 −0.175 4.875 7.80 791.7 9.9 11.55 0.0026
1.305 6.49 703.3 7.9 7.73 −0.189 4.89 8.20 995.3 6.6 5.33 −0.0188
1.375 5.92 585.0 8.8 6.99 −0.144 4.95 8.20 995.3 6.6 5.48 −0.016
1.515 7.81 560.4 9.8 6.95 −0.0067 4.99 8.50 998.7 6.6 6.05 −0.015
1.605 7.71 447.5 10.6 6.51 0.0052 5.03 8.19 966.0 5.1 4.20 −0.0141
1.635 7.61 406.2 11.1 6.41 0.0102 5.07 6.46 809.5 4.9 3.84 −0.088
3.276 7.61 406.2 11.1 6.67 0.0102 5.15 6.46 809.5 4.9 3.69 −0.125
3.396 7.58 413.2 11.1 4.90 −0.0056 5.25 6.46 809.5 4.9 3.69 −0.125

3.1. Model Validation

According to the above rotor parameters and sectional blade properties, the modal fre-
quency of the blade during rotating state was obtained and compared with the calculation
results in [16]. The results are shown in Table 3.

Table 3. The mode frequencies.

Mode Calculation/Ω Reference/Ω

1st flap 1.03 1.03
2nd flap 2.90 2.81
3rd flap 5.32 5.24
1st lag 0.54 0.58
2nd lag 4.56 4.76

1st torsion 3.47 4.13
2nd torsion 11.26 12.81

Then, the parameters were substituted into the model established in Section 1 to obtain
the hub loads. The result is subjected to FFT transformation, and the 3/rev vibration loads
obtained is compared with the results calculated by Heffernan using uniform inflow when
the helicopter flew at a speed of 56.4 m/s [26,27]. The comparison result is shown in
Figure 6. The calculation results differ by about 10%. The calculation model is credible.
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Figure 6. A comparison of calculated vibration load values with reference values.

3.2. Influence of Harmonic Phases and Amplitudes

In order to analyze the influence of amplitudes and phases of high-order harmonics on
the vibration loads of the hub, the vibration load parameter Fvh is defined. Fvh is given by

Fvh = (Max(Fx(ψ))− Min(Fx(ψ))) + (Max(Fy(ψ))− Min(Fy(ψ)))
+(Max(Fz(ψ))− Min(Fz(ψ)))
+(Max(Mx(ψ))− Min(Mx(ψ))) + (Max(My(ψ))
−Min(My(ψ))) + (Max(Mz(ψ))− Min(Mz(ψ)))

(22)

Fvh0 is used to represent the baseline vibration loads without IBC. Fv, which is the
ratio of Fvb to Fvb0, can represent the impact of IBC on the vibration loads of the hub. Fv is
given by

Fv =
Fvh

Fvh0
If Fv is less than 1, it means the IBC algorithm with the selected amplitudes and phases

are beneficial to vibration loads reduction; otherwise, vibration loads will become greater
than those of the baseline model and IBC algorithm fails, which is adverse.

At first, some specific amplitudes of the harmonic were selected and kept unchanged
in the analysis. The phases were changed from 0◦ to 360◦ with 30◦ spacing. Results for
when the helicopter was flying under the speed of μ = 0.26 (advance ratio) are shown
in Figure 7.

It can be seen in Figure 7 that the vibration load ratio changed significantly with the
variety of phases of second order harmonics. They all decreased firstly, then increased as
the phases increased. The vibration loads became minimum when phase angles of the
second order harmonics reached about 150◦. It can be seen from Figure 7 that under the
action of the second order harmonic with an amplitude of 0.3◦ and a phase of 150◦, the
vibration load was less than 50% of the original.
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Figure 7. The influence of the phase of second order harmonicon vibration loads.

Similarly, some specific phases of the harmonics were selected and kept unchanged in
the analysis in order to investigate the impact of harmonic magnitudes on vibration loads
reduction under IBC.

The phases investigated in the analysis changed from 0◦ to 0.3◦. When the helicopter
was flying at the advance ratio μ = 0.26, the vibration loads were calculated, the results of
which are shown in Figure 8.
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Figure 8. The influence of amplitudes of second order harmonics on vibration loads.
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It can be seen in the figure that the vibration loads decrease first and then increase as
the amplitudes of the second and third harmonics increase. Also, the figures show that
the minimum vibration loads with IBC vary with both the amplitudes and phases of the
harmonics applied.

3.3. Optimal States

Due to the complexity of the calculation of the helicopter hub loads, it is difficult
to directly obtain the relationship between the vibration loads and the amplitudes and
phases of each harmonic, so it is impossible to directly obtain the optimal parameters.
So, the genetic algorithm is used to find the harmonic state when the vibration load is
minimal [28,29]. The calculation process is shown in Figure 9.

 

Figure 9. The process flow of a genetic algorithm.

At first, each individual is encoded as a 22-bit string. The first 10 bits represent the
amplitude of the high-order harmonic, and the last 12 bits represent the phase of the
high-order harmonic. The variation range of amplitude is 0–1◦. The phase variation range
is 0–360◦. The amplitude calculation accuracy is 1

210−1 = 0.00097 < 0.001, and the phase
calculation accuracy is 360

212−1 = 0.0879 < 0.1.
80 randomly generated individuals form the initial population, which is shown in

Figure 10. Then, the fitness evaluation of each individual is evaluated. The fitness is
reciprocal of Fv; that is, the smaller the vibration, the higher the fitness. Then, the top 50%
in fitness are selected to generate offspring for the next generation by crossing their string.
Some individuals also have mutations. After that, a new population is formed which will
be used in the next round of calculation. The GA parameters used in the calculation are
listed in Table 4.

Table 4. Parameters of the genetic algorithm.

Parameter Value

Number of chromosomes 22
Population size 80

Number of interactions 100
Crossover probability 0.8
Mutatin probability 0.1

selection rate 0.5
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The population after 100 generations of reproduction is shown in Figure 11. Figure 12
shows the variation of the optimal individuals in each generation. The trend chart of Fv
under each generation of optimal individuals is shown in Figure 13.

ϕ2/°

A2/°
 

Figure 10. The initial population.

ϕ2/°

Α2/°
Figure 11. The final population.
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Figure 12. Variations of the optimal individual.
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Figure 13. The trend chart of Fv under each generation of optimal individuals.

It can be seen in Figures 10 and 11 that the initial population is randomly distributed,
the distribution is relatively scattered and the final population distribution is concen-
trated. The population appears to be small in Figure 10 because the optimal individual
data overlap.

Figure 12 shows that after 50 generations of evolution, the optimal individual in the
population is close to the final optimal value, indicating that the genetic algorithm can
quickly solve the optimal state in vibration control by IBC. As can be seen in Figure 13, 60%
of the vibration reduction effect can be achieved after 30 evolutions, and the final vibration
reduction effect can reach more than 65%.

The initial population is widely distributed, and the probability of new optimal
individuals generated by crossover is high. Therefore, in the first 10 iterations, the optimal
individual changes greatly, and the vibration load decreases rapidly. At the 50th generation,
with the generation of mutation, the first 10 bits of new individuals changed greatly, which
was manifested as a sudden change in the amplitude of the harmonic. Because of this, the
vibration load decreased rapidly once again. After that, the optimal individual did not
change much, and had little effect on the vibration load of the hub. After 10 iterations of

101



Machines 2022, 10, 479

data updates, the population tended to be stable, although the crossover probability was
relatively large, and it was difficult to generate new optimal individuals. Therefore, the
changes in amplitude and phase were very small or even unchanged. Correspondingly, the
vibration load of the hub changed little. The phase and amplitude of the optimal individual
in the population changed greatly at the 30th and 50th iteration, but the vibration load
of the hub decreased more at the 50th iteration compared with that at the 30th iteration,
indicating that the parameter sensitivity of amplitude was greater than the phase during
optimization, so the appropriate surface height difference (i.e., the amplitude of the second
order harmonic) is particularly important in the structural design of the actuator.

4. Conclusions

This article investigated the influence of IBC on helicopter hub vibration load reduction.
Not all states of amplitudes and phases could be used for reducing hub vibration loads.
The vibration loads could become even greater than those of a baseline system without IBC
for some control laws.

The parameters of the blade were simplified compared with reference. The blade
segments with similar parameters were merged together, which reduced the blade segments
and effectively shortened the calculation times during a large number of repeated iterative
calculations. By comparing the results of the characteristics of the blade in the original
text, it was found that the errors were very small, indicating that reducing the number of
segments of the blade was accurate.

The GA can quickly and effectively realize the solution of the optimal state. By
choosing appropriate parameters of amplitude and the phase of the second harmonic,
calculated by GA, the vibration load of the hub could be reduced by 65%.

For future work, the accuracy of the proposed method should be verified via experi-
mentation. It is necessary to analyze the influence of other harmonics—such as the third
harmonic—on the vibration load of the hub.
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Abstract: In recent years, flexible continuum robots have been substantially developed. Absolute
nodal coordinates formulation (ANCF) gives a feasible path for simulating the behavior of flexible
robots. However, the model of finger-shaped robots is often regarded as a cylinder and characterized
by a beam element. Obviously, this is short of characterizing the geometrical feature of fingers in
detail, especially under bending conditions. Additionally, for the lower-order plate element, it is
hard to characterize the bending behavior of the flexible finger due to fewer nodes; a higher-order
plate element often requires an extremely long computing time. In this work, an improved ANCF
lower-order plate element is used to increase the accuracy of the Yeoh model and characterize the
geometrical structure of silicone rubber fingers, taking into particular consideration the effect of
volume locks and multi-body system constraints. Since it is a kind of lower-order plate element,
essentially, the computing time is nearly the same as that of conventional lower-order plate elements.
The validity of this model was verified by comparing it with the results of the published reference.
The flexible finger, manufactured using silicone rubber, is characterized by the novel ANCF lower-
order plate element, whereby its mechanical deformation and bending behavior are simulated both
efficiently and accurately. Compared to the ANCF beam element, conventional lower-order plate
element, and higher-order plate element, the novel plate element in this paper characterizes the
external contour of the finger better, reflects bending behavior more realistically, and converges in
less computing time.

Keywords: absolute nodal coordinates formulation (ANCF); plate element; flexible finger; silicone
rubber; mechanical deformation; hyper-elastic constitutive model

1. Introduction

As an indispensable part of mechanical grippers and robots, the structure of silicone
rubber flexible fingers has taken many forms and changed in complexity under the effort
of many scholars. Its origin can be traced back to previously pneumatic artificial muscles,
which were designed to simulate human muscles and consisted of silicone rubber cylinders
and outer woven nets. Since then, the property of silicone rubber has improved, and the
volume of artificial muscles has shrunk gradually and has moved towards soft biological
tissue because soft biological tissue has unique advantages compared to hard structures,
such as strong environmental adaptability, flexibility, and being harmless to the human
body. The silicone rubber flexible finger has such characteristics and uses them for the
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grasping process; its excellent packing skill is superior to traditional rigid mechanical
grippers in food handling, medical service robots, and so on.

Silicon rubber materials are classified as hyper-elastic materials in terms of mechanical
properties, the attribution of which should be characterized by hyper-elastic constitutive
equations. The Neo-Hookean model is one of the most commonly used constitutive models
of hyper-elastic materials; however, it is a simple model that expresses stain energy, and
it only has good agreement under small strains; the computation will be less accurate as
the strain energy increases. Mooney researched the deformation of hyper-elastic materials
theoretically and experimentally and then raised the stain energy model of the first and
second invariants for the right Cauchy–Green deformation tensor [1]. The Yeoh model is
a branch of Mooney’s model; its advantage is being more suitable for calculating larger
stress and strain problems as it can characterize the deformation behavior of silicone rubber
material more accurately [2].

Absolute nodal coordinates formulation (ANCF) is an emerging finite element method
(FEM). Its node coordinates include slope coordinates, the element mass matrix is constant,
and the stiffness matrix and nodal coordinates are highly correlated. The theory of the
ANCF method does not contain the hypothesis of small turning angle motions [3–7], which
is the most significant advantage compared to the classic FEM; hence, it is suitable for
calculating large deformation problems such as modern flexible fingers or other flexible
continuum robots [8–14].

Jung discussed the accuracy of three hyper-elastic constitutive models under ANCF
beam elements in modeling silicone rubber, and the result shows that the Yeoh model
is more accurate [15]. Pappalardo et al. proposed a new fully parametrized plate finite
element based on ANCF kinematic description that fills the theoretical gap of the large
rotation vector formulations [16]. Melly et al. obtained the residual strain energy density
from equibiaxial loading and fitted it to a term with dependence on the second invariant;
then, they added the term to the original expression, whereby modifying Yeoh’s model
for improving the prediction of vulcanized rubber and thermoplastic elastomers [17]. A
rational absolute nodal coordinate formulation (RANCF) thin plate element was developed
by Pappalardo; it is used in the accurate geometric modeling and analysis of flexible
continuum bodies with complex geometrical shapes [18]. The flexible body may have an
inaccurate rigid characteristic when the incompressible material model encounters bending
deformation. Namely, the model of the hyper-elastic incompressible material is unable to
converge to a correct result, the phenomenon of which is named volume lock. In order
to solve this problem, Bayat et al. presented a locking-free element formulation based on
reduced integration; physically-based hourglass stabilization (Q1SP) was coupled for the
first time with the DG framework, leading to a DG variant with very good convergence
properties [19]. Orzechowski et al. established an efficient method of modeling nonlinear
nearly incompressible materials with polynomial Mooney–Rivlin models and a volumetric
energy penalty function in the ANCF framework [20]. This method was dedicated to the
examination of several ANCF fully parameterized beam elements under an incompressible
regime. Xu et al. proposed a higher-order plate element formulation with quadratic
interpolation in the transverse direction, which can not only alleviate volumetric locking
but also improve accuracy in the simulation of large bending deformations compared to
improved lower-order plate elements with the selectively reduced integration method [21].

In the published references, models of finger-shaped robots are often regarded as a
cylinder and characterized by a beam element. Obviously, this is short of characterizing
the geometrical feature of the fingers in detail, especially under bending conditions. Addi-
tionally, for lower-order plate elements, it is hard to characterize the bending behavior of
the flexible finger due to fewer nodes; higher-order plate elements often require extremely
long computing times.

In this work, an improved ANCF lower-order plate element is used to increase the
accuracy of the Yeoh model and characterize the geometrical structure of the silicone rubber
finger, taking into particular consideration the effect of volume locks and multi-body system
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constraints. Since it is a kind of lower-order plate element, essentially, the computing time
is nearly the same as that of conventional lower-order plate elements. The validity of this
model was verified by comparing it with the results of the published reference. The flexible
finger, manufactured using silicone rubber, is characterized by the novel ANCF lower-order
plate element, whereby its mechanical deformation and bending behavior are simulated
both efficiently and accurately.

This paper is organized as follows. After the introduction, an improved Yeoh model
based on the ANCF plate element is introduced in Section 2. In Section 3, the relevant
examples’ verification is conducted and analyzed. On the basis of the above-mentioned
theory, the computation of a silicone rubber finger is presented in Section 4. In the last
section, we give a short conclusion.

2. Theoretical Foundation and Modeling

2.1. ANCF Plate Element Theory
2.1.1. Kinematics Characterization

A three-dimensional ANCF plate element with four nodes is shown in Figure 1, in
which a, b, and t represent the length, width, and depth, respectively. Each node contains
12 node coordinates and, at any point, includes 12 degrees of freedom (DOFs), which are
written in the form of a vector ei,

ei =
[
rT

i
∂rT

i
∂x

∂rT
i

∂y
∂rT

i
∂z

]T
(1)

where ri is the global coordinate vector of the node (A, B, C, or D); ∂ri/∂α (α = x, y, z) is the
partial derivative of the global coordinate vector to the element coordinate.

x

y
z

b

a

t

Figure 1. ANCF plate element with 3 dimensions and 4 nodes.

The coordinates of a single element are given in the form of a vector:

e =
[
eT

A eT
B eT

C eT
D
]T (2)

The coordinates of any point in the element coordinate system are x, y, z, and its
position coordinate r = [X, Y, Z]T in the global coordinate system is given by the following
position interpolation function:

r = S(x, y, z)e (3)

where r is the global coordinate vector of any point in the plate element, S is the shape
function matrix, and e is the coordinate vector of the element, which is given by Formula (2).

S is only related to the element coordinate. Different shape function matrices and
node coordinate vectors are multiplied to obtain different global coordinate interpolation
functions; the shape function of a typical three-dimension four-node plate element is as
follows,

S =
[

S1I S2I S3I S4I S5I S6I S7I S8I

S9I S10I S11I S12I S13I S14I S15I S16I]
(4)
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2.1.2. The Mass Matrix, Elastic Force, and External Force of an Element

The cell mass matrix can be obtained by the kinetic energy formula

T =
1
2

∫
V

ρ0
.
r

T .
rdV (5)

where ρ0 is the density at the beginning of the structure; V is the volume at the initial
moment. We substitute Formula (3) into the above formula to obtain the element mass
matrix.

M =
∫
V

ρ0S
T

SdV (6)

Because the shape function of the element is not related to time, in the beginning, the
density and size of the element are constant, so the result of Formula (6) is a constant matrix
that does not change by time. The node coordinate of the plate element is a 48 × 1 column
vector, the shape function is a 3 × 48 matrix, and the dimension of the mass matrix of the
element is 48 × 48.

The elastic force can be obtained from stain energy, which can be characterized as:

U =
1
2

∫
V

εTEεdV (7)

where ε is the vector form of the strain tensor, and E is the elastic coefficient matrix.
The strain tensor εm is obtained by using the right Cauchy–Green deformation ten-

sor [22],

εm =
1
2
(JTJ − I) (8)

J is the displacement gradient matrix.

J =
∂r

∂r0
(9)

r and r0 represent the coordinate vector of the element at this moment and the coordi-
nate matrix of the element at the initial moment, respectively.

Formula (7) means that the elastic force Qs is computed by the partial differential of
the nodal coordinate vector due to stain energy.

Qs =

(
∂U
∂e

)T
(10)

Any point on the element is subjected to a concentrated force F, and the virtual work
is done by this force,

δWe = FTδr = FTSδe = QT
e δe (11)

where r is the global coordinate vector, which needs to be substituted into the coordinate
values x, y, z of the element. Qe is the generalized external force corresponding to the
concentrated force of the element

Qe = STF (12)

2.1.3. Dynamics Equations

The previous parts are the theory of a single board element according to the virtual
work; the dynamic equation of the entire system that can be gained under the ANCF
undamped and unconstrained dynamic equation is

M
..
es + Qs − Qe = 0 (13)
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where M is assembled from the mass matrix of the element and is not changed with time; es
is the system coordinates, which are assembled from element coordinates; Qs is the elastic
force vector of the system, which is assembled from the elastic force of the element. The
elastic force and the node coordinates show extreme nonlinearity with time change; Qe is
the generalized external force vector of the system [23].

For a system containing constraints and damping, the dynamic equation is

M
..
es + C

.
es + ΦT

esλ+ Qs − Qe = 0 (14)

where C is the system damping matrix; Φ is the constraint equation; λ is the Lagrangian
multiplier vector.

2.2. An Improved Hyper-Elastic Constitutive Model Based on ANCF
2.2.1. A Constitutive Model Based on ANCF

In the theory of continuum mechanics, the three invariants of the right Cauchy–Green
deformation tensor Cr = JTJ are, respectively,

I1 = tr(Cr) (15)

I2 =
1
2

[
tr(Cr)

2 − tr(C2
r )
]

(16)

I3 = det(Cr) (17)

In the above three formulas, I1, I2 and I3 are, respectively, the first invariant, the second
invariant, and the third invariant of the right Cauchy–Green deformation tensor. When
the material is incompressible, J = det(J) = 1, or equivalently, I3 = J2 = 1. Therefore, the
strain energy of incompressible materials depends only on I1 and I2.

The Yeoh model is a function of the first invariant of the right Cauchy–Green deforma-
tion tensor, and its model form is:

Uy =
3

∑
i=1

μi0(I1 − 3)i (18)

In the above formula, μi0 is the material constant evaluated by experiments. Although
the first invariant was used in the Yeoh model, its order reaches the third order. At the
same time, there are three material constants that characterize material properties that have
been included in this model, and the content of expression is richer.

The model expressed by Equation (18) assumes that the material is completely incom-
pressible, which satisfies J = det(J) = 1. This condition needs to be added to the equation
of the system; the usual methods include the Lagrangian multiplier method and the penalty
method. The Lagrangian multiplier method is a constraint method that multiplies the
condition of volume incompressibility by a Lagrangian multiplier and substitutes it into
the system equation to achieve volume control. Compared with the Lagrangian multiplier
method, the penalty method is simpler and more effective here, so the penalty method was
chosen for this article to achieve volume constraints. Under the penalty method, additional
strain energy density will be added to the constitutive model,

Up =
1
2

k(J − 1)2 (19)

where Up—the volume penalty equation; k—the volume penalty number, which can repre-
sent the bulk modulus of the materials. A reasonable value of k is usually selected to ensure
the incompressibility of the volume and set to 1000 MPa. The reason is that an excessively
large value of k may lead to numerical problems during the process of computation. It
should be pointed out that the volumetric energy penalty equation was used to make the
materials nearly incomprehensible rather than absolutely incomprehensible.
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The full formula of the Yeoh model, using the penalty equation, is

Uy = Uy + Up =
3

∑
i=1

μi0(I1 − 3)i +
1
2

k(J − 1)2 (20)

According to the conclusion obtained by Orzechowski [20], volume behavior was
introduced to the above equation, which may result in a numerical problem during the
process of computation, so it is necessary to separate the volume and partial derivative
components. In order to decouple, the invariant of the right Cauchy–Green deformation
tensor was not directly used in this constitutive equation, which was replaced by the
following form:

I1 = J−2/3 I1 (21)

The above variation was used in this article, which avoided the numerical problem
during the process of finding a solution. The new constitutive model after the replacement
was as follows:

Uy = Uy + Up =
3

∑
i=1

μi0(I1 − 3)i
+

1
2

k(J − 1)2 (22)

The above formula is a general strain energy density formula; the volume integration
of each element is needed to obtain the strain energy of the element. Therefore, with the
improved Yeoh model, the strain energy of the element can be expressed as

UY =
∫

V

(
Uy + Up

)
dV =

∫
V

(
3

∑
i=1

μi0(I1 − 3)i
+

1
2

k(J − 1)2

)
dV (23)

Hence, the immutable volume of the Yeoh model was established through the penalty
equation, and it was further improved by separating the volume and partial derivation
components of deformation.

According to Formula (10), the elastic force of the improved Yeoh model with ANCF
is shown as follows:

¯
QKY =

(
∂UY
∂e

)T

=
∫

V

(
∂Uy

∂e
+

∂Up

∂e

)T

dV (24)

2.2.2. The Elimination of Volume Lock

Many researchers have mentioned that ANCF is affected by the lock phenomenon of
the element. The lock phenomenon of the continuum mechanics method is particularly
obvious, based on which the wrong rigidity characteristics are shown in the bending
process of flexible bodies. The influence of this phenomenon is even greater when it comes
to the incompressible material model. The super-elastic incompressible material model
cannot converge to the correct result. This problem is called the volume lock phenomenon
in the reference.

Numerical integration is usually used in the above elastic force formula derived from
the Yeoh model. In finite element analysis, the Gaussian integral is the most commonly
used numerical integration algorithm. In the ANCF elastic material model and many
other finite element methods, selective reduction integration (short for SRI) is often used to
prevent the occurrence of volume lock. The integration of strain energy density is divided
into two parts with the point of the above method. The first part does not consider the
influence of volume locks and performs a complete integration. The second part takes the
impact of the rate of volume locks into consideration when using SRI.

From Formula (23), the equation of strain energy under the Yeoh model can simply
be split. By removing the volumetric energy penalty equation that imposes constraints
on the volume, the first part does not consider the behavior of the volume; hence, it
can be completely integrated. The influence of volume is introduced to the second part
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through the volume penalty equation; under the plate element, it is assumed that there is
no thickness, and the thickness is directly multiplied into the equation for the plane integral.
The computation of Formula (23) of the strain energy equation is calculated as follows:

USRI
Y =

∫
V

UydV + t
∫

S
UpdS (25)

In the above two formulas, SRI represents selective reduction integration, and t and
S represent the thickness and area of the plate element, respectively. The above formula
shows that the volumetric energy penalty equation is only evaluated on the neutral plane
of the plate element.

2.3. The Modeling of Length Constraint
2.3.1. The Constraints of a Multi-Body System

The above system dynamic equations are unconstrained equations. There will be some
constraints in the actual calculation process. The Lagrange multiplier method is usually
used to compute the constraint equations of system equations. At this time, the system
dynamic equations become the following form,

{
M

..
es + ΦT

esλ+ Qs − Qe = 0
Φ(es, t) = 0

(26)

where Φ is the constraints equation, Φes is the partial derivative matrix of the constraints
equations with respect to the system coordinates, and λ is the Lagrange multiplier.

Take the second derivation of the constraint equation system with respect to time t
and in conjunction with the first formula in the above formula.

[
M Φes

Φes 0

][ ..
es
λ

]
=

[
Qe − Qs

Qd

]
(27)

where Qd is the result of the second partial derivation of the constraint equation Φ with
respect to time, which has the following form:

Qd = Φes

..
es = −Φtt − 2Φest

.
es −

(
Φes

.
es
)

es

.
es (28)

Hence, the conventional ordinary differential solution to Equation (27) can calculate
the system response with constraints. The explicit solution process will not be discussed in
detail here.

2.3.2. Length Constraint

Certain dimensionalities need to be constrained in order to be consistent with the
actual condition, such as the skeleton of a flexible finger. In this subsection, a length
constraint method is proposed to be applied to the plate element and proven to be both
reliable and feasible in the section of theoretical verification.

As plotted in Figure 2, the length, width, and thickness of the initially undeformed
single plate element are a, b, and t. Taking the AB edge as an example, if the length of the
edge is unchanged during the deformation process, lAB should always be equal to a. In
the process of motion deformation, the position vector of any point on the AB edge in the
global coordinate system can be obtained according to Formula (3):

r = S(x, y = 0, z = 0)e (29)
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Figure 2. Single plate element.

According to the above formula, at the current moment, X, Y, and Z coordinates of any
point on the AB edge in the global coordinate system are related to the element coordinate
x, namely, X = X(x), Y = Y(x), Z = Z(x). The AB curve calculated by interpolation is
smooth and has continuous derivation due to ANCF. According to geometric theory, if a
smooth or piecewise smooth curve has a continuous derivation, the length of the curve can
be obtained by integrating the curve of the length of the arc.

lAB =
∫

L
ds =

∫ a

0

√
[X′(x)]2 + [Y′(x)]2 + [Z′(x)]2dx (30)

Therefore, the constraint equation at this time can be written as:

Φ(e, t) = lAB − a =
∫ a

0

√
[X′(x)]2 + [Y′(x)]2 + [Z′(x)]2dx − a = 0 (31)

The above equation is substituted into the system of dynamics equation through
Lagrangian multipliers as a constraint equation, which can make the AB edge inextensible.
However, in the actual calculation process, the content of the root number in Formula (31)
is too complicated to open the root number, so it is impossible to calculate the AB length at
the current moment. In order to solve this problem, it is unavoidable to seek the AB length.

According to Formula (31), the coordinate of the material point of the AB segment
has been determined by the parameter equation: X = X(x) Y = Y(x) Z = Z(x).
Hence, the length of AB is the value of the integral of the square root of the formula
[X′(x)]2 + [Y′(x)]2 + [Z′(x)]2. When the length of AB is a fixed value, the integration of
[X′(x)]2 + [Y′(x)]2 + [Z′(x)]2 will also be fixed. Taking

∫ a
0 [X′(x)]2 + [Y′(x)]2 + [Z′(x)]2dx

as a fixed value has the same effect as setting
∫ a

0 [X′(x)]2 + [Y′(x)]2 + [Z′(x)]2dx as a fixed
value. Additionally, the former has the capacity to integrate.

The constraint equation can be calculated directly by removing the root sign, whereby
the length of the plate element is unchanged.

Φ(e, t) = lAB − a =
∫ a

0

[
X′(x)

]2
+
[
Y′(x)

]2
+
[
Z′(x)

]2dx − a = 0 (32)

3. Theoretical Verification

In order to verify the accuracy of the hyper-elastic constitutive model and the validity
of volume lock and length constraint, some comparing calculations were conducted in this
section.

3.1. Verification of Volume Lock

The simulation example is a silicone rubber plate; the structure is shown in Figure 2:
one side of the plate is fixed and the other side is set free. The relevant computing parame-
ters are listed in Table 1. A dynamics simulation is carried out to calculate the movement
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process of the flat pendulum under the action of gravity (along the negative Z-axis), and
the total calculation time is 0.4 s. The dynamics equation is established according to
Equation (14), in which the damping matrix is distributed according to Rayleigh damping.
The detailed explanation of each parameter is referred to in Xu’s work [21]. It is noted
that μ10, μ20, and μ30 are material constants used to establish strain energy function, which
requires μ20 or μ30 to be negative to meet the condition that the strain energy density is
equal to or greater than zero and increases with deformation monotonically [24]. These
three parameters can be obtained by tensile test [15].

Table 1. Geometrical and material parameters of a silicone rubber plate in this example.

Name Symbol Value Unit

Length a 0.18 m
Width b 0.16 m

Thickness t 0.04 m
Damping coefficient c 1.5 N·s/m

Bulk modulus k 1000 MPa
Material constant μ10 0.2712 MPa
Material constant μ20 0.03053 MPa
Material constant μ30 −0.0004013 MPa

In order to verify whether the SRI method eliminates the volume lock effectively,
Formula (23) is used to calculate the model that does not include SRI in Figure 3; SRI is
calculated using Formula (25). In the model, P is the midpoint of its side; the changes in X
and Z coordinates of point P over time are shown in Figure 4 due to gravity.

a

b

t

 
Figure 3. The silicone rubber cantilever plate.

It can be seen from Figure 4 that for the unreduced integration model, point P on the
silicone rubber plate has no significant displacement in the X coordinate, and the maximum
displacement on the Z-axis does not have the capacity to reduce half of the integration
model, which moves to its limit in the vicinity of 0.15 s and then rebounds upward. Figure 5
shows the Yeoh model’s non-selectively reduced internal plate at t = 0.2 s. It can be seen
that under the influence of the volume lock, the edge of the plate is tilted upward, and the
local edge is even higher than the XY horizontal plane; thereby, the deformation is incorrect.
After adopting SRI, the displacement of point P is significantly increased in both the X-axis
and Z-axis directions, and the results of motion and unreduced integration are completely
different. From the above comparison, it can be concluded that under the influence of
volume locks, the silicone rubber plate cannot be swung freely, and the SRI method can
effectively eliminate volume locks and avoid obtaining incorrect results.

113



Machines 2022, 10, 518

(a) 

(b) 

Figure 4. The coordinate of point P based on the Yeoh model. (a) X coordinate. (b) Z coordinate.

 
Figure 5. The deformation of a silicone cantilever based on the Yeoh model.

3.2. Verification of an Improved Yeoh Model

On the basis of eliminating the effect of volume lock, the accuracy of the constitutive
model is verified further. A comparison is conducted between the results of the improved
Yeoh model and the experimental results in the published reference [21]. It needs to
be pointed out that the comparison here is the result of improving the low-order plate
element (conventional plate element by using the SRI method) rather than the results of the
high-order plate element. The simulating parameters are the same as those in Section 3.1.

The comparison among the simulation results of point P in both X and Z coordinates,
the experimental results, and conventional Yeoh model results is shown in Figures 6 and 7.
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In Figure 6, the two models in the first 0.25 s have good agreement with the experimental
results. In the interval from 0.25 s to 0.4 s, there is a deviation between the two models, and
the result obtained by the improved Yeoh model is slightly worse.

Figure 6. The X coordinate comparison of point P (experimental data are cited from reference [21]).

Figure 7. The Z coordinate comparison of point P (experimental data are cited from reference [21]).

In Figure 7, in the first 0.18 s, the results of the two models are close to the experimental
results. To be specific, the improved Yeoh model seems better than the initial model. In the
interval from 0.18 s to 0.3 s, the results of the improved model coincide with those obtained
by the experiments. Their motion’s lowest points coincide with each other and are smaller
than that of the initial Yeoh model. In the last 0.1 s, the results in terms of the two models
fail to match the experimental results. What is more, the improved model shows a larger
fluctuation than the others at around 0.35 s. On the whole, the improved Yeoh model that
separates the volume components is in good agreement with the experiment.

Figure 8 shows the shape of the silicone rubber plate under the improved Yeoh model
at various times. It can be seen from Figures 6 and 7 that the plate is still swinging freely
at 0.1 s, and it drops to the lowest point at 0.2 s, which is the smallest value in the Z
coordinate in Figure 7. At this moment, a certain amount of elastic and kinetic energy has
been accumulated on the plate, and it then continues to swing backward. In the 0.2 to 0.3 s
movement, the improved Yeoh model moves faster and then slows down smoothly after
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0.3 s. It can be seen from the whole process that the law of motion and shape is in accord
with the theoretical expectations.

 
 

(a) (b) 

  
(c) (d) 

Figure 8. The shapes of the silicone plate at different moments. (a) t = 0.1 s, (b) t = 0.2 s, (c) t = 0.3 s,
(d) t = 0.4 s.

According to the whole process of the free swing of the silicone rubber plate, the
Yeoh model, without any improvement, has a large deviation from the actual results. The
method proposed by the published reference [20] is used to remove the coupling behavior
of the volume component and the partial conductance component during the deformation
process and replace the first invariant in the constitutive equation with I1 = J−2/3 I1. The
result calculated by this improved method is very close to the experimental result, which is
better than the Yeoh model. Meanwhile, computing accuracy can also be guaranteed.

3.3. Verification of Length Constraint

In this subsection, the verification calculation example is designed to illustrate the
feasibility of the length constraint. As plotted in Figure 9, there is a hollow thin-walled
cylinder with the specific dimensions shown in Table 2. In order to observe the deformation
of the thin-walled cylinder with great flexibility, both ends of the cylinder are fixed. It
should be noted that the purpose of this subsection is to verify the feasibility of the length
constraint; therefore, the parameters in this case (Table 2) are totally different from those in
Table 1.

Table 2. Parameters of the hollow cylinder.

Name Symbol Value Unit

Radius r 0.2 m
Length L 0.4 m

Thickness t 0.02 m
Density ρ 7200 kg/m3

Elastic modulus E 1 × 106 MPa
Poisson’s ratio μ 0.3 -
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Figure 9. Hollow cylinder.

Air pressure is applied to the interior to make it expand. A constraint condition of
constant length is applied to the middle line where point A is located; thus, it only suffers
the air load; without expansion, the left and right parts expand and deform separately.
The undamped dynamic equation is adopted to establish the dynamic equation according
to Formula (26), and the pressure load is applied under ANCF. The applied air pressure
increases linearly with time: P = 100 · t kPa; the loading time is 0.5 s, which means the final
value of the air pressure is 50 kPa. The deformation effect of a hollow cylinder at different
moments is shown in Figure 10.

It can be seen from Figure 10 that the expanded deformation of the hollow thin-
walled cylinder structure increases with air pressure. The air pressure is slight at first, and
the deformation is not obvious. Significant deformation can be found at 30 kPa; due to
the constraint, there is no bulge in the middle section, and symmetrical expansion and
deformation only occur on the left and right sides of the constrained part; this deformation
is in line with the expected deformation effect. In order to illustrate the effectiveness of
the constraints in detail, the change curves in the Z-axis coordinates of points A and B in
Figure 9 over time are shown in Figure 11.

In Figure 11, it is clear that the Z-axis coordinates of points A and B both become
larger. At 0.5 s, when 50 kPa air pressure is loaded, the expanded deformation of point A
and point B is 0.0025 and 0.035, respectively. The expanded deformation of point A does
not mean that the constraint is not effective; it can be explained that the system dynamics
equation is solved by a numerical algorithm, which will cause errors in the calculation
process, and the cylinder itself has an increasing tendency to deform under the driving
force. The errors, with an increasing trend, are accumulated during the iterative process, so
the obtained results augment gradually. Comparing the small expansion of point A with
the displacement of point B, the displacement of the two points is not in the same order
of magnitude, which implies that the constraint effect is very good. It is feasible to use
Equation (32) instead of (31) as the constraint equation, and the inextensible constraint is
realized using this method. It should be pointed out that the result of Figure 11 shows a
wave-like rising trend; this is because the system adopts an undamped dynamic equation
without energy dissipation, and each moment is not precisely static; the external forces
that augment stepwise cannot balance the elastic force of the system immediately, and it is
reasonable to expect a resulting antagonistic rise.
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(a) (b) 

  
(c) (d) 

Figure 10. The shape of the cylinder at different moments. (a) t = 0.2 s, (b) t = 0.3 s, (c) t = 0.4 s, and
(d) t = 0.5 s.

Figure 11. Z coordinate comparison of points A and B.

4. The Calculation of a Silicone Rubber Finger

4.1. The Structure of a Silicone Rubber Finger

In this section, a silicone rubber flexible finger is designed, and its structure is shown
in Figure 12. The flexible finger is divided into four sections. The bottom and middle
sections are the same flexible cavities made of silicone rubber material. Between the two
flexible cavities is a rigid bone ring supported by a more rigid material. The same silicon
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rubber material is used for physical packaging at the top. Except for the top, the entire
flexible finger is hollow, and the thickness of the surface is uniform. The pneumatic flexible
finger can be given different sizes, according to actual conditions, to meet the needs of
different purposes. Some additional constraints can be added to improve its performance
in the future. The deformation of the flexible finger under air pressure will be computed
in this section. It should be noted that in order to improve the overall simulation rate, the
overall size of the flexible finger is deliberately enlarged. The relevant deformation is still
proportional to its size, so the larger size result can be used to derive the actual deformation
result. The dimensions of a, b, r, and t in Figure 12 are listed in Table 3, and the relevant
material parameters are the same as in Table 1.

 
(a) (b) 

Figure 12. Structure of silicone rubber flexible finger. (a) Entire structure; (b) cross-section shape.

Table 3. Parameters in Figure 12.

Name Symbol Value Unit

Radius r 0.1 m
Thickness t 0.02 m

Length a 0.2 m
Width b 0.05 m

4.2. Single Cavity Deformation Analysis

As mentioned above, this pneumatic flexible finger consists of three similar sections,
and the internal cavities are connected. The advantage of this structure is that under ideal
conditions, each chamber under the same air pressure has the same deformation; thereby,
the deformation is repeatable. The research of a single structure is representative, so the
deformation simulation of a single cavity is carried out. The constitutive model of the
silicone rubber material here adopts the above-mentioned improved Yeoh’s constitutive
model. The parameters are detailed in the previous section, and the deformation effect of
a single cavity after being loaded by air pressure is programmed to be calculated. Some
fixed constraints are used in the upper and lower ends of a single cavity, and air pressure
is applied inside. The pressure increases linearly with time. The undamped dynamic
equation is computed and simulated from 0 to 0.5 s. Then, the pressure is increased to
12 kPa at the end of 0.5 s.

Figure 13 shows the displacement of the cavity in the Z-axis direction. From the com-
parison of the results, it can be seen that the expansion effect of a single cavity, calculated
based on ANCF and the improved Yeoh model, is good, and the original shape of the cavity
is symmetrical. After evenly distributing the air pressure, the deformed structure presents
a symmetrical shape, which meets the expected expectation and verifies the correctness of
the deformation of a single cavity after being fixedly restrained.
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Figure 13. Z-axis displacement of single finger chamber.

4.3. Analysis of the Overall Deformation of a Flexible Finger

At the top of the finger is a solid encapsulation; during the process of applying air pres-
sure, only the displacement of the top solid section emerges, rather than the deformation.
Hence, the air pressure at the top is regarded as an equivalent force applied to the top of the
middle of the flexible cavity. The rigid skeleton between the two cavities is simulated by a
material with a large elastic modulus. The bottom edge of the finger is fixedly constrained.
The calculation method is the same as the above calculation of the single-section cavity.
The air pressure is increased linearly with time. The computing time is 0.5 s. At the end
of the 0.5 s, the air pressure increases to 12 kPa. The improved Yeoh model is used as the
constitutive model. When the air pressure is 8, 10, or 12 kPa, the displacements of the entire
finger on the Z-axis are as shown in Figures 14–16, respectively.

 
  

Figure 14. The deformation of two chambers under the pressure of 8 kPa. (a) Front view; (b) right
view.
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Figure 15. The deformation of two chambers under the pressure of 10 kPa. (a) Front view; (b) right
view.

Figure 16. The deformation of two chambers under the pressure of 12 kPa. (a) Front view, (b) right
view.

It can be seen that the overall structure of the flexible finger is effectively bent and
deformed under the pneumatic drive. When the air pressure is low, the expansion and
deformation, as well as the bending deformation, are not obvious. For instance, the Z-
axis expansion displacement is only 7 mm under a pressure of 8 kPa. Additionally, there
is nearly no bending. The Z-axis expansion displacement of the finger is increased to
8.2 mm with 10 kPa of pressure. The bending performance can be clearly seen. When
the air pressure is up to 12 kPa, the maximum Z-axis expansion displacement is 10 mm.
At this moment, the bending angle is larger than at any time. In addition, the expansion
and deformation of the flexible finger are symmetrical, which agrees with the predicted
tendency. In conclusion, the motion performance of the flexible finger can be characterized
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by the proposed model effectively, including the expansion, deformation, bending status,
and so on, under different air pressures.

5. Conclusions

The ANCF method is known to be well suited for the large deformation analysis of
flexible bodies such as flexible fingers. This work presents an improved ANCF low-order
plate element based on the hyper-elastic constitutive model, whereby the bending behavior
of a silicon rubber flexible finger can be simulated in detail. Compared with the ANCF
beam element, conventional lower-order plate element, and higher-order plate element,
the novel plate element in this paper characterizes the external contour of the finger better,
reflects the bending behavior more realistically, and converges in less computing time.

The effects of volume lock and length constraint were also considered. The former is
used to eliminate the incorrect rigidity characteristics of bending deformation for a flexible
finger, which is another important factor in realizing large deformation analysis. The
skeleton of the flexible finger is simulated by the method of length constraint, which is easy
to implement and characterizes the skeleton of the finger.

As a direction of future research, it is desirable to apply the presented method to other
ANCF elements, such as solid elements. Furthermore, the method to eliminate the effect of
volume lock also needs to be further researched.
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Abstract: Impact load is a kind of aperiodic excitation with a short action time and large amplitude,
it had more significant effect on the structure than static load. The reconstruction (or identification
namely) of impact load is of great importance for validating the structural strength. The aim of this
article was to reconstruct the impact load accurately. An impact load identification method based on
impulse response theory (IRT) and BP (Back Propagation) neural network is proposed. The excitation
and response signals were transformed to the same length by extracting the peak value (amplitude
of sine wave) in the rising oscillation period of the response. First, we deduced that there was an
approximate linear relationship between the discrete-time integral of impact load and the amplitude
of the oscillation period of the response. Secondly, a BP neural network was used to establish a linear
relationship between the discrete-time integral of the impact load and the peak value in the rising
oscillation period of the response. Thirdly, the network was trained and verified. The error between
the actual maximum amplitude of impact load and the identification value was 2.22%. The error
between the actual equivalent impulse and the identification value was 0.67%. The results showed
that this method had high accuracy and application potential.

Keywords: structural dynamics; impulse response theory; impact load identification; dynamic
inverse problem; BP neural network; signal processing method

1. Introduction

Impact load was a kind of aperiodic load that cannot be ignored in engineering practice.
Impact load acted on the component or structure at a high amplitude in a short time (the
action time was less than half of the fundamental free vibration period of the structure,
always tenths of a millisecond).

Identifying (or reconstruction namely) the impact load on the structure accurately
has significant meanings, for example, it can verify the structural strength and improve
the structural design. This article focuses on the identification of impacts that do not
cause damage: for example, the launch of missiles on a helicopter or the waves on an
ocean platform.

The main focus of this article is the dynamic response of the structure under impact
load. When a structure is subjected to impact load, stress waves and dynamic response of
the structure are usually considered. The research of stress waves mainly has focused on the
local disturbance of objects and its propagation; the research of structural dynamic response
ignored the propagation process and directly studied the deformation, fracture and its
relationship with time. Due to the complexity of the shock form, researchers typically
focused on only one aspect. As an effective method in establishing linear models, artificial
neural networks have been used widely in the research of load identification. He Wei
presented a brief review for the application of neural networks in load identification areas.

Tian Yan et al., (2004) used the RBF network to research the load on gearbox and
performed load identification of the random excitation and bearing excitation [1]. Tian Yan
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et al., (2006) also used the improved Elman network to identify the electrical-mechanical-
fluid coupling shock excitation of the gearbox [2]. Staszewski et al., (2000) used a neural
network model to identify the load acting on the composite box panel and used a genetic
algorithm to optimize the sensor parameters [3]. Ghajari et al., (2013) applied a neural
network model to composite plate, identified loads that took both linear and nonlinear
deformation into consideration [4].

Wang et al., (2015) used the SVM network to conduct multi-point random dynamic
load identification in the frequency domain, and it performed well in the low-frequency
range [5]. Fang et al., (2018) applied a pseudo-linear neural network (PNN) to the vibration
load identification of the primary spur gear box under four working conditions of no-load
and loaded [6]. Cheng et al., (2018) used the improved neural network and BP neural
network to optimize GA-PSO to identify the excitation load of the double-span sub-rotation
system [7].

Zheng Shijie et al., (2009) identified the single point loads of composite plate-shell
structures based on a genetic algorithm and BP neural network [8]. Mitsui et al., (1998)
proposed the idea of using neural network technology to identify the load of the cantilever
beam by using neural network technology [9]. Cooper and Dimaio (2018) used the feed-
forward neural network to realize the wing load identification of large rib loads; however,
they only identified the static loads [10].

Ren et al., (2018) proposed a method of using deep learning technology to perform
load parameter identification and structural failure analysis based on the deformation
and damage characteristics of the structure [11]. Chen et al., (2019) adopted the deep
neural network (DNN) to realize the impact load identification of the rigid body to the
hemispherical shell structure. The results showed that the trained DNN network had high
accuracy for various characteristic parameters of impact loads [12].

Zhang Zhihong and Zhang Hong (2022) used a BP neural network to study the
driving dynamic load recognition of crawler system [13]. Yang Te (2022) used a deep neural
network to extract and identify the time-frequency domain features of stationary random
signals [14]. Xia Peng (2022) introduced the long short-term memory neural network into
the research of dynamic load identification, combined with the “memory” characteristic of
a time-delay neural network and dynamic system [15].

The identification methods above based on neural network had a common feature:
the excitation signal and the response signal were synchronized, that meant the length of
excitation was equal to the response. The correspondence provided an advantage for the
application of neural networks.

However, the excitation and response signal of impact load did not have this advantage.
The action time of impact load was too short (10 ms or less) while the response was long
(10 s or more); therefore, two signals could not correspond one by one. How to extract the
representative information from the response signal was the key point of this article.

The main innovation of this paper was that the peak value (amplitude of sine wave)
in the oscillation rising period of the response was extracted as the input, and the discrete
time integral of the impact load amplitude was extracted as the output. In doing so, two
signals were transformed to the same length, making it possible to be used for training and
validation of a neural network.

The main content of this article includes an impact load identification method based
on impulse response theory (IRT) and BP neural network. The excitation and response
signals were transformed to the same. First, we deduced that there was an approximate
linear relationship between the discrete-time integral of impact load and the amplitude of
the oscillation period of the response. Secondly, a BP neural network was used to establish
the linear relationship between the excitation and response. Thirdly, the network was
trained and verified.

The main content of the following article is as follows. Section 2 introduces the
theoretical basis of the method. Sections 2.1.1 and 2.1.2 introduce the linear relation-
ship between the discrete-time integral of impact load and the peak value (amplitude
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of sine wave) in the rising oscillation period of the response in both the single-degree-
of-freedom (SDOF) system and multi-degree-of-freedom (MDOF) system. Section 2.2
introduces the basic theory of neural network. Section 3 presents the results. Section 3.1
introduces the configuration of experiment, Section 3.2 introduces the signal processing,
and Sections 3.3 and 3.4 introduce the training of the neural network and the identification
results.

2. Materials and Methods

This chapter includes the detailed description of the impulse response theory and the
basic process of the neural network.

2.1. Impulse Response Theory

The Fourier transform theory and the impulse response theory are two methods to
calculate the response under aperiodic excitation. The Fourier transform theory was suitable
for signals with a certain time length. The impulse response theory regards any load as
the superposition of a series of unit impulses, determines the response of unit impulse and
then uses the superposition principle to superpose a series of impulse responses one by
one (or integral form) to obtain the dynamic response of the system.

The impact load has a short acting time and was not suitable for frequency domain
method. Thus, this paper conducted identification research mainly based on the impulse
response method.

2.1.1. Single Degree-of-Freedom (SDOF) System

The aperiodic load excitation F(t) can be regarded as the weighted sum of several
impulse excitation acting at different moments. The time width of each pulse tends to 0, and
the value of F(t) at the corresponding moments can be taken as the weighted coefficient of
each impulse, and thus F(t) can be regarded as the weighted sum of each impulse.

Figure 1 shows the conception of the impulse response theory (IRT).

Figure 1. F(t) can be decomposed into discrete impulse excitations.

As it was assumed that the dynamic system was a linear system, if the response of
the system under the unit impulse excitation was solved, then the whole response can be
solved according to the linear superposition principle. The response of a SDOF system
with unit impulse was discussed under zero initial condition. The differential equation set
of motion of the system was as follows:

m
..
x(t) + c

.
x(t) + kx(t) = δ(t)

x0 = x(0) = 0
v0 =

.
x(0) = 0

(1)
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In the above equation: δ(t) was the unit impulse function, also known as the Dirac δ
function, which was defined as follows:

δ(t − a) =
{

0 t �= a
∞ t = a

;
∫ +∞

−∞
δ(t − a)dt = 1 (2)

In the above equation, the impulse width tended to be zero, and the amplitude tended
to be ∞; however, the impulse was equal to 1.

The zero-initial condition in Equation (1) mean that the system was in static condition
at the beginning and was suddenly affected by δ(t) at the moment t = 0. As the time of
δ(t) action was extremely short, the instant time after the action was over can be written as
t = 0+. According to the theorem of momentum, the increase of momentum was equal to
the impulse acting on the body; therefore: m

.
x(0+)− m

.
x(0) = 1.

Assuming that the initial condition was
.
x(0) = 0, then the system obtained an initial

velocity:
.
x(0+) = v+0 = 1/m. According to this assumption, the impact load can be

decomposed into the superposition of several initial excitations. The problem expressed in
Equation (1) can be converted to an initial value problem expressed as follows:

m
..
x(t) + c

.
x(t) + kx(t) = 0

x(0+) = 0
.
x(0+) = 1/m

(3)

The parameters were set as follows:

ωn =
√

k/m
ξ = c

2mωn
= c

2
√

mk
ωd =

√
1 − ξ2ωn

(4)

It was assumed that the SDOF system was in the case of small damping ratio (0 < ξ <
1), the solution of Equation (3) was as follows:

x(t) =
1

mωd
e−ξωntsin ωdt (5)

The response of the system to unit impulse excitation was denoted as h(t), and then
the unit impulse response of the system can be expressed as follows:

h(t) =
u(t)
mωd

e−ξωntsin ωdt u(t) =
{

0 (t < 0)
1 (t ≥ 0)

(6)

For the impact load excitation F(t), it can be regarded as a combination of a series of
impulse excitation, and the impulse force at any time τ was F(τ). The system responded
to the impulse was F(τ) · Δτ · h(t − τ). According to the superposition principle of linear
system, the whole response of the system was as follows:

t

∑
τ=0

F(τ)Δτh(t − τ) (7)

When Δτ tended to be 0, the summation sign would become into integral; thus, the
response of the system to the impact load F(t) can be expressed as follows:

x(t) =
∫ t

0 F(τ)h(t − τ)dτ

x(t) = u(t)
mωd

∫ t
0 F(τ)e−ξωn(t−τ) sin ωd(t − τ)dτ

(8)

128



Machines 2022, 10, 524

In actual conditions, the impact load signal was discrete signal, such as F(t) = F(ti)
(i = 1, 2, · · · , n). If the sampling interval of the signal was fixed, the time width of each
pulse was also fixed, denoted as Δτ.

According to Equation (8), the integral form of continuous function can be transformed
into the sum form of discrete function, as follows:

x(t) =
t

∑
τ=0

F(τ)Δτh(t − τ) =
n
∑

i=1
F(ti)Δτh(t − ti)

= u(t)Δτ
mωd

n
∑

i=1
F(ti)e−ξωn(t−ti) sin ωd(t − ti)

(9)

The discrete time integral of discrete impact load within the action time [t1, tn] can be
expressed as:

IF(ti) = Δτ
n

∑
i=1

F(ti) (10)

For a single excitation, the attenuation of the response within a time step Δτ can be

expressed by the relative attenuation coefficient: e−ξωnΔτ = e−ξωn
1
f . The damping ratio of

steel structure was between 0.03 and 0.08, and the sampling frequency was 4096 Hz. Thus
the attenuation coefficient corresponding to the first 100 Hz mode was about 0.9954, and
the attenuation coefficient within 10 sample 10Δτ was about 0.9550.

As the attenuation coefficient was very close to 1, the amplitude of response can be
regarded as constant in rising oscillation period. The amplitude in the rising oscillation
period of each response was as follows:

Ix ≈ u(t)Δτ

mωd

n

∑
i=1

F(ti) ≈ u(t)Δτ

mωd

n

∑
i=1

F(ti)e−ξωn(t−ti) ≈ u(t)
mωd

· Δτ
n

∑
i=1

F(ti) ≈ u(t)
mωd

· IF(ti) (11)

The Ix was the amplitude in rising oscillation period of each response (peak value),
and the IF(ti) was the discrete time integral of the impact load. Equation (12) shows an
approximate linear relationship between the two expressions:

IF(ti) ∝ Ix (i = 1, 2, · · · , n) (12)

To sum up, if the system parameters of the SDOF system are known, the response can
be calculated according to the excitation. Reversely, the excitation can also be solved from
the response.

2.1.2. Multiple Degree-of-Freedom (MDOF) System

The same method can be extended to a MDOF system. A constant coefficient differ-
ential equation set with n equations was used to describe the system with n degrees of
freedom, shown as the matrix equation:

[m]
{ ..

x(t)
}
+ [c]

{ .
x(t)

}
+ [k]{x(t)} = {F(t)} (13)

In the above equation, [m], [c], [k] are the mass matrix, damping matrix and stiffness
matrix, respectively.

{ ..
x(t)

}
,
{ .

x(t)
}

, {x(t)} refer to the generalized displacement, general-
ized speed and generalized acceleration vector, respectively. {F(t)} is the excitation force.
The equation could also be expressed as follows:

[R] ·
[ .

Z
]
+ [S] · [Z] = {Q(t)} (14)

The solution of the equation above can be written as xk = xk1 + xk2, where xk1 is the
general solution and xk2 is the particular solution.

• Particular solution
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The particular solution of Equation (14) is as follows:

xk2 =
2n

∑
j=1

Φ(j)
k · ξ j2(t) =

2n

∑
j=1

1
Rj

Φ(j)
k ·

∫ t

0
eαj(t−τ) · Qj(τ)dτ (k = n, n + 1, · · · , 2n) (15)

• General solution

According to the theory of vibration mechanics, the general solution of Equation (14)
is as follows:

xk1 =
2n

∑
j=1

Φ(j)
k · ξ j1(t) =

2n

∑
j=1

Φ(j)
k · ξ0j · eαj t (k = n, n + 1, · · · , 2n) (16)

The solution of Equation (14) can be obtained by combining two solutions as follows:

xk = xk1 + xk2 =
2n

∑
j=1

Φ(j)
k · (ξ0je

αj t +
1
Rj

∫ t

0
eαj(t−τ)Qj(τ)dτ) (k = n, n + 1, · · · , 2n) (17)

Since the system had viscous damping, the free vibration would decay quickly; there-
fore, only the influence of the particular solution was considered in practice.

If the excitation was the discrete impact load, the expression of the response can be
written as follows:

x =
n

∑
m=1

2
|Rm| ·

nt

∑
i=1

e−ηm(t−Δτ) · |F(ti)| ·
∣∣∣Φ(m)

k

∣∣∣ · cos(ωm(t − Δτ)− θm)Δτ (18)

For each natural frequency ωm, it can be regarded as a combination of SDOF systems.
The response with a frequency of ωp within a sampling period can be approximated

expressed as follows:

xωp ≈
2Δτ

∣∣∣Φ(ωp)

k

∣∣∣∣∣∣Rωp

∣∣∣
nt

∑
i=1

|F(ti)|cos
(

ωωp(t − Δτ)− θωp

)
(19)

The amplitude in rising oscillation period of response can be expressed as follows:

Ixd ≈
2Δτ

∣∣∣Φ(ωp)

k

∣∣∣∣∣∣Rωp

∣∣∣
nt

∑
i=1

|F(ti)| (20)

Similar to the SDOF system, it was still an approximate linear relationship:

IF(ti) ∝ Ixd (21)

The above conclusions showed that the time integral of discrete impulse load was
approximately linear with the peak value (amplitude of sine wave) in the rising oscillation
period of response in MDOF system.

2.1.3. Conclusion

Within a given parameter range, the discrete time integral of the impact load had
an approximate linear relationship with the peak value (amplitude of sine wave) in the
rising oscillation period of response in both SDOF and MDOF systems. Theoretically,
this linear relationship can be used to calculate the corresponding load according to the
response given.

The accuracy of this method mainly depended on the accuracy of system parameter
identification and the attenuation coefficient. If the identification of system parameters was
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more accurate, and the attenuation coefficient was closer to 1, the identification accuracy
was higher.

The key point of the load identification method was to determine the system param-

eters, that is
∣∣∣Φ(ωp)

k

∣∣∣, ∣∣∣Rωp

∣∣∣. Traditional methods typically determine each parameter by
dynamic model or experiment, which is complicated and inaccurate. This paper used the
neural network to determine the parameters of the system and establish a linear relationship
between two signals.

2.2. BP Neural Network

The linear model of a neural network was a practical method to determine the un-
known linear relationship. Theoretically, the mapping between two groups of data with
linear relationship can be determined by a neural network. The discrete time integral of the
impact load had an approximate linear relationship with the amplitude in the oscillation
period of the response. The former was taken as the output and the latter as the input, and
the neural network was used to establish the linear model between them.

An Artificial Neural Network (ANN) was established by imitating the structure of
the human neuron system, which had a high adaptive ability and learning ability [10]. A
typical BP neural network was composed of an input layer, a hidden layer and an output
layer. The signals transmitted forward and the errors transmitted reversely. When the
result was inconsistent with the reference result, the error was propagated back, and the
connection weights and thresholds of the neural network were adjusted according to the
learning algorithm until the reference value was reached.

The structure of the neural network is as in Figure 2.

Figure 2. Topological structure of a typical back propagation neural network.

BP neural network consisted of input variables X = (x1, x2, . . . , xm), hidden layers q
and output nodes Y = (y1, y2, . . . , ym).

The input calculation equation of the node i in the hidden layer is as follows:

netp
i =

M

∑
j=1

ωijo
p
j − θi =

M

∑
j=1

ωijx
p
j (i = 1, 2, · · · , q) (22)

In the above equations, xp
j and op

j , respectively, represent the input and output of the
input layer node under the action of the sample p, ωij represents the connection weight
between the input layer node and the hidden layer node, and θi represents the threshold of
the hidden layer node.

If the error of output exceeds the set value, the error was fed back from the output
layer, and the connection weights between the neuron nodes of each layer were modified
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until the error was less than the set value. The quadratic error for the output of any sample
is expressed as:

Jp =
1
2

L

∑
k=1

(
tp
k − op

k

)2
(23)

The total error expression of the system is:

J =
N

∑
p=1

Jp =
1
2

N

∑
p=1

L

∑
k=1

(
tp
k − op

k

)2
(24)

The main function of the ANN was the weight correction between the three layers.

• Correction of the connection weight between the output layer and the hidden layer

The connection weights between the neuron nodes of each layer were adjusted in the
opposite direction of the gradient of the error function.

The adjustment expression of the connection weight Δωki can be obtained as:

Δωij = ηδ
p
k op

i = ηop
k

(
1 − op

k

)(
tp
k − op

k

)
op

i (25)

Among the equation, tp
k and op

i represent the expected result and the output value of
the hidden layer node, respectively.

• Correction of the connection weights between the input layer and the hidden layer

In the same way, the modified expression of the connection weight between the hidden
layer and the input layer can be obtained by the gradient of the error function:

Δωij = ηδ
p
i op

i = ηop
i

(
1 − op

i

)
(

L

∑
k=1

δ
p
k · ωki)o

p
j (26)

Among the equation, op
i and op

j , respectively, represent the output of the hidden layer
neuron node i and the output of the output layer neuron node j under the action of the
sample p.

Therefore, the weighting coefficient increment of the output layer node k, and the
connection weight increment of the hidden layer node i can be obtained under the action
of the sample p: {

ωki(k + 1) = ωki(k) + ηδ
p
k op

i
ωij(k + 1) = ωij(k) + ηδ

p
i op

j
(27)

The connection weights of each layer of the neural network were adjusted to appropri-
ate values until the error is no more than the set value.

3. Results

This chapter includes four sections, the experimental configuration Section 3.1, sig-
nal processing Section 3.2, neural network training and validation Section 3.3 and load
identification Section 3.4.

Figure 3 is the flow chart of signal processing and feature extraction. This figure
contains the main content of the actual work of this paper.
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Figure 3. The whole process of the signal processing and featuring extraction.

3.1. Experiment Configuration

In this experiment, the excitation signal of the impact load was acquired by the force
sensor on the force hammer, and the response signal was acquired by four sensors (strain
rosette). The equipment included a force hammer (PCB086B20), strain rosette, power
amplifier, digital acquisition and computer. Before the experiment, the strain rosette was
firmly attached to the four measuring points on the steel structure, and the impact load
was applied to the structure by the force hammer. The impact load signal was amplified by
the power amplifier and then acquired by the digitizer. The response signals were acquired.
The sampling frequency was set to 4096 Hz.

The connection diagram of each issue is shown in Figure 4.
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Sensor-1

Data 
Acquisition

Sensor-2

Sensor-3

Sensor-4

Force Hammer

Computer 
Acquisition 
System

Figure 4. The configuration of the experiment system.

The experimental structure used in this article was a steel cantilever beam with two
supporting bars. The density was 7850 kg/m3, and the elastic modulus was 210 Gpa. The
main beam was made of 30 × 30 mm angle steel with the thickness of 3 mm; the middle is
connected by partition frame with the thickness of 3 mm. The actual structure is shown in
Figure 5.

Sensor-1

Sensor-2

Sensor-3

Computer 
Acquisition 
System

Sensor-1

Impact Location

Sensor-3

Sensor-2

Sensor-4

x

y
z

Figure 5. 3D model of the steel frame structure including the location of four sensors and impact load.

Figure 6 shows the details of the strain rosette used in this experiment.

  
(a) (b) 

Sensor-1

Sensor-2

Sensor-3

Computer 
Acquisition 
System

Figure 6. (a) The real configuration of one sensor (strain rosette). (b) The specific structure of one
strain rosette.

Table 1 listed the exact location of the force hammer and four sensors (strain rosette)
in the space coordinate system.
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Table 1. Location of four sensors (rosette) and impact load (force hammer).

Item XYZ Location (mm)

Sensor-1 (0.0, 0.0, 0.0)
Sensor-2 (41.6, 3.2, −13.8)
Sensor-3 (326.7, 3.2, −13.8)
Sensor-4 (0.0, 0.0, 90.2)
Impact (607.6, −73.8, 156.2)

3.2. Signal Processing

This part includes the design of the digital filter, discrete-time integration of impact load
and extraction of peak value (amplitude of sine wave) in the rising oscillation period of response.

Figure 7 shows the impact load records throughout the experiment. The time interval
between the last three impact loads was too short for the response to decay completely.
Therefore, the last three sets of data were not used in the following signal processing. The
signal 1 in Figure 7 is taken as an example.
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Figure 7. Load-time history of all impact signals.

Figure 8a shows the actual time–force history of the impact load 1, which was a discrete
signal. Figure 8b shows the discrete time integral of impact load 1, which was also a set of
discrete values. The specific calculation equation of discrete integral value is Equation (10).
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Figure 8. (a) Load-time history of impact load 1 (after zoom in). (b) Load-time discrete integration of
impact load 1.
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According to the response solution of the MDOF system, the response signals of each
sensor contain multiple natural frequencies. Figure 9 shows the power spectral density
(PSD) analysis results of four response from four sensors.
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Figure 9. Power Spectral Density (PSD) of four response signals from four strain rosettes. (a) Response
Signal-1; (b) Response Signal-2; (c) Response Signal-3; and (d) Response Signal-4. The red line in each
represented the standard amplitude of the PSD.

The PSD shows that there were several similar frequencies of four sensors. The natural
frequencies of the frame structure in Table 1 was obtained from the modal experiment.

According to Figure 9 and Table 2, the primary modes were order 1, order 3 and
order 5. Considering that the impact direction was the Z direction, the proportion of the
vertical bending mode (order 2) was not significant. There was also a frequency component
of 50 Hz. In order to obtain the response of each frequency component individually, a
bandpass digital filter was designed as shown in Figure 10.

Table 2. The natural frequency and mode of the actual model.

Order Natural Frequency (Hz) Mode of Vibration

1 23.3 Bending (horizontal)
2 33.5 Bending (vertical)
3 45.7 Torsion (Y axis)
4 67.3 Torsion (X axis)
5 74.3 Torsion (Z axis)
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Figure 10. The example amplitude response of the FIR-I filter (Attenuates normalized frequencies
below 0.4π rad/sample and between 0.6π and 0.9π rad/sample).

The filter was a FIR1 type bandpass filter. By filtering the primary frequencies individ-
ually, the response signals at each frequency were obtained. The parameters of the filter are
shown in Table 3.

Table 3. The frequency and the filter band for designing the FIR-I filter.

Frequency (Hz) Filter Band (Hz)

0 (0, 0.1)
23 (23, 24)
46 (46, 47)
50 (49, 50)
70 (69, 70)

Taking Response 4 as an example, the result is shown in Figure 11.
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Figure 11. The response signal–4 was decomposed into several frequencies. (0, 23, 46, 50 and 70 Hz).

Figure 11 shows that the 0 Hz component was the fundamental motion without
oscillation. The frequency component of 50 Hz did not change with the load; thus, it
was noise.

In conclusion, three frequencies of 23, 46 and 70 Hz were selected as identification
response signals as shown in Figure 12.
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Figure 12. Schematic diagram of linear relation of load–time discrete integration and the peak value
(amplitude of sine wave) of the oscillation period.

Figure 12 shows that, through linear transformation, there was indeed a linear relation-
ship between the discrete time integral of the load and the peak value (amplitude of sine
wave) in the rising oscillation period of the response. This also confirmed the feasibility
of the previous theoretical assumptions. The impact load can be solved according to the
linear combination of the response in three frequencies. The peak value (amplitude of sine
wave) in the oscillation rising period of the response at three frequencies were extracted as
a group of outputs.

The above analysis was given by taking sensor 4 as an example. The situation was
similar for other three sensors. A total of 12 sets of data from all four sets of rosettes were
extracted to construct the input sample data of the neural network.

To ensure that the maximum value of each group of differential peaks can be extracted,
discrete-time differentiation was performed on each peak value (amplitude of sine wave),
and Figure 13a was obtained, and the data between the differential maximum point and
the left and right 0 points were taken as a set of response samples as shown in Figure 13.
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Figure 13. (a) The gradient of the peak value (amplitude of sine wave). (b) The value of the oscillation
period. The point marked number 1 and 3 represented the point that the gradient equals to zero, the
point marked number 2 represented the point that the gradient reached the maximum.

3.3. The Training of the BP Neural Network

The linear relationship between the input and output was constructed through the
linear model of the neural network. The structure diagram of the BP neural network used
in this paper is shown in Figure 14. It contained 12 inputs, 1 output and 10 hidden layers.
The network was trained with the Levenberg–Marquardt backpropagation algorithm.
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Figure 14. The structure of the BP neural network used in this article.

The performance of the neural network in the training process is shown in Table 4.

Table 4. Performance of the neural network during training and validation.

Situation Sample Number MSE I R II

Training 84 2.74376 0.999996
Validation 18 7.35701 0.999994

Testing 18 7.62322 0.999992
I Regression R Values measure the correlation between outputs and targets. An R value of 1 means a close
relationship, and 0 is a random relationship. II Mean Squared Error (MSE) is the average squared difference
between outputs and targets. Lower values are better. Zero means no error.

As shown in Table 4, the MSE of the three sets of data was small, while the R was close
to 1 which meant a strong linear relationship between the input and output. This result
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also confirmed that the theory proposed in this paper was correct and that the processing
of the response signal was feasible.

3.4. Impact Load Identification

This section used the neural network established before to proceed load identification.
The recognition results are shown in Figure 15.
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Figure 15. (a) The identification results of the load–time history. (b) The identification result of the
impulse–time history.

Figure 15a shows the time–force history of load identification and actual value, and
Figure 15b shows the time–impulse history of identification and actual value. In practical
applications, the maximum amplitude and impulse of the impact load were always given
more attention. Table 5 lists the statistics value of the identification results.

Table 5. Relative error of the impact load identification results.

Frequency (Hz) ANN Prediction Actual Value Relative Error

Maximal Force(N) 374.40 382.90 2.22%
Equivalent Impulse

(N·s) 1520.00 1510.00 0.67%

Table 2 shows that the identification method had high accuracy. The error between the
actual maximum amplitude of impact load and the identification value was 2.22%. The
error between the actual equivalent impulse and the identification was 0.67%. These results
show that the neural network established in this paper had good performance and that the
signal feature extraction method had high credibility.

4. Discussion

In this paper, an impact load identification method based on impulse response theory
(IRT) and BP neural network was proposed. By extracting the peak value (amplitude of
sine wave) in the rising oscillation period of the response, it transformed the excitation and
response signals into the same length. The ANN was used to verify the linear relationship
between the time integration of load and peak value of the response, the results showed
that there was a strong linear relationship between them. In this article, we did not take the
attenuation of response in the rising period into consideration; however, the results were
still ideal. That meant the damping ratio of the structure was relatively tiny.
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The identification results shown in Figure 15 still had some errors in the end of the
signal. The reason might be that the number of training samples was not sufficient. To
improve the performance of the ANN, some methods to select the training data should be
used. The impulse response theory (IRT) was the basic theory of our manuscript, and the
experiment results showed that the theory was effective in this condition. The precondition
of this theory was that there was no plastic deformation in structure. If there was plastic
deformation, the IRT was not suitable, and the stress wave must be taken into consideration.

Reviewing the research process of this paper, there were still some aspects worth
researching in the further. From the experimental perspective: (1) In the response signal,
there was a noise mainly at 50 Hz and at the doubling frequencies (100, 150, 200 Hz, etc.).
The noise was electric network noise, mainly caused by the absence of an electromagnetic
shielding wire. (2) Some intervals of impact were too short, which resulted that the former
response signals superposed with the latter ones.

From theory perspective: (1) Only the peak value (amplitude of sine wave) of the
response signal was used, which resulted in a certain waste. How to extract more features
from other parts of the response signal is worth researching. (2) As the sampling time
interval was too short, the actual maximum amplitude of the impact was likely to be missed.
Identifying the actual maximum of the impact is a valuable issue.

Though there are some aspects waiting to be explored, the results of this paper have
both theoretical and practical value. The neural network tool method was introduced
into the field of impact load identification, and a new way to extract signal features was
established. A neural network was used to identify the linear parameters of the system,
which was more efficient and faster than traditional methods. The validation results
showed that the method had high accuracy and practical application potential.
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Abstract: In addition to high compliance to unstructured environments, soft robots can be further
improved to gain the advantages of rigid robots by increasing stiffness. Indeed, realizing the
adjustable stiffness of soft continuum robots can provide safer interactions with objects and greatly
expand their application range. To address the above situation, we propose a tubular stiffening
segment based on layer jamming. It can temporarily increase the stiffness of the soft robot in a
desired configuration. Furthermore, we also present a spine-inspired soft robot that can provide
support in tubular segments to prevent buckling. Theoretical analysis was conducted to predict the
stiffness variation of the robot at different vacuum levels. Finally, we integrated the spine-inspired
soft robot and tubular stiffening segment to obtain the tuneable-stiffness soft continuum robot
(TSCR). Experimental tests were performed to evaluate the robot’s shape control and stiffness tuning
effectiveness. Experimental results showed that the bending stiffness of the initial TSCR increased by
more than 15× at 0°, 30× at 90°, and 60× in compressive stiffness.

Keywords: tuneable stiffness; soft continuum robots; stiffening segment; layer jamming; spine-inspired

1. Introduction

Compared to traditional rigid robots, the key advantages of continuum robots are that
their weight is lower for the same output force and they are inherently compliant. The
structural characteristics of the continuum determine that it has more degrees of freedom,
higher dexterity, and can adapt to the shape of various objects, and their ends can be
positioned to more 3D space positions. In addition, the simple structure and high compli-
ance of continuum robots are beneficial to improve the safety of human–robot interaction
and directly handle sensitive subjects. Continuum robots have also greatly enriched the
application field of robots, such as exploration [1], object manipulation [2,3], and surgical
applications [4,5]. The most remarkable and common application is invasive surgery. Ac-
cording to the structure, the continuum robots can be divided into two categories: multidisc
and soft materials [6].

Although continuum robots have made significant contributions in reducing size and
weight and increasing compliance, they suffer from a lack of structural stiffness when
manipulating objects compared to rigid robots. More seriously, even small interaction
forces can cause large undesired deformations, which are pronounced on long continuum
robots. Controllable stiffness provides an opportunity to bridge the gap between soft robots
and rigid robots. Therefore, it is a challenge to maintain the trade-off between compliance
and stiffness in the design of continuum robots. To deal with this problem, we propose a
stiffening segment to increase the current posture stiffness of continuum robots, which are
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made of soft materials. Our ultimate goal is to develop a stiffness-tuneable SCR that can
work closely with humans, such as collaborative robotic arms.

Various methods have been proposed to address this limitation, such as materials with
inherent stiffening properties and mechanical mechanisms. In most stiffening material con-
figurations, three types of materials were considered: magnetorheological fluids (MR) [7,8],
electro-active phase-change polymers [9,10], or shape memory alloys (SMAs) [11–13].
The stiffness of the stiffening segment employing magnetorheological fluids and electro-
active phase-change polymers can be precisely controlled. However, they require strong
magnetism and high voltage and current to remain active, so there is a safety risk in human–
robot collaboration. Compared with magneto- or electro-active materials, the geometrical
arrangement of the stiffening segment with SMAs is simple and the control is easy. The
main disadvantage is that they cannot obtain high control precision. Furthermore, the re-
sponse time of these mentioned materials limits their dynamic performance, which reduces
their applicability.

On the contrary, the mechanically driven variable stiffness is more advantageous in ob-
taining fast reversible stiffening segments. These methods not only meet the requirements
of rapid response, but also greatly improve the safety. Because they do not involve high
temperatures and high currents, they can meet the basic requirements of human–robot col-
laboration. One of the most widely used methods is granular jamming, where a stiffening
segment is created by packing movable particles into an elastic membrane [8,14]. Further-
more, under the action of negative pressure, the granular particles squeeze each other to
form geometric constraints, so the stiffening segment is induced from the unjammed to
jammed state. When the negative pressure is removed, the granular particles return to
fluidity, so that the stiffening segment also returns to the unjammed state. The level of
stiffness that can be achieved depends on the particle-to-particle and particle-to-membrane
friction, which are affected by the jammed volume and the applied pressure [15].

Variable-stiffness actuators based on granular jamming have been extensively re-
searched and tested in various robotic applications, including universal robotic grip-
pers [16,17], minimally invasive surgical devices [18], wearable devices [19], and reconfig-
urable load-carrying structures [20], with some desired results. However, although the
granular jamming actuators can resist compressive and shear forces, their resistance to
tensile forces is fairly poor. When the tensile stress exceeds the applied pressure of the
particle jamming devices, the particles will begin to dissociate and the stiffness of the device
will decrease [21]. Due to the inability to effectively resist any significant tensile stress,
universal grippers, medical and wearable devices with granular jamming, are designed to
be bulky and have low bending loads. Furthermore, when the tensile stress exceeds the
range that granular devices can bear in a jammed state, the membrane of the stiffening
segment will become the main determinant of the overall stiffness of the actuator [15]. In
addition, due to the uneven distribution of particles, buckling is likely to occur during the
phase transition from unjammed to jammed state, and the overall stiffness of the device is
also unevenly distributed, which greatly weakens the performance of the device. Moreover,
the existence of these drawbacks leads to a certain potential risk in the use of granular
jamming devices in the medical field.

Another method of structural stiffening that has received extensive attention is the
jamming of thin layers of material by negative pressure, whose configurations mainly
include planar [22,23], cylindrical [24], and special-shaped structures [25]. This mechanism
was first proposed by Kim et al., and its tunable stiffness characteristics were verified
by a hollow snake-like manipulator prototype [26]. The layer material of the prototype
adopts a flap structure, which is connected by wires to form a tubular shape and then
wrapped in a membrane. Compared to granular jamming, to achieve the same stiffness
effect, layer jamming is more space-saving [27]. In addition, the tubular shape formed by
the layer-jamming stiffening segment is convenient for assembling with the continuum
robot. It is beneficial to the miniaturization of the variable-stiffness robot. At the same
time, no buckling occurs in tension and compression. However, since the stiffness of the
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layer jamming depends on the close overlap of the layer materials in the plane, when
the cylindrical stiffening segment bends, the deformation of the layer structure results in
a decrease in the overall stiffness. In order to deal with this problem, some researches
used rigid continuum robots, whose rigid parts can prevent the undesired buckling of
the stiffening segment [28–30]. However, there is no related research in the literature that
combines SCRs with a support structure and variable-stiffness technology based on layer
jamming. It is beneficial to reduce undesired buckling while maintaining the advantages
of both.

We combined a support structure and the SCR to propose a unique design, called
the flexible drivable spine, which can reduce the undesired buckling of the layer jamming
segment. The proposed mechanism was composed of several 3D-printed vertebrae made
of acrylonitrile butadiene styrene (ABS) material and an SCR made of super-elastic material
(Ecoflex 00-50; Smooth-on, Inc., Macungie, PA, USA), which has the advantage of being
highly drivable and not impairing the layer jamming segment. Finally, we integrated the
flexible drivable spine with the stiffening segment to obtain a novel tuneable-stiffness soft
continuum robot (TSCR), as shown in Figure 1. Based on the design, the TSCR is endowed
with bending shape control, as well as variable stiffness capabilities. In this paper, we
present the design, performance, and experiments on the TSCR. The rest of the paper is
organized as follows. Section 2 provides the details of the TSCR design, including the
mechanical design and bio-inspired compliant spine mechanisms. Section 3 proposes an
analytical model of a two-layer jamming structure, as well as extending predictions to
many-layer jamming structures. Section 4 describes several experiments on the TSCR.
Discussion and conclusions are presented in Section 5.

 

Vertebra

Figure 1. (A) Sectional view of a pneumatic-actuated TSCR. (B) Structure of TSCR prototype.
(C) Flap pattern used for stiffening segment based on layer jamming.

2. Robot Design

2.1. The Stiffening Segment Based on Layer Jamming

We employed existing layer jamming techniques to design the stiffening segment to
construct the variable-stiffness SCR that can deform both aerodynamically and manually.
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The layer design featured the double-sided flap pattern proposed in [4], whose series
parameters were the flap length L, the flap width W, the distance between the flaps on
both sides h, and the central angle ϕ, as shown in Figure 1C. The flaps were connected
and overlapped by nylon thread to form a conical tube through which the flexible drivable
spine can pass. The layer property of the stiffening segment is to provide a frictional
overlapping contact area, which depends on the length and width of the flaps, and the
stiffening segment hardens through accumulated friction under compression. In addition,
the number of layers overlapping each side of the flap is 6.5. The influence parameters on
the maximum stiffness can be reflected by the maximum static friction force, which can be
expressed as follows:

F = μnPWL (1)

where μ is the friction coefficient of the layer material, n is the number of contact surfaces
between the layers at both ends, and P is the applied pressure. The stiffness of the stiffening
segment can be tuned by pressure.

The layers were made of polyethylene terephthalate (PET) film, with thickness of
0.23 mm and a friction coefficient of 0.4, which is suitable for large-diameter stiffening
segments as PET has high inherent rigidity. Moreover, a high-rigidity material ensures
that the layers will not fail and buckle under the external force in the bending state. In
order to construct the stiffening segment, the layers were joined together by a needle using
0.108 mm diameter strong nylon thread along the guide holes and slots. Moreover, the
overall length and bending capacity of the stiffening segment depend on the length of the
guide slot D and the center distance between hole and slot d. The length of the stiffening
segment can be calculated as:

l = (N − 1)(d ± D/2) + h (2)

and the bending angle can be expressed as

θ = (N − 1) arcsin
D
φ

(3)

where N is the number of the layers, φ is the diameter of the stiffening segment. The
parameters of the stiffening segment can be seen in the Abbreviations and Parameters
section, which also contains the parameters of the flap. According to Equation (2) and the
Abbreviations and Parameters section, the adjustable length range of the stiffening segment
can be calculated from 363.35 mm to 185.35 mm. The bending angle θ can reach 196◦.

To activate the stiffening mechanism, the stiffening segment was wrapped in a sealed
tubular membrane, which was made of hyperelastic material (Dragon Skin®10; Smooth-On)
with a thickness of 0.3 mm, and then the layers of the segment were compressed together
by vacuum. Based on the required parameters, a tubular sealing membrane was made by
gluing the cut silicone sheet with glue, and was installed on the 3D-printed link ends with
silicone-based adhesive (Sil-Poxy, Smooth-On). Furthermore, the tubular sealing membrane
was connected to a vacuum pump through a 6mm PVC pipe on one of the TSCR ends to
control the pressure inside the membrane.

2.2. The Flexible Drivable Spine

In order to prevent the potential risk of undesired buckling of the stiffening segment
during bending, the flexible drivable spine was fabricated as inspired by the biological
spine. It is an SCR with vertebrae that can maintain the constant diameter of the stiffening
segment during operation. The spine consists of an SCR, ligaments, and 3D-printed rigid
vertebrae, and is defined by the parameters of the gap between vertebrae Gv, vertebra
diameter Dv, and vertebra height Wv, as shown in Figure 1. To prevent the motion of the
spine from impairing the overall bending performance of the stiffening segment, the ratio
of rigid vertebrae to the overall length of the spine should be controlled at 50% or lower
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to ensure that the spine can have the same or a greater range of tension and compression
compared to the stiffening segment. The specifications of spine parameters are presented
in the Abbreviations and Parameters section, from which the total length of vertebrae can
be calculated as 76 mm. In addition, there are 10 mm rigid supports at both ends. The
vertebrae were fitted into the grooves on the SCR in a linear array, and due to the special
structural configuration of the SCR, there is no relative rotation with the vertebrae. In
addition, a schematic diagram of TSCR fabrication is shown in Figure 2.

Figure 2. Fabrication of TSCR. (A) Fabricate the SCR. Cast uncured silicone (Ecoflex 00-50; Smooth-
on, Inc.) into 3D-printed mold. Let the silicone cure to obtain SCR. (B) Fabricate the ligament and
silicone membrane. Cast uncured silicone (Dragon Skin10®10; Smooth-On) into 3D-printed mold
on a flat surface. Let the silicone cure to achieve the ligament and membrane of even thickness.
(C) Combine all the mentioned components into TSCR.

In this section, we give the design principles, key design parameters, functions of the
stiffening segment, and the flexible drivable spine. In addition, we also introduce how the
above two parts form the TSCR.

3. Minimal Model of Jamming Mechanism

To illustrate the relationship between the essential parameters and the jammed stiffness
of the layer structure, a minimal mechanical model was constructed. There are two reasons
for establishing this mechanical model. Fist, it is difficult to manufacture layer jamming
specimens to test all possible parameter combinations in the design, so an analytical model
helps to describe the general trend of stiffness changes as different parameters are adjusted.
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Second, the model can estimate suitable stiffness ranges of layer jamming to accomplish
the design task, providing an efficient design tool.

To simplify the analysis, the model only considers two layers of flaps and their in-
terfaces, but at the end, we will further derive the model to include more flaps. Since
the Young’s modulus of PET is much larger than that of the silicone membrane, we can
assume that PET is inextensible. In the normal state, we assume that the initial friction
between flaps is zero. Since PET is considered inextensible, the stiffness of the flaps in
the tensile direction is only determined by the stiffness of the nylon thread (kn) used for
stitching the flaps and the surrounding silicone membrane (km), under the unjammed state.
In the jammed state, the flaps are compressed together by external pressure (ΔP). The
interfaces form between overlaps of flap–flap and flap–membrane. When pulled, shearing
of these interfaces generates extra stiffness (k f f and k f m, respectively). The parameters in
the derivation refer to the schematic diagram in Figure 3.

Figure 3. Schematic of analytical model of structural jamming. (A) Schematic showing the flap
behavior in the unjammed and jammed cases. Only two layers are shown for simplicity. (B) Stiffness
model of the unjammed and jammed cases of two-layer system.

We use the properties and dimensions of the nylon thread to define the stiffness
parameters. The linear model for the tensile stiffness of a single nylon thread is as follows:

kn =
En An

Ln
(4)

where En is the Young’s modulus of the nylon thread, Ln is the total length of the nylon
thread, An is the cross-section area of the nylon thread (An = πDn, circular-shaped cross-
section, Dn is the diameter of nylon thread). The tensile stiffness of a silicone membrane
(km) can also be established as a linear model as follows:

km =
Em Am

Lm
(5)

where Em is the Young’s modulus of the silicone membrane, Lm is the total length of the
silicone membrane, Am is the cross-section area of the silicone membrane (Am = Ami + Amo,
Ami is the cross-sectional area of the inner membrane, and Amo is the cross-sectional area of
the outer membrane.). The shear stiffness of the flap–silicone membrane interface can be
expressed as:

k f m = β
GA f m

t
(6)

where G = Em(1 + ϑ) is the shear modulus of silicone (ϑ is the Poisson ratio), A f m is the
area between the flap and silicone membrane (A f m = L f md), t is the thickness of the
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flap–silicone membrane, and β is a parameter to indicate that the contact area between flap
and silicone membrane is not all under shear (β ≤ 1).

The mechanical properties of shear interfaces can be divided into a linear region and
nonlinear region. In the linear region, it is linear with the displacement until the maximum
force is reached. The nonlinear relationship is caused by slip. Therefore, the jammed state
of the layer structure also can be divided into three regimes: pre-slip regime, transition
regime, and full-slip regime.

In practice, the stiffening segment is subjected to a cantilevered condition, so the
Euler–Bernoulli beam theory was employed for analysis. Since the overlapping part of
the flaps can be approximated as an isosceles trapezoid, the area of the first moment of
the cross-section of the top layer with respect to the interface between the layers can be

expressed as J = (2WL−Wx)H2

4L . Furthermore, the area of the second moment of the cross-

section can be expressed as I = (2WL−Wx)H3

6L . Specifically, the effective stiffness of the layer
structure can be defined as the relationship between the distributed load and the deflection
at the free end (k = −∂ω

∂w(x=L) ).
Substituting I provided into the standard result derived from beam theory, we can

obtain the equivalent expression for the pre-slip regime as follows:

wpre(x) = − 6ωL3

8EW∗H3 x2 +
6ωL2

12EW∗H3 x3 − 6ωL
48EW∗H3 x4 (7)

where w is the transverse deflection of the layer structure within the interface, ω is the
distributed load, H is the thickness of the flap, W∗ is 2WL − Wx (W and L are the length
and width of the flap, respectively). Substituting Equation (7) into the definition of stiffness,
the effective shear stiffness of the flap–flap interface in the pre-slip regime is illustrated as:

k f f -pre = α
EWH3

L4 (8)

where α is the effective contact ratio of flaps (a parameter taking incomplete contact into
account). Moreover, substituting I and J into the standard result derived from beam theory,
the equivalent expression for the transition regime can be written as:

wtran(x) = wpre(x)− 81ωL5

128EW∗H3 +
27μpL3

16EH2 − 27μpLW∗

16EωH
+

3(μp)3W∗2

4Eω2L
− (μp)4W∗3H

8Eω3L3 (9)

Substituting Equation (9) into the definition of stiffness, the effective shear stiffness of
the flap–flap interface in the transition regime is illustrated as:

k f f -tran =
−128EWH3ω4

48(μpWH)4 − 192ωL(μPWH)3 + 216(μPωWLH)2 − 129ω4L5
(10)

We modeled collections of flaps in parallel within the inner membrane and the outer
membrane. For the system of the stiffening segment in the unjammed state, the only
stiffness sources are kn and km. Thus, the unjammed stiffness can be written as:

ku = Nnkn + km (11)

where Nn is the number of nylon threads in the stiffening segment. None of the various
properties of the silicone membrane are varied; thus, km is a constant.

In the jammed state, stiffness is contributed from all interfaces as well as the silicone
membrane, flaps, and nylon (see Figure 3, right). The total stiffness can be derived from a
combination of series and parallel stiffness. For a two-layer stiffening segment system, we
can obtain the following equation:
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kj,N=2 =
k2

f m + k f m

(
k f n + k f f

)
1 +

(
k f n + k f f

) + km (12)

Since k f f and k f m are much larger compared to k f n, they dominate the stiffness of the
system. By eliminating the k f n term, we can simplify Equation (12) to:

kj,N=2 =
k2

f m + k f mk f f

1 + k f f
+ km (13)

To illustrate jamming layers with N > 2, we observe that for each additional layer, each
additional flap increases the number of flap–flap interfaces by one. Since these interfaces
are parallel to each other and arrayed along the axis, the k f f term can directly multiply the
number of interfaces, z = N − 1.

kj,N>2 =
k2

f m + k f mzk f f

1 + k f f
+ km (14)

By observing that k f f and k f m are approximately equal in a certain pressure range, we
can further simplify Equation (14) as:

kj =
1 + z

z
k f f + km (15)

According to the actual situation, the actual values will be used to replace z in the
above formula, which can clarify an overall trend. In other words, the stiffness of the flap
increases with the increase in the unit length, which is also fully proven by the experimental
results.

In the jammed state, the stiffness of the model has been presented before slip. The
nonlinear case occurs when the shear force in the interface exceeds the maximum static
friction that the interface between adjacent flaps can withstand. The maximum static
friction can be written as:

Fmax
f ΔP = μΔPA f f (16)

where μ is the coefficient of static friction, A f f is the area of shear between flap and flap
(A f f = WL). After slip occurs, the equivalent expression for the full-slip regime can be
written as:

wslip(x) =
(

μPL3

H2E
− 3ωL2

EWH3

)
x2 −

(
2ωL

EWH3 − 3μP
EH2

)
x3 − ω

2EWH3 x4 (17)

Substituting Equation (17) into the definition of stiffness, the effective shear stiffness
of the flap–flap interface in the full-slip regime decreases to:

k f f−slip =
2EWH3

3L4 (18)

In addition, this stiffness is equal to the effective stiffness of the two-layer structure
with no vacuum applied.

All the parameters in the minimal layer jamming model presented in the Abbreviations
and Parameters section were used to generate the analytical prediction (dashed line) in
Figure 4A. The values of parameters, including α and β, were determined by comparing
the similarity between the data and model.

In this section, we construct a minimal mechanical model to illustrate the relationship
between essential parameters and the jammed stiffness of the layer structure. The model
covers the jammed and unjammed states of the layer structure. Furthermore, the jammed
state of the layer structure also can be divided into three regimes: pre-slip regime, transition
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regime, and full-slip regime. In addition, we also consider the case in which the flaps are
not fully in contact.

Figure 4. Mechanical characterization of TSCR from 0 kPa to −60 kPa. Each solid line represents the
average behavior of the TSCR. Clouds indicate 1 SD from the mean. (A) Lateral bending experiment
at 90°. Dashed lines are predictions from the analytical model. (B) Dashed lines are predictions
from the finite element. (C) Lateral bending experiment at 0°. (D) Compression experiment with
straight TSCR.

4. Results and Experimental Setup

Based on the analysis results, the constructed stiffening segment prototype was as-
sembled to the pneumatic the flexible drivable spine and evaluated to demonstrate its
applicability. In addition, the stiffness improvement of the flexible spine with the stiffening
segment was evaluated.

Having quantified the effect of the essential design parameters on the jamming layer’s
stiffness, we evaluated the TSCR in three ways. First, to evaluate stiffness and flexibility of
the TSCR, we conducted the lateral deflecting experiments at 0◦ and 90◦ configurations,
as well as the axial compression experiments. Second, in order to evaluate the ability of
TSCR to resist abnormal deformation in applications, we manually bent the TSCR from
0◦ to 180◦ in 45◦ increments. The ratio of change in the diameter of the TSCR center
at each incremental point can be used as an evaluation criterion. Third, to evaluate the
actual performance of the TSCR, we conducted grasping and loading experiments. The
experimental platform configuration is shown in Figure 5. It is composed a linear actuator
and a force sensor (WD-500, Aidebao Co, Wenzhou, China) mounted on an axially moving
slide. The vacuum pressure applied to the stiffening segment was from 0 kPa to −60 kPa
with a gradient of −20 kPa (VP 280, 2-stage vacuum pump).
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Figure 5. Experimental setups to evaluate the stiffness and flexibility of the TSCR. (A) Compression
experiment with straight TSCR. (B) Lateral bending experiment at 90°. (C) Lateral bending experiment
at 0°.

4.1. Evaluation of the TSCR’s Stiffness and Flexibility

In the experiments, the tested TSCR was mounted on an aluminum plate with a fixed
position relative to the linear actuator. The initial relative position of the force sensor
to the TSCR is that the force sensor touches the TSCR but no force is detected, and the
displacement is 0 mm. During the experiment, the force sensor pushes the TSCR along the
axial direction to deflect the required distance. For the lateral deflection experiment, the
tested distances for each different position include 2 cm, 4 cm, 8 cm, and 10 cm (Figure 5B,C).
For the compression experiment, the axial compression distance is also from 0 cm to 10 cm
with a gradient of 2 cm (Figure 5A). We performed 50 cycles of various test protocols in
both the unjammed and jammed states. For each test, the required force for the desired
deflection needed to be recorded separately.

Here, we adopt a boxplot, which displays the minimum, median, and maximum,
the first and third quartile, along with outliers of peak force, for the axial compression
experiments as well as lateral deflecting experiments at 0◦ and 90◦ configurations, recorded
in the measurement; results are summarized in Figure 6. The force–deflection diagrams for
the axial compression experiments as well as lateral deflecting experiments at 0◦ and 90◦
configurations are shown in Figure 4.

From the results of the lateral deflection experiment in Figure 6, we can observe that
the TSCR reached a much higher stiffness in the jammed state, which is up to 60 times
higher compared with the initial TSCR. In the 0° configuration, the maximum average
deflection force and average axial compression force can reach 5 N and 64 N, respectively.
In the 90° configuration, the maximum average deflection force can reach 31 N. Due to
the existence of the backbone, the TSCR can maintain high stiffness, instead of decreasing
stiffness caused by buckling under the 90° configuration.

It can be seen from Figure 4 that the stiffening segment based on layer jamming bends
under compressive force, and the stiffening segment exhibits unstable behavior due to the
sudden slip between the flaps. In the unjammed state, the force–displacements of the TSCR
are linear, which indicates higher compression for higher stiffness. In Figure 4A, except
for some points, the minimum coefficient of determination (R2) between experimental
and model data is 0.9525. Factors that cause discrepancies between the model and the
collected results are errors generated during testing, uneven negative pressure distribution,
non-standard flap overlap, and small gas leaks. In Figure 4A, the slope of the curve should
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reflect the change in stiffness. The area where the stiffness changes significantly is located
in the transition regime, and the stiffness is a constant in the pre-slip and full-slip regions.
In addition, at −60 kPa, the overlap rate between flaps is much higher than at −40 kPa.
Therefore, the curve interval between −60 kpa and −40 kpa in Figure 4A is larger than the
curve interval between −20 kPa and −40 kPa. Furthermore, the finite element results in
Figure 4B are in good agreement with the analytical model results in Figure 4A.

Figure 6. Boxplots of forces displaying the minimum and maximum, the median and the first and
third quartile (red line and box) of forces recorded from experimental measurements from 0 kPa
to −60 kPa. (A) Compression experiment with straight TSCR (left column). (B) Lateral bending
experiment at 90° (middle column). (C) Lateral bending experiment at 0° (right column).

Noticeably, the stiffness increases dramatically in the high-stiffness region, because
of the increase in the overlapping area. This also illustrates that the stiffness is positively
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correlated with the amount of axial compression within a certain range. In order to quantify
the stiffening effect of the stiffening segment on the TSCR, a stiffening coefficient γ was
proposed as follows:

γ = F̄jammed/F̄unjammed (19)

where F̄ represents the average of forces measured in each type of axial compression
experiment.

Figure 7 shows the stiffness coefficients for various amounts of axial compression.
Compared with the soft continuum robot, the TSCR has comparable stiffness in the un-
jammed state, which can be indicated by the sudden change in stiffening coefficient in
Figure 7. It is clear that the stiffening coefficient and the amount of axial compression
within a certain range are positively correlated.

According to the results of these experiments, we can achieve a good balance between
stiffness and compliance with the stiffening segment based on layer jamming. Although
the stiffening segment is limited to a certain compliance, the stiffness improvement of the
SCR is very significant. Sufficient repeatable stiffness of the TSCR was also observed in the
examination, and its bending flexibility was not compromised. In addition, at the limit of
the length of the stiffening segment, the nylon thread restricts the movement of the flaps.
Furthermore, when compressed, the TSCR also showed a tendency to buckle. However,
once the vacuum was released, the buckling deformation was reversible.

Figure 7. Stiffening coefficient γ for stiffening segment in the axial compression experiment under
−20 kPa to −60 kPa state.

4.2. Evaluation of the TSCR Central Diameter

The constant diameter of the soft continuum robot facilitates simplified theoretical
analysis, precise position control, and the avoidance of buckling, all of which are important
for SCR operation. In particular, under the large structural bending state, the central
diameter change is a critical consideration.

Figure 8 shows the effect of the bending angle configuration on the TSCR and SCR
diameter. The ratio of the diameter of the TSCR and SCR configurations at each angle
to the diameter of the 0° configuration (highlighted green, and highlighted red in 180°
configuration on Figure 8) was used as a quantification factor. Then, in order to indicate
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the relationship between the diameter ratio and the bending angle, the diameter ratio and
the bending angle were plotted correspondingly, as shown in Figure 9. The SCR exhibited
buckling in a 0.856 ratio at 180°. The TSCR presented the highest diameter ratio in 0.981 at
180°. Therefore, TSCR is significantly better than SCR in center diameter retention. This
situation is very beneficial for subsequent control.

Figure 8. Deformation of centeral diameter under bending. (A) Bending experiment of the SCR.
(B) Bending experiment of the TSCR.

Figure 9. Central diameter ratio: soft continuum robot (SCR) and tuneable-stiffness soft continuum
robot (TSCR).

The above experimental results show that the stiffening segment based on layer jam-
ming endows the TSCR with a good balance between compliance and stiffness. Although
the axial load capacity of the TSCR is significantly higher than that of other configurations,
the minimum load that other configurations can withstand also reaches 5 N. In addition,
after repeated testing, the TSCR has shown sufficient repeatable stiffness.

4.3. Evaluation of TSCR by Comparing with Different Actuators

In order to further illustrate the availability of the TSCR, we compare it with represen-
tative different actuators from five aspects, such as bending angle, pressure, force, weight,
and cost.
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From Table 1, we can see that the pressure of most actuators has only a single value,
indicating that they can only achieve stiffness changes or other functions. In terms of
bending angle and force, the TSCR also has obvious advantages. The continuum robot [28]
has the closest performance to the TSCR. However, since the robot is tendon-driven, it
cannot extend itself as with TSCR and has an inherent risk of buckling.

Table 1. Multidimensional comparison of different actuators.

Name
Bending
Angle [◦]

Pressure [kPa] Force [N] Weight [g] Cost

Underactuated robotic hand [2] 160 60 0.24 No data Medium
Soft gripper [12] 10 70 0.0263 No data High

Soft robotic gripper [16] 45 20 0.369 66 Medium
Particle phalange [17] 90 −15 and 150 18 460 High

Variable stiffness device [21] Spiral −90 0.5 No data Low
Versatile soft machine [22] 90 −71 10 No data Low

Kangaroo tail [24] 90 No data 9.8 No data High
Snake-like manipulator [26] No data −101 2 No data low

Stiffness-tuneable limb segment [27] 187 −60 31.33 No data Low
Continuum robot [28] 90 No data 16 No data High

TSCR 196 ±60 31.45 440 Low

In this section, we introduce the results of experimental evaluations about the TSCR’s
stiffness and flexibility. Experiments show that the stiffening segment can indeed greatly
improve the stiffness of the SCR. Furthermore, the experimental results are in good agree-
ment with the model. In addition, the experimental results also show that central diameter
of the TSCR is well maintained, indicating that the vertebrae can indeed prevent the buck-
ling of the stiffening segment during operation. In addition, the performance of the TSCR
is significantly improved compared to other representative actuators. All parameters in
this section are shown in the Abbreviations and Parameters section.

5. Conclusions

In this paper, we proposed a stiffness-tuneable segment for soft continuum robots
with vertebrae to improve the stiffness in certain desired configurations. The potential
undesired buckling of the stiffness-tuneable segment during operation can be prevented by
the vertebrae on the SCR. We also have derived an analytical model for jamming structures
over three major phases of deformation and effective stiffness, and extracted critical design
parameters. We also conducted several experimental evaluations, which illustrated that
the effective stiffness improvement by 15× to 60× compared to the initial TSCR could be
achieved. In addition, the factors that cause a slight deviation between the jamming model
and the experimental results may come from small damage during the production of the
silicone membrane, irregular flap stacking, and uneven vacuum distribution.

In future work, miniaturization of the TSCR should be considered for interventional
medicine, while the current TSCR can be used for exoskeleton rehabilitation robots. In order
to obtain a better compromise between rigidity and flexibility, we can design flaps based on
the principle of bionics, and the bionic objects can be scaled objects such as pangolins and
fish. In addition, the weaving patterns and materials of flaps can also be used as further
research directions. When building the TSCR controller, it is necessary to quantify the
hysteresis effect of the loading and unloading of the stiffening segment.

To conclude, we illustrate the mechanics of layer jamming, provide an efficient de-
sign tool for jamming structures, and provide references for creating variable robots
and mechanisms.
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Abbreviations and Parameters

The following abbreviations and parameters are used in this manuscript:

Abbreviations
SCR Soft continuum robot
TSCR Tuneable-stiffness soft continuum robot
Parameters Description
W Width of flap
L Length of flap
D Length of the guide slot
d Center distance between hole and slot
φ Diameter of stiffening segment
h Distance between the flaps on both sides
N No. of layers
n No. of layers overlapping each side
μ Friction coefficient
l The length of stiffening segment
θ The bending angle of stiffening segment
Dv Vertebra diameter
Wv Vertebra height
Gv Gap between vertebrae
Nv No. of vertebrae
Ls Initial length of SCR
Ln Total length of the nylon thread
kn The stiffness of nylon thread
En Young’s modulus of nylon thread
An Cross-section area of nylon thread
Dn Diameter of nylon thread
ΔP Diameter of nylon thread
km The tensile stiffness of silicone membrane
Em Young’s modulus of membrane
Lm Total length of the silicone membrane
Am Cross-section area of the silicone membrane
Amo Cross-sectional area of outer membrane
Ami Cross-sectional area of inter membrane
E Young’s modulus of PET
G Shear modulus of silicone
ν Poisson’s ratio of membrane
k f m Shear stiffness of the flap–silicone membrane interface

157



Machines 2022, 10, 581

A f m Area between flap and membrane
t Thickness of flap–silicone membrane
β Ratio of contact between flap and membrane
k f f Shear stiffness of the flap–flap interface
A f f Area between flap and flap
k f f -pre Shear stiffness of the flap–flap interface in pre-slip regime
k f f -tran Shear stiffness of the flap–flap interface in transition regime
k f f -slip Shear stiffness of the flap–flap interface in full-slip regime
Wpre Transverse deflection of the layer structure within the interface in pre-slip regime
Wtran Transverse deflection of the layer structure within the interface in transition regime
Wslip Transverse deflection of the layer structure within the interface in full-slip regime
α Effective contact ratio of flaps
ω Distributed load
H Thickness of the flap
γ Stiffening coefficient
F̄jammed Average of force at the jammed state
F̄unjammed Average of force at the unjammed state
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Abstract: Resonant walking with preferred gait features is a self-optimized consequence of long-
term human locomotion. Minimal energy expenditure can be achieved in this resonant condition.
This unpowered multi-joint soft exoskeleton is designed to test whether: (1) there is an obvious
improvement in preferred speed and other gait features; (2) resonant walking still exists with
exoskeleton assistance. Healthy participants (N = 7) were asked to perform the following trials:
(1) walking at 1.25 m/s without assistance (normal condition); (2) walking at 1.25 m/s with assistance
(general condition); (3) walking at preferred speed with assistance (preferred condition); (4) walking at
the speed in trial (3) without assistance (comparison condition). Participants walked at the preferred
frequency and ±10% of it. An average 21% increase in preferred speed was observed. The U-shaped
oxygen consumption and lower limb muscle activity curve with the minimum at preferred frequency
indicated that the resonant condition existed under the preferred condition. Average metabolic
reductions of 4.53% and 7.65% were found in the preferred condition compared to the general and
comparison condition, respectively. These results demonstrate that the resonant condition in assisted
walking could benefit energy expenditure and provide a new perspective for exoskeleton design
and evaluation.

Keywords: resonant walking; preferred gait features; unpowered soft exoskeletons; oxygen consumption;
lower limb muscle activity

1. Introduction

Exoskeletons can be divided into three types: rehabilitation exoskeleton, assisting
exoskeleton and load-bearing exoskeleton [1,2]. Rehabilitation exoskeletons are mainly
used to provide recovery training for people with movement disorders such as stroke
patients. Assisting exoskeletons are mainly used for healthy people with declining body
functions or the elderly and patients in late rehabilitation. They mainly provide the human
body with motion assistance for daily activities, such as level ground walking. Load-bearing
exoskeletons are mainly used to improve the user’s motor function during weight-bearing
activities. Understandably, there has been much interest from the military, where the
technology could enhance the performance of soldiers in the battlefield [3]. In addition to
whether there is an actuator, the exoskeleton can also be divided into rigid and soft ones
according to the structure. The rigid structure is able to transmit large torques, but there
are problems such as large volume, heavy mass and joint axis alignment; soft exoskeletons
are generally referred to as devices that are made of flexible materials, and their distal end
is lightweight and easy to carry and use. The powered rigid exoskeleton can accomplish
the above three tasks, but it is not suitable for daily use due to its large volume, heavy
mass and short battery life. The powered soft exoskeleton is suitable for daily use as it
is light in weight and easy to carry, but its soft structure also means it lacks the ability
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to bear weight, so it is mainly used for rehabilitation and walking assistance in daily life.
Unpowered exoskeletons are also divided into rigid ones and soft ones. The removing of
actuator units reduces the mass and volume to make it more suitable for daily use, but this
will also lead to lack of assistance ability. As a result, unpowered exoskeletons are mostly
used in walking assistance for the reduction of fatigue during daily activities.

Unpowered and soft exoskeletons have been evidenced to improve overall walking
efficiency and performance [4–8]. Elastic elements are used to passively store and return
energy as one of the main mechanisms in existing unpowered exoskeletons, which are
inspired by the deformation of passive structures such as ligaments and tendons during
periodic walking [9–11]. Paralleled with the elastic tissues, elastic elements are able to
simulate and replace part of their functions, hence the energy savings. During each gait
cycle, the energy stored in previous periods will be returned in subsequent movements to
propel the body forward [12–17]. As these exoskeletons primarily save energy through the
storage and release of elastic elements, the main focus is the spring stiffness (torque profile),
the design of devices [18,19] and the assistance timing [6]. When evaluating the assisting
ability of exoskeletons, the speed of treadmills was always set in the range of ordinary
people’s comfortable speed (around 1.25 m/s) to simulate the daily walking condition.
In addition, a fix-speed treadmill is useful to constrain speed and isolate the effects of
exoskeleton assistance on gait features other than speed.

For unpowered devices, the interaction between gait features and assistance mag-
nitude could be complex, as it should be actuated by users, which will influence the
characteristics of human walking. At a certain speed, metabolic rate reaches a minimum at
moderate stiffness and then increases rapidly with increasing or decreasing stiffness, with a
U-shaped curve. What is more, under the same assisting parameter setting and experimen-
tal condition, the metabolic reduction of different subjects varies greatly, and some of them
even rise. These results indicate that the effect of the exoskeleton on walking is obviously
closely related to the speed and the physical parameters of the individual subjects, and these
aspects will greatly affect the exoskeleton assistance. However, previous studies have not
paid much attention to the problems above. While for unpowered devices, In the research
of Collins [20], participants chose a higher preferred speed with speed-optimized torque
obtained from human-in-the-loop optimization rather than torque optimized for energy
consumption and normal shoes. This result demonstrated that exoskeleton assistance does
have an impact on gait features and can significantly improve the preferred walking speed.

Resonant walking, which appears under preferred gait features, is regarded as the
optimal result of human walking, and its periodic behavior could be simulated by the force-
driven harmonic oscillator (FDHO) [21,22]. Due to the existence of damping, a periodic
forcing function is required to maintain the oscillation of the FDHO. Thus, the minimal
force can be reached when its frequency equals the natural frequency of the FDHO. For
human walking, lower force (muscle activity) results in a decreased need for oxygen, hence
a minimization at resonant frequency. Self-selected preferred speed and frequency have
been proven to be almost indistinguishable from the resonant ones. U-shaped oxygen
consumption and muscle activity curves were observed with the minimum at the preferred
and resonant frequency, increasing away from the preferred frequency [23–25], which also
means the frequency range for achieving better metabolic performance is flexible. Local
dynamic stability is also an important part of resonant walking, such as maintaining the
highest stability of the head at the preferred frequency [24].

Several models have been built to describe resonant walking. Holt has proposed
a hybrid mass-spring pendulum model for the swing phase and an escapement-driven,
inverted pendulum with a spring model (EDIPS) with viscous damping for the stance
phase, based on the force-driven harmonic oscillator [26–28]. Park tuned a model of
bipedal walking with damped compliant legs to match human GRFs(ground reaction
forces)s at different gait speeds and performed a series of studies based on the bipedal
spring-mass model by Geyer [29–34]. The correlation between leg stiffness and center
of mass (COM) oscillation behavior during the single-support phase was evaluated by
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comparing the duration of the damped compliant leg to the duration of the single support
phase. The high correlation indicated that COM oscillation behavior takes advantage of the
resonance characteristics of leg stiffness during the single support phase, and results also
suggested that the leg stiffness increases with speed and load. Contrary to the conventional
assumption in gait mechanics that a minimal change in COM excursion can reduce energy
cost, previous studies have mentioned that a bouncy gait is more energy-efficient than a flat
trajectory [31,35]. This observed bouncy behavior results from the resonant mechanics [30]
and has already been used in some assistive devices [36].

As elastic elements are actuated by users during assisted walking, they actually become
a part of the human body in the specific period when stretched. At this time, the body
and device can be regarded as a new “person” with different global lower limb stiffness.
According to a previous study, the preferred step frequency changes with lower limb
stiffness and the preferred speed increases with exoskeleton assistance and leg stiffness,
thus leading to a new gait feature. It is believed that resonant walking will occur under the
new preferred gait feature, and the changes of preferred gait features should be taken into
consideration for a further global optimization of assisted walking, as shown in Figure 1.

Figure 1. Schematic diagram of assisted walking when considering the changes of the gait feature.

The main purpose of this study was to investigate the questions as follows: whether
(1) unpowered exoskeletons can change the preferred speed and gait features; (2) resonant
walking occurs under different gait features with exoskeleton assistance. Finally, the net
metabolic rate under different conditions was analyzed to evaluate the effect of resonant
walking with assistance on walking efficiency. To conduct this research, a multi-joint
unpowered soft exoskeleton was designed with two assistance paths, the anterior and
posterior of the body. Details of the exoskeleton will be described in the next section.

2. Materials and Methods

2.1. Design of the Exoskeleton

The exoskeleton was made of commercially available resistance bands (TheraBand
Professional Latex Resistance Band Gold, TheraBand, Akron, OH, USA), nylon fabric and
waist bands, which led to a lightweight device. The three main parts (waistband, hip-ankle
assistance path and hip-knee assistance path) and the deformation of springs are shown in
Figure 2. The resistance bands were cut into segments with a length of 18 cm (with two
5 cm hook and loop fasteners at each end of both sides) and placed in front and behind
the body bilaterally. The waist band is used for an anchor on the upper body to resist
the tension of elastic bands. Leg straps 1 are used to connect the anterior spring and foot
attachment, while leg straps 2 are used to connect the posterior springs and calf attachment.
The connection between the elastic bands and other straps or bands is hook and loop.
Before the experiment, elastic bands were first pretensioned by 1.5 cm (initial length) to
obtain a preload.
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Figure 2. Overview of the soft exoskeleton. (a) Front and (b) rear view of the device; schematic
diagram of the hip-ankle assistance path and the hip-knee assistance path; (c) schematic diagram of
the geometry of the elastic elements placed anteriorly and posteriorly across the hip; (d) dimensions
are in millimeters.

The anterior path is used to absorb energy in the stance phase and return when push-
off occurs to help plantarflexion and hip flexion. The posterior path is used to absorb
energy in the swing phase and return it in the following movements in order to transform
the negative power from the knee joint to the hip joint to help hip flexion.

The energy storage and return phase of both anterior and posterior springs are de-
scribed here (see Figure 3). For the hip-knee assistance path, the elastic energy is stored
from the late swing phase and then released in the coming movements. While for the
hip-ankle assistance path, the elastic energy is stored from early mid-stance to heel-off, and
then released gradually after heel-off. The details of the assistance are not presented here
as this is not the main focus of this article.

2.2. Experimental Setup

Participants walked on a treadmill (h/p/cosmos pulsar 4.0, h/p/cosmos, Traunstein,
Germany) with a heart rate belt to record heart rates and a gas analysis machine (MetaMax
3B-R2, Cortex, Leipzig, Germany) to measure the oxygen uptake and carbon dioxide exha-
lation. Electrical muscle activity was measured with 12 wireless EMG (ElectroMyoGraphy)
transmitters (Noraxon Ultium EMG, Noraxon, Scottsdale, AZ, USA) at 2000 Hz (Figure 4).
The signal was filtered by a low-pass filter at 10 Hz and a high-pass filter at 500 Hz. Surface
electrodes were placed bilaterally in a bipolar configuration over six muscles—gluteus
maximus (GMAX), rectus femoris (RF), biceps femoris (BF), lateral gastrocnemius medialis
(GAS), soleus (SOL) and tibialis anterior (TA). Before placing the electrodes, the body hair
was shaved and then the corresponding area was polished with sandpaper and alcohol
cotton balls. When placing the transmitters, it was important to notice the interference
with the wearable device and overlap with corresponding antagonistic muscles to avoid
large measurement errors. All manipulations were performed by experts that specialized
in surface EMG measurements. The calf was wrapped with knee-length stockings and
the thigh was covered with textiles to prevent the transmitters from being thrown off at
fast speeds.
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Figure 3. Schematic overview of the functional phases of passive springs located anteriorly and
posteriorly across the hip joint in the gait cycle. This begins from the late swing phase in the previous
gait to the end of the current gait. Green represents that the spring is slack, yellow represents the
initial length of the spring (the spring is pretensioned by 1.5 cm) and red represents that the spring
is tight.

Figure 4. (a) Front, (b) side and (c) rear view of a participant and the placement of electrical electrodes.

Walking kinematics were measured by a motion capture system (QTM, Qualysis,
Gothenburg, Sweden) with sixteen lenses (OQUS500&OQUS700, Qualysis, Gothenburg,
Sweden) at 300 Hz, tracking a set of 36 reflective markers (Figure 5). Markers were placed
symmetrically on both sides of the anterior and posterior iliac muscles, the medial lateral
condyle of knee joints, the inner and outer ankles, the heel, the first, second and fifth
metatarsal bones, the thighs and the calves. The ground reaction forces (GRFs) and center
of pressure (COP) were measured by a force plate (Kistler 9287C, Kistler, Winterthur,
Switzerland) at 1000 Hz, which was connected to a computer through an amplifier and a
data acquisition system. The physical parameters and pendulum equivalent lengths were
measured and calculated according to the previous study [37].

165



Machines 2022, 10, 585

Figure 5. (a) Front, (b) side and (c) rear of a participant and the placement of markers.

2.3. Experimental Protocol

Before the formal experiment, a pre-experiment was conducted to evaluate the ratio-
nality of and familiarity with the experimental procedure. The frequencies in the previous
study were: preferred frequency, ±15, ±25 and ±35%, but it was found to be difficult to
reach ±15%, especially at lower frequencies during assisted walking, so the frequencies
were set as preferred and ±10%. In addition, participants performed a preferred speed
selection session trial at 4.1, 4.3, 4.5, 4.7, 4.9 and 5.1 km/h (90 s at each speed, higher
speeds were eliminated for an obvious increase of oxygen consumption during tests) to
decide their preferred speed without exoskeleton assistance. Results showed that 6 out of
7 participants chose 4.5 km/h (1.25 m/s), and only 1 participant chose 4.3 km/h (1.19 m/s).
The metabolic rates per distance at these two speeds of the participant who chose 4.3 km/h
are almost the same. What is more, there was no statistical significance of differences
between the measured step frequencies and the calculated frequencies through paired t-test.
Based on this, the preferred speed without exoskeleton assistance (normal condition) was
set as 1.25 m/s (general speed V0) in order to simplify the experimental setup slightly.

The experiment consists of three sessions: a familiarization session, a speed selection
session and a walking session. In the familiarization session, participants performed an
adaptive walking and speed selection protocol; the cardiopulmonary function parameters
were also recorded at the same time.

During the speed selection session, a 4-min standing trial was performed at the
beginning to collect baseline metabolic power. Then, the participants performed a 15-min
speed selection trial at 4.3, 4.7, 5.1, 5.5, 5.9 and 6.3 km/h (90 s at each speed) to decide
the preferred speed with assistance. Participants were asked to select a speed that made
them feel both comfortable and obviously assisted by the device with the help of rating of
perceived exertion (RPE). During the speed-selection trial, participants did not know the
real time speed and when the subjects had directed the experimenter to the same speed on
two consecutive occasions, it was deemed that this speed was the preferred speed V1.

The walking session was divided into four conditions: walking at 1.25 m/s without
assistance (normal condition) and with assistance (general condition) and walking at
preferred speed with assistance (preferred condition) and without assistance (comparison
condition). The normal condition represents the free walk under the preferred speed
1.25 m/s. The general condition represents walking with assistance without considering
the changes (1.25 m/s) in preferred speed. The preferred condition represents walking with
assistance when taking the changes of preferred speeds into consideration. The comparison
condition represents the free walk without assistance at the preferred speed of the preferred
condition. Sufficient rest intervals were set between every session to eliminate the effect
of fatigue.
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The treadmill speed was set at the self-selected speed constantly under the same
condition in the walking session. At the beginning of a walking session, participants walked
on the treadmill under their preferred gait features. The preferred frequency was obtained
from the gait cycle duration, calculated by recording 20 steps. Then, participants walked
for a 4-min trial following the metronome with ±10% of the preferred step frequency,
respectively. Procedures were the same in conditions of walking at 1.25 m/s with and
without assistance. The trial for walking at the preferred assisted speed without the device
was only performed once at its preferred step frequency as the comparison condition.

As the treadmill is only in the laboratory for measuring the oxygen consumption
rather than the laboratory for collecting kinematic and kinetic data, the following method
was used to reproduce walking on a treadmill when collecting kinematic and kinetic data.
Step lengths were calculated in advance according to the data of the walking session, and
simulated by markers placed on the floor. Participants walked under different walking
conditions, following the markers and metronome in order to simulate the treadmill speed.
Although the difference between walking on a flat ground and walking on a treadmill
is unavoidable, the limitations of the equipment can only be offset through extra effort
during the experiment. However, since the kinematic parameters only play a limited role
in this article and the experimental condition is the same for every participant, the results
obtained are still convincing.

2.4. Participants

Seven healthy adults (age: 23 ± 0.93, height: 172.43 ± 1.92 cm, weight: 62.26 ± 4.30 kg)
were recruited in the experiments and all of them gave their informed consent before par-
ticipating. The sample size was chosen based on the previous research [38]. The study and
protocol were approved by the Biomedical Ethics Committee of Hebei University of Tech-
nology and all experiments were performed in accordance with the relevant guidelines and
regulations. Informed consent was obtained from each participant. Detailed information
on participants’ anthropometric measurements is shown in Table 1.

Table 1. Anthropometric measurements of the participants and equivalent pendulum length (mean
and standard deviation).

Right Tight Right Shank Right Foot
Equivalent
Pendulum

Length

Length (m) 0.42 ± 0.02 0.36 ± 0.03 0.13 ± 0.01 0.55 ± 0.02

Mass (kg) 6.24 ± 0.44 2.90 ± 0.22 0.91 ± 0.06 -

2.5. Data Processing

The added mass of wearable devices was considered negligible with respect to the
inertial and gravitational effects on participants’ walking. The EMG raw data were first
filtered with a 10 Hz high pass filter and a 500 Hz low pass filter. The filtered EMG signals
were then rectified and smoothed by calculating the root mean square for a 50 ms moving
window. The total activity of each muscle was calculated as the area under this curve for
every group of 20 steps in the last 2 min of each 4-min trial.

The total EMG activity of a single muscle for each trial was normalized through
dividing it by the total EMG activity of the preferred frequency, and the percentage of
activity compared to walking at the preferred frequency was obtained by multiplying these
normalized values by 100. The same normalization procedure was performed for VO2 .

The carbon dioxide and oxygen rates were averaged across the last 2 min of each
walking condition. Metabolic cost was calculated by using the regression equation of Zuntz
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based on the thermal equivalent of O2 for the nonprotein respiratory equivalent [39,40], as
in Equation (1):

metabolic cost (kcal/min) =
.

VO2 × (1.2341 × RER + 3.8124) (1)

where RER is the respiratory exchange ratio. Then, the net metabolic rate per unit distance
per unit body mass was calculated, as in Equation (2):

Pwalk − Pstand
v

(2)

where Pwalk and Pstand are the metabolic rate for walking and standing, respectively, and v
is the preferred speed under different conditions.

2.6. Statistical Analysis

Wilcoxon test was used for the statistical significance of differences between general
speed and preferred speed, as the general speed does not obey a normal distribution. The
statistical significance of differences across step frequencies, step lengths, maximum hip
angles, maximum plantarflexion angles and maximum dorsiflexion angles was tested using
two-way analysis of variance (ANOVA). As VO2 and muscle activity were normalized
to the value obtained for walking at the preferred stride frequency, one-sample t-tests
were used to determine the statistical significance of differences of the values between the
preferred frequency condition and other conditions. The correlation between the duration
of the single support phase and the duration of the gait cycle was also calculated to evaluate
the level of participants utilizing the resonance of walking through the square of Pearson’s
linear correlation coefficient. Since the walking conditions rather than specific parameters
were regarded as the variable when evaluating the walking efficiency, one-way analysis of
variance (ANOVA) was used to detect the differences across the range of angles and the
net metabolic rate per distance under different walking conditions. If a significant effect
was found in one-way ANOVA, the Tukey’s honestly significant difference (Tukey HSD)
test will be used to compare pairs of conditions. A significance level of α = 0.05 was used
for ANOVA, one-sample t-test Tukey HSD test and Wilcoxon test.

3. Results

3.1. Preferred Gait Features

Four different conditions were evaluated in this study: (1) normal condition: walking
at 1.25 m/s without assistance; (2) preferred condition: walking at preferred speed with
assistance; (3) general condition: walking at 1.25 m/s with assistance; (4) comparison
condition: walking at preferred speed as that mentioned in (3) without assistance.

Exoskeleton assistance is able to substantially increase the self-selected speed (Wilcoxon
test, p = 0.011 < 0.05). In the speed selection trial, six participants chose 5.5 km/h (1.53 m/s),
while one participant chose 5.1 km/h (1.41 m/s), 22.4% and 12.8% higher, respectively,
compared to 1.25 m/s (Figure 6).

The frequency and step length were both significantly affected by the speed (ANOVA,
p = 1.51 × 10−4 < 0.05, p = 2.15 × 10−8 < 0.05) (Figure 7). The preferred frequency of the
preferred condition was higher than that of the normal condition and general condition
by 9.2% and 6.8%, respectively, and frequency increased by 1.7% compared with the
comparison condition. Similarly, the step length of the preferred condition was increased
by 11.11% and 13.5% compared to the normal condition and general condition.
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Figure 6. Mean (bars) and standard deviation (whiskers) of preferred walking speed under the
normal and preferred condition (general speed and preferred speed); lines with asterisks denote
statistically significant differences (Wilcoxon test, α = 0.05).

Figure 7. Preferred step frequency and step length under different conditions; (a) mean (bars) and
standard deviation (whiskers) of step frequency under the normal condition (light grey bars), general
condition (blue bars), preferred condition (red bars) and comparison condition (green bars); (b) mean
(bars) and standard deviation (whiskers) of step length under the normal condition (light grey bars),
general condition (blue bars), preferred condition (red bars) and comparison condition (green bars).

Mean joint angles and stick figures are shown to give a direct view of gaits under
different conditions (Figure 8). Maximum plantarflexion and dorsiflexion angles were signif-
icantly affected by the exoskeleton assistance (ANOVA, p = 0.01 < 0.05, p = 0.02 < 0.05), as
shown in Figure 9. The ranges of ankle, knee and hip angles are shown in Table 2. No signif-
icant differences were found in ranges of joint angles between different walking conditions.
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Figure 8. (a) Mean ankle angles under different walking conditions; (b) mean knee angles under
different walking conditions; (c) mean hip angles under different walking conditions. (d) Stick
figures of the mean walking kinematics at different frequencies under preferred speeds. Light red
sticks depict walking at lower frequency, red sticks depict walking at preferred frequency and dark
red sticks depict walking at higher frequency. Percentages represent different periods of the gait
cycle. (e) Stick figures of the mean walking kinematics under different conditions. Light grey sticks
depict walking under the normal condition, blue sticks depict walking under the general condition,
red sticks depict walking under the preferred condition and green sticks depict walking under the
comparison condition. Percentages represent different periods of the gait cycle.

Figure 9. Ankle joint angles under different conditions; (a) mean (bars) and standard deviation
(whiskers) of maximum plantarflexion angles under the normal condition (light grey bars), general
condition (blue bars), preferred condition (red bars) and comparison condition (green bars); (b) mean
(bars) and standard deviation (whiskers) of maximum dorsiflexion angles under the normal condition
(light grey bars), general condition (blue bars), preferred condition (red bars) and comparison
condition (green bars).
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Table 2. The range of ankle, knee and hip angles under different walking conditions (mean and
standard deviation).

Normal
Condition

General
Condition

Preferred
Condition

Comparison
Condition

Ankle angle
(deg) 27.34 ± 4.29 26.80 ± 3.76 26.80 ± 3.35 27.88 ± 4.71

Knee angle (deg) 66.28 ± 3.98 61.38 ± 6.15 63.63 ± 4.71 66.22 ± 4.22

Hip angle (deg) 49.63 ± 9.46 50.02 ± 7.27 53.04 ± 6.25 50.86 ± 9.32

3.2. Resonant Walking

Under the general condition (Figure 10a), only 2 of the 7 participants had the least
oxygen consumption at the preferred frequency, and the oxygen consumption was only
a little better modeled as a quadratic function of Δω (R2 = 0.18, p = 0.167) than a linear
function (R2 = 0.114, p = 0.134). As in the preferred condition (Figure 10b), the oxygen
consumption is the lowest at the preferred frequency among all participants under the
preferred condition, and the oxygen consumption was best modeled as a quadratic function
of Δω (R2 = 0.236, p = 0.089) over a linear function (R2 = 0.05, p = 0.328). There is still
a significant trend on the quadratic curve fitting although the fitting degree is not as
expected. The oxygen consumption at preferred frequency under the preferred condition
was significantly different from lower frequency (One sample t-test, p = 0.004 < 0.05) and
higher frequency (One sample t-test, p = 0.011 < 0.05). The preferred frequency under the
general condition was not significantly different from lower frequency (One sample t-test,
p = 0.081), but was from higher frequency (One sample t-test, p = 0.016).

Figure 10. Mean and standard deviation of oxygen consumption (as a percentage of the value for
walking at the preferred frequency) for the last two minutes of walking across the three different step
frequency conditions. The step frequencies are plotted as the percentage difference from the preferred
frequency, Δω. The preferred step frequency is Δω = 0%. The solid line represents the quadratic curve
with error bars of standard deviation. Each subplot is a different condition: (a) general condition; (b)
preferred condition.

Under the general condition (Figure 11), the EMG of all muscles was modeled just a
little more accurately as a quadratic function of Δω (R2 ranging from 0.041 to 0.375) than
linear function (R2 ranging from 0.16 to 0.272). The EMG of TA, GAS at preferred frequency
is significantly different from lower frequencies, while the EMG of RF at preferred frequency
is significantly different from higher frequencies. The EMG of SOL, GM and BF at preferred
frequency showed no significant difference with either lower or higher frequencies.
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Figure 11. Mean and standard deviation of the muscle activity (as a percentage of the value for
walking at the preferred step frequency) for the last two minutes of walking across the three different
frequencies under the general condition. Step frequencies are plotted as the percentage difference
from the preferred frequency, Δω. The preferred frequency is Δω = 0%. The solid line represents the
quadratic curve with error bars of standard deviation. Each subplot is a different muscle under the
general condition: (a) gastrocnemius muscle; (b) biceps femoris muscle; (c) rectus femoris muscle;
(d) tibialis anterior muscle; (e) gastrocnemius muscle; (f) soleus muscle.

Under the preferred condition (Figure 12), the EMG of all muscles was best modeled
as a quadratic function of Δω (R2 ranging from 0.407 to 0.865) over a linear function (R2

ranging from 0.005 to 0.064). The EMG of TA, GAS, SOL, GM, BF and RF at preferred
frequency is significantly different from both lower and higher frequencies. Detailed
information on modeling and statistical significance analysis under the preferred and
general condition is shown in Tables 3 and 4.

The correlation between the duration of the single support phase and the period of
the natural frequency of the spring–mass model under the preferred condition (R2 = 0.7)
was better than under the general condition (R2 = 0.57), as shown in Figure 13.

Table 3. Results of modeling analysis for muscle activity and oxygen consumption and the differences
between values at the preferred and other frequencies under general condition.

VO2 TA GAS SOL GM BF RF

R2
Linear 0.134 0.272 0.135 0.124 0.042 0.016 0.236

Quadratic 0.167 0.387 0.329 0.174 0.057 0.041 0.375

p

With lower
frequency 0.081 0.025 0.037 0.182 0.286 0.774 0.600

With higher
frequency 0.016 0.808 0.106 0.856 0.979 0.216 0.018
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Figure 12. Mean and standard deviation of the muscle activity (as a percentage of the value for
walking at the preferred step frequency) for the last two minutes of walking across the three different
frequencies under the preferred condition. Step frequencies are plotted as the percentage difference
from the preferred frequency, Δω. The preferred frequency is Δω = 0%. The solid line represents the
quadratic curve with error bars of standard deviation. Each subplot is a different muscle under the
preferred condition: (a) gastrocnemius muscle; (b) biceps femoris muscle; (c) rectus femoris muscle;
(d) tibialis anterior muscle; (e) gastrocnemius muscle; (f) soleus muscle.

Table 4. Results of modeling analysis for muscle activity and oxygen consumption and the differences
between values at the preferred and other frequencies under preferred condition.

VO2 TA GAS SOL GM BF RF

R2
Linear 0.089 0.070 0.005 0.064 0.054 0.041 6.13 × 10−7

Quadratic 0.328 0.865 0.473 0.450 0.534 0.407 0.504

p

With lower
frequency 0.004 6.6 × 10−5 0.003 0.009 0.004 0.016 0.007

With higher
frequency 0.011 1.8 × 10−5 0.014 0.017 0.005 0.012 0.003

Figure 13. Correlation between the duration of the single support phase and the period of the gait
cycle; (a) general condition; (b) preferred condition. The single support duration was more closely
related to the natural frequency of the hybrid spring-mass model under the preferred condition rather
than the general condition.
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3.3. Net Metabolic Rate

The effects of walking on net metabolic rate varied widely among participants
(Figures 14 and 15). Compared with the normal condition, the net metabolic rate changes
under the general condition ranged from a 0.59% reduction to a 22.25% increase, with
an average increase of 11.62%. Only 1 participant had a reduction in net metabolic rate
under the general condition. In the preferred condition, the metabolic rate was reduced by
4.53% compared with the general condition. In total, 4 of 7 participants had a reduction in
metabolic rate, 2 of which were reduced by 17.18% and 16.18%; the others were reduced
by 5.42% and 7.65%, respectively. The net metabolic rate of the remaining participants
increased from 1.57% to 7.52%. Compared with the comparison condition, 6 participants’
net metabolic rates decreased, the highest reduction being 16.92%; however, the remain-
ing participants’ rates did not decrease by more than 10%. Only 1 participant had an
increase in net metabolic rate. There was no significant difference in net metabolic rate
between conditions.

Figure 14. Mean (bars) and standard deviation (whiskers) of the net metabolic rate measured during
walking under the normal condition (light grey), general condition (blue), preferred condition (red)
and comparison condition (green).

Figure 15. Net metabolic power for each participant under the preferred (red), general (blue) and
comparison (green) condition; the table shows the specific values of net metabolic rate.
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4. Discussion

Exoskeleton assistance was found to substantially increase the preferred walking
speed. The speed selection session induced participants to walk 0.26 m/s (21%) faster.
This is an obvious increase in speed, but not as large as in the previous study of Collins
(around 50% of the speed increase of Collins). This is mainly because the assistance device
used in this study is unpowered and has effects on multiple joints; a huge increase of
speed would cause a corresponding increase in the cost for transportation, as the device
should be actuated by users, which is unreasonable behavior for walking efficiency in a
subjective perspective. In addition, the formal and pre-experiments showed that the speed
of the most comfortable RPE value increased and the RER decreased after several sessions,
indicating that the assistance devices have large potential for speed improvement. These
results demonstrate that, with appropriate training, unpowered exoskeletons can induce
people to walk at faster speeds.

Speed has great effect on the step frequency and step length, and significantly improves
them under the same assistance condition. There were only negligible differences between
different assistance conditions at the same speed. However, it is still possible that there is a
complicated relationship between the exoskeleton assistance and the step frequency and
length, as the corresponding changes in preferred gait features are related to the increased
speed that is caused by the assistance. Effects of the exoskeleton on the ankle joint angle
lasted throughout the gait cycle, especially during the plantarflexion and dorsiflexion
phases, and the exoskeleton significantly decreased the dorsiflexion angle and increased the
plantarflexion angle. However, the effect on knee and hip angles was not significant, only
during the swing phase there was more flexion of the knee angle under assistance. There
was no significant difference in the angular range of all the lower extremity joints under
different walking conditions. Especially for the ankle joint angle, although the maximum
plantarflexion and dorsiflexion angles changed due to the assistance of the exoskeleton,
these curves were almost only translated up and down. These results suggested that there
were no obvious changes in walking features. These results demonstrated that the effect of
exoskeleton on walking kinematics is limited and did not significantly alter walking habits.

In agreement with previous research [25], the preferred step frequency utilizes the
least oxygen compared with higher or lower step frequencies, and significant difference
between the preferred frequency and others occurred under the preferred condition. As
the primary source of metabolic cost in walking, muscles have been proven to have the
lowest activity at preferred frequency at a constant speed. In this study, GM, SOL, GAS, TA,
BF and RF muscles are minimally activated at the preferred frequency just as in previous
reports [25]. As there was a more accurate result from quadratic fitting rather than in linear
fitting, it is believed that the resonance did occur during the assisted walking under the
preferred condition. However, for the general condition, there was no significant difference
between the R2 of quadratic fitting and linear fitting. This could be the evidence that stable-
resonant walking did not exist under the general condition. Yet, there is still a possibility
that the adjustment time under the general condition is not enough in this experiment,
since the correlation between the single support duration and gait cycle duration is 0.57.
This may be the explanation of the above results under the general condition, but some
unclear problems still remain. As the lower and higher frequencies are set as ±10% of
preferred frequency, it is possible that the small gap and small quantities of frequencies
are the main reason for the small difference between the R2 of the quadratic and linear
fitting under the general condition. Moreover, participants had to adjust their cadences in
order to coordinate with the metronome, which would impact the breath and EMG during
walking. As a result, whether resonant walking did exist under the general condition
remains unclear. Unlike in previous studies [25], the muscle activity of BF and RF was
higher in lower frequencies with respect to higher frequencies; this may be due to there
being more effort conducted in lower frequencies to actuate the device.

A higher correlation between the single support duration and gait cycle duration
was shown under the preferred condition (R2 = 0.7) compared to the general condition
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(R2 = 0.57), indicating a higher degree of resonance utilization [30]. Walking is more
sensitive to resonance under the preferred speed with the exoskeleton. As a result, the
proper exoskeleton design and movement parameters will lead to a condition that is much
closer to the resonance, thus benefiting the walking efficiency.

Unexpectedly, the net metabolic rate under the general condition showed a totally
different result insofar as only one participant had a reduction of 0.59%. Since the gait
feature is almost the same, the increase between the normal and general condition can
be explained by the device’s characteristics such as unpowered and multi-joint-assisted.
On the contrary, the net metabolic rate of the preferred condition showed a positive effect
on energy saving, with 6 of 7 participants having a reduction on their net metabolic rates
compared to the comparison condition. The difference between these two trends suggested
the great effect of preferred speeds on assisting results. In addition, a 4.53% reduction was
found between the preferred and general condition; 4 of 7 participants under the preferred
condition showed a reduction in net metabolic rate with respect to the general condition.
The increased net metabolic rate of the general condition is similar to the result in [41]
(which had a 23% higher metabolic increase compared to walking without exoskeletons
when using the exoskeleton with energy stored from knee extension and released for ankle
plantarflexion); this could be explained by the assistance for the whole lower body. As
this assistance has a great influence on assisted walking, new gait features will be required
to improve the overall walking efficiency. Considering the increase of the net metabolic
rate between the normal and general condition, it is believed that the reduction between
the preferred and general condition can be explained by the resonant walking. This could
be verified by the correlation between the duration of the single support phase and the
period of the gait cycle. The higher correlation (R2 = 0.7 for the preferred condition and
R2 = 0.57 for the general condition) of the preferred condition indicates that walking under
the preferred condition utilizes the resonance of the whole body more efficiently.

The results of this study showed the important impact of resonant walking on ex-
oskeleton devices, especially on unpowered exoskeletons. Preferred speed changed after
assistance. When having a greater impact on walking, exoskeletons will also bring greater
constraints. If resonant walking cannot be fully utilized, negative results may appear, just
as in the general condition in this study. As a result, it is necessary to take the change of
gait features into consideration during the design and evaluation of exoskeletons for global
and further optimization of assisted walking. As is related to the preferred speed, the
introduced concept of resonant walking is able to explain the U-shaped stiffness-metabolic
rate curve and the lowest energy consumption at moderate stiffness. What is more, the
personalized design is the key to solving the problem of the widely varied metabolic
rate. Owing to the close relationship with body parameters, resonant walking is the most
representative characteristic of human movement; hence it will certainly make a great
contribution to the personalized design of exoskeletons.

Certainly, there are still some limitations of the research. First, the preferred speed
could only be closely obtained in the speed-selection session because of the limitation of
the treadmill, and this would have some unstable effects when evaluating the resonance
condition of walking. Second, muscle activity and energy consumption are only two
aspects that affect resonant walking; other aspects such as stability were not evaluated
in this research, but muscle activity and oxygen consumption are the only evidence to
verify resonant walking in this article, so it is not that comprehensive. More evidence
that can prove resonant walking should be considered in a further study. Finally, the
reduced number of participants is also a limitation that cannot be ignored, because this may
influence the results of statistical analysis. Further studies about assistance performance
under different speeds and spring stiffness should be conducted to map out the complicated
relationship between exoskeleton assistance and resonant walking, which is consistent with
the previous study [42]. In addition, in order to better study resonance in assisted walking,
models that are capable of clearly describing resonant walking should be established. The
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complex relationship between preferred speed, exoskeleton stiffness and body parameters
should be delineated in the future study.

5. Conclusions

In this article, the effect of exoskeleton assistance on preferred speeds was tested.
Resonant walking was proven to exist in assisted walking, and the higher utilization of
resonance with exoskeleton assistance led to lower energy consumption. The relationship of
the body parameters, the spring stiffness and corresponding preferred gait features should
be the subject of further research in the future. It is believed that changes in preferred
speeds should be taken into consideration in further studies, and resonant walking will
play an important role in the design and evaluation of unpowered soft exoskeletons.
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Abstract: In nature, birds can freely observe and rest on the surface of objects such as tree branches,
mainly due to their flexible claws, thus this paper is inspired by bird perching and shows two
imitation bird claw perching grasping mechanisms in the shape of “three in front and one at the back”.
One is articulated, the other is resilient, the difference being that the former has a pin-articulated
claw structure and uses a double fishing line to perform the grasping and resetting action, while
the latter uses a resilient linking piece, a single fishing line and resilient linking piece to perform
the grasping and resetting action. To verify the grasping effect, experiments were designed to grasp
objects of different shapes and maximum grasping weight load. The results show that the two types
of perching grasping mechanism can reach a large degree of toe bending, have good passive bending
deformation ability, can grasp different types of objects, including the articulated type has a stronger
deformation ability, and can grasp branches with a diameter in the range of 12.5–55.8 mm. The elastic
reset type is smoother than the articulated type toe bending curve, and the maximum graspable
object weight is about three times the overall weight of the grasping mechanism. The maximum
gripping weight is about three times the overall weight of the gripping mechanism and the load
capacity is about two times that of the articulated type.

Keywords: perching grasping mechanism; fishing line; claw toe; toe bone; toe tip; envelope

1. Introduction

The rapid growth in demand for unmanned aerial vehicles (UAVs) for many civil
and military applications has driven the rapid development of UAV technology [1,2].
Aerodynamic inefficiency and high energy consumption lead to limited flight time for
UAVs, and UAVs require light weight and cannot carry large-capacity batteries, especially
for micro craft. A very effective solution is to design a set of perching and grasping
mechanisms that allow UAVs to perch flexibly on the ground or tree branches to perform
surveillance and reconnaissance missions, and save energy consumption.

Depending on the UAV perching object, the main categories are planar perching
and rod perching, where planar perching implies that the perched object is on a flat
surface similar to a wall or ceiling, while rod perching implies perching on a rod-like
object such as a tree branch. Drones use embedded perching mechanisms [3–5] and
attached perching mechanisms when fixing to planar perches. The embedded perching
mechanism mimics the tiny spines on the feet of insects by inserting the spines into the
surface of the object being used for perching, often on inclined or vertical rough surfaces.
For example, the Aerial Robotics Laboratory at Imperial College London developed a
passive adaptive microsatellite perching mechanism weighing only 32 g. The perching
mechanism consists of multiple compliant grapple modules. Each module consists of a
single plastic linkage with a trapezoidal cross-section and uses cable tension to curl the
module. A pair of sharp steel spines protrudes from the lower side of each linkage of the
compliant grapple module to increase the perching capacity of the device [5]. In recent
years, attachment-based perching mechanisms have become very popular and can be
applied to both rough and smooth surfaces. Currently, techniques based on attachment
perching include magnetic induction [6,7], dry adhesives [8,9], electrostatic induction
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adhesives [10,11] and vacuum air pressure [12–14]. For example, Roberts et al. [6] proposed
a method to mitigate energy problems in aerospace exploration in indoor environments
by relying primarily on ceiling attachments with small ring magnets. Thomas et al. [8]
from the GRASP lab at the University of Pennsylvania developed a 60 g weight, gecko-
inspired dry-adhesive perching mechanism. Graule et al. [10] proposed a controlled
attachment principle for perching small micro air vehicles through electrostatic adhesion.
The Mechanical Systems and Vibration Laboratory of Shanghai Jiao Tong University [14]
developed a dual elastic combined suction cup (DEC suction cup) to help multi-wing
aircraft perch on vertical walls under disturbance. Although embedded and attached
perching mechanisms can achieve successful perching in specific scenarios, they are usually
demanding on the surface of the perched object and have limited applications. Some of
them have limited duration after perching, considering factors such as material adhesion.

In contrast, for rod perching, a gripping mechanism with grasping capability is usually
used. Many grippers use simulated human hand designs; for example, Pounds and Dollar
mounted a modified version of the SDM hand on a radio-controlled helicopter and used
the system to demonstrate grasping objects while hovering [15]. Thomas et al. used the
SDM hand and a Festo EXOHand-derived linkage-based hand mounted on a single-degree-
of-freedom arm to perform high-speed grasping [16]. A group at Yale University attached
an underdriven hand to the underside of a helicopter [17], and the research focused on the
effects on object pickup and flight dynamics. The trend in aerial manipulators is always
to improve maneuverability and safety by reducing weight and size. Other perching
grasping mechanisms mounted on UAVs are inspired by the claws of birds perched on tree
branches. Inspired by the perching mechanism of birds, Doyle et al. [18] proposed to use
the weight of the UAV to passively apply tendon tension to drive the claws to grasp and
passively perch on structures such as tree branches without consuming energy. Bai et al. [19],
based on the structure and motion characteristics of bird claws, proposed a UAV perching
mechanism with high load-bearing capacity. The mechanism consists of three flexible toes,
an inverted crank slider mechanism for achieving opening and closing motions, and a gear
mechanism for deforming between the two configurations. Nadan et al. [20] proposed that
two opposing, multi-segmented, flexible claw toes can curl and surround objects, such as
trees, by folding a four-linked rod when the UAV lands. Although these existing bionic
perching mechanisms allow the UAV to perch on targets such as tree branches, they cannot
deform to adapt to grasp a wider range of objects and, even for some of the objects that can
be successfully grasped, the low envelope fit of the claw toes to the outer surface of the
object ultimately results in a poor grasp and affects the stability of the grasp.

In response to the above problems, this paper proposes a new effective solution. In-
spired by bird perching grasping, two kinds of bird-like claw perching grasping mechanism
are designed, including the driving structure, leg structure and claw structure from top
to bottom, which are divided into articulated type and elastic reset type according to the
different compositions of the claw structure. The shape of the claws of the two types of
perching grasping mechanism is “three in front and one at the back”, and two servos
actively drive the fishing line to complete the claw toe grasp and release work, so there
are no problems with limited perching time and difficult separation due to the sticky pad
attachment method. Meanwhile, the use of two drivers, the overall small size and light
weight effectively avoid the bulky traditional mechanical gripper. It can finally perch on
branches, and the multi-degree-of-freedom claw toe has good adaptability to differently
shaped objects, and can grasp objects of certain weight and grasp smoothly.

The imitation bird claw grasping mechanism studied in this paper can be installed
in the fuselage of UAVs in the future to realize the transportation of aerial items of UAVs,
and they can also perch and stay on tree branches to improve their range and perform
special surveillance and search and rescue tasks. Of course, it is not limited to application
to UAVs, but also has a wide range of practical application scenarios, improving the
structure size as needed and adding auxiliary tools, such as robotic arms and cameras, to
be applied in military, medical, aviation, intelligent industrial production and daily life
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scenarios, as robotic hands instead of humans to complete work with high-volume and
high-quality requirements.

The paper is organized as follows: Section 2 explains the structural design of the claw
section of the bionic perching grasping mechanism and the actuation method inspired by
the perching mechanism of birds in nature. Section 3 designs the structural components of
the two perching grasping mechanisms. Section 4 analyzes the articulated claw toe rotation
and grasping. Section 5 describes physical experiments to verify the results of the claw toe
rotation and grasping analysis and experiments on the grasping object shape adaptability
and load capacity of the two perching grasping mechanisms for experimental analysis and
comparison, and finally Section 6 concludes the work of the paper and provides an outlook
for future research.

2. Bionic Inspiration

A true bird’s claw has many functions, such as landing, grasping, perching, scratching
and capturing. However, only the perching and grasping functions are of interest for
today’s flying machines. As shown in Figure 1a, birds in nature show an exceptional ability
to adapt and perch efficiently on a wide variety of surfaces, such as branches, cables, flats,
etc. The structural morphology of the claw and the actuated grasping mechanism are
decisive factors in the bird’s ability to achieve a perching grasp.

 

Figure 1. Bird claw bionic principle. (a) Bird perching surface; (b) claw toe arrangement; (c) basic
component structure of a bird claw [19]; (d) two bionic claw structures.
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2.1. Claw Toe Arrangement Morphology

Many different toe arrangements exist in the claws of birds, often related to ecology
and lifestyle [21–23], with morphology varying from species to species. As shown in
Figure 1b, there are five different types of claw toe arrangement [24]: (i) Anisodactyl toe
(three toes forward and one toe backward, e.g., sparrows); (ii) zygodactyl toe (first and
fourth toes backward, second and third toes forward, e.g., woodpeckers); (iii) heterodactyl
toe (first and second toes backward, third and fourth toes forward, e.g., biting cuckoos);
(iv) syndactyl toe (all three toes forward and have varying degrees of healing at the base,
e.g., kingfishers); and (v) pamprodactyl toe (all four toes forward, e.g., rainbows).

In this design, the anisodactyl toe type was chosen as this arrangement is present in
the claws of most birds, and the “three in front and one at the back” design of the claw toe
arrangement can be easily adapted to the object being grasped. This four-toed structure
uses the middle two long toes for grasping or perching and the outer two short toes to
maintain the balance of the grasp and avoid dropping objects when perching or when
grasping, making the grasp more stable.

2.2. The Basic Structure of the Claw Toe

As shown in Figure 1c, the claw structure consists of a base and four claw toes. The
base is used to support its own weight and connect the claw to the leg. The middle claw
toe is long and consists of a basal phalanx, a middle phalanx, a terminal phalanx and a
toe tip, and the claw toes on either side are short and have only two phalanges, consisting
of a basal phalanx, a terminal phalanx and a toe tip. The claws of birds are underdriven,
allowing the claws to passively conform to the object that they are attempting to perch on.
In analogy to the bird’s claw, as shown in Figure 1d, the designed long claw toe has four
degrees of freedom and the short claw toe has three degrees of freedom.

At the same time, the toe tip of birds resembles a curved hook and plays an important
role as the end of the claw toe, which can grasp larger objects even though the claw toe
may not be long enough to wrap around, as the toe tip can generate additional grasping
force and even penetrate the surface to which the object is attached [25,26], and thus the
design of the toe tip mimics the curved profile of birds.

In addition, claw curvature increases from ground roosting to arboreal, climbing and
then predation, with claw curvature and size related to predatory behavior and prey type
specialization, respectively, but as revealed by Pike [27] and Fowler [28], there is no clear
trend in claw curvature in perching birds. Arbitrary curvature of the claw can thus be
considered in the design phase to improve the perching performance of the mechanism.

2.3. Bird Perching Drive Grasping Mechanism

A typical bird claw toe mainly consists of the toe bone, toe pad and toe tip, where
the toe pad is located at the base of each claw toe, as shown in Figure 1c, which contains
tendons and muscles. The muscles contract and the tendons transmit the force that causes
each claw toe to bend, and eventually the claw toe grasps the object to achieve a grasp.
This inspired the use of fishing line instead of tendons and a servo instead of muscles
for actuation.

As shown in Figure 1d, two bionic claw structures are designed in this paper to
compare the advantages and disadvantages of each, one is articulated and the other is
resilient rest type, the difference being that the former uses a pin articulation between the
components of the claw toe and executes a grasp and release using a double fishing line,
one line shortening and the other line elongating. Meanwhile, the latter has a resilient
connector between the components of the claw toe and executes a grasp using a single
fishing line, the line being relaxed and restoring the deformation autonomously under the
action of the resilient connector’s own elasticity.
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3. Design of Two Perching and Grasping Mechanisms

3.1. Overall Structural Design

The overall structural design of the two perching grasping mechanisms is shown in
Figure 2a. The articulated perching grasping mechanism consists of a driving structure,
a leg structure and a claw structure from top to bottom, with a through-hole connection
between the driving structure and the leg structure, and between the leg structure and the
claw structure. The difference between the resilient reset perch gripping mechanism and
the articulated type lies mainly in the claw structure and the reset method.

 

Figure 2. Design of the perch gripping mechanism. (a) Overall structural design of the two perching
grasping mechanisms. (b) Drive structural parts. (c) Articulated jaw structural parts. (d) Resilient
reset jaw structural parts.
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3.2. Driving Structure

As shown in Figure 2b, the driving structure includes a servo base plate, a servo, a
driving pulley and a support seat. The rectangular section through-hole in the middle of
the servo base plate can be nested and connected with the microlight fuselage, and the
two through-holes on each side are for internal and external fishing lines to penetrate. The
internal teeth in the middle of the driving pulley engage with the teeth of the output gear
of the servo. The driving pulley has two slots of different radius sizes, facing the two
through-holes in the servo base plate. As the output gear of the servo has a short reach,
tightening of the internal and external fishing line will damage the driving pulley, so a
support base is designed to support the driving pulley, which is fixed to the servo base.

The resilient repositioning perch gripping mechanism uses only the internal line to
perform the grip, so theoretically the servo base plate only needs to be provided with a
through-hole for the internal line to pass through and the pulley to be provided with a
slide slot. To compare the gripping performance of the two mechanisms, the same servo
driving structure is used.

3.3. Claw Structure

The articulated claw structure consists of a claw base, small pulley and four claw toes,
as shown in Figure 2a,c. The claw base is provided with a cylindrical tubular projection
above the claw base for connection to the leg, surrounded by four projecting branches,
the upper side of the branches is hinged to fit the toe bone, the lower through-hole is
used to run through the fishing line, the interior is provided with four transitional circular
through-holes to change the direction of the internal fishing line. The fishing line run
through by the four branches converges at the cylindrical tubular projection above the claw
base, the cross-section of the four branches at the root of the claw base is made sloping to
allow the claw toe to produce a greater curvature. The bottom of the claw base is curved to
better suit the object being grasped. The four small pulleys are connected by pins on the
upper surface of the claw base and the external fishing line passes through the bottom of
the small pulleys, changing the direction of the external line and reducing friction.

Among the four claw toes, there are two long claw toes in the middle and short claw
toes on either side. The angle between the adjacent long and short claw toes is designed
to be 55◦ without interfering with each other, and the long claw toe plays a more obvious
gripping role. The clawed toe consists of toe bones and toe tips, with the long claw toe
consisting of 3 toe bones and a toe tip, and the short claw toe consisting of 2 toe bones
and a toe tip. The toe bones are designed in a trapezoidal shape, the sides of the base are
rounded to create a greater angle of curvature between the adjacent parts of the claw toe.
The toe bone has a rounded hole underneath for running the internal fishing line through, a
protruding earring above for the external fishing line to run through and protruding parts
on both sides for connecting adjacent parts. The toe tip is the end of the claw toe, with
the same design of protruding earring above and the same design of the left end as the
toe bone, with the difference that the fishing line below the through-hole runs in a smooth
curve to reduce friction and avoid the toe tip bending upwards to a certain extent, and the
end of the toe tip is designed as slender. The toe bone is hinged to the claw base, the toe
bone to the toe bone and the toe bone to the toe tip, with the through-hole in the middle
of the hinge fitted with a pin gap and the through-holes on both sides fitted with a pin
interference, so that the toe bone can be rotated relative to the claw base, the back toe bone
relative to the front toe bone and the toe tip relative to the toe bone.

As shown in Figure 2a,d, the resilient reset jaw structure comprises a claw base and
four claw toes. The recesses on the upper side of the four protruding branches of the claw
base are used to embed the resilient connectors and the lower through-hole is used to allow
the fishing line to penetrate. The rest of the structural features are the same as for the claw
base of the articulated gripping mechanism. The claw toe includes three main parts: The
long claw toe consists of 3 toe bones, 4 elastic connectors and 1 toe tip, the short claw toe
consists of 2 toe bones, 3 elastic connectors and 1 toe tip. In order to make the experiment
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consistent, the number of toe bones and toe tips is the same for both gripping mechanisms;
the elastic connectors are flexible and have a high recovery capacity from deformation and
are embedded in the grooves of the claw base, toe bones and toe tips. Compared to the
articulated ones, there are not protruding earrings above the toe bones and toe tips.

3.4. Tendon Arrangement

The tendon is a fishing line that runs through the entire perching and grasping mecha-
nism. For the articulated perching and grasping mechanism, two fishing lines are used,
divided into an external and an internal fishing line, where the external fishing line is
exposed outside and runs through the earring above each component of the claw toe,
through the claw toe, the small pulley, the servo base plate and the driving pulley. The
internal fishing line runs through the through-hole set in the component, through the
claw toe, the claw base, the leg structure, the servo base plate and the driving pulley. The
internal line, which generates a large amount of displacement, is wound clockwise around
the large-radius chute of the driving pulley, with the end point of the line tied to the wall
of the chute and the other end point fixed at the toe tip. Meanwhile, the external line,
which generates a small amount of displacement, is wound counter-clockwise around
the small-radius chute, with the two end points of the line fixed in the same way as the
internal line.

For the articulated gripping mechanism, when the claw toe gripping work is carried
out, the claw toe is driven and controlled by servos. The servo is deflected counter-
clockwise by a certain angle, and synchronously drives the driving pulley rotation, the
fishing line wound on the two slots produce different displacement deformation, the
internal fishing line is tightened and the external fishing line is loosened, so each claw toe
is bent, completing the gripping work. Then, the servo stops deflection. In contrast, when
the claw toe is extended, the servo is deflected clockwise by a certain angle and the driving
pulley is driven to turn simultaneously, the internal line is released and the external line is
tightened, so the claw toe is gradually extended from bending.

The elastic reset perch gripping mechanism uses a single line, which is distributed and
fixed in the same way as the internal line of the articulated type. The drive control is the
same as that of the articulated type, but the line is pulled tight during grasping, and the
elastic connection is deformed by bending. Then, the claw toes grasp the object. While the
line is released during extension, the elastic connection restores itself to deformation and
finally the claw toes extend.

4. Claw Toe Rotation Gripping Analysis

4.1. Claw Toe Rotation Analysis

The parts of the claw toe have a certain limit range of rotation angle between them
and, when greater than the angle constraint range, the parts will show collision interference.
Specifically, the angle of rotation of the toe of the articulated perch gripping mechanism
relative to the claw base ranges from 0 to 80.34◦, the angle of rotation of the latter toe
relative to the former toe ranges from 0 to 67.76◦ and the angle of rotation of the toe tip
relative to the toe ranges from 0 to 68.26◦.

When the claw toe is bent or extended, a certain amount of deformation of the fishing
line occurs and, with reference to the range of angles of rotation between the parts of
the claw toe, the deformation of the fishing line through the long and short claw toe
is shown in Table 1. When the long and short claw toes are bent from extension, the
external line becomes longer and the internal line becomes shorter, and the internal line
has approximately twice the amount of deformation as the external line. The design of the
driving pulley groove radius is based on the relationship between the internal and external
line deformation, so that the large groove radius is also approximately twice as large as the
small groove radius.
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Table 1. Deformation of articulated long and short claw toe fishing lines.

Claw Toe

Original Length
of Outer Wire

When Extended
(mm)

Original Length
of Inner Wire

When Extended
(mm)

Length of
Outer Line

after Bending
(mm)

Length of
Inner Wire

after Bending
(mm)

Maximum
Deformation
of the Outer
Line (mm)

Maximum
Deformation
of the Inner
Line (mm)

Long claw toe 29.29 33.49 35.64 21.17 6.35 12.32
Short claw toe 21.37 25.75 26.47 15.46 5.10 10.29

In addition, the deformation of both the internal and external line of the long toe
is greater than that of the short toe, and the difference between the deformation of the
long and short toe is basically constant, with a difference of 1.25 mm for the external line
and 2.03 mm for the internal line, the deformation of the long toe is used as a benchmark
and the short toe is compensated for with a suitable spring according to the difference
in deformation.

The theoretical relationship between the deflection of the line and the angle of deflec-
tion of the servo is as follows.

L =
nπr
180

− Δx (0◦ ≤ n ≤ 160◦) (1)

where L is the amount of line deflection (mm), n is the angle of deflection of the servo (◦),
r is the radius of the driving pulley slots (mm), Δx is the spring compensation (mm).

The theoretical angle of the servo is 180◦, but in practice the maximum operating angle
is approximately 160◦, which is within the normal operating range of the servo and can
achieve the maximum deformation of the internal and external fishing line of the long
claw toe. Based on Equation (1), the final radius of the driving pulley is 4.5 mm for the
large slot and 2.3 mm for the small slot. r is 2.3 and Δx is 0 when calculating the external
line deflection of the long claw toe, r is 4.5 and Δx is 0 when calculating the internal line
deflection, r is 3 and Δx is 1.25 when calculating the external line deflection of the short
claw toe, r is 4.5 and Δx is 2.03 when calculating the internal line deflection.

Using the long claw toe as an example, the articulated perch gripping mechanism
achieves the maximum deformation results, as shown in Figure 3.

Figure 3. Maximum deformation result for the long claw toe of the articulated perch gripping
mechanism.

4.2. Claw Toe Gripping Analysis

The articulated perch gripping mechanism was made to grip columnar objects in the
diameter range 15–60 mm with a diameter interval of 5 mm and the long claw toe gripping
results are shown in Figure 4.
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Figure 4. Long claw toe grasp results.

As can be seen from Figure 4, on the one hand, with the increase in the grasping
diameter, the degree of bending deformation of the claw toe gradually decreases, and the
deformation of the fishing line becomes smaller and smaller; on the other hand, with the
increase in the grasping diameter, the envelope angle becomes smaller and smaller. When
the diameter is 15 mm and 20 mm, the claw toe can completely envelop the object and
leave a residual length, the envelope angle is greater than 360◦ and the two long claw toe
tips appear to interfere with the collision. When the diameter is 25–50 mm, the claw toe can
envelop at least 1/2 of the circumference of the object, and the envelope angle is greater
than 180◦. When the diameter is 55 and 60 mm, the claw toe envelope length is less than
1/2 of the circumference of the object and the envelope angle is less than 180◦.

In addition, as the gripping diameter increases, the contact surface between the toe
bone and the base of the toe tip and the object becomes larger, which is more stable for
gripping. At a gripping radius of 15 mm, only the toe tip touches the object, at a gripping
radius of 20 mm, the toe tip and one toe bone touch the object, at a gripping radius of
25–45 mm, the toe tip and two toe bones touch the object and the third toe bone has an
increasing contact surface with the object, at a gripping radius of 50–60 mm, the toe tip and
three toe bones touch the object, which means that the long claw toe is in close proximity
to the object.

As there is a correspondence between the amount of deformation of the external and
internal fishing line of the long claw toe, the deformation of the internal fishing line of the
long claw toe was used as the measurement standard and a total of 10 sets of data were
obtained as shown in Table 2. d indicates the diameter of the object, S indicates the length
of the internal fishing line of the long claw toe after deformation, L indicates the amount of
deformation of the internal fishing line of the long claw toe and N indicates the envelope
angle (the angle of the center of the circle corresponding to the envelope arc formed by the
claw toe when grasping the object).
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Table 2. Corresponding long claw toe internal fissures and envelope angles.

d/mm 15 20 25 30 35 40 45 50 55 60

S/mm 25.98 26.96 27.82 28.47 29.18 29.57 30.22 30.47 30.82 31.12
L/mm 7.51 6.52 5.67 5.02 4.30 3.92 3.27 3.01 2.67 2.37

N/◦ 557.43 429.33 351.32 297.72 259.87 229.59 207.40 187.82 172.18 158.98

The amount of deformation L is known and the corresponding rotation angle n of the
servo can be calculated by Equation (1). A quadratic polynomial fit is made to the amount
of line deformation L and the rotation angle n of the servo corresponding to the gripping of
15–60 mm diameter objects, and a cubic polynomial fit is made to the envelope centroid
angle N. The results are shown in Figure 5. It can be seen that as the gripping diameter
increases, L, n and N gradually decrease and to an increasingly lesser extent.

Figure 5. Grab fit curves. (a) L and n curve fit results. (b) Envelope angle N curve fit results.

When the claw toe grips an object, the claw toe is in contact with the surface of the
object and the gripping force of the claw toe on the object is generated by the rudder and
transmitted by the line. Theoretically, the greater the weight of the object, the greater
the gripping force required, i.e., the greater the force exerted by the line on the lower
surface of the line holes in each part of the claw toe, which can easily cause damage to
the claw toe. A simplified model was established, with the claw toe in contact with the
surface of the object, the finger bones on the upper side of the claw toe articulated with
restraint and a force of 5 N applied to the lower surface of the fishing line hole in the
direction perpendicular to the toe bone and toe tip. The stress and displacement results are
shown in Figure 6, the maximum stress 9.742 × 105 N/m2 and the maximum displacement
4.465 × 10−4 mm are at the fishtail hole, and the stresses and displacements decrease from
the root of the toe to the toe fishtail hole. While the allowable stress of plastic ABS material
is 24.5 MPa, the maximum stress in the claw toe is much less than the permissible stress,
and the displacement of the claw toe is very small, which shows that the claw toe structure
has sufficient resistance to deformation.
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Figure 6. Finite element analysis of claw toe. (a) Stress results. (b) Displacement results.

5. Physical Experiment Analysis

5.1. Physical Assembly and Experiment Platform Construction

The wire diameter of the pin used in the articulated perch gripping mechanism is
0.7 mm, and the elastic connection of the elastic reset perch gripping mechanism is selected
as 0.1 mm 301 stainless steel shrapnel. The weight of the two grasping mechanisms is about
15 g, the claw structure is about 3.5 g, the long claw toe is about 3 cm long and the short
claw toe is about 2.5 cm. A 9 g drive servo is chosen according to the rotation angle of the
servo required for the grasping work and to meet the requirements of the grasping driving
force. A 0.2 mm fishing wire is chosen as the transmission medium of the grasping force
for the tendon, because of its toughness, strong tensile capacity and low friction resistance
between the parts. A 3D printed resin material was used.

One side of the gripping mechanism was assembled, as shown in Figure 7a. In order to
make the gripping structure lighter, the servo type chosen for the first experiment scheme
was 2.7 g, but the experiment results showed that the driving torque of the servo was
too small, so the servo for the second time was chosen to be 9 g for both habitat gripping
mechanisms. The servo was fixed directly to the servo base plate, with the slots facing the
holes in the servo base plate. The final assembly of the two perch gripping mechanisms is
shown in Figure 7b.

As shown in Figure 7c, the hardware of the experiment platform mainly includes a
PC, socket, power supply module, Esp8266, fixing bar, fixing bracket and grasped object,
and the software includes Arduino and LabView. After the voltage is reduced to 5 V by
the power supply module, the pins of the power module supply power and ground to the
servo through the connection line, the signal line of the servo is connected to the pins of the
microcontroller Esp8266, the other end of the data line of the microcontroller Esp8266 is
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connected to the USB port of the PC. The two kinds of perching and grasping mechanism
and the fixing bar are fixed together, and the fixing bar is attached to the fixing bracket.

 

Figure 7. Fabrication of the prototype and the experiment platform. (a) First generation of articulated
perch gripping mechanism prototype, (I-1) front view, (I-1′) side view. (b) Second generation of
two perch gripping mechanism prototypes, (II-1) articulated front view, (II-1′) articulated side view,
(II-2) resilient reset front view, (II-2′) resilient reset side view. (c) The experiment platform.

5.2. Experimental Verification

Performance experiments were carried out for two different perch gripping mecha-
nisms, firstly to verify the claw toe bending deformation capacity of the two perch gripping
mechanisms under no-load conditions, as shown in Figure 8.

 

Figure 8. Results of two perch gripping mechanisms with claw toes reaching maximum bending.
(a) Articulated. (I) Front view, (I′) side view. (b) Resilient reset type. (II) Front view, (II′) side view.

The maximum relative rotation angle between the individual parts of the articulated
claw toe is consistent with the results of the previous analysis of claw toe rotation. When
the claw toe reaches its maximum degree of bending, the articulated servo rotation angle is
approximately 158◦, which should theoretically be 156.86◦, almost reaching the result of
the maximum deformation of the fishing line analyzed earlier. The articulated type has a
stronger degree of bending deformation compared to the elastically resettable type, but the
curve formed after bending is not as smooth as the elastically resettable type.

The claw toe grip results were verified for columnar objects. As the vehicle commonly
grips tree branches for perching, tree branches were chosen for the grip experiment in order
to make the experiment results more convincing (Video S1). As shown in Figure 9a, the
experiment results show that the articulated ones can successfully grasp branches with
diameters of 12.5 mm, 21.5 mm, 27.4 mm, 48.6 mm and 55.8 mm, corresponding to servo
rotation angles of 145◦, 122◦, 101◦, 60◦ and 50◦, which is approximately twice the result of
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the n-curve fit, due to the fact that, while ensuring that the branches are wrapped as far as
possible, sufficient gripping force is required, thus requiring the servo to rotate further. Both
gripping mechanisms can be clearly seen in the side gripping diagrams, where the contact
area between the base of the claw toe and the branch becomes larger and the envelope
angle becomes smaller as the diameter increases. However, when grasping larger diameter
branches of 48.6 mm and 55.8 mm, as shown in Figure 9c, both grasping mechanisms can
successfully stand on the branch as the contact area between the base of the claw seat
and the top of the branch is sufficiently large. However, in practice, taking into account
the natural environment, grasping is also required if the perch is stable, and the grasping
results show that the toe bones arch upwards extremely easily and the toe tips play an
increasingly prominent role, snapping hard against the surface of the branch.

 

Figure 9. Experiment results of two types of perch gripping mechanism for grasping branches.
(a) Articulated. (b) Resilient reset. (c) Two types of perch gripping mechanism for special standing
situations. I: Articulated, II: resilient reset, (I-1)–(I-5)/(II-1)–(II-5) branches with diameters of 12.5 mm,
21.5 mm, 27.4 mm, 48.6 mm, 55.8 mm, (I-1′)–(I-5′)/(II-1′)–(II-5′) the corresponding side gripping
diagrams, (I-4a)/(II-4a) and (I-5a)/(II-5a) standing on 48.6 mm and 55.8 mm diameter branches,
respectively, (I-4a’)/(II-4a’)and (I-5a’)/(II-5a’) corresponding side gripping views.

Compared to the two perch gripping mechanisms, firstly, the resilient reset type does
not successfully grip 12.5 mm branches, thus the articulated type has a greater gripping
range when gripping branches of different diameters. Secondly, after several gripping
experiments, the resilient reset type showed plastic deformation of the elastic joint, which
does not fully return to its extended state and will suffer from elastic depletion in long-term
use, while the articulated type does not show any effect. Again, when gripping branches of
the same diameter, the servo deflection angle required for the resilient repositioning type is
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greater than that of the articulated type. Finally, the articulated type is not as soft in terms
of the flexing effect of the claw toe as the resilient repositioning type.

5.3. Adaptability and Load Capacity Experiment Analysis

To assess the adaptability of the two perching grasping mechanisms for grasping
different types of objects, rectangular cardboard and rectangular, spherical and irregularly
shaped foam were selected for performance experiments (Video S1), and the grasping
results are shown in Figure 10. The results show that both perch gripping mechanisms
have good passive bending deformation capability of the claw toes and both can adapt to
the experiment object. Specifically, the cardboard was thin and had a smooth surface, and
the initial experiments were conducted with a narrow surface as the contact surface, which
resulted in a failed grip, mainly due to the small contact area between the bottom surface of
the claw structure and the cardboard, the smooth surface of the object and the object’s own
gravity causing a large relative slip, so a wide surface was chosen as the contact surface
instead and a successful grip was achieved. The two gripping mechanisms can easily grip
rectangular foam objects with a large contact area and high friction with the foam material,
resulting in less relative sliding. The irregular foam object is thick and has a certain slope
on the sides, and the contact area of the two gripping mechanisms is very small when
gripping, but the four toe tips can be embedded or hooked into the object, which is the key
reason for successful gripping. Gripping near spherical objects is easiest, and both types of
gripping mechanism have a large contact area between the base of the toe and the object,
and have a good envelope for a stable grip.

 

Figure 10. Adaptive performance experiments of two perching grasping mechanisms. (a) Articulated.
(b) Elastic reset type. (I) Rectangular cardboard (thin and smooth), (II) rectangular foam object
(thicker), (III) irregular foam object (thicker), (IV) near spherical foam object (IV-1)–(IV-5) (diameters
approximately 18 mm, 26 mm, 35 mm, 45 mm, 55 mm in that order).

Therefore, the two perching grasping mechanisms have good adaptability, increasing
for cardboard, irregular foam objects, rectangular foam objects and spherical foam objects,
in that order. However, the success of the grasp also depends on the point of impact of
the grasp, which is theoretically the center of gravity of the object, but in practice tends
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to make regular grasped objects balanced and symmetrical with respect to both sides of
the claw structure. For irregularly shaped and different types of objects, it is particularly
important to select the correct contact surface, increase the contact area and give full play
to the toe tip.

On the one hand, a standard counterweight carrier is required for the gradual ap-
plication of forces to the jaw structure of the perching grasping mechanism and, on the
other hand, inspired by the different adaptability of the perching grasping mechanism to
different objects, two options are proposed for experimenting with the load performance
of the two types of perching grasping mechanisms, and a rectangular foam object and a
spherical foam object are chosen as counterweight bases, which are counterweighted with
clamps and large head pins on the foam object, as shown in Figure 11. The experiment
results show that if the rectangular foam object is chosen as the counterweight base, the
final maximum applied load force is 0.0435 N for the articulated type and 0.1457 N for the
resilient reset type and, if the spherical foam object is chosen as the counterweight base, the
final maximum load force is 0.2497 N for the articulated type and 0.4487 N for the resilient
reset type, which is about three times the overall weight of the grasping mechanism and
about 13 times the weight of the claw structure. Both perching grasping mechanisms were
able to restore the claw toe to its original state even after releasing the object, and neither
the object nor the claw toe was damaged. It can be seen that the load capacity of the two
types of perch gripping mechanism is indeed related to the counterweight base. With the
same counterweight base, the resilient reset perch gripping mechanism can withstand ap-
proximately twice the load force of the articulated type. As the applied load mass increases,
the duration of sustained grip decreases, even though the claw toes can still grip.

 

Figure 11. Load performance experiments of the two gripping mechanisms. (a) The load was applied
to a rectangular base of 1.89 g for counterweight, (I-1)–(I-4) for the articulated gripping mechanism
in order of 2.78 g, 3.4 g, 4.03 g, 4.35 g, (II-1)–(II-4) for the elastic repositioning gripping mechanism
in order of 2.78 g, 4.97 g, 9.93 g, 14.57 g, 4.97 g, 9.93 g, 14.57 g. (b) Applied load to 0.34 g spherical
base for counterweighting, I-1: for articulated gripping mechanism to apply object mass of 24.97 g,
(II-1)–(II-7) for resilient repositioning gripping mechanism to apply object mass of 2.78 g, 4.97 g,
14.79 g, 24.55 g, 35.69 g, 43.36 g, 44.87 g.
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6. Conclusions

This paper proposes two new flexible perching grasping mechanisms inspired by a
bird’s claw, with a unique shape design of “three in front and one at the back” and multiple
degrees of freedom of the claw toe, simple structure and stable grasping. At the same
time, the gripping mechanism is driven by two servos, and the fishing line transmits the
gripping force, and the speed and gripping force of the servos for the object are controllable.
After proposing the mechanical structure design scheme, the articulated perch gripping
mechanism claw toe rotation gripping is analyzed, the analysis results are verified through
experiments and the adaptability and load-bearing capacity of the two perch gripping
mechanisms on objects of different shapes and sizes are tested. The maximum relative
rotation angle between the parts of the articulated claw toe under no-load condition was
consistent with the results of the claw toe rotation analysis, and the maximum deformation
of the fishing line analyzed was almost reached when the claw toe reached the maximum
degree of bending. The actual rotation angle of the rudder is about twice the result of
the theoretical curve fitting because the claw toe needs sufficient gripping force while
ensuring that it wraps around the branch as much as possible. The contact area between
the base of the claw toe and the branch becomes larger and the envelope angle becomes
smaller as the branch diameter increases for both perching grasping mechanisms. The claw
toes of the two perching grasping mechanisms have good passive bending deformation
ability and can grasp different types of objects, the toe tips play an important grasping
role and the maximum object weight that the elastic reset type can grasp is about three
times of its own weight. This imitation bird claw grasping mechanism effectively avoids
the use of sticky pad adsorption, perching for a limited time and difficulty in separating
the problem, the problems of limited perching time and easy separation that exist with
the sticky pad attachment method. compared to the traditional imitation manual robotic
perching grasping, and has obvious weight advantage and stable grasp and will not damage
the object.

In comparison, the two types of perch gripping mechanism have their own advantages
and disadvantages. The articulated type has a stronger degree of bending deformation,
grips a larger range of branch diameters and, when gripping branches of the same diam-
eter, the required servo deflection angle is greater for the resilient reset type than for the
articulated type. After several gripping experiments, the resilient reset type has plastic
deformation of the elastic joint, while the articulated type has no effect. However, the
articulated version does not have as smooth and supple a toe bend curve as the resilient
repositioning version, and has a significantly greater load capacity than the articulated
version. In future research, the structural design of the articulated type will be improved so
that the toe bending curve is smoother, and the elastic joint of the resilient repositioning
type will be made of a material that is more elastic, more capable of self-recovery from
deformation and requires less driving force during deformation and bending. The size of
the model of the perching and grasping mechanism can be changed according to the actual
needs, and it will be installed in the body of a microlight to improve the range in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/machines10080656/s1, Video S1: Gripping tests with two perch
gripping mechanisms.
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Abstract: This paper proposes a double propeller wall-climbing robot (DP-Climb) with a hybrid
adhesion system based on the biomimetic design principle to address the problems of single adhesion-
powered wall climbing robots (WCRs). Such problems include poor maneuverability and adaptability
to orthogonal working surfaces with different roughness and flatness, weak flexibility of ground-wall
transition motion, and easy stand stilling of transition. Based on the clinging characteristics of
different creatures, the hybrid system combines the rotor units’ reverse thrust, the drive wheels’
driving torque, and the adhesion force offered by the coating material to power the robot through a
coupled control strategy. Based on the Newton–Euler equations, the robot’s kinematic characteristics
during the ground-wall internal transition motion were analyzed, the safe adhesion conditions were
obtained, and a dynamics model of the robot’s ground-wall transition was established. This provided
the basis for the coupling control between different power units. Finally, an internal transition
PID control strategy based on DP-Climb was proposed. Through mechanical and aerodynamic
characteristic experiments, it is verified that the robot’s actual output pulling force can meet the
transition motion demand. The experimental results show that the proposed strategy can enable the
DP-Climb to complete the ground-wall mutual transition motion smoothly with a speed of 0.12 m/s.
The robot’s maximum wall motion speed can reach 0.45 m/s, which verifies that the hybrid adhesion
system can flexibly and quickly reach the specified position in a target area flexibly and quickly. The
robustness and adaptability of WCR to complex application environments are improved.

Keywords: hybrid adhesion system; wall-climbing robot; transition control strategy

1. Introduction

As an important branch of special robots, wall-climbing robots (WCRs) can replace
humans in high-risk or hard-to-reach environments to perform tasks such as environmental
detection and location reconnaissance and assist in disaster rescue, which can ensure the
safety of operators and reduce risks and costs. It has important application value in military
and civilian fields [1,2]. For emergencies such as fires and earthquakes that occur in a
dense urban high-rise building environment, it is particularly necessary to develop a WCR
with strong environmental adaptability, the ability to move flexibly on walls of different
roughness and damage, and to move freely within a designated target working area and to
quickly reach the designated location to obtain the on-site information [3].

WCR has two basic abilities: adhesion and climbing. The stable adhesion of the robot to
the wall mainly relies on its adhesion system. The adhesion method of WCR can be mainly
divided into magnetic adhesion [4], vacuum suction cups [5], bionic materials and bionic
hook and claw spine adhesion [6,7] and reverse thrust adhesion [8]. Magnetic WCR [9]
has a strong adhesion force on the wall surface, but it can only be applied to metal contact
surfaces, such as oil tanks. The vacuum suction cup-type WCR [10] can form a closed
chamber to generate a vacuum with a strong adhesion force and can adapt to different
material walls, but it can only be applied to a flat wall surface. The dry-adhesive bionic wall-
climbing robot [11,12] can adapt to uneven vertical surfaces but requires frequent cleaning
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and maintenance, and its moving speed is limited. The hook-claw-type bionic WCR [13]
can be used repeatedly, but it can damage the wall, and its adaptability to smooth walls
such as glass is weak. Negative pressure-type WCR [14] can adapt to contact walls with
different roughness and flatness, has good obstacle-crossing performance, can be reused,
does not damage the building surface, and is more suitable for urban high-rise buildings
and narrow alleyways and other environments. We compared the wall motion speed
and weight properties of negative pressure adhesion WCRs [15–26] developed recently, as
shown in Figure 1.

 

Figure 1. Property comparison of negative pressure WCRs.

According to Figure 1, propeller-type WCRs move faster on the wall and have a
relatively smaller mass. Therefore, this paper designs a double propeller wall climbing
robot based on the functional principle of bionic mechanical design to solve the problems
of the current WCR. These include attitude adjustment that takes a long time during the
transition of the ground-wall internal surface, the weak adaptability to the contact surface
with different roughness and flatness, and the easy overturning of the body, which imitates
the indirect flight mechanism of lepidopteran insects. When the rotor starts to rotate, the
air will form a pressure difference at the upper and lower interfaces of the propeller to
make the robot press against the wall. By changing the pitch angle of the rotor, the robot’s
motion direction can be changed to achieve wall forward and backward or static attachment
action [27]. However, in the old version of WCR, which mainly uses the reverse thrust of
the propeller and front drive wheels as the power, the robot appears to have a tail-flicking
situation during the movement process, and it adopts an open-loop system to control the
robot [28]. In practical applications, achieving accurate control of the robot on the wall
surface is difficult. When the WCR needs to perform transition motion from the ground
surface to the vertical wall surface, the robot is prone to appear the phenomenon of robot
overturning due to stuck or excessive inclination. The lack of rolling joints of the rotor
makes it difficult to meet the upward force necessary for the robot to turn and walk on
the wall, making it easy to slip off. To solve this problem, Alkalla Mohamed G developed
Erbo [29,30]. The two coaxial propellers provide sufficient adhesion force, but the robot
motion is limited when the ground-wall transition is carried out by lifting the robot with an
external joint. Myeong [31] used a multi-axis rotorcraft to hover on the wall after taking off
from the ground. However, due to unpredictable wind gusts, the WCRs such as UVA will
be difficult to land, and the internal drone attitude will be significantly affected in the event
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of a collision. With long lead times for precise positioning, the camera-mounted picture is
difficult to capture, and it may even collide with the wall and damage the robot.

The flexible and fast movement of the WCR on the wall is also related to the move-
ment mechanism of the robot. The commonly used movement methods can be classified as
wheeled [32,33], crawler [34] and legged [35]. The crawler-type WCR moves faster, but the
weight is generally heavier, and the crawler can cause malfunctions when encountering
small obstacles. At the same time, legged structures have better obstacle-crossing perfor-
mance, but the flexibility is weak, and the control is relatively complicated. Therefore, the
WCR designed in this paper simplifies the limbs of the gecko into a wheeled mechanism to
realize the functions of rapid movement and positioning of the robot.

This paper will design a double propeller wall climbing robot(DP-Climb) with a hybrid
adhesion system that can be internally transitioned based on the principle of biomimetic
design from the perspective of robot dynamics. It aims to enhance the mobility and
adaptability of WCR to complex application environments, make up for the shortcomings of
a single adhesion-powered WCR [36], reduce the time consumed for an attitude adjustment,
and increase the endurance of the robot. The hybrid adhesion system of DP-Climb combines
the clinging characteristics of different creatures. It is mainly composed of two symmetrical
rotor units that imitate flapping wings and two rear drive wheels that imitate animal hind
limbs. At the same time, a coating material that can enhance the friction coefficient between
the wheel body and the wall surface is used on the wheel body to imitate the adhesion
characteristics of the gecko feet. The three coupling controls jointly provide the adhesion
and traction force required by the robot movement so that the robot can have a certain
obstacle crossing ability, and the robot can move flexibly and quickly on contact surfaces
of different materials and flatness without being disturbed by factors such as wall cracks,
surface protrusions or holes. In addition, the DP-Climb hybrid adhesion system can help
the robot adjust the ground-wall transition attitude quickly, reduce energy consumption,
improve the endurance of the robot, shorten the positioning time, and enhance its stability.
The main contributions of this study are as follows:

(1) A WCR with a hybrid adhesion system is designed based on the principle of biomimetic
design. To solve the above problems, this manuscript designs DP-Climb, a double
propeller wall climbing robot with a hybrid adhesion system. The robot uses symmet-
rical rotor bionic joints to adjust the pitch and roll angle of the rotor joints in real-time
according to the robot’s attitude. It also adopts the skeleton design to optimize the
rotor fixed disk to reduce the airflow loss, utilizes the hind limb drive bionic joints
to reduce the tailing of the robot and applies the coating material to improve the
adhesion force of the robot. It obtains the ground-wall dynamic model of the robot
based on the Newton–Euler equation. The dynamic model provides a theoretical basis
for the transition motion control of the robot.

(2) A PID motion control strategy for the ground-wall internal transition based on DP-
Climb is proposed. The paper designs the ground-wall PID control strategy of the
robot based on the dynamic model obtained. It also realizes the autonomy of the
robot through PID closed-loop control, which effectively improves the robot’s au-
tonomous motion capability and control accuracy and stability. To obtain the dynamic
characteristics of the key power unit of the robot, an experimental platform for the
mechanical characteristics and aerodynamic characteristics is designed, and the ap-
propriate wheel surface coating material is selected through the tensile force test
experiment and the repeatability test experiment of the attachment materials. The
functional relationship between the robot’s rotor power unit’s current output and
the actual tensile force output is obtained to compensate for the adhesion dynamic
error caused by the airflow loss. The feasibility of the transition control strategy of
DP-Climb with a hybrid adhesion system is verified by simulations and experiments.

The structure of this paper is as follows. Section 2 introduces the design scheme
of the robot adhesion system. Section 3 establishes the dynamic model of the robot’s
transition motion process and discusses the control strategy of the robot’s ground-wall
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internal transition in detail. Section 4 presents the simulation and experimental results
to verify that DP-Climb can fast transition between the ground and the wall. Finally, the
summary conclusions and an outlook for future work are provided in Section 5.

2. Materials and Methods

The DP-Climb adhesion system is designed based on the principle of biomimetic
design using a hybrid dynamic adhesion system. The hybrid system consists of the reverse
thrust generated by the rotor units, the driving force provided by the drive wheels, and
the adhesion force provided by the coating material, which together powers the robot
through a coupled control strategy. The hybrid adhesion mechanism of DP-Climb is shown
in Figure 2.

 
(a) 

 
(b) 

 
(c) 

Figure 2. Design of DP-Climb hybrid adhesion system: (a) symmetrical rotor bionic joints; (b) hind
limb drive bionic joints (c) a coating material to enhance the friction.

Lepidopteran insects such as moths fly indirectly in the air and change the direction
of airflow by changing their own pitch angle. Therefore, to further improve the effective
adhesion force of the rotor system, after selecting the 10-inch propellers and 1250 KV type
brushless motors, two symmetrical rotor joints were designed to be mounted on the rotor
fixed disk with reference to the flutter wing configuration. The rotor joints can change the
reverse thrust of the robot through roll joints and pitch rotors according to the different
wall postures of the robot to provide the corresponding adhesion force and traction force,
as shown in Figure 2a.

When animals such as geckos transition from the ground to the wall, their limbs,
especially the hind limbs, need to provide sufficient upward force. Through the technical
means of bionic derivation, the limbs of the gecko can be simplified into a wheel body that
can move flexibly, and the rear-wheel drive is used to provide the driving torque for the
robot to climb upward. The structure is shown in Figure 2b.
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In addition, the gecko has an extraordinary climbing ability through many multi-scale
hierarchical structures. The Van der Waals force and other types of noncovalent forces (such
as capillary forces) enable it to adhere to different types of contact surfaces, and many dry
adhesive materials have been developed for climbing [37,38]. A special coating material
was added to the wheel’s surface to enhance the friction coefficient between the robot and
the wall surface and generate a larger friction force to assist the robot in moving on the
wall surface, as indicated in Figure 2c.

3. Results

3.1. Analysis of Safe Adhesive Conditions for DP-Climb Transition

WCR works mainly on different building surfaces in cities. Therefore, the robot needs
to achieve stable adhesion on walls with different materials and flatness while having
sufficient mobility to walk between the ground and the vertical wall surfaces.

To achieve this purpose, it is first necessary to analyze the safe adhesion conditions of
the WCR ground-wall transition process. A three-dimensional global coordinate system
{XYZO} and a three-dimensional robot coordinate system {xyzc} are established. c is the
centroid of the robot, α10 and α20 represent the angle between the rotor fixed disk and the
ground, respectively, α1 and α2 represent the angle between the reverse thrust of the rotor
and the robot body, respectively, β is the pitch angle of the robot body, αs1 and αs2 indicate
the pitch angle of the front and rear rotor fixed disks relative to the robot body, respectively,
and v is the movement direction of the robot. The kinematic characteristics of DP-Climb in
the ground-wall transition are shown in Figure 3.

 
Figure 3. Kinematics model of DP-Climb internal transition.

Assume that the longitudinal and lateral slips of the robot are not considered under
pure rolling conditions. It is assumed that (1) the body of DP-Climb is rigid and wheel
deformation is neglected; (2) the contact wall of the robot is solid and wall deformation
is neglected, and the four wheels are always in vertical contact with the contact surface,
and there is only one contact point between each wheel and the surface; (3) the gravity
distribution of the contact points between wheels and the surface is uniform; and (4) the
robot is in a stable motion state.

The problem of adhesion conditions for the transition motion of DP-Climb can be
transformed into the sliding problem of the ladder. In the process of robot ground-wall
transition, DP-Climb is symmetrically arranged, c is the center of the robot’s mass, p is the
center of the robot’s transition motion circle, and Rw is the radius of the robot’s transition
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motion. It can be concluded that the slope of the motion trajectory at c is the time-varying
situation of the robot’s pitch angle β during the ground-wall transition process. The motion
trajectory of point c is:

(yc − Rw)
2 + (zc − Rw)

2 = L2, (1)

where, (zc, yc) is the coordinate of the centroid c in the coordinate plane YZO, and the
pitch angle β of DP-Climb during the whole ground-wall transition can be obtained
as follows:

tanβ =
Rw − zc

yc − Rw
, (2)

where, in the process of robot ground-wall transition, i.e., β∈(0, 90)◦, 0◦≤ |α1, α2| ≤90◦,
the robot pitch angle tanβ is a continuous derivable function with respect to time t. When
the positive pressure of the reverse thrust on the wall surface completely provides adhesion
force for the robot, α1, α2 = 0◦, when the reverse thrust completely provides upward lift
force for the robot, α1, α2 = 90◦. By analyzing the motion characteristics of DP-Climb, the
safe adhesion conditions for the robot to cross the dead point in the ground-wall transition
motion without front wheel overturning can be obtained:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

θ1 = α1 + β = α10 − 90 = αS1 − 90 + β
θ2 = α2 − β = 90 − α20 = 90 − αS2 − β
FS1 cos θ1 > FS1 sin θ1 > 0, (θ1 > 0)
FS1 cos θ1 ≥ FS1 sin θ1 > 0, (θ1 = 0)
|FS2 cos θ1|≥|FS2 sin θ1|> 0

. (3)

In the robot ground-wall transition process, the front rotor platform plays a critical
role. The front rotor platform of the robot needs to provide sufficient upward traction while
ensuring a necessary adhesion force. Therefore, to ensure DP-Climb safety, the pitch angle
of the robot needs to comply with 100◦ ≤ α10 ≤ 130◦ during the transition process. If α10 is
too small, the robot will not receive enough upward component force, and the robot will
be stuck and cannot continue the ground-wall transition. If α10 is too large, the robot will
overturn during the transition movement according to the torque at the origin point O
around the X-axis.

3.2. Dynamic Modeling of DP-Climb Internal Transition

Due to the particularity of DP-Climb working on perpendicular intersecting planes,
the adhesion force of the robot is easily affected by the wall environment, and the wall
motion resistance also changes accordingly, which changes the wall adhesion conditions
and kinematic characteristics of the robot. To obtain a more accurate dynamic model of the
robot’s internal transition motion, it is necessary to analyze the adhesion force, the driving
torque, and the friction state between the driving wheel and the wall surface of the robot to
provide a theoretical basis for the robot’s motion control.

The support force of each wheel on the wall surface is not only affected by the robot’s
reverse thrust, but the robot’s gravity and inertial force will also generate a moment on
the center of mass c when the robot moves on the wall surface. Therefore, the effects of
gravity, inertial force and reverse thrust should be considered separately. Then, the three
solved supporting force components are superimposed to obtain the resultant force of the
supporting force of each wheel to solve the dynamic equation of the motion of the centroid
c of the robot on the surface. Figure 4 shows the force state analysis of DP-Climb during
the ground-wall transition movement.
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Figure 4. Dynamic analysis of DP-Climb internal transition.

2 L represents the length of the robot’s body, which is also the distance between the
front and rear wheels, 2 l represents the left and right wheel distances, h represents the
vertical distance between the rotor fixed platform and the body, r represents the wheel
radius, and e/r represents the wheel rolling resistance coefficient. Fs1 and Fs2 represent the
reverse thrust provided by the front and rear rotor units of the robot, respectively, FNi (i = 1,
2, 3, 4) represents the positive pressures of each wheel, Ffi represents the sliding friction
force on each wheel, G represents the total gravity of the robot, τ is the driving torque of
the driving wheels, which is [T2 T3], and T2 and T3 are the driving torques of the left and
right rear wheels, respectively. Simplifying the wheel model of the robot, the longitudinal
adhesion coefficient of each wheel on the wall is μi, and Mfi represents the rolling resistance
moment of each wheel. Since the value of e is very small, it can be neglected in the positive
pressure analysis of each wheel. The resultant forces of DP-Climb along each coordinate
axis of {XYZO} are:⎧⎪⎪⎨
⎪⎪⎩

m
..
y = −G + Fs1sin(α1 + β)− Fs2sin(α2 − β) + (FN2 + FN3)− (μ1FN1 + μ4FN4)

m
..
z = −Fs1cos(α1 + β)− Fs2cos(α2 − β) + (FN1 + FN4)− (μ2FN2 + μ3FN3)

(FN1 − FN4)l + (μ3FN3 − μ2FN2)l = 0
(FN3 − FN2)l + (μ1FN1 − μ4FN4)l = 0

. (4)

If the robot does not slip sideways and flip sideways, then μa = μ1 = μ4 and μb = μ2 = μ3.
The dynamic equation of DP-Climb in the robot coordinate system {xyzc} can be obtained:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

mayc = Fsl sin αl − Fs2 sin α2 − G cos β − 2(μa cos β − sin β)FNl − 2(μb sin β − cos β)FN2
mazc = −Fsl cos αl − Fs2 cos α2 + G sin β + 2(μa sin β + cos β)FNl − 2(μb cos β + sin β)FN2
m

..
y = mazc sin β

m
..
z = mazc cos β

J
..
β = (FN1 + FN4)L sin β − (FN2 + FN3)L cos β

+μb(FN2 + FN3)(L sin β + r)− μa(FN1 + FN4)(L cos+r)
−Fs1 cos(α1 + β)(L sin β + h cos β) + Fs2 cos(α2 − β)(L sin β − h cos β)
+Fs1 sin(α1 + β)(L cos β + h sin β) + Fs2 cos(α2 − β)(L cos β + h sin β)

+
(

Mf 2 + Mf 3

)
+
(

Mf 1 + Mf 4

)

, (5)
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where, I represents the total moment of inertia of the robot. ayc = 0. Combining Equations
(4) and (5), the positive pressure of robot wheels can be obtained as:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a1 = μa cos β + sin β, a2 = μb sin β + cos β
a3 = sin θ1 cos β + cos θ1 sin β, a4 = sin θ2 cos β − cos θ2 sin β
b1 = μa cos β − sin β, b2 = μb sin β − cos β, b3 = sin 2β(μbμa − 1)

FN4 = FN1 = 1
2

⎡
⎣
(

a3
a1
+ a2 sin α1

b3
− a2a3b1

a1b3

)
Fs1 −

(
a4
a1
+ a2 sin α2

b3
− a2a4b1

a1b3

)
Fs2

−
(

1
a1
+ a2

b3
− a2b1

a1b3

)
Gcos β

⎤
⎦

FN3 = FN2 = 1
2

[(
a1 sin α1

b3
− a3b1

b3

)
Fs1 −

(
a2 sin α2

b3
− a4b1

b3

)
Fs2 −

(
a1
b3
− b1

b3
Gcos β

)]
. (6)

Since the robot performs the ground-wall transition motion at an almost uniform
speed, the angular acceleration of each wheel can be approximated to 0. According to the
Newton–Euler equations, the dynamic model of DP-Climb can be obtained as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

c1 = sin θ1 − μa
a3
a1
− μaa2 sin α1−a1 sin α1+a3b1

b3
+ μaa2a3b1

a1b3

c2 = sin θ2 − μa
a4
a1
− μaa2 sin α2−a2 sin α2−a4b1

b3
+ μaa2a4b1

a1b3

c3 =
[
1 − μa cos β

a1
− μaa2−a1−b1

b3
cos β + μaa2b1

a1b3
cos β

]
c4 = − cos θ1 +

a3
a1
+ a2 sin α1

b3
− a2a3b1

a1b3

c5 = cos θ2 +
a4
a1
+ a2 sin α2

b3
− a2a4b1

a1b3

c6 = 1
a1
+ a2

b3
− a2b1

a1b4

d1 = sin θ1(L cos β − h sin β)− cos θ1(L sin β + h cos β) +
(

a3
a1
+ a2 sin α1

b3
− a2a3b1

a1b3

)
L sin β

−
(

a1 sin α1
b3

− a3b1
b3

)
L cos β −

(
a3
a1
+ a2 sin α1

b3
− a2a3b1

a1b3

)
(μaL cos β + μar)

+
(

a3
a1
+ a2 sin α1

b3
− a2a3b1

a1b3

)
e
r +

(
a1 sin α1

b3
− a3b1

b3

)
e
r

d2 = sin θ2(L cos β + h sin β)− cos θ2(L sin β − h cos β)−
(

a4
a1
+ a2 sin α2

b3
− a2a4b1

a1b3

)
L sin β

+
(

a2 sin α2
b3

− a4b1
b3

)
L cos β +

(
a4
a1
+ a2 sin α2

b3
− a2a4b1

a1b3

)
(μaL cos β + μar)

−
(

a4
a1
+ a2 sin α2

b3
− a2a4b1

a1b3

)
e
r −

(
a1 sin α2

b3
− a4b1

b3

)
e
r

d3 = −
(

1
a1
+ a2

b3
− a2b1

a1b3

)[
L sin β − μa(L cos β + r) + e

r
]
+
(

a1
b3
− b1

b3

)(
L cos β − e

r
)

m
..
y = c1Fs1 − c2Fs2 − c3G

m
..
z = c4Fs1 − c5Fs2 − c6 cos βG − T2+T3

r+e
I

..
β = d1Fs1 − d2Fs2 − d3 cos βG + T2+T3

r+e (L sin β + r)

(7)

The expression of the DP-Climb dynamic model can be obtained as follows:

M(q)
..
q + E(q)Fs + DG = B(q)τ, (8)

where, q = [y z β]T, Fs = [Fs1 Fs2]T. Each coefficient matrix is:

M(q) =

⎡
⎣m 0 0

0 m 0
0 0 I

⎤
⎦, E(q) =

⎡
⎣ −c1 c2

−c4 c5
−d1 −d2

⎤
⎦, D =

⎡
⎣ c3

c6cosβ
d3cosβ

⎤
⎦, B(q) =

⎡
⎢⎣ 0 0

− 1
r+e − 1

r+e
Lsinβ+r

r+e
Lsinβ+r

r+e

⎤
⎥⎦

3.3. Control Strategy of DP-Climb Internal Transition
3.3.1. Selection of Wheel Surface Adhesive Material

According to the analysis in the previous section, the adhesion coefficient between the
wheel and contact surface is one of the important factors affecting the adhesion of the robot
to the wall surface. Therefore, to increase the adhesion between the robot and the contact
surface, it is necessary to choose a material with good repeatability and a high friction
coefficient as the robot wheel body surface adhesion coating.
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Through the collection of various coating materials suitable for the surface of the wheel
body and the analysis of the material characteristics, this paper selects several adhesion
materials that can meet the task requirements of the robot with better performance for
comparison. In a windless indoor environment, an experimental platform for mechanical
characteristics was set up to test the upward lift force of the robot and the adhesion
force perpendicular to the wall surface using a lime medium wall as the contact surface.
The established dynamic model was used to measure the friction coefficients of different
adhesive materials on the wheel surface of the robot. To test the repetition rate of the
adhesive materials, 10 tensile tests were repeated for each material. The experimental
platform for mechanical properties is shown in Figure 5, and the experimental results are
shown in Table 1.

 

Figure 5. Selection of different adhesive materials for wheel surfaces.

Table 1. Comparison of material properties of different adhesive materials for wheel surface.

Adhesive Material
Coefficient of

Friction
Repetition

Rate
Adhesive Material

Coefficient of
Friction

Repetition
Rate

Gray plush pad 0.55 0.90 Hemp rope 0.46 1.00
Coating material 1 0.81 1.00 Light brown plush pad 0.40 0.90
Coating material 2 0.77 0.80 Rubber cover 0.75 0.40
Coating material 3 0.81 0.50 Fine mesh rubber pad 0.40 1.00
Rough rubber strip 0.56 1.00 Fine line rubber pad 0.56 1.00
Brown plush pad 0.54 1.00 Non-patterned rubber pad 0.55 1.00

Rough mesh rubber pad 0.45 1.00 Willow rubber pad 0.59 1.00

Analysis of Table 1 shows that coating material 1 has a relatively large friction coeffi-
cient and a high repetition rate, and the comprehensive performance is the best. Therefore,
this material will be used as the adhesion material on the surface of the robot wheel body
in subsequent research work.

3.3.2. Control Strategy of DP-Climb Ground-Wall Transition

Equation (7) shows that when the robot performs the ground-wall transition at a
nearly uniform speed, m = 3.3 kg, r = 0.14 m, L = 0.18 m, h = 0.08 m, l = 0.23 m, and μa = 0.81.
During the DP-Climb transition process, the robot can complete the transition motion by
changing the pitch joint angle of the front and rear rotor platforms of the robot according
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to the pitch angle of the fuselage. According to the DP-Climb dynamic model analysis,
the relationship between the pitch angle of the rotor platform and the pitch angle of the
fuselage is as follows: {

αs1 = α10 − β
αs2 = 180 − α10

. (9)

The red vectors represent the reverse thrust provided by the front and rear rotor units,
Fs1 and Fs2, respectively, and the blue angle indicates the robot pitch angle β. Based on
the stable adhesion conditions of the ground-wall transition motion of the robot analyzed
above, the robot’s ground-wall internal transition motion strategy is designed, as shown in
Figure 6.

 

Figure 6. Control strategy of DP-Climb internal transition: (a) start transition movement; (b) the front
wheels raised; (c) the angle of the front rotor unit corresponds to the change to ensure an upward
force; (d) the pitch angle of the body increases, and the adhesion force of the front rotor unit increases;
(e) the pitch angle of the body exceeds 60 degrees, and the rotor units mainly provide adhesion force;
(f) complete transition tasks and start wall missions.

When the ranging sensor detects that DP-Climb meets the wall, the robot starts to
perform a ground-wall transition motion: the front wheels of the robot start to lift, the front
and rear rotor platforms change the pitch angle, and the front rotor unit mainly provides
the upward lift force to the robot, the rear rotor unit mainly provides the adhesion force,
and the driving wheels mainly provide the power for the robot to move forward on the
ground. Then the pitch angle of the fuselage increases and the pitch angle of the front rotor
platform decreases correspondingly so that the front rotor platform always provides the
upward lift force and the adhesion force pointing to the wall. When the fuselage pitch angle
β exceeds 30◦, the front rotor platform angle decreases, and the adhesion force provided
by the front rotor unit toward the wall increases. When the fuselage pitch angle β exceeds
50◦, the front and rear rotor units mainly provide adhesion force pointing to the wall,
and the driving wheels mainly provide the power to move forward. Finally, the robot
completes the transition task and starts wall operation tasks. Figure 7 shows the pitch angle
variation of the robot’s front and rear rotor joints in the DP-Climb ground-wall transition
control strategy.
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Figure 7. Variation of the pitch angle of the front and behind rotor joints of DP-Climb.

To maintain the stability of the hybrid system and reduce motion error, we introduced
the control strategy into the control system. We selected the kp, ki and kd coefficients of the
PID controller based on the strategy to adjust the attitude of the robot. vr and βr are the
desired speed of the robot and the desired pitch angle of the robot, respectively, based on
the DP-Climb dynamic model established. The control system of DP-Climb and the PID
controller is shown in Figure 8 and Table 2, respectively.

 

Figure 8. Control system of DP-Climb.

Table 2. kp, ki and kd coefficients selected in the process of ground-wall transition.

Critical Transition Angle β (◦) kp ki kd

0 1.80 7.00 1.50
5 1.80 7.60 1.90

30 1.80 7.20 1.90
50 1.80 7.20 1.60
70 1.80 7.00 1.60
90 1.80 7.00 1.50

The inner loop updates the attitude of the robot, the outer loop feedback control
reduces the error, the sampling frequency of the inner loop is 10 Hz, and the sampling
frequency of the outer loop is 5 Hz.

In summary, in the robot ground-wall transition process, the robot’s head-up action
mainly relies on the upward lift force provided by the front rotor platform. As the pitch
angle of the fuselage increases, αs1 gradually decreases, and the adhesion force provided
by Fs1 gradually increases accordingly. The front rotor platform’s pitch angle greatly
influences the robot’s motion, and the changes during the transition motion of the robot
are relatively obvious. Thus, the effective output pulling force of the robot rotor unit needs
to be analyzed.
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3.3.3. Aerodynamic Characteristics of the DP-Climb Adhesion System

DP-Climb performs the transition task, and the wall task mainly relies on the power
provided by the adhesion system, according to the analysis above. Based on the established
dynamics model of DP-Climb, the output pulling force of the adhesion system required for
different pitch angles in transition motion can be obtained. To compensate for the error
caused by system interference and airflow disturbance, it is necessary to analyze the actual
output of the pulling force of the rotor unit.

First, the robot was fixed by a fixture, and an external current sensor was used to
measure the real-time current output of a single rotor unit. A host computer modulated the
pulse width of the electronic speed controller of the rotor motor to control the motor speed.
Finally, the measured data were collected and analyzed by wireless signal transmission to
obtain the pulling force output model of the rotor unit. The aerodynamic characteristics
measurement platform of the rotor unit is shown in Figure 9.

 

Figure 9. Aerodynamic characteristics measurement platform.

After processing the measured data by linear interpolation, the relationship between
the actual current signal of a single rotor unit, the reverse thrust of the rotor and the motor
speed can be obtained, as shown in Figure 10.

Figure 10. Aerodynamic characteristics of rotor unit.
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Since there are two symmetrical rotor units in the robot’s adhesion system, there is a
certain interference situation when the rotor units act simultaneously, causing decreased
pulling force output. Therefore, further analysis of the aerodynamic coupling character-
istics of the two rotor units is needed. The RPM of the front and rear rotors were set to
10,653 r/min and 6362 r/min, respectively. Six key nodes of the robot attitude change in
the ground-wall transition were selected to simulate the aerodynamic characteristics of the
adhesion system at the transition nodes of 0◦, 5◦, 30◦, 50◦, 70◦ and 90◦ of the fuselage pitch
angle. The simulation results of the aerodynamic characteristics of the adhesion system are
shown in Figure 11.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 11. Velocity contours of DP-Climb critical transition nodes: (a) β = 0◦; (b) β = 5◦; (c) β = 30◦;
(d) β = 50◦; (e) β = 70◦; (f) β = 90◦.

209



Machines 2022, 10, 678

The relationship between the pitch angle of the robot body and the front and rear rotor
platforms is shown in Table 3.

Table 3. Simulation analysis of aerodynamic coupling characteristics of adhesion system.

Rotor Unit F (N) Critical Transition Angle β (◦) Rotor Pitch Angle (◦) Simulation Result (N) Error (%)

Front 15.91

0 155 15.26 4.09
5 100 15.95 −0.25

30 90 15.43 3.02
50 70 15.40 3.21
70 50 15.50 2.58
90 40 15.63 1.76

Behind 5.32

0 25 5.53 −3.95
5 35 5.38 −1.13

30 35 5.77 −8.46
50 35 5.53 −3.95
70 35 5.52 −3.76
90 30 5.54 −4.14

In summary, the effective pulling force error caused by the mutual coupling effect of
the two rotor units is not greater than 8.46%, which can reach the reverse thrust required
for the ground-wall transition calculated by the DP-Climb dynamics model. It can be seen
that the proposed DP-Climb ground-wall transition strategy is feasible.

4. Discussion

To verify the feasibility of the proposed DP-Climb ground-wall transition control
strategy, physical prototype experiments were carried out to validate it and to test the
robot’s wall operation capability. A nine-axis digital attitude sensor was selected to feed
back the robot’s attitude change during the ground-wall transition. At the same time, the
encoder wheel was used to feed back the robot’s displacement in real-time. The movement
speeds of different operating postures were measured by combining the returned data
information from the sensors.

An experimental safety frame was built to ensure the safety of the robot and the
operator, and a safety rope was connected to the robot chassis. The safety rope was
completely slack during the movement of the robot and was only used to tighten the
rope to prevent accidents under special circumstances. The experiments were divided
into three parts to verify the robot motion performance: (1) the transition motion of the
ground wall; (2) the variable-speed motion on the wall; and (3) the transition motion of
the wall-ground.

(1) Robot ground-wall transition movement. The motion process of the robot is shown in
Figure 12. During this motion process, based on the proposed ground-wall transition
motion strategy, the motion of the robot was controlled through the hybrid adhesion
system of DP-Climb.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 12. Ground-wall transition experiment of DP-Climb: (a) β = 0◦; (b) β = 5◦; (c) β = 30◦;
(d) β = 50◦; (e) β = 70◦; (f) β = 90◦.

Analyzing the data information returned by the sensors, as shown in Figure 12, the
robot can adjust the adhesion force and traction force of the rotor units according to its own
pitch angle at different stages during the ground-wall transition motion process, which
ensures that the robot’s adhesion system can provide sufficient power at any angle to meet
the motion demand of the robot for a smooth transition between the ground and the wall.
The transition speed of the robot during the ground-wall transition is 0.12 m/s.
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(2) The variable-speed motion of the robot on the wall. The movement process of the
robot is shown in Figure 13. During this movement process, the robot’s ability to
move flexibly on the wall surface was verified by changing the movement speed and
movement state of the robot.

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

    
(i) (j) (k) (l) 

Figure 13. Wall variable-speed forward and backward experiment of DP-Climb: (a–c) wall forward
movement; (d–f) wall deceleration backward movement; (g–i) wall static negative pressure adhesion;
(j–l) wall acceleration backward movement.

Analyzing the data information returned by the sensors, as shown in Figure 13, during
the robot’s variable-speed motion on the wall, the hybrid adhesion system can ensure that
the robot meets the safe adhesion conditions on the wall under different motion speeds
and accelerations and realize flexible and fast movement on the wall. In Figure 13a–c), the
forward speed of the robot was 0.21 m/s. In Figure 13d–f, the robot decelerated and moved
backward, and the movement speed was 0.05 m/s. In Figure 13g–i, the robot decelerated
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to 0 and was kept on the wall with a stable negative pressure. In Figure 13j–l, the robot
accelerated and moved backward, and the movement average speed reached 0.25 m/s. The
DP-Climb maximum speed can reach 0.45 m/s.

(3) The wall-ground transition of the robot. The movement process of the robot is shown
in Figure 14.

  
(a) (b) 

  
(c) (d) 

Figure 14. Wall-ground transition experiment of DP-Climb: (a) preparation for going down the wall;
(b) the drive wheels reversed, and the robot went down the wall; (c) the robot finished going down
the wall; (d) the robot walked on the ground.

The experiments can be seen at Supplementary Materials. Analyzing the data informa-
tion returned by the sensors, as shown in Figure 14a–d, during the wall-ground transition,
the robot mainly relies on the rotor units to provide sufficient adhesion force, and the
driving wheels mainly provide the traction force of the robot. The transition motion speed
of the robot during the wall-ground transition was 0.12 m/s.

5. Conclusions

This paper designed a double propeller wall climbing robot(DP-Climb) with a hybrid
adhesion system that can be internally transitioned based on the principle of biomimetic
design from the perspective of robot dynamics. The aim was to improve the mobility and
adaptability of WCR to complex urban operating environments and expand the application
scope of the robot according to the clinging characteristics of different creatures, this
paper designed a double propeller wall-climbing robot DP-Climb with a hybrid adhesion
system based on the biomimetic design principle. The motion characteristics of the robot

213



Machines 2022, 10, 678

in the transition motion inside the ground-wall surface were analyzed, and the robot’s
safe adhesion conditions in the robot’s transition motion process were obtained. Based
on the Newton–Euler equations, a DP-Climb ground-wall transition dynamic model was
established, and finally, a DP-Climb ground-wall internal transition PID control strategy
was introduced. Through mechanical and aerodynamic experiments, it was verified that the
effective adhesion force output error of the double propeller symmetric configuration of the
robot could converge within 8.46%, and the actual output adhesion force could meet the task
requirements of the robot. It can flexibly and rapidly complete the ground-wall transition
motion and achieve flexible switching between variable-speed forward, backward, and
static adhesion motion states on the vertical wall. The transition motion speed of the robot
during the ground-wall transition can reach 0.12 m/s. The wall motion maximum speed
can reach 0.45 m/s. The WCR has high maneuverability and flexibility, enabling the robot
to quickly complete the specified task in the target area, reducing the time consumed by
the robot due to posture adjustment and extending the robot’s endurance.

To verify the robot’s general adaptability and system stability, the ability of DP-Climb
to smoothly transition on the outer surface of the urban building with more severe damage
to a slippery wall or the wall will be further studied in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/machines10080678/s1, Video S1: Ground-wall transition experi-
ment of DP-Climb; Video S2: Wall variable-speed forward and backward experiment of DP-Climb;
Video S3: Wall-ground transition experiment of DP-Climb.
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Abstract: The development of AI and robotics has led to an explosion of research and the number
of implementations in automated systems. However, whilst commonplace in manufacturing, these
approaches have not impacted chemistry due to difficulty in developing robot systems that are
dexterous enough for experimental operation. In this paper, a control system for desktop experimental
manipulators based on an audio-visual information fusion algorithm was designed. The robot could
replace the operator to complete some tedious and dangerous experimental work by teaching it the
arm movement skills. The system is divided into two parts: skill acquisition and movement control.
For the former, the visual signal was obtained through two algorithms of motion detection, which
were realized by an improved two-stream convolutional network; the audio signal was extracted by
Voice AI with regular expressions. Then, we combined the audio and visual information to obtain
high coincidence motor skills. The accuracy of skill acquisition can reach more than 81%. The latter
employed motor control and grasping pose recognition, which achieved precise controlling and
grasping. The system can be used for the teaching and control work of chemical experiments with
specific processes. It can replace the operator to complete the chemical experiment work while greatly
reducing the programming threshold and improving the efficiency.

Keywords: desktop experimental manipulators; skill acquisition; motion control; motion detection;
speech recognition; information fusion; pose recognition

1. Introduction

Modern production is subject to a great deal of uncertainty since new items are being
introduced at an increasingly rapid rate, particularly those with multiple varieties and
a limited lifespan. Therefore, the ability to create flexible and reconfigurable production
systems is highly desired. When it comes to flexible tasks, human abilities such as quick
perception and the processing of different types of information or adaptability and impro-
visation can be crucial success factors [1–3]. The most sensitive jobs, including operating
chemical experiments, still rely entirely on physical labor, despite automated robots playing
a large role in modern manufacturing lines. These lines require significant labor, and a
human worker may have to spend hours drilling in screws or wheels without stopping.
Modern business needs collaborative robots that can effectively aid human employees
because labor is becoming more expensive due to an aging population. Therefore, giving
full play to the advantages of robots and using them to complete some cumbersome and
high-risk experiments will become the main direction of the intelligent development of
chemical laboratories. In the same process, the use of intelligent devices such as robots
and robotic arms requires the mastery of complex programming and control techniques,
which is still difficult for chemical experimenters. This raises the question of how to control
robots, robotic arms and other intelligent devices to complete chemical experiments in a
simpler and faster way.
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Chemical experiment is an indispensable link in the process of research, study and
production in the chemical industry [4]. At present, the intelligence of chemical engineering
procedures is not very high; the experimental process that can be completed by using
intelligent mechanical equipment such as manipulators to carry out chemical experiments
is relatively simple, and the programming is relatively complex. In addition, various
chemical reagents are used in chemical experiments. These reagents interact with each
other during the experiment to produce various harmful substances, and unpredictable
dangers may occur as a result of experimental errors. Therefore, it is necessary to use
more intelligent manipulators and other equipment to replace the operator to complete the
relevant complex tasks.

Today’s technologies enable us to send a robot to land on Mars, but not to properly
control a robot shaking hands with us. The performance of most advanced robot control
systems at present still cannot match that of humans’ adaptability, flexibility and coop-
erative ability, which are urgently required by the flexible manufacturing systems used
to facilitate mass customization in the context of Industry 4.0 [5,6]. Modelling human
skills from a robot control view is still challenging, especially for high level versatile and
collaborative skills. Robots have recently been finding their way into human industrial
and daily life, an example of which is by learning motor skills from human tutors through
demonstration, and then generating these learned skills [7]. Obviously, a skilled robot
would be more efficient in interacting with humans and industrial productions. It is in-
creasingly expected that robots should be capable of flexible skills in order to adapt to more
complex situations. Teaching by demonstration is seen as one of the most effective ways
for a robot to learn motion and manipulation skills from humans [8]. In this paper, inspired
by human mechanical intelligence adaptivity to variations of tasks, both position trajectory
and oral interaction are achieved for robot motion control to realize a more completed skill
transfer process.

With the development of machine learning and machine vision technology, the de-
ductive programming of the manipulator provides a new solution for human-computer
interaction, which is an important way to reduce the difficulty of acquiring skills for the
manipulator [9–11]. The teaching programming of the manipulator is a process of auto-
matically learning the motion trajectory by watching and learning the teaching actions
of people; teaching robots by visual signals such as motion tracking-based teleoperation,
or by audio inputs such as oral command interface, plays an increasingly important role.
Researchers such as Haage of Lund University used an RGB-D camera-based sensing
module to track human movements when implementing robot teaching. The robot is
mainly used to install industrial parts and inspection equipment [12]. Li C et al. designed a
LeapMotion sensor-based controller for tracking the operator’s hand movements to achieve
the real-time robot teaching. The end-effector of the robot is actually held for demonstration
to teach the robot action. Meanwhile, a neural network (NN)-based adaptive controller
has successfully been developed for the remote manipulation of the DLR-HIT II robot
hand [13]. In [14], the authors developed a robot learning method by modelling the motor
skills of a human operator using dynamic motor primitives (DMP) and integrating the
speech recognition, wherein people could easily teach the robot by speaking. However,
only a few works [15,16] take advantage of the visual signals- and audio inputs-based robot
teaching by combining them, which results in a negative effect on the data transmission
latency and the diversity of motor skills.

In this paper, the arm motion detection and speech recognition are combined, and
at the same time, with the help of information fusion and pose recognition, a teaching
control system for the manipulator is designed [17] so that the manipulator can understand
the skills taught by the experimental staff. It can complete the human-robot interaction
more accurately and quickly, and then replace the operator to complete the experimental
work. Compared with other robot learning methods, our proposed system possesses the
following features:
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1. The teaching process is simple and does not require operators to have programming
skills, which is suitable for direct use by chemical operators.

2. The self-developed desktop manipulator is small in size and suitable for simple
desktop chemical experiments.

3. Chemical experimental actions are decomposed into a combination of multiple basic
actions, and a combination of visual action recognition and speech recognition is used
to improve the accuracy of teaching.

4. Compared with the manipulator used in traditional research, our proposed method
employs a low-cost manipulator with lower power consumption but embeds ad-
vanced robot learning algorithms.

2. Overall System Design

The teaching control system in this design takes the desktop experimental manipulator
as the physical carrier and the Raspberry Pi operating system as the platform. It is mainly
aimed at teaching the experimental robot arm to imitate the experimental movements of
the human arm through the teaching of the operator in the chemical analysis experimental
scene. This is then combined with the grasping pose recognition algorithm of a certain
experimental instrument to assist the control, teaching and motion control. The two are
combined to complete a set of experimental process combinations.

2.1. System Logical Architecture

As shown in Figure 1, the overall logical architecture of this design can be divided
into three levels: From the bottom up, they are the hardware composition, device driver
and application software layer. The hardware consists of a desktop manipulator (with
three basic degrees of freedom, similar to a human arm), a Raspberry Pi 4B core board, a
motor and motor control board, a high-resolution camera, a microphone and a robotic claw.
The device driver part includes an audio driver for microphone, USB_Cam camera driver,
motor driver and other related programmable logic. The application software layer is the
software program running in the Raspberry Pi desktop operating system and the set of
motion parameters of the manipulator, which is similar to the Linux operating system. The
software program part includes a visual interface program for motor control and teaching
process grasp, speech recognition [18] function module, motion detection module and the
fusion and matching part of motion information.

2.2. System Function Process

The overall workflow of the teaching control system is shown in Figure 2. In the teach-
ing process of this whole set of experimental procedures, a complete set of experimental
procedures is composed of many simple experimental actions, which are called action
primitives. The operator needs to dictate his movements while performing the movements.
The manipulator obtains information by listening and seeing, and performs fusion verifica-
tion, so as to understand the movements that need to be performed. That is, the speech
recognition module and the action recognition module, respectively, combine the action
primitives recognized by the whole set of experimental process actions into the set in order,
and then match them with the action groups in the manipulator action set stored in the local
action library where the action information is displayed. The identification information in
the process is obtained through the information fusion algorithm to obtain a final set of
action groups, which are saved or handed over to the manipulator to run and reproduce.
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Figure 1. System logical architecture.

The system visualization interface is compatible with Windows and Linux operating
systems. As shown on the right side of the figure, the action parameters are stored in
an xml file, and the format is neat and simple, which is easy to read and store the action
parameters. In the visual interface, three Scale and Radio buttons are set to control the steps
and directions of the three motors (x, y, z, respectively), and the action group is defined
and stored by sliding and adding actions. Click Start Live Teaching to turn on the camera,
and then start the teaching function.
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Figure 2. System function flow.

3. The Composition and Performance Parameters of the Manipulator

As shown in Figure 3, the desktop robotic arm in this design has three basic degrees
of freedom and can rotate in the space above the desktop. The robotic arm is composed
of a Raspberry Pi 4B as the core control board, a motor drive expansion board, a stepper
motor drive module, three stepper motors, a 12 V power adapter, and a camera with a
microphone. The operations can be picked and placed using robotic arm universal grippers.
The maximum payload of the robotic arm is 500 g, and the max reach is 320 mm. The
stepper motor adopts a high-torque 42 planetary deceleration stepper motor with a step
angle of 1.8◦. In the stepper motor drive module, each step (1.8◦) of the motor is subdivided
into 16 steps for finer control.

Figure 3. Structure diagram of the manipulator.
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3.1. Core Control Panel

The control system runs on a non-customized version of Raspberry Pi 4B, which is
essentially a tiny, embedded PC. The Raspberry Pi used in this article has a 64-bit, 1.5 GHz
quad-core CPU, 1 GB of memory, and two USB 3.0 and two USB 2.0 communication ports.
The programming system is a desktop Raspbian System based on the Linux operating
system [19]. The control system controls the microphone and camera through the USB
communication port of the Raspberry Pi and controls the self-developed stepper motor and
drive module through the GPIO port.

3.2. Stepper Motor and Drive Module

The key element used to control the movement of the manipulator is the motor. There
are three stepping motors used in this manipulator, which realizes the motion control
of three basic degrees of freedom. The manipulator adopts a high-torque 42 planetary
deceleration stepping motor. The theoretical deceleration ratio of the horizontal motion
motor is 1:5.18, and the actual measurement is 11:57, which is close to the theoretical value;
the deceleration ratios of the stepping telescopic motors of the two arm parts are both 1:19
(the actual measurement is 187:3591). The current of the motor is 1.7 A, the step angle is
1.8◦, and its step accuracy is 5%.

As shown in Figure 4, the motor driver adopts an A4988 driver, which can drive the
motor voltage of 8–35 V. This manipulator uses a 12 V power supply to power the motor.
Among them, each stepper motor drive module outputs two control signals, STEP and
DIR, respectively, which are connected to the Raspberry Pi pins to realize the control of the
stepping pulse and direction, respectively; the MS1–3 pins are used in this design. Both are
connected to a high level, and the corresponding parameters of the interface level and the
number of steps is shown in Table 1. Each step (1.8◦) of the motor is subdivided into 16
steps to achieve more precise control.

 

Figure 4. Stepper motor driver module.

Table 1. Corresponding parameters of MS interface.

MS1 MS2 MS3
Microstep
Resolution

Low Low Low Full step

High Low Low Half step

Low High Low Quarter step

High High Low Eighth step

High High High Sixteenth step
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4. Skill Acquisition Module Design

4.1. Motion Detection

At the beginning, we selected the action detection of the skeleton network, but the
effect was not obvious, and the earliest dual-stream network also had a very good accuracy
in action detection. Based on the dual-stream network, we performed the feature extraction
part and the fusion classification algorithm. The next step is to improve and expand the
behavioral action recognition data set and apply it in the chemical analysis experiment
business scenario.

The action detection part of this paper is mainly based on an improved two-stream
convolutional network. This part inputs the preprocessed image information into the
network, uses the EfficientNetv2 [20] algorithm to calculate the RGB image and optical flow
image features, and then uses the extracted feature information to use linear classification.
The SVM [21–24] is used to classify the behavior and obtain the identification information
of the action.

As shown in Figure 5, the two-stream convolutional network divides the input video
into two channels for processing, one of which is to extract the task arm and scene-related
information in the RGB image by the convolutional neural network, and the other is to
process the optical flow image information, which is finally normalized and fused by the
Softmax function.

 

Figure 5. Two-stream convolutional network structure.

The extraction of optical flow images in the network (action video preprocessing)
is obtained by gradient-based operations. The key principles of the algorithm (1) are as
follows: first, set the image sequence I(x, y, t); the vector X = [x, y]. The sequence is
extracted from the previous and subsequent frames in a demo video, that is, when the local
optical flow image of the video is basically constant. For any Y ∈ N(x), there are:

d
dt
∇I(X, t) =

∂∇I
∂X

∂X
∂t

+
∂∇I
∂t

= H(I) · d + (∇I)t = 0 (1)

where X is the x vector, H(I) is the Hesse matrix of the image sequence I, and the relationship
between X and the offset d is introduced in (2):

E(X, d) = ‖ (H(I) · d + (∇I)t) ‖2 (2)

Setting the derivative equal to 0 yields (3):

d = −(HT(I)H(I))
−1

(HT(I)(∇I)t) (3)

The above process can be summarized as analyzing the changes of the pixels in the
video image on the timeline and the correlation between adjacent frame images, finding
the corresponding relationship between the previous frame and the current frame, and
calculating the motion information (the offset is a kind of motion information), followed by
drawing the optical flow image.

In the calculation feature part, as shown in Figure 6, compared to the previous Efficient-
Net [25] algorithm, EfficientNetv2 uses Fused-MBConv to replace the MBConv structure,
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that is, the conventional 3 × 3 convolution is used to replace the 3 × 3 depth convolution
in MBConv and 1 × 1 convolution to improve the calculation speed of the network.

 
Figure 6. Schematic diagram of the improvement of EfficientNetv2 structure.

To obtain the feature information of the RGB image and optical flow image, it needs to
be classified and verified. Support vector machine (SVM) is a binary classification model
used to solve the separating hyperplane that can correctly divide the training data set.
It also has the largest geometric interval. As shown in Figure 7, w × x + b = 0 is the
separation hyperplane. There are generally many such hyperplanes, but the separation
hyperplane with the largest interval is indeed the only one. For the optimal value among
them, Formula (4) can be used to select, which is as follows:

maxw,b(minx1
yi(wTxi + bi)

|w| ) (4)

Figure 7. SVM principle.

The overall structure is shown in Figure 8. The RGB and optical flow feature extraction
parts in the dual-stream convolutional network use lightweight Efficientnetv2 to perform
convolution and pooling, respectively, and then combine the actions given by the SVM
classifier for the two branches. The information is classified and, finally, identified action
information is given. The data in the experiment are a self-made data set for chemical
analysis. In the laboratory environment, a fixed camera is used to record the behaviors
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of stirring, picking up the experiment, putting down the experiment, taking liquid, and
mixing liquid. This behavior was recorded 50 times. The video duration of the dataset
is controlled within 10 s, and the recorded video changes in lighting, background, and
occlusion, forming 10,000 chemical analysis action videos, with an average of 10 clip videos
per video. The video format is 320 × 240, 25 fps and the audio is saved as a wav format
file. The data set has a huge number of video frames, and there are data redundancy,
interference, etc., which have a great impact on training and learning. Using the improved
two-stream convolutional neural network, the recognition accuracy can reach 92%, which
is improved in this experiment. Compared with other methods, the accuracy of the latter
method is improved, but the training process still takes a significant amount of time.

Figure 8. Action detection network structure.

After obtaining a complete set of identification information on the action, it is nec-
essary to determine the execution sequence of the manipulator action of the module and
obtain the executable action of the manipulator. First, design and name the motion primi-
tives of the manipulator and store all the designed motion primitives in the library. The
action information detected above is stored in a sequence, and the action primitives in the
matching directory are used to determine the action primitive sequence in the current time.
In each teaching process, the program matches the sequence combination composed of
multiple action primitives, and then search for the associated actions in the manipulator
action group library. The recognized action numbers are connected in series to obtain a
sequence, and this sequence is used to find a complete match or the closest action group;
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these are identified as the recognized experimental actions and given a coverage. After
the program finds the action group with the greatest match, it continues to match with
the action group in the library and stores the relevant information that the action group
coverage is higher than 50% in the matching process.

4.2. Speech Recognition and Keyword Extraction

Teaching is a process of speaking while doing. The operator dictates the current action
during arm movement, which requires the addition of voice technology. The key to speech
technology is to process natural language, recognize speech and generate text, so that
machines can listen, speak, understand and think [26]. This paper uses Baidu’s real-time
speech recognition, which is based on Deep Peak2 end-to-end modeling, transforms the
received audio stream into text characters in real time, and then uses regular expressions to
extract action keywords. The flow chart is shown in Figure 9.

Figure 9. Flow chart of speech recognition and keyword extraction.

In this process, since it is speech recognition in chemical experiments, it is necessary
to supplement the training set text corpus for many terms in chemical experiments and
the speech data required by the current experimental process. The corpus data include the
format of the speech files, name and text information. The corpus data set summarizes
about 55 min of relevant identification content, and its audio files are converted into a
direct binary sequence PCM file format after analog-to-digital conversion, which realizes

226



Machines 2022, 10, 772

the digitization of the sound and deletes the file header and end marks that differ from
other file formats, in order to facilitate the concatenation of files. After supplementing the
corpus data set, the accuracy of speech recognition in experimental business scenarios can
be effectively improved by 7–15%.

In the above speech recognition process, the program needs to read the action file
keywords manually set earlier in the text in advance and write them into memory variables.
In each teaching process, the keywords recognized by the speech are matched to the text. If
the match is correct, the identifier number IdentNumber is recorded immediately and stored.

Summarize all the matched speech keyword numbers in the whole teaching process
in order, similar to the action detection and matching part; search for the action group of
the robot arm; and search for a complete match or the closest action group. This is the
speech recognition to action group, which retains the coverage information and records
other related action group information with a coverage higher than 50%.

4.3. Audio and Video Information Fusion

Since the manipulator teaching program in this paper is mainly run-in embedded
devices, in some scenarios, mobile terminals and embedded devices are much inferior in
configuration, computing power, and device performance compared to servers or PCs [27].
Under such restrictive conditions, it is difficult to achieve high-speed and accurate recogni-
tion algorithms and teaching methods. Moreover, teaching is a dynamic process, which
requires the continuous recognition of speech and actions. In this process, recognition
failure will inevitably occur and affect the accuracy. Therefore, this paper draws on the
information fusion of sensors [15,16,28] and writes a highly targeted algorithm to combine
the key information obtained by the two separate modules of action detection and speech
recognition, so as to improve the accuracy of skill acquisition and save performance.

The video recognition Information and speech recognition information obtained dur-
ing the teaching process of the manipulator are an action group and its coverage. In the
case of the most ideal running effect, the length of the action group given by the video and
the voice is equal, and the data are shown in Table 2 as an example. The two modules in
Table 2 list the highest coverage information ACT_G0 generated by the current teaching
process and other action coverage information greater than 50% coverage.

Table 2. Matching degree distribution table.

ACT_G0 ACT_G1 ACT_G2 ACT_G3 ACT_G4

Video module 0.8 0.75 0.7 0.6 0.5
Audio module 0.8 0.7 0.7 0.6 0.6

If, in this teaching process, the two modules have the same maximum coverage action
group—that is, the video and voice parts have selected the same action group with the
highest matching degree—then the action can be regarded as a teaching action and does
not need to follow the algorithmic process of fusion. The action can also be considered as
being outside of this low-probability case.

After analyzing and testing the common fusion of confidence-based independent
classifiers, this paper moves the fusion point to the action group category. The action group
sequence given by the acquisition module is fused.

Algorithm idea: Define the ACT_G0 of the video module part as VG0, and then define
it as VGn in turn. Similarly, the audio module part is defined as AG0, AG1...AGn. Compare
AG0 with 1–n in the VG part and find a VGx that has a similarity of 100% with AG0, according
to the positive sequence—that is, if more than 50% of the VG matches AG0, then record and
store the coverage product of AG0 and VGx (AG0 × VGx, 0 < x ≤ n). The same is true for the
AG part. The above two parts of the results are compared to the action group that outputs the
optimal matching value (weights are equally divided), as shown in Formula (5):

FG = Mag[(AG0 × VGx), (VG0 × AGy)]x, y ∈ [0, n] (5)
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Among them, Mag is the function of the action group to find the maximum value, and
FG is the action group of the robot arm that obtains the maximum value after the coverage
rate is multiplied.

When the action group whose similarity with ACT_G0 is 100% in the above process
is empty, enter the following search algorithm: there is a similarity (<100%) between any
two sets of actions, and the product of the original coverage is used to equalize the two.
The similarity between the two is obtained, the correlation value of the two is obtained,
and all the correlation values are aggregated to output the maximum action, that is, the
maximum value is obtained by the fusion of two actions with different coverage, and then
the two actions. In the group, select the action group that is closest to the original set of
action primitive sequences (with the largest coverage), which is the final teaching action.
The above process is shown in Formulas (6) and (7).

FQ(x, y) = AGx × VGy × Fit(AGx, VGy) x, y ∈ [0, n] (6)

FFG = MAX_G{MAX[FQ(x, y)]} x, y ∈ [0, n] (7)

Among them, in Formula (6), fit is the similarity between two sets of action groups,
FQ is the product of a pair of coverage and multiplied by the action-related value of the
similarity between the two. In Formula (7), all the two modules are action information
fusion; output a pair of actions with the optimal correlation value, and then select the
action group with the highest coverage with the original action primitive sequence, that is,
FFG. In this way, the verification and fusion of the video module and the relevant action
information of the audio module are completed, and the manipulator determines the final
motor skills.

5. Manipulator Motion Control

The D-H method is usually used to build the model and analyze the motion of
the mechanical arm. The D-H method is a common kinematic solution method in the
field of robotics, which is beneficial to analyze and establish the kinematic model of the
robotic arm and calculate the forward and inverse solutions. Through D-H modeling, the
transformation matrix between each joint can be obtained, so as to obtain the transformation
matrix from the base coordinate system to the claw coordinate system and the position and
attitude of the end of the manipulator.

As shown in Figure 10, the specific method of establishing the link structure coordinate
system for the manipulator is as follows: where j − 1 and j represent two links, j − 1, j and
j + 1 represent three axis joints, and the axis joint coordinates. The x-axis, y-axis, and z-axis
of the system follow the right-hand rule. Among them, a is used to indicate the length of
the connecting rod, α is used to indicate the rotation angle of the connecting rod, d is used
to indicate the offset distance of the connecting rod, and θ is used to indicate the axis angle
of the joint.

Table 3 is the attached connecting rod D-H parameters, in which the parameters of
each connecting rod are d = 103 mm; a1 = 140 mm; b2 = 160 mm; a3 = 70 mm.

As shown in Figure 11, the joint coordinate system of the three-degree-of-freedom
experimental manipulator is established on the basis of the D-H parameter coordinate system,
including the three rotating joints of the manipulator and the position of the end effector.
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Figure 10. Robot arm link coordinate system.

Table 3. Parameters of the experimental manipulator connecting rod.

Link
Connecting Rod

Angle
Connecting Rod
Torsion Angle

Corner Range
Connecting Rod

Distance
Connecting Rod

Distance

i θn/(◦) αn/(◦) θi/(◦) di/mm di/mm
1 θ1 0 −135~135 d d
2 θ2 90 −15~80 0 0
3 θ3 0 −20~95 0 0
4 θ4 0 −90~90 0 0

Figure 11. Robot arm model: set the coordinate system according to the D-H method.

The analysis concluded that, for the demonstration function to be implemented in this
paper and the designed three-degree-of-freedom robotic arm, it is more suitable to use the
geometric solution method in the inverse kinematics solution because our network can get
the position where the end actuator or the clamping jaws of the robotic arm are located
very simply and precisely, and the robotic arm has only three motors responsible for the
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operation of X, Y and Z. Figure 12 shows the simplified spatial coordinate diagram of the
drawn experimental manipulator.

Figure 12. Space coordinate system of the three-degree-of-freedom manipulator.

There are mainly three constants in this manipulator: link length L1, link length L2
and link length L3; three rotation dependent variables: rotation angles Q1, Q2 and Q3; one
variable: the general size of the gripper at the end of the manipulator; and a coordinate
position (X, Y, Z).

As shown in Figure 13a, looking at it as a plane coordinate system with x as the
horizontal axis and y as the vertical axis, the tangent of the connecting rod rotation angle
θcox is:

tan θCOX = y/x (8)

 

(a) (b) 

Figure 13. Coordinate system plane. (a) XOY plane (b) XOZ plane.

Reverse find:
θ1 = θCOX = arctany/x (9)

From the perspective of the XOZ plane of the space coordinate system of the manipu-
lator, as shown in Figure 13b, from the coordinates of point A (x1, z1), we can know that
OC = x1, AC =z1 and obtain:

θAOC = arctanz1/x1 (10)
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Similarly, the cosine formula can be used to obtain:

θBOA = arctan
L2

2 + x1
2 + z1

2 − L3
2

2L2
√

x1
2 + z1

2
(11)

θOBA = arccos
L2

2 + L3
2 − (x1

2 + z1
2)

2L2L3
(12)

Introduce this into formulas:

θ2 = π/2 − θAOC − θBOA (13)

θ3 = π − θOBA (14)

θ4 = π/2 − θ2 − θ3 (15)

The corresponding rotation angle of the link L2, the corresponding rotation angle of
the link L3, and the horizontal angle of the link L3 can be obtained.

According to the above process, the inverse kinematics solution for the geometric
solution of the three-degree-of-freedom experimental manipulator in this paper can be
summarized as the flow chart shown in Figure 14:

Figure 14. Inverse kinematics solution flow of mechanical arm geometry method.

After the teaching is completed, the program loads the finalized XML action parameter
file. The program reads the corresponding direction and step parameters of the X, Y and
Z motors in sequence, executes them in sequence, and controls the high- and low-level
outputs of the related pins of the Raspberry Pi to control the operation of the motor. Among
them, the rotation angle of the robot arm corresponding to the step parameter 1024 is 18◦,
and the maximum is 10,240.
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When the manipulator is in motion, the camera installed near the gripper at the
front end of the manipulator can receive real-time image data and transmit them to the
Raspberry Pi through the USB port. The system combines it with the grasping pose
recognition algorithm [29] for grasping. Five variables are used: (x, y, θ, h, w) to describe
the gripping position and direction of the gripper when the manipulator grips the object.
As shown in the rectangular box in Figure 15, (x, y) is used to represent the center position
of the rectangular box; θ is used to represent the angle between the horizontal axis in the
image and the current tilt position of the rectangular box; h denotes height; and w is used
to represent width.

Figure 15. Grasping pose.

When the manipulator reaches the vicinity of the object, the position of the front end
of the manipulator needs to be adjusted slightly, according to the position of the rectangular
frame. That is, six basic adjustment actions are set: left and right, up and down, and
clockwise/counterclockwise rotation. Use the above actions to adjust the mechanical arm
to reach the preset position and achieve object grasping.

The grabbing pose algorithm is based on the Cornell Grasping Dataset, and on the basis
of the data set, it continues to supplement and train the grabbing positions related to chemical
equipment, which compensatively improves the accuracy of grabbing pose recognition.

6. System Performance Testing and Analysis

6.1. Test Experiments and Results

In the information fusion part, there is a requirement on whether the two modules
generate the same number of action primitives, so an experiment is set up to record the
number of action primitives in each module.

Test experiment: The experiment process was on a fixed test bench. The experimenter
simulated the whole set of experimental actions and dictated the actions at the same time.
Since this process does not require the movement of the robotic arm, but only observes its
teaching process, the experimental program ran in the Windows 10 operating system to
record the number of action primitives in the action group it generates. A total of 12 groups
of different teaching tests were carried out in the process, and each group of actions was a
set of coherent actions composed of 10 action primitives, as shown in Table 4, according to
a certain logic and sequence. The 12 groups of action combinations are shown in Table 5.
The number of action primitives of a complete set of actions detected by the speech part
and the action part obtained in each teaching process is shown in Table 6.
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Table 4. Action primitives.

Action Primitive Number Experimental Action Action Description
1© Take the test tube Remove the test tubes from the test tube rack.

2© Shake the test tube Hold the test tube in your hand and shake it from side to side (it is
common to shake the arm repeatedly in the same direction).

3© Stir Perform circle stirring movements with your arms (usually, the arms
are kept in one position to draw a circle).

4© Liquid titration Keeping your arms balanced and wrist vertical, perform the titration action.

5© Rinse the instrument Hold the test tube in your hand for rinsing.

6© Take the glass rod Retrieve the glass rod from the glass rod holder.

7© Gripping solids Hold the jig to perform the action of pinching the object.

8© Place solids Put the clamped solid into the test tube.

9© Place the test tube Put the test tube in your hand back into the test tube rack.

� Take high test tube Hold the test tube and raise the arm to the head position.

Table 5. Composition of action primitives in action groups.

Action Group Action Primitive

Task 1 1© 4© 2© 9©
Task 2 1© 7© 8© 4© 9©
Task 3 1© 4© 3© 9© �
Task 4 1© 4© 3© 5© � 9©
Task 5 1© 4© 6© 3© � 2© 5© 9©
Task 6 1© � 7© 8© 4© 6© 3© 9©
Task 7 1© 4© 2© 3© 5© 7© 8© 9©
Task 8 1© 7© 8© 9© 1© 4© 2© 9©
Task 9 1© 5© � 4© 2©

Task 10 1© 2© 4© 3© 5© 7© 8© 9©
Task 11 1© 7© 8© 4© 3© � 2© 5© 9©
Task 12 1© 5© 9©

Table 6. Number of action primitives.

(Number/n) Task 1 Task 2 Task 3 Task 4 Task 5 Task 6

Reality 4 5 5 6 8 8
Video module 4 5 5 6 6 8
Audio module 4 5 5 6 8 8

Task 7 Task 8 Task 9 Task 10 Task 11 Task 12

Reality 8 8 5 8 9 3
Video module 6 7 5 8 8 3
Audio module 7 7 5 7 9 3

The data in Table 6 show that in the teaching process of some simple action groups
with a small number of action primitives, the number of action primitives generated by
the two modules is basically the same. According to the results, we assume that when the
complexity of an action group continues to increase, with the increase in the number of
action primitives that comprise the action group, the number of missed and lost ones will
theoretically increase with a small confidence range. The proportional probability of the
number will gradually decrease from 100% to 81.2%, and in practice, when teaching some
conventional action groups, it can basically reach more than 95%—that is, the number of
actions that are missed to be recognized is less than 5%, and the overall effect good.

On the basis of the above consistent situation, the coverage of the final action group is
shown in Table 7 below:
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Table 7. Action group coverage.

Task 1 Task 2 Task 3 Task 4

100% 80% 80% 83.3%
Task 6 Task 8 Task 9 Task 12

75% 71.4% 80% 100%

The results shown in the record table are supplemented with 36 teaching experiments.
The teaching program is run in the Raspberry Pi Raspbian desktop operating system,
four groups of basic experimental procedures are selected, and seven effective teaching
experiments in each group of repeated actions are selected. Record the action group
identification coverage in its process. Combining the recognition results of the speech
part and the single module of the video part, the correct action primitives identified in the
28 effective teaching experiments (the experiments that are not completely executed due to
the personal operation errors of the personnel) are listed in the video, speech and fusion.
The comparison of numbers and accuracy rates is shown in Table 8:

Table 8. Comparison of fusion and single-module experiments.

ACT1 Reality Video Audio Fusion ACT2 Reality Video Audio Fusion

Task 1 6 4 6 6 Task 1 5 5 5 5
Task 2 6 5 4 5 Task2 5 4 4 4
Task 3 6 5 4 6 Task 3 5 4 3 4
Task 4 6 6 6 6 Task 4 5 3 3 3
Task 5 6 3 4 4 Task 5 5 4 3 4
Task 6 6 4 5 5 Task 6 5 5 5 5
Task 7 6 5 5 6 Task 7 5 4 5 5
SUM 42 32 34 37 SUM 35 29 28 30

Accuracy 1 76% 82% 89% Accuracy 1 82.8% 80% 85.7%
ACT3 Reality Video Audio Fusion ACT4 Reality Video Audio Fusion

Task 1 4 4 4 4 Task 1 8 6 7 7
Task 2 4 4 4 4 Task 2 8 7 6 7
Task 3 4 2 3 3 Task 3 8 5 6 6
Task 4 4 4 4 4 Task 4 8 7 8 7
Task 5 4 4 4 4 Task 5 8 7 7 7
Task 6 4 4 4 4 Task 6 8 5 5 6
Task 7 4 3 3 4 Task 7 8 6 6 7
SUM 28 25 26 27 SUM 56 43 45 47

Accuracy 1 89.3% 92.8% 96.4% Accuracy 1 76.8% 80.3% 83.9%

It can be seen from Table 4 that, compared with single-module recognition, the teaching
accuracy rate after fusion is improved by about 5−7%, and the result verifies the effectiveness
of audio-visual fusion. According to the number of action primitives in the test task and
the coverage rate of their action groups, the overall teaching coverage rate after adding
information fusion is calculated to be about 87.7%. According to the number of action
primitives in the test task and its action group coverage, the overall teaching accuracy is finally
calculated to be about 81.4%. This result achieves good results in the field of the non-contact
skill acquisition of chemical robotic arms without using support equipment.

6.2. Test Effect and Problem Analysis

At present, the system does not have a clear solution to the inconsistency, and the
follow-up research needs to improve and modify the relevant algorithms in the inconsistency.

In terms of accuracy, the stability and accuracy of the manipulator teaching system
depends on the accuracy of its action behavior recognition and speech recognition parts.
Since it runs in an embedded device, part of its action recognition and matching algorithm
needs to be lightweight, so part of the accuracy is sacrificed in the case of improving
the recognition speed. The near-field Chinese Mandarin recognition accuracy rate of the
speech recognition part is 95%, and the accuracy rate of further keyword matching is higher
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than that of simple recognition. The two modules are continuously recognized during the
teaching process, and it is inevitable that there will be lost recognition, which will reduce
the accuracy. However, based on the information fusion, combining the advantages of the
two, the final action coverage can be obtained. Basically, as it is stable at more than 81%,
this result is satisfactory at present. After the teaching is completed, the execution effect
of the robot arm on the action group basically depends on the accuracy of the teaching
process. When performing the robot arm execution experiment, as shown in Figure 16,
it is found that each action group can be adjusted during the teaching process. If every
action primitive is identified, then the execution effect of the robotic arm can achieve the
expected goal. If the action primitives of the action group are different, the results of visual
action recognition can often be recognized. However, if there are two actions that are
highly similar in the teaching process, misrecognition is easy to occur during visual action
recognition. At this time, the accuracy can be further improved by correcting the speech
recognition results, which can be seen from the above experimental data table. The different
actions, the light occlusion of the test bench and the noise in the environment during the
experiment have a certain impact on the teaching process. In the later experiments, a better
experimental environment will be built to reduce the external influence on the experiment.
Different experimenters have different proficiency in movement and different execution
postures and speeds, which also makes visual action recognition more difficult. Therefore,
during the teaching process, the movements should be as smooth and distinguishable as
possible. The recognition accuracy should also be improved.

 

Figure 16. Experimental setup.

In terms of performance and speed, when the program is run on the Raspberry Pi
system with 2 GB of RAM, the hit time of a single action primitive (the time it takes to
identify the two modules) is within 1 s (the jump time of the action detection program
segment is about 0.59 s), while the speech recognition is about 0.82 s. In addition, when
the voice part needs to perform multiple loop verifications later, it can be changed to use
the language compiled by machine code to run the loop part specifically, create a dynamic
link library for this part, and use the external function library types to call, which can
significantly improve the loop speed.

When performing the pose-grasping experiment, as shown in Figure 17, because the
test tube and other equipment are made of transparent materials, the recognition effect is
greatly affected. Try to use label recognition clamping instead (as shown in Figure 17) or
use label recognition as a compensatory measure to improve the recognition efficiency.
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Figure 17. Label location scraping experiment.

7. Concluding Remarks

Operators need to perform various chemical experiments in chemical laboratories;
these are cumbersome, and some of them are harmful to the human body. Therefore, it is
necessary to use a manipulator instead of an operator to conduct experiments. However, the
experimental manipulator that is currently used needs to be programmed by professional
manipulator controllers, which is difficult for chemical operators. Therefore, in order to
solve the above problems, this paper proposes a simple and efficient manipulator teaching
system based on motion detection and speech recognition.

The operator dictates his movements during the experiment. The system uses motion
detection to detect the movement of the operator’s arm, matches with voice recognition,
and uses algorithms related to information fusion to teach the manipulator the motor
skills that should be performed. The manipulator grasps objects in combination with pose
recognition during the execution process, and completes a set of experimental tasks. The
accuracy rate of the system in the acquisition of motor skills can reach more than 81%.

Based on the design and experimental results of this paper, the experimental manip-
ulator is taught and programmed to acquire and execute experimental skills, and there
is a certain applicability and feasibility to use the manipulator in chemical analysis ex-
periments. However, some problems in the system were found during the experiment:
the transparent material of the test tube and light affected the recognition accuracy, the
response speed of the device had a delay, similar behaviors were easily misidentified, and
the recognition accuracy needed to be further improved in the actual application process,
etc. Since the manipulator is a self-developed manipulator in the laboratory, no model
in the corresponding simulation environment has been established, and the subsequent
research and development workload is heavy. In the future, we will focus on solving the
above problems, create a suitable data production environment in the laboratory, minimize
the interference such as light and noise, form models in the simulation environment which
are open source for everyone to use, improve the efficiency of later research, and further
improve the recognition accuracy and speed. The manipulator will be replaced if necessary
to achieve the purpose, but it will still be researched in the direction of low cost and low
power consumption.
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Abstract: To obtain the lattice structure with excellent energy absorption performance, the structure of
loofah inner fiber is studied to develop bionic design of lattice structure by experiment and simulation
analysis method. From the compression experiment about the four bionic multi-cell lattice structures
(bio-45, bio-60, bio-75, and bio-90) and VC lattice structures, we found that all are made of PLA and
fabricated by the fused deposition modeling (FDM) 3D printer. The comprehensive performance
of bio-90 lattice structure is the best in the performance of the specific volume energy absorption
(SEAv), the effective energy absorption (EA), and the specific energy absorption (SEA). Based on the
experimental result, the energy absorption performance of bio-90 lattice structure is then studied by
the simulation analysis of influence on multiple parameters, such as the number of cells, the relative
density, the impact velocity, and the material. The results can provide a reference for the design of
highly efficient energy absorption structures.

Keywords: lattice structure; loofah; energy absorption performance; bionic design; relative density

1. Introduction

Lattice structure is the space truss structure, which belongs to the scope of porous
structure, and is composed of nodes, rods, and panels on a certain rule. It was first
proposed by Ashby [1] of Cambridge University and Evans [2] of Harvard University in
2001. Lattice structures have gained extensive attention for their comprehensive properties
such as their light weight, high strength, and impact resistance. Their open internal spaces
make them have the advantage in load bearing and energy absorption, and also exhibit
better properties than foam structures [3]. Several typical lattice structures [4] are shown
as Figure 1. Cao [5] modified the same diameter core rod of single-cell structure into
a variable cross-section core rod and proposed an improved single-cell structure. Bai [6]
used PA2200 as a raw material, printed three experimental samples of body-centered cubic
(BCC), rod-diameter-change graded body-centered cubic (RGBCC) and size-change graded
body-centered cubic (SGBCC), and studied the effect of gradient direction on the structure.
Andrew [7] discussed the influence of impact energy, relative density, plate thickness, and
impact angle on the dynamic impact behavior of the lattice structure by the weight drop
experiment. Hammetter [8] studied the effects of slenderness ratio, inclination angle, and
single-cell layer on the compression deformation mechanism of the lattice structure.

The lattice structures are considered as the most promising structure–function inte-
grated structures at present. Recently, the development of additive manufacturing technol-
ogy has resulted in the possibility of the manufacture of a complex inner structure, and
that makes it is flexible to product design. To obtain special performance [9,10], the method
of design about lattice structures has become a hot research topic. Squid bones, beetle
elytra, glass sponges, and bamboos are found to have porous features at the microscopic
level and exhibit excellent comprehensive performance, which gives researchers substantial
inspiration [11,12]. After extensive studies, the biomimetic method has been proven to be
an effective way to design lattice structures with better properties.

Machines 2022, 10, 965. https://doi.org/10.3390/machines10100965 https://www.mdpi.com/journal/machines
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(a) (b) (c) 

Figure 1. Several typical lattice structures: (a) SC lattice structure; (b) FC lattice structure;
(c) Honeycomb structure.

Based on the excellent performance of the lattice structure, it is widely used in
aerospace, safety protection, medical, and other fields. In the aerospace field, it has always
been a major design goal that the structure is lightweight and has smaller material con-
sumption, less fuel consumption, and higher performance. The excellent performance of
lattice structure means it has great application value in the aerospace field. Helmet lining
is the main component of the helmet; it can dissipate impact energy and reduce the load
transmitted to the head in case of accident. SOE and HEXR [13] proposed a honeycomb-
lined helmet and found that the impact energy was better distributed and absorbed by the
honeycomb-lined helmet, and it had great potential in improving the safety of the helmet.
The KOLLODE alliance and four innovative companies (KUPOL, TAXIX, ShapeShift3d,
Numalogics) used virtual design and 3D printing technology to manufacture a helmet liner
KUPOL, which can absorb energy and redirect impact force.

Loofah is highly porous material, and it has great application potential in sound
absorption, shock absorption, and cushioning. Due to the unique fiber structure, loofah
can bear a large load, and Zou [14] made an optimization algorithm on the displacement
and stress relationship of the geometric structure. For studying the mechanical properties
of loofah, Wang [15] found that the inner surface of the loofah plays a major role in
supporting the axial load by conducting the tests of quasi-static compression and dynamic
impact on the loofah structure. Elmadih [16] researched the ability of these lattices to
provide vibration attenuation at frequencies greater than their natural frequency. Chen [17]
et al. performed a multi-scale study to explore the relationship between the structure
and mechanical properties of different layers of fibers (inner fibers and outer fibers) and
different directions (transverse and longitudinal), and the results showed that the inner
ring wall fibers contribute the most to the longitudinal properties of the loofah, while the
mechanical strength of the core fiber is lower than that of the inner fiber. Qing [18] designed
a new type of ultra-light bionic tube structure by combining the structure of the loofah and
the pores of honeycomb hexagons, and found that its equivalent elastic modulus is from
166.9 to 180.59 MPa by the compression test.

At present, most bionic designs are aimed at the macrostructure of loofah. The fiber
structure of loofah is the main factor affecting its mechanical properties. In this paper, the
bionic design method is used to design the single-cell lattice structure. It is studied the
influence of different parameters on the energy absorption of the lattice structure, such as
the number of cells, the relative density, the impact velocity, and material. The results are
useful for the design of a highly efficient energy absorption structure.

2. Modeling of Single-Cell Structure Loofah Lattice

The loofah is a natural fiber network structure [19], and it is mainly composed of the
outer layer, the middle layer, the inner layer, and the core layer, as shown in Figure 2.
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Figure 2. Overall structure of loofah.

Although the fiber structure of loofah is interlaced, its distribution is not disordered.
The growth direction of fiber bundles in different layers is different. Most of the outer layer
fibers of the loofah structure grow along the circumferential direction in a circular shape;
the inner layer fibers mainly distribute along the longitudinal axis of the loofah structure
and have the large diameter and regular texture; the fibers of the core layer are interwoven,
forming a honeycomb structure, as shown in Figure 3.

Figure 3. Regional structure of loofah sponge.

We extracted and simplified the textures of loofah fiber to obtain its structural features
and summarized them into the 2D configurations of type I and type II, as Figure 4a shown.
The inner layer fibers are actually interconnected in 3D space. The simplified spatial
structure is shown as Figure 4b. After giving a certain rod diameter, the 3D single-cell
structure is shown as Figure 4c.

(a) (b) (c) 

Figure 4. Evolution of bionic single-cell structure: (a) 2D structure; (b) 3D structure; (c) cell structure.
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The difference between type I and type II structure is the values of angle. The type I
represents the angle of 45◦ lattice structure, and given that the three lattice structures with
angles of 60◦, 75◦, and 90◦ have uniform characteristics, they are represented by type II. By
setting angles of 45◦, 60◦, 75◦, and 90◦, the series of the single-cell structure is built, and
they are respectively named as bio-45, bio-60, bio-75, and bio-90, as shown in Table 1.

Table 1. Bionic cells with different configurations.

Number Angle 2D Structure 3D Structure

1 45◦

2 60◦

3 75◦

 

4 90◦

The mechanical properties of lattice structures are mainly determined by their material
and structural, and the main parameter of structural is the relative density. The relative
density is the ratio of the solid volume in a single-cell structure to the volume of the cube,
and its calculation formula is shown as Equation (1):

ρ =
Vs

V
× 100% (1)

where ρ denotes relative density of the single-cell structure, and Vs and V respectively
denote the solid volume of the single-cell structure and the total volume of the cube.

The relative density is adjustable for a specific cell structure. In this section, the relative
density of single-cell structure is theoretically deduced, and the specific derivation process
of the bio-45 single-cell structure is given. There are two variable structural parameters
in the bio-45 single-cell structure, which are the cell size and the core rod diameter. From
Figure 5, the cell structure has eight of the same core rods.
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Figure 5. Lattice cell diagram.

According to the geometric relationship, the length of each rod of the bio-45 single-cell
structure can be calculated as Equation (2):

l0 =

√
l2 + l2

2
=

√
2

2
l (2)

where l0 denotes the length of each rod of the bio-45 single-cell structure, and l denotes the
length, width, and height of the cell structure.

The solid volume of the single-cell structure is given as Equation (3):

Vs = 8π
d0

2

4
l0 =

√
2πd0

2l (3)

where d0 denotes the diameter of the core rod.
The spatial volume of the single-cell structure is shown as Equation (4):

Vbio−45 = l3 (4)

Based on the Equations (3) and (4), the relative density of the single-cell structure is as
follows:

ρ =
Vs

Vbio−45
=

√
2πd0

2

l2

Based on theoretical derivation, the calculation formula of relative density about each
of the four kinds of single-cell structure can be obtained in Table 2.

Table 2. Calculation formula of relative density of the single-cell structure.

Single-Cell Type Relative Density

bio-45 ρ =
√

2πd0
2/l2

bio-60 ρ =
(

7
√

3+3
)

πd0
2/12l2

bio-75 ρ= 1.219πd0
2/l2

bio-90 ρ= 3πd0
2/4l2

Without considering the overlapping part of the connection between the rods and the
volume at the end of rods, as shown in Figure 6, with the different edge lengths of the cube,
there are differences between the calculation formula of relative density and actual relative
density based on the actual relative density obtained by the volume evaluation module
of the modeling software. The calculation formula of the relative density of the single-
cell structures is modified by the theoretical derivation and polynomial fitting method,
as shown in Table 3. The deviation between the relative density calculated by the two
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formulas and the actual density is shown in Figure 7. The error of the result calculated by
the modified formula is within 0.08%.

Figure 6. Volume to be subtracted in correction.

Table 3. Modified calculation formula of relative density.

Single-Cell Type Relative Density

bio-45 ρ′ = ρ −
[(

−3.564e−3+1.1264e−3d0
+9.72e−4d2

0 + 3.909d0
3

)
/l3

]

bio-60 ρ′ = ρ −
[(

1.295 − 2.505d0
+1.39d2

0+3.449d0
3

)
/l3

]

bio-75 ρ′ = ρ −
[(

18.81 − 33.2d0
+18.22d2

0 + 1.551d0
3

)
/l3

]

bio-90 ρ′ = ρ −
[(

−5.968e−4−7.528e−4d0
−1.159e−2d2

0 + 1.414d0
3

)
/l3

]

  
(a) (b) 

Figure 7. The differences between the theoretical and actual relative density: (a) primary formula;
(b) modified formula.

3. Experiment of Static Energy Absorption Characteristics about Loofah
Lattice Structure

The above four types of single-cell structure and the Vertex Cube (VC) obtained by
topology optimization [20] are used to design multi-cell lattice structures, which are shown
in Figure 8a, and their parameters are given in Table 4. The samples are arranged using
a Solidworks software [21] and made by a fused deposition molding (FDM) 3D printer, as
shown in Figure 8b. The 3D printer is the A8 equipment of the JGMaker company, as shown
in Figure 9. The precision of 3D printer is 0.05~0.2mm. In order to reduce manufacturing
deviation, the printing temperature, speed, printing thickness, and other parameters are all
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in accordance with the recommended values of the equipment. The printing direction of
the printer is bottom-up, and the different printing directions of the adjacent two layers
lead to structural anisotropy. The five lattice structures used in this paper all use PLA as
the support materials.

Table 4. Lattice structure parameters.

Name of Lattice Structure Length × Width × Height (mm) Core Rod Diameter Relative Density

bio-45 20 × 20 × 20 3.036 0.3

bio-60 20 × 20 × 20 3.305 0.3

bio-75 20 × 20 × 20 3.702 0.3

bio-90 20 × 20 × 20 4.112 0.3

VC 20 × 20 × 20 4.145 0.3

 
 

(a) (b) 

Figure 8. (a) 3D structure of Vertex Cube (VC); (b) samples of five different lattice structures.

 
Figure 9. Molding equipment.

By the DZ-101 machine of Dazhong Instrument Co., Ltd., this quasi-static compression
experiment of the above five models (bio-45, bio-60, bio-75,bio-90, and VC) is conducted, as
shown in Figure 10, and the test is divided into three steps:

(1) Put the five models on the pressure table of DZ-101 machine, and adjust the position
of the compression head to make it in good contact with the model.

(2) Start the machine, and set the compression speed of the indenter as 2 mm/min; obtain
the curve from the testing machine during the compression process.

(3) After the model is compacted, replace the sample and continue the above steps until
all samples are tested. Stop the compression experiment and close the machine.
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Figure 10. Compression test specimen clamping.

The quasi-static compression experiment can measure the mechanical response and
the energy absorption characteristics of the lattice structure specimen under static load.
The displacement of the compression head and the counterforce are recorded in the tests,
and the stress–strain curves about five different lattice structures of bio-45, bio-60, bio-75,
bio-90, and VC are shown as Figure 11. The curves are overall continuity without obvious
fluctuations, which indicate that the mainly failure forms of the lattice structures are plastic
deformation failures and no serious brittle fracture.

As Figure 11 shown, the compression process has gone through three stages: the
elastic stage, the platform stage, and the densification stage. In the densification stage, the
load changes suddenly, and the lattice structure has completely failed. During this stage,
the absorbed energy has no meaning, and densification is generally regarded as the end
point of energy absorption [22]. Based on the elastic phase data of the five structures, their
elastic modulus and the yield strength modulus ratio can be obtained as shown in Table 5.

Figure 11. Testing stress–strain curves.

Table 5. Test results.

bio-45 bio-60 bio-75 bio-90 VC

Elastic modulus (MPa) 159.19 184.11 154.73 204.92 198.73
Yield strength (MPa) 8.076 8.379 5.590 9.028 8.999

The elastic modulus and yield strength have no relationship with the design angle, as
Table 5 shown. The elastic modulus of the bio-90 lattice structure is 32.44% higher than that
of the bio-75, and only 3.02% higher than that of VC lattice structure. The yield strength of
the bio-90 lattice structure is 61.50% higher than that of the bio-75 structure, 11.79% higher
than that of the bio-45 structure, 7.75% higher than that of the bio-60 structure, and 0.32%
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higher than that of the VC lattice structure. The initial stiffness and strength of the bio-90
lattice structure are the highest among the five structures.

For evaluating the energy absorption performance of lattice structure, it is necessary
to define several indexes [23], such as specific volume energy absorption, effective energy
absorption, and specific energy absorption. The definition of specific volume energy
absorption is

SEAv =
∫ εd

0
σdε (5)

where SEAv denotes specific volume energy absorption, σ denotes structural stress, and εd
denotes densification strain. The definition of effective energy absorption is

EA = (SEAv)× V (6)

The definition of specific energy absorption is

SEA =
(EA)

m
(7)

where m denotes mass. The energy absorption efficiency can be defined as

η(ε) =
1

σ(ε)

∫ εd

0
σ(ε)dε =

(SEAv)
σ(ε)

(8)

where σ(ε) denotes load. The platforms stress can be defined as

σp =
1
εd

∫ εd

0
σ(ε)dε (9)

The energy absorption efficiency–strain relationships [23,24] of the five structures
are shown as Figure 12. The energy absorption efficiency of the bio-90 lattice structure is
higher than that of the other lattice structures, and this difference becomes larger with the
increase of strain. From Figure 13, the specific energy absorption (SEA), the specific volume
energy absorption (SEAv), and effective energy absorption (EA) values of the bio-90 lattice
structure are greater than those of the other four lattice structures; the SEA value of the
bio-90 lattice structure is 2.335 times greater than that of the VC lattice structure, the SEAv
value is 1.933 times, and the EA value is 1.933 times.

Figure 12. Energy absorption efficiency.
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Figure 13. Comparison of SEA, SEAv, and EA.

The SEA, SEAv, and EA values of the bio-75 lattice structure are the smallest, which
are respectively 35.98%, 43.50%, and 43.51% of those of the bio-90 lattice structure. In
summary, the bio-90 lattice structure has the best energy absorption performance among
the five lattice structures, not only in the stable plateau phase, but also in the specific energy
absorption (SEA) and other indexes.

4. Analysis with the Influence of Dynamic Performance Parameters about Loofah
Lattice Structure

In order to verify the accuracy of the simulation results, the quasi-static compression
simulation analysis is carried out through ANSYS software, and the results are compared
with the stress and strain results in Section 3. First, establish the lattice cell model in
the Spaceclaim module, and obtain the overall size of 20 mm × 20 mm × 20 mm lattice
structure, such as the model of bio-45 lattice structure, which is shown in Figure 14a.

 
(a) (b) 

Figure 14. (a) The lattice structure of bio-45; (b) the mesh of bio-45.

The material is PLA, and the lattice structure is anisotropic, which is the same as the
3D-printed lattice structure. Two steel plates are placed on the upper and lower surfaces
of the lattice structure, respectively. The steel plate and the lattice structure are in friction
contact, with a friction coefficient of 0.15. The constraint condition is that the lower steel
plate is fixed, and the rotation of the upper steel plate in the X, Y, and Z directions is limited.
The tetrahedral element grid is adopted for grid division, with the grid size of 0.6mm
and the number of elements of 106325, as shown in Figure 14b. The modeling and mesh
generation processes of the bio-60, bio-75, bio-90, and VC lattice structures are the same as
the bio-45, and results of the finite element analysis are shown as Figure 15.
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(a) (b) (c) 

  
(d) (e) 

Figure 15. Stress–strain curve of experiment and simulation: (a) bio-45; (b) bio-60; (c) bio-75;
(d) bio-90; (e) VC.

As Figure 15 shown, the relative errors of the simulation and test are within the
acceptable range, and the maximum relative errors of the five structures are about 10%,
indicating that the simulation results are similar to that of experiment, which verifies the
reliability of the finite element model. Then, the influence of the number of cells, relative
density, impact velocity, and material on the energy absorption characteristics of the lattice
structure is analyzed with the finite element method.

4.1. The Influence of the Number of Cells on the Energy Absorption Characteristics

Keeping the relative density of the bio-90 bionic lattice structure at 0.3, the impact
velocity is 30 m/s, and the single-cell structures are arranged by the arrays of 2 × 2 × 2,
3 × 3 × 3, 4 × 4 × 4, 5 × 5 × 5, 6 × 6 × 6, and 7 × 7 × 7, respectively, to get the six lattice
structures of different overall sizes, the finite element model is shown as Figure 16.

 
(a) (b) (c) (d) (e) (f) 

Figure 16. Finite element model of lattice structure: (a) 8-cell structure; (b) 27-cell structure; (c) 64-cell
structure; (d) 125-cell structure; (e) 216-cell structure; (f) 343-cell structure.

The simulation analysis results of the bio-90 lattice structure with different cell num-
bers are shown in Figures 17 and 18. Figure 17 shows the stress–strain curves of the lattice
structure with different cell numbers. They still have an obvious elastic phase, a plateau
phase, and a densification phase at the impact velocity of 30 m/s, which are similar to the
results of the quasi-static compression.
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Figure 17. Stress–strain curves with different number of cells.

Crash load efficiency is defined as

CLE =
(MCF)
(MIF)

× 100% (10)

where MCF denotes maximum current force, and MIF denotes maximum instantaneous
force, which is defined as

MCF =
(EA)

S
(11)

where S denotes effective displacement.
The slope of the stress–strain curves of the lattice structure with different cell numbers

in the elastic phase is almost the same. This indicates that the number of single cells has
little effect on the elastic phase of the structure, which is consistent with the analytical
conclusion of the literature [12].

As shown in Figure 18, with the number of cell elements of the lattice structure
increasing, the specific volume energy absorption (SEAv), the specific energy absorption
(SEA), the crash load efficiency (CLE), and platform stress (σp) increase and then decrease.
However, in general, the number of single cells does not have a significant effect on the
above four indexes.

 

Figure 18. Energy absorption index with different number of cells.
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4.2. The influence of Relative Density on Energy Absorption Characteristics

To investigate the effect of relative density on the energy absorption performance of
the lattice structure, we use six relative densities of 0.09, 0.16, 0.23, 0.30, 0.37, and 0.44 with
125-grid lattice structures and the impact velocity of 30 m/s. The stress–strain curves and
the indexes of SEAv, SEA, CLE, MIF, σp, and εd at different relative densities are shown in
Figures 19 and 20.

Figure 19. Stress–strain curves under different relative densities.

 

Figure 20. Energy absorption index at different relative densities.

As Figure 19 shown, at the elastic phase, the slope of the stress–strain curve becomes
steeper with the relative density increasing, which indicates that the initial stiffness of the
lattice structure is higher. At the platform phase, with the relative density increasing, the
corresponding platform stress increases more obviously, and the overall stress–strain curve
rises. At the densification phase, the overall stress–strain curve rises with the increase of
the relative density, and the structure will reach densification in advance to a certain extent,
which is negative to the energy absorption of the structure.

As Figure 20 shown, when the relative density is less than 0.37, with the relative density
increasing, the specific volume energy absorption (SEAv) and the specific energy absorption
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(SEA) increase. However, when the relative density is 0.44, the specific volume energy
absorption (SEAv) and the specific energy absorption (SEA) are smaller than the values
of those when the relative density is 0.37. This is because, although there is a relatively
high-stress plateau at this point, the increase in relative density makes the strain of the
structure to reach the densification stage much lower and the structure transitions to the
densification stage earlier.

4.3. The influence of Impact Velocity on Energy Absorption Characteristics

In order to study the effect of impact velocity on the energy absorption performance
of the lattice structure, the impact simulations of the lattice structure are performed under
six different velocities of 10 m/s, 30 m/s, 50 m/s, 70 m/s, 90 m/s, and 110 m/s, with
the relative density of 0.23 and cell elements of 125. The stress–strain curves of the lattice
structure are shown as Figure 21. From Figure 21, at the six impact velocities, the overall
trend of stress–strain curves of the lattice structure with specific relative density is relatively
similar, the overall stress–strain curves under high speed are higher than those under low
speed, and the height is consistent at the elastic phase of the compression process.

Figure 21. Stress–strain curves at different impact velocities.

With the impact velocity increasing, the strain rate sensitivity is higher. At the plastic
stage, the difference between the curves gradually increases, the load becomes unstable,
and there is greater fluctuation of its stress–strain curve. This phenomenon is particularly
significant after v = 50 m/s.

By calculating various energy absorption and other indicators at six different impact
speeds, the results about the discussion of the energy absorption characteristics of the
lattice structure under dynamic impact response are shown in Figure 22.

With the impact velocities increasing from 10 m/s to 110 m/s, the densification strain
of the structure increases from 0.64 to 0.74, while the specific volume energy absorption
(SEAv), specific energy absorption (SEA), and maximum instantaneous force (MIF) increase
monotonically from 2.90 mJ·mm−3 to 6.92 mJ·mm−3, 2.30J·g−1 to 5.49J·g−1, and 18.38 kN
to 29.55 kN, respectively. On the contrary, the crash load efficiency (CLE) always decreases.
Compared with that at the velocity of 10 m/s, the crash load efficiency (CLE) at v = 110 m/s
decreases 39.03%.The results show that the higher impact velocity, the more unstable energy
absorption process of the structure, which is also consistent with the actual experiment
process.

Since the different impact velocities affecting the force state of the structure at the
beginning, the impact velocities will have a significant effect on the deformation mode of
the dotted structure, which is the fundamental reason for changing the energy absorption
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performance of the structure. The deformation mode of the structure under different impact
velocities is shown in Figure 23.

Figure 22. Energy absorption index under different impact velocities.

 
(a) 

 
(b) 

 
(c) 

Figure 23. Deformation of structure under different impact velocities. (a) v = 10 m/s, (b) v = 50 m/s,
and (c) v = 90 m/s.

As Figure 23a shown, when the impact velocity is v = 10 m/s, the cell element in
the middle part of the structure first shows bending deformation. With the compression
process continuing, the deformation is rapidly transferred to the fixed end, and the overall
structural deformation presents the characteristic of tilting to one side until the structure
compresses to densification. As seen in Figure 23b, when the impact velocity is 50 m/s,
the initial deformation of the structure still occurs in the middle and lower part. With the
compression continuing, the deformation gradually moves to the impact end, and then
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the impact end is first compacted. When the impact velocity is 90 m/s, the impact end is
first compacted, and then the deformation gradually passes to the fixed end. The result is
shown in Figure 23c.

4.4. The influence of Material on Energy Absorption Characteristics

The parameters of the base material have an important influence on the performance of
the lattice structure. The influence of the base material on the dynamic impact performance
of the lattice structure is studied by investigating the specific response of the lattice structure
with four different base materials under dynamic impact. The parameters of four materials
are listed in Table 6. The dimensions of the analyzed models are the same: all are 125-cell
structures with the relative density of 0.23 and the impact velocity of 30 m/s.

Table 6. Material properties of base metal.

Materials Elastic Modulus (GPa) Yield Strength (MPa)
Strength Limit

(MPa)
Density Poisson’s Ratio

PA2200 1.140 23.3 48.1 0.956 0.28
PLA 1.764 47.628 53.822 1.26 0.35

AlSi10Mg 25.804 170 230 2.7 0.33
20 Steel 213 245 710.67 7.80 0.3

Figure 24 shows the stress–strain curves of the lattice structure with different base
materials. Two lattice structures with 20 steel and Alsi10Mg as base material deform almost
simultaneously and become a drum shape on each layer. However, the deformation of the
other two lattice structures occurs layer by layer, and their platform areas rise gradually
without fluctuation until the structure reaches densification.

The energy absorption index results of lattice structures with different base materials
are shown as Table 7, and the specific energy absorption of the structure is greatly affected
by base materials. The SEAv and SEA values of 20 steel are about 19.5 times that of PA2200,
and the platform stress is about 22.1 times that of PA2200, while the peak load is much
larger than PA2200.

The specific energy absorption of the four different materials of the lattice structure
has a positive correlation with the strength of the materials, and it is feasible to improve
the energy absorption of the lattice structure by increasing the strength of the matrices.

Figure 24. Stress–strain curves for different materials.
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Table 7. Energy absorption index of different base metals.

Materials SEAv/mJ·mm –3 SEA/J·g–1 CLE/% MIF/KN σP/MPa εd

PA2200 2.91 2.31 27.37 11.20 3.58 0.81
PLA 3.89 3.09 22.5 20.78 5.86 0.66

AlSi10Mg 29.16 23.14 35.48 166.3 38.96 0.75
20 Steel 56.86 45.12 29.73 471.75 79.76 0.71

5. Conclusions

The lattice structures have the advantages of high strength, high stiffness, and good
absorption and storage of energy. It is useful to find an optimal lattice structure with better
energy absorption performance by investigating the fiber structure of loofah under the
numerical analysis method. By compressing the four single-cell and VC lattice structures,
the bio-90 lattice structure was found to have the best energy absorption performance. We
studied the influences of the number of cells, the relative density, the impact velocity, and
the material on the energy absorption performance of the bio-90 lattice structure. When
the number of cells exceeds a certain value, the energy absorption performance of the
overall structure will be reduced. The relative density has a significantly different influence
on the energy absorption performance of lattice structures, which is the maximum when
the relative density is 0.37. With the impact velocity increasing, the absorption energy
rises slightly, but the energy absorption process of the structure is unstable, and the crash
load efficiency (CLE) always decreases. It is feasible to improve the energy absorption
performance of the lattice structure by replacing the material. However, if the peak load is
strictly limited, it can be decreased by reducing the relative density and number of cells.
The research results provide useful references for the design of efficient energy absorption
structure.
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Abstract: Inspired by the mechanism of touch and pain in human skin, we integrated two ion-sensing
films and a polydimethylsiloxane (PDMS) layer together to achieve a bionic artificial receptor with
the capacity of distinguishing touch or pain perception through ion-electrical effect. The ion-sensing
film provides the carrier of touch or pain perception, while the PDMS layer as a soft substrate is
used to regulate the perception ability of receptor. Through a series of experiments, we investigated
the effects of physical properties of the PDMS layer on the sensing ability of an artificial receptor.
Further, contact area tests were performed in order to distinguish touch or pain under a sharp object.
It is revealed that the pressure threshold triggering the touch and pain feedback of the artificial
receptor presented an increasing trend when the elastic modulus and thickness of the PDMS substrate
increase. The distinction ability of touch and pain becomes more pronounced under higher elastic
modulus and larger thickness. Furthermore, the induced pain feedback becomes more intense with
the decrease of the loading area under the same load, and the threshold of pain drops down from
176.68 kPa to 54.57 kPa with the decrease of the radius from 3 mm to 1 mm. This work potentially
provides a new strategy for developing electronic skin with tactile sensing and pain warning. The
pressure threshold and sensing range can be regulated by changing the physical properties of the
middle layer, which would be advantageous to robotics and healthcare fields.

Keywords: IPMC sensor; multifunctional electronic skin; tactile sensing; damage warning; adjustable
synthetic artificial receptors; PDMS

1. Introduction

The unique somatosensory system endows the human body with the ability of somatic
function protection and environmental information exchange. Touch and pain are both
somatic sensations, which depend on different skin receptors and nerve pathways [1].
The receptors in human skin consist of sensory cells, nerve fibers or free nerve endings
that generate stress-strain and space-time electrochemical changes under mechanical load.
The action potential caused by the potential difference between the inside and outside
of the cell is transmitted to the brain via nerve fibers to complete the transmission of
information. Figure 1 depicts the functioning mechanism of the human skin receptor.
Separate neurological pathways connect nociceptors and tactile corpuscles to the brain [2].
When mechanical loads are applied to the skin, low threshold mechanoreceptors are
partially deformed, which drives the movement of chemical ions (Na+ and K+) to produce
a potential change in the receptor [3]. This electrical signal is transmitted via nerve fibers
to the central nervous system to complete the final expression of tactile information [4].
The nociceptor is currently inactive and will not interfere with the functioning of the tactile
receptors. Everyone has a pain sensitivity and tolerance threshold that corresponds to
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their health status [5]. Specifically, the upper and lower limits of the stimulus field that
skin stress tissue can withstand during the perceptual process, as well as sensitivity to
even the slightest sensory change within this range. Minimum stimulus and maximum
stimulus are the two thresholds of absolute feeling, corresponding to the appearance
and disappearance of sensation, respectively. Moreover, the chemical signals induced by
external stimuli are transient, whereas the intercellular mechanical signals decay much more
slowly than chemical signals, exhibiting rapid conduction and excellent directionality. The
coordination of multiple receptors and the nervous system endows the human skin with a
unique perception ability including touch and pain, which is crucial to the development of
electronic skin. By imitating the structure and functioning mechanism of the somatosensory
system [6], multifunctional electronic skins (e-skins) have been constructed. However, the e-
skin cannot distinguish normal tactus and pain induced by noxious stimuli [7]. Therefore, it
is necessary to investigate the working mechanism of receptors in order to achieve artificial
receptors with tactile perception and warning function for injurious stimuli.

 
Figure 1. Schematic diagram of the mechanical-electrochemical transduction pathway of the receptor.

Recently, three strategies for the pain-perceptual emulation of e-skin have been pro-
posed. The first strategy is to distinguish innocuous stimuli or noxious stimuli based on a
specific threshold. Huang et al., for instance, designed an integrated sensing and warning
multifunctional device based on the mechanical and thermal effect of porous graphene, that
generate sufficient heating energy to warn the user when the detected signal reaches the
threshold condition measured by the ultrasensitive strain sensor [8]. The second strategy is
to integrate a tactile sensor with an electrochromic device to achieve physical force sensing
and injury visualization [9]. An impressible example was a dual-mode electronic skin
inspired by bioluminescent jellyfish that mimics the functions of the mechanoreceptors
and nociceptors in the biological skin, respectively, by combining electrical and optical
responses to quantify and map gentle tactile and injurious pressure [10]. The third strategy
is based on the neural properties of memristors or transistors that mimic the properties
of biological synapses [11]. The integration of artificial synaptic devices with pressure
sensors permits pain perception and injury detection in the electronic skin. Utilizing the
combination of stretchable pressure sensor and memristor [12], Rahman M A et al. built
an integrated electronic system to replicate the feedback response of skin receptors and to
detect pressure and pain stimuli. These three techniques effectively provide dangerous
warnings and trigger the pain. However, unlike the human somatosensory system, current
bio-inspired pain-perceptual devices are far from the sensory mechanism of the human
body. In recent years, researchers have proposed using ionic polymer materials to imitate
the working mechanism (ion migration—electric response) of human receptors [13], includ-
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ing iEAP [14], ionic gel [15] and ionic liquid polymer [16]. By combining such ionic sensing
materials, we are able to integrate ionic sensors with a dielectric layer that controls the
physical threshold, producing an artificial receptor with dual-mode sensing function. In
comparison to sensors coupled with multiple physical signals, it is crucial for the intelligent
development of sensors to detect multiple external stimuli through a single signal modality.

Herein, a bio-inspired artificial receptor with bionic-multilayer structure is constructed
based on the cooperation between the ionic electrical mechanism of ionic polymer sensors
(IPMC layer) and the elastic deformation property of the intermediate substrate (PDMS
layer). We analyzed the signal source of the artificial receptor and illustrated its working
mechanism by a finite element simulation. The prepared artificial receptor was subjected to
a series of increasing force stimuli and its touch and pain sensing properties were evaluated.
On the basis of the PDMS layer with varying elastic modulus and thickness, numerous
artificial receptors were fabricated. The purpose is to find out the effect of PDMS layer
changes on touch/pain-inducing threshold and sensing range to achieve the customized
preparation of artificial receptors. To simulate the intense pain sensation caused by sharp
objects on human skin, the sensing characteristics of artificial receptors under different
contact areas were studied.

2. Materials and Methods

2.1. Materials

The Nafion membrane was purchased from the Dupont company, Wilmington, Delaware,
USA. Auxiliary reagents such as Pd(NH3)4Cl2, NaBH4, and HCl were obtained from J&K
Chemical Inc (Beijing, China). The PDMS films were provided by Hefei Keliao New Material
Technology Co., Ltd., Anhui, China. The VHBTM tape (thickness 0.13 mm) was purchased
from Minnesota Mining and Manufacturing Corporation company (Shanghai, China).

2.2. Preparation of Receptor

Nafion membrane is widely employed owing to its unique combination of flexible,
non-toxicity and ion-exchange properties. The thin metal layer deposits on both sides of
the surface of Nafion as electrodes to obtain ion-polymer metal composites (IPMC) with a
sandwich structure by chemical or physical methods. In this work, the ionic polymer metal
composite (IPMC) films with sensing function were fabricated by immersion reduction
plating and electroplating process [17]. Under externally applied pressure, the uneven
stress caused by the strain in the IPMC polymer grid drives the cations to migrate to
the lower stress region. Then, the subsequent formation of the space charge gradient
distribution results in potential difference between the electrodes. Due to the IPMC’s
internal ion migration and current response characteristics [18], its sensing behavior is
similar to that of bioelectrical mechanism. Therefore, IPMC is utilized to replicate the
activity of deformed receptors (tactile corpuscles and nociceptors) that generate the action
potential when deformed. Inspired by the multilayer structure of human skin, the bio-
inspired artificial receptor is constructed of two sensory layers and one flexible PDMS layer,
as shown in Figure 2. As sensory layers (thickness 0.2 mm, size 15 mm × 15 mm), IPMC lies
at different depths in the artificial receptor, which is used to receive the mechanical stimuli
and convert them into electrical signals. According to the position of the two sensory
layers in the structure, we named them as the top IPMC sensory and the bottom IPMC
sensory layer, representing the mechanoreceptor and nociceptor, respectively. For each
sensory IPMC layer, there are two wires attached to both electrodes, respectively. The
PDMS layer (elastic modulus, E = 2.3 MPa, thickness 0.5 mm, size 15 mm × 15 mm) has
excellent chemical stability and low elastic modulus, which serves in three aspects. First, it
acts as a supporting layer to position of the top and bottom sensory layers and maintain
the overall shape of the artificial receptor; second, the middle layer is involved in the
transport and conduction of mechanical stimuli, thereby physically regulating the pressure
threshold of artificial receptors; third, the insulating properties of the PDMS layer avoids
the crosstalk of two IPMC layers. The presence of VHBTM flexible adhesion layer (thickness
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0.13 mm) makes the adhesion between these layers very tight. In addition, the protective
layers made of masking tape mirror the biological epidermis to deliver external stimuli and
safeguard the interior structure. The size of the encapsulation is larger (30 mm × 30 mm)
than that of the artificial receptor (15 mm × 15 mm) in order to fix the wires and eliminate
interference signals caused by wire movement during testing. Figure S1a shows the front
and sectional view of the artificial receptor, as well as the ion sensing film and the PDMS
layer constituting the artificial receptor.

 

Figure 2. Preparation of bio-inspired artificial receptor. (a) Schematic diagram of receptor structure.
(b) The composition of ion sensing film. (c) The encapsulation for receptor.

2.3. Experimental Set-Up

A self-built sensing test platform was used to characterize the sensing performance
of a bio-inspired artificial receptor device, which consists of a sample fixing device, a
load applying module and a signal processing module, as shown in Figure 3. First, the
bio-inspired artificial receptor receives the mechanical stimuli caused by load applying
module. Then, the force signal will be converted to the voltage signal via the ion-electric
effect of artificial receptor. Third, the electrical signal is transferred to the computing center
through signal processing module. By reading the signal, the PC device will recognize
the touch or pain perception in real-time. A glass substrate (elastic modulus = 55 GPa)
was used to provide the bottom fixation constraint for the artificial receptor. The pressure
applied to the artificial receptor was loaded by an applying element fixed on the vibration
exciter (SA-JZ002), which controlled by the signal generator (SA-SG030A). A force sensor
(ZNLBM-3KG) was mounted at sharker rod to measure the actual force which was applied
to the top surface of bio-inspired artificial receptor. A power generator (APS3003S-3D)
was used to supply the signal amplification circuit devices with dc voltages. The Labview
software on the PC records the voltage generated by the artificial receptor device and the
real-time signal of the force sensor using the NI USB-6001 data acquisition.
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Figure 3. Schematic diagram of test platform for bio-inspired artificial receptor. (a) Integral test
system. (b) The sample fixing device.

3. Results

3.1. Sensing Analysis of the Receptor

The IPMC sensory layer may generate voltage response under compression deforma-
tion or bending deformation [19,20]. In order to verify the signal source of the artificial
receptor, a series of experiments were implemented on an IPMC sample (thickness 0.2 mm,
size 15 mm × 15 mm). The compression load and end displacement applied to the IPMC
sample are both sinusoidal signals with a frequency of 1 Hz. The voltage response of the
IPMC sample under compression load with different amplitudes are shown in Figure 4a.
With the increase of applied pressure, the voltage response signal of IPMC on a rigid sub-
strate shows an increasing trend, but the growth in value is so tiny that it can be ignored. In
the bending deformation experiment, a discernible response signal (0.03 mV) is generated
even under the displacement load with amplitude of 0.1 mm, which is twice as much as
under the compression state of 542.05 kPa (0.015 mV), as shown in Figure 4b. Therefore, it
can be confirmed that the sensing signal of the artificial receptor primarily comes from the
bending deformation of the IPMC sensory layer, while the voltage response caused by ion
migration induced by compression deformation is negligible.

 

Figure 4. The experimental results of signal source analysis. (a) Pressure−applying signal and
voltage response of IPMC sensing layer in compression mode. (b) Displacement−applying signal
and voltage response of IPMC sensing layer in bending mode.

To theoretically analyze the working mechanism of the bio-inspired artificial receptor,
we implement finite element simulations. The material characteristic parameters are shown
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in Table S1. Finite element mesh types use automatic meshing, as shown in Figure S2.
The artificial receptor undergoes two operating modes under different load stimuli, which
were applied to a circular loading region with a radius of 3 mm, as shown in Figure 5a.
Figure 5b shows the deformation distributions of the top sensory layer, the PDMS layer and
the bottom sensory layer. The deformation of each layer, from top to bottom, is 0.036 mm,
0.029 mm, and 0.007 mm when the pressure is 106.01 kPa. The deformation of the bottom
sensory layer is only one-fifth that of the top, which is also less than the top sensory
layer’s deformation at 35.33 kPa (0.012 mm). Consequently, only the top IPMC layer and
the PDMS layer are under compressive stress state. At this point, the top IPMC sensory
layer is active while the bottom IPMC sensory layer is inactive, thus the working mode of
the whole artificial receptor is tactile perception state. With the increase of applied load,
mechanical signals can break through the physical threshold of the PDMS layer and transfer
to the bottom IPMC layer. Figure 5c shows the deformation distributions of three layers
at 353.36 kPa. The deformation of the bottom sensory layer reaches 0.024 mm, indicating
that the working mode of the entire artificial receptor is nocuous perception state. In
addition, the stress on each layer is relatively uniform, and the shape of the deformation
area matches that of the loading area. Maximum stress is observed at the contact edge
between the pressing element and the sensory layer, and it attenuates from close to far
along the direction of load application. Taking into account the stress state, the IPMC
electro-mechanical coupling mechanism and circuit connection, we can estimate that the
output voltage of the two sensory layers will remain comparable and that the signal of the
IPMC layer at the top will be stronger.

 

Figure 5. Working mechanism of the bio−inspired artificial receptor under mechanical stimuli with
different amplitude. (a) Schematic of bio−inspired artificial receptor in different phases of operation.
(b) The deformation distribution cloud diagram of the top IPMC layer, PDMS layer and bottom IPMC
layer when load is 106.01 kPa. (c) The deformation distribution cloud diagram of the top IPMC layer,
PDMS layer and bottom IPMC layer when load is 353.36 kPa.

3.2. Characterization of Touch and Pain

Our bionic artificial receptor can measure and discriminate touch or pain based on
the voltage response induced by pressure stimuli. We evaluate the receptor’s reaction to
touch stimuli with different pressure amplitudes from 70.67 kPa to 176.68 kPa. As shown
in Figure 6a, the top IPMC sensory layer presents increasing voltage response signals
(0.0064 mV to 0.0148 mV) with the increase of the loading force amplitude. A large pressure
corresponds to the large output voltage in the top sensory layer, while the bottom IPMC
sensory layer has no response signals, which can be attributed to the PDMS layer absorbing
all the energy. At a frequency of 1 Hz, Figure 6b shows the observed output voltage
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with different normal force amplitudes. With the increase of pressure from 247.35 kPa to
459.36 kPa, the bottom IPMC sensory layer begins to generate response signals and keep
an upward trend to 0.0086 mV. In the real-time waveform of the output voltage, the phase
of the two sensory layers is equal, validating the prediction of the prior finite element
simulation. Besides, it can be observed that the signal of the top IPMC sensory layer is
larger due to the static attenuation in the PDMS layer. Figure 6c presents the amplitude
voltage value of top and bottom sensory IPMC layers under a series of increasing pressures.
According to different pressure thresholds, the sensing range is defined as non-perceptual
area, tactile sensing area and pain sensing area, which shows obvious differences among
all regions. As shown in Figure 6d, the artificial receptor shows great linearity, with
tactile sensitivity and pain sensitivity of 0.136 mV/Pa and 0.026 mV/Pa, respectively. The
difference in the sensitivity for both sensory layers is attributed to the PDMS layer since
the top sensory layer absorbs more deformation from external stimuli. Figure S1b shows
the sensing signals of an artificial receptor at 176.68 kPa and 371.02 kPa. The experimental
results are consistent with the experimental results in the paper.

 

Figure 6. Experimental results of the bio−inspired artificial receptor. (a,b) Real−time waveform of
the output voltage under different normal force amplitudes with a frequency of 1 Hz. (c) The voltage
response with the increase of pressure shows different sensing modes in different pressure ranges.
(d) Sensitivities of the bio−inspired artificial receptor during the pressure from 0 to 500 kPa.

3.3. PDMS Layer Effects

Since the permissible range of skin stimuli is governed by the threshold of pain
perception, minute changes in skin structure and the distribution of receptors can affect the
threshold that controls the transmission of pain signal. We investigated the effect of the
elastic modulus and thickness of the PDMS layer on the sensing property of bio-inspired
artificial receptor. The trend in Figure 7a represents the output voltage of artificial receptors
with different elastic moduli PDMS layers under the same loading condition (353.36 kPa).
With the elasticity modulus of the PDMS layer varying from 2.3 MPa to 1.2 MPa, the output
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voltage of bottom sensory layer changes from 0.0068 mV to 0.0579 mV, as well the voltage
response of the top sensory layer increases from 0.043 mV to 0.132 mV. The increased elastic
modulus of the PDMS layer will result in a stiffer structure, reducing the deformation and
voltage response of the bottom sensory layers. The sensing ability of biomimetic artificial
receptors assembled with PDMS layers of varying elastic modulus are shown in Figure 7b.
As the elastic modulus decreases, the tactile perception range (green safety area) gradually
decreases while the pain perception range (orange warning area) increases persistently.
It indicates that a smaller loading force can trigger pain feedback of artificial receptors
assembled by the PDMS layer with lower elastic modulus. Another discovery is that the
two sensory layers have the higher voltage response when the thickness of the PDMS layer
decreases. The trend in Figure 7d shows the output voltage of artificial receptors with
different PDMS layers thickness under the same loading condition (353.36 kPa). The output
voltage of the bottom sensory layer shows a downward trend from 0.0100 mV to 0.0035 mV
with the thickness of the PDMS layer increasing from 0.1 mm to 0.7 mm, as well the output
voltage of the top sensory layer changes identically as that of the bottom layer. Under
the same pressure load (353.36 kPa), the deformation of bottom sensory layer behind the
thicker PDMS layer is slightly lower due to the mechanical signal attenuation caused by the
stiffer, thicker PDMS layer. The sensing ability of biomimetic artificial receptors assembled
by PDMS layers with different thickness are shown in Figure 7e. The results indicate
that the tactile sensing range reduces as the PDMS thickness decreases, while the pain
sensing range has an opposite tendency. To verify the customizability of artificial receptors,
we further determined the relations of the pressure threshold to physical properties of
the PDMS layer using the experimental results. As the thickness increases, the pressure
threshold that triggers pain increases from 70.67 kPa to 212.01 kPa, while the induced touch
pressure threshold shows a small increase, as shown in Figure 7f. It can be attributed to
the anabatic loss of mechanical force in the thicker PDMS layer, which makes it difficult
for the bottom sensory layer to generate a voltage response at lower pressures. Similarly,
with the increase of elastic modulus from 1.2 MPa to 2.3 MPa, the induced pain pressure
threshold rises from 43.2 kPa to 176.68 kPa, while the tactile pressure threshold did not
change significantly (Figure 7c). In addition, it can be concluded that the distinction ability
of touch or pain signals becomes more obvious as the elastic modulus and thickness of the
PDMS layer rise. The above results indicate that the activation of the tactile perception
mode of artificial receptors is strongly correlated with the external stimulus load and the
PDMS layer thickness. The pattern of pain perception is affected by both external stimuli
and the PDMS layer. Therefore, the pain perception of artificial receptors can be regulated
by changing the physical properties of middle layer, thus achieving the customization of
the perception range.

3.4. Contract Area Effects

Typically, the human body receives pain information from acute touch with a tiny
contact area. We altered the loading area of the artificial receptor and carried out a series
of comparative experiments. Figure 8a shows the voltage response of artificial receptors
under different loading regions at 353.36 kPa. The experimental results indicates that the
output voltage of the top IPMC sensory layer falls and then increases when the radius of
the applied element reduces from 3 mm to 1 mm. The sudden decrease of tactile response
at R = 2 mm is attributed to the offset effect of compressive deformation in the contact
area and bending deformation at the contact edge resulting from the presence of a flexible
PDMS substrate [21]. As for the bottom IPMC sensory layer close to the rigid substrate,
the smaller contact area causes a larger stress distribution on the surface of the artificial
receptor, which increases the deformation of the whole structure along the loading direction
and the output voltage of the pain response. The output peak voltage of the bottom IPMC
layer representing pain perception steadily increases with the decrease of the loading
area, which indicates that a smaller loading force can trigger pain perception, as shown
in Figure 8b. Both the induced touch and pain threshold of artificial receptors show a
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descending trend gradually with the decrease of the loading area, which well simulated
the intense pain of biological skin hit by a sharp object. Due to the proximity of the top
sensory layer to external stimuli and the thinness of the protective masking tape layer, the
metal electrode surface of the top sensory layer suffers damage after extended cycles under
the minimum-area pressing element, while that of the bottom sensory layer is still intact
due to the protection of thick PDMS layer. It is worth noting that this novel multiplayer
dual functional sensor can be operated bi-directionally along the out-of-plane axis, i.e., it
will work the same way when the device is flipped over (the bottom layer becomes the
top layer).

 

Figure 7. The experimental results. (a) Effect of PDMS layer with different elastic modulus on voltage
response of artificial receptor. (b) The tactile/pain−sensing range of artificial receptors with change
of PDMS elastic modulus. (c) The induced touch/pain threshold changes with different elastic moduli
of PDMS layer. (d) Effect of PDMS layer with different thickness on voltage response of artificial
receptor. (e) The tactile/pain−sensing range of artificial receptors with change of PDMS thickness.
(f) The induced touch/pain threshold changes with different thicknesses of PDMS layer.
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Figure 8. The experimental results. (a) Effect of applying elements with different radius on voltage
response of artificial receptor. (b) The pressure threshold of artificial receptors when the radius of the
contact circle increases from 1 mm to 3 mm.

4. Discussion

In this work, we report a bio-inspired artificial receptor with innocuous sensing and
damage warning functions based on the coordination of ion-electric response principle
and mechanical signal attenuation, which simplifies manufacturing and signal decoupling.
The sensing voltage of artificial receptor primarily comes from the bending deformation
of two IPMC sensory layers. According to the finite element simulation and experiments,
the artificial receptor includes three operating states: non-perceptual state; tactile sensing
state; and pain sensing state. The sensitivity of the touch response and pain response is
0.136 mV/Pa and 0.026 mV/Pa, respectively. Further, the pressure threshold that triggers
touch and pain can be adjusted by changing the physical properties of the PDMS layer.
As the PDMS thickness increases from 0.1 mm to 0.7 mm, the induced pain pressure
threshold rises from 70.67 kPa to 212.01 kPa, while the induced touch pressure threshold
shows a small increase from 20.46 kPa to 70.67 kPa. Similarly, the induced pain threshold
increases from 43.20 kPa to 176.68 kPa with the growth of PDMS elastic modulus from
1.2 MPa to 2.3 MPa, and the induced touch threshold changes from 27.29 kPa to 47.75 kPa.
The excellent performance tunability will greatly facilitate the customizable fabrication of
artificial receptors. More than that, the threshold of pain drops down from 176.68 kPa to
54.57 kPa with the decrease of the radius from 3 mm to 1 mm, indicating that the artificial
receptor can imitate the pain of skin in response to a sharp touch. The proposed artificial
receptor with the capability of pain perception in our work will be beneficial to many fields,
including electronic skins, robotics, healthcare and so on.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/machines10110968/s1, Figure S1: (a) The materials, front view and
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Abstract: Regular maintenance of wire rope is considered the key to ensuring the safe operation of a
sluice gate. Along these lines, in this work, a six-wheeled wire rope climbing robot was proposed,
which can carry cleaning and maintenance tools for online cleaning and safety inspection of the sluice
wire rope, without its disassembly. The developed climbing robot is composed of separable driving
and driven trolleys. It adopts the spring clamping mechanism and the wheeled movement method.
Thus, it can easily adapt to the narrow working environment and different diameter ranges of the
sluice wire rope. In addition, the designed six-wheeled wire rope climbing robot not only possesses
a simple structure, simple control, and stable climbing speed, which are typical characteristics of
wheeled climbing robots, but also a large contact area with objects and small wheel deformation,
which are typical characteristics of crawler climbing robots. Structural design and mechanical
analysis were also carried out, with the fabrication of a prototype robot system called WRR-II. From
the acquired experimental results of the prototype’s climbing speed test, load capacity test, climbing
adaptability test, and obstacle-negotiation ability test, the rationality and feasibility of the designed
climbing robot scheme were verified.

Keywords: climbing robot; mechanical analysis; spring clamping; sluice gate; wire rope;
wheeled movement

1. Introduction

In water conservancy engineering facilities, sluice gates are widely used in rural
and coastal river channels as the main water retaining and discharge structures. As the
main load-bearing component of the hoisting sluice, the wire rope plays a vital role in
the safe operation of the sluice. Due to the long-term exposure of the sluice wire rope to
the outdoors, it is affected by irregular bearing, wind, rain, and sun, which will lead to
various problems, such as grease hardening, local corrosion, wear, and breakage. Therefore,
regular maintenance is essential for the proper operation of the wire rope. Currently, most
of the daily maintenance of the sluice wire rope is done manually, leading to problems,
such as high labor cost and intensity, low work efficiency, and high-risk factor. With the
application of the scientific and technological developments in the field of robotics to the
daily maintenance process of the wire rope, the above-mentioned problems can be easily
solved. Therefore, the research and development of a wire rope climbing and maintenance
robot in the water conservancy industry are anticipated to significantly improve work
efficiency in this field, successfully addressing the labor issue in enterprises.

As an important branch of the mobile robot family, climbing robots have received
widespread attention from the scientific community in the past two decades. As a result, a
wide variety of prototype systems have been developed for specific applications, such as
steel bridge climbing robots [1–4], cable-climbing robots [5–8], pole-climbing robots [9–13],
tree-climbing robots [14–17], pipe-climbing robots [18,19], wall-climbing robots [20–24],
among others.
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In terms of rope-climbing robots, Koo et al. [25] developed a climbing robot based
on the piston mechanism for a robotic competition in Malaysia. The robot consisted of
a base frame and two clampers. The two clampers were used to grip the rope, and the
base frame based on the piston mechanism was utilized to realize the climbing motion.
The advantages of the proposed robot are low energy consumption, low cost, and ease to
control and build. However, the robot is unable to climb vertically fixed ropes. When the
robot is in action, it will occasionally cause vibration along the rope.

Cho et al. [26–28] designed three climbing and detection robots for hanger cables
of suspension bridges, named WRC2IN-I, WRC2IN-I+, and WRC2IN-II. WRC2IN-I was
composed of a wheel drive mechanism, an attachment mechanism, and a safe landing
mechanism. It could climb at 50 mm/s under the condition of a 15 kg load. However, when
the wheeled cable-climbing robot moved on the uneven cable surface, it would produce
periodic vibration, which would affect the detection quality. Therefore, the project team
improved the first-generation cable climbing robot by changing the wheeled structure
into a tracked structure, which greatly reduced the vibration. In order to further simplify
the installation and disassembly process of the first-generation robot and improve work
efficiency, the project team developed the second-generation cable climbing robot named
WRC2IN-II. The robot was composed of two separable attachment modules, two driving
modules, and two obstacle-surmounting sub-modules. After improvement, the robot could
carry a load of 24 kg, while the installation and disassembly time only took about 5 min.
Although these robots are all able to climb vertically fixed wire ropes, their dimensions are
large and the applicable cable diameters are 50–90 mm.

Sun, G. [29] designed a wire rope climbing robot for the detection needs of lamps on the
top of airport lighting streetlights. The robot was composed of a compression mechanism, a
suspension mechanism, and a tracked type moving mechanism. The climbing robot could
maneuver on a wire cable with a cross-sectional diameter varying from 10 to 14 cm with
a stable and secure speed of 1 m/s. It could also lift up to 58 kg with respect to its own
weight of 15.6 kg.

Ratanghayra, P. R. [30] designed a simple climbing robot for soft ropes. The robot
was composed of a mounting frame and four mutually staggered wheels with motors.
The wheels were pressed against the rope by the action of springs, and could adapt to
the climbing tasks on ropes of different diameters. For hard wire ropes, the climbing
performance of the robot will be greatly reduced.

Fang, G. [31] developed a pneumatic wire rope climbing robot, WRR-I, for the mainte-
nance of sluice wire ropes. The robot adopted a split structure, which was composed of an
upper device and a lower device. The pneumatic drive cylinder was used to realize the
robot’s clamping, moving, and guiding functions. Moreover, it could carry a camera and
a laser cleaning device to detect and clean the sluice wire rope. The disadvantage of the
robot is that its motion is discontinuous.

Under this direction, this work was mainly focused on the description of a wheeled
type rope climbing robot for sluices, which was applied to carry laser cleaning and testing
equipment, as well as other working tools to carry out daily maintenance of the wire rope.
Therefore, the service life of the sluice wire rope can be prolonged.

The rest of this work is organized as follows. In Section 2 some considerations on
robot design are analyzed, while in Section 3 the mechanical structure of the six-wheeled
wire rope climbing robot is presented. In Sections 4–6, the mechanical analysis of the robot
is established and verified by experiments. Finally, in Section 7 the conclusions and future
work are discussed.

2. Considerations on Robot Design

Different regions and different types of hoisting sluices employ different diameters
and lengths of wire ropes. For example, the sluice used in rural river channels (as the
example shown in Figure 1a) uses a wire rope with a diameter of about 10–20 mm, and a
length of about 5–8 m, while the sluice used in coastal rivers (as the example depicted in
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Figure 1b) uses a wire rope with a diameter of about 15–30 mm, and a length about 6–15 m.
By considering its versatility, the goal of the designed robot is to be able to adapt to sluice
wire rope climbing tasks with diameters in the range of 10–30 mm and lengths in the range
of 5–15 m.

  
(a) (b) 

Figure 1. Sluice and wire rope working scene. (a) An example of the sluice used in rural river
channels, and (b) an example of the sluice used in coastal rivers.

Differently from straight rods, wire ropes are spirally wound with multiple strands of
steel wire, causing the surface of the wire rope to be uneven and flexible. Due to the long-
term operation of the wire rope, its surface will have problems, such as grease hardening,
broken wire, corrosion, wear, and looseness, which can effectively lead to certain changes
in the diameter of the wire rope. This fact requires the designed climbing robot to have
the ability to adapt to different environments, and also to overcome obstacles. According
to observation, it is generally required that the robot’s obstacle-crossing height should
be ≥2 mm.

Most of the sluice wire ropes are installed vertically, and their working states are either
tensioned or relaxed. While in tension, the inclination angle of the wire rope is generally
80–90◦. Hence, the robot should be able to climb up and down with a load in both vertical
and inclined directions, not causing damage to the wire rope. It is important to point
out the fact that the sluice is hoisted by multi-strand wire ropes, through dynamic and
static pulleys. The wire rope of each hanging point on the gate is arranged in four or more
strands, and the distance between the two strands of wire rope is different (generally in
the range of 50–300 mm). This requires that the size of the lateral structure of the designed
robot should not exceed 150 mm. The wire rope is coated with grease, while the degree of
hardening varies with the working time, which results in a small dynamic and static friction
coefficient between the robot and the wire rope contact surface. The robot needs to be
equipped with detection devices, cleaning devices, and oiling devices, which are important
for maintenance operations. Thus, the weight of the robot itself should not be more than
6 kg. At the same time, to can carry work tools, the load capacity of the robot needs to be
higher than 3 kg. Compared with manual maintenance, robot operation requires a certain
performance improvement. Therefore, it needs to have a certain climbing operation speed,
which should be ≥20 mm/s with a 3 kg load, and ≥30 mm/s without a load. In addition, to
ensure the continuity of maintenance operations, the robot requires good climbing stability,
with no sudden change in acceleration under normal conditions. On top of that, climbing
robots work during high-altitude operations, leading to the necessity of ensuring their
safety in the event of a power outage, in order that they will not slip and fall on these
occasions. Another factor to be considered is that the robot needs to clean multiple wire
ropes. In order to improve work efficiency and reduce non-working time, it is required that
installation and disassembly are simple and convenient.
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Based on the above-mentioned considerations, the designed climbing robot for sluice
wire rope should meet the design requirements shown in Table 1.

Table 1. Design requirements of the climbing robot for the sluice wire rope.

Dimensions (L × W × H) ≤250 × 150 × 400 mm

Weight ≤6 kg

Load capacity ≥3 kg

Adaptable diameter ϕ10–30 mm

Climbing speed ≥20 mm/s (with a 3 kg load);
≥30 mm/s (without a load)

Obstacle-crossing ability ≥2 mm

Installation time ≤5 min

3. Mechanism Design

3.1. Choice of the Attachment and Locomotion Methods

According to the above-mentioned analysis, the key factors to be considered in the
design of the climbing robot for sluice wire rope are the choice of attachment method and
the locomotion method. There are also other important considerations, which include
power loss safety and flexibility of the wire rope, among others.

(1) The choice of the attachment method. Although the wire rope is a magnetically
conductive material, the surface of the wire rope is both oily and uneven, which significantly
attenuates its magnetic adsorption force. Hence, it can be concluded that the magnetic
adsorption method is incompetent. Due to the uneven surface of the wire rope, both the
clamping attachment and claw-thorn attachment methods can be applied. Compared
with the claw-thorn grasping method, the clamping attachment method is simpler in
structure and more adjustable in strength. For this reason, this method was chosen to be
adopted for the proposed design. In terms of the selection of the specific clamping methods,
two forms were considered in an earlier stage, namely, pneumatic clamping and electric
clamping. After experimental verification, it was found that although the clamping force of
the pneumatic clamping is large, the pneumatic control is more complex, and additional
assistance, such as an air pump, is required. Besides, the electric gripping requires motors
or electromagnets, resulting in excessive weight of the robot. The spring clamping method
has the characteristics of adjustable clamping force, simple structure, and low cost, thus for
this design, the spring clamping method was adopted.

(2) The choice of the locomotion method. For wire rope climbing, wheeled, legged,
crawler, and telescopic methods can all meet the design requirements. Due to the com-
plex control and slow speed of the legged and telescopic climbing robots, they were not
considered for this design. Compared with the wheeled climbing robot, the crawler-type
climbing robot needs to be specially designed in order to obtain stable vertical climbing
performance on the oily wire rope, increasing the entire design cost. The wheeled robot is
simple in structure, and convenient to manufacture. Thus, for the introduced design the
wheeled climbing and moving method was adopted. In order to reduce the influence of the
clamping mechanism on the extrusion and deformation of the wheels, a six-wheel climbing
method was also adopted.

(3) Other considerations. Due to the small diameter of the sluice wire rope and the
small distance between the two wire ropes, the commonly used prismatic frame structure
and cylindrical frame structure equipped with three moving modules were considered as
not suitable. Therefore, for the proposed design, a cuboid frame structure equipped with
two moving modules was adopted. The structure has a narrow width, which is convenient
for the installation and disassembly of the robot, and will also not collide and interfere
with the wire rope. In terms of power loss safety considerations, the robot is driven by
a DC planetary gear reduction motor. In the event of power loss, the motor has a good
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locked-rotor performance, which can prevent the robot from slipping off the wire rope
when it loses power.

3.2. Overall Structure Design of a Wheeled-Climbing Robot for Sluice Wire Rope

According to the aforementioned design requirements, as well as the scheme analysis,
a six-wheel climbing robot for sluice wire rope named WRR-II (the second generation of
wire rope climbing robot) was developed. The robot was composed of two detachable
frames: a left frame composed of a driving trolley, a control box, and an upper anti-
deflection guide device. The right frame is composed of a driven trolley, a trolley position
adjustment mechanism, and a lower anti-deflection guide device.

The backs of the left and right frames were connected by hinges, in order that they
can be easily opened and fixed onto the wire rope. The front parts of the left and right
frames were clamped by pull buckles to form a closed robot, to prevent the robot from
being detached from the wire rope when it is working. The control box, which was used
to perform remote control operations, was equipped with several components, such as a
DC power supply, a motor drive unit, a wireless control unit, etc. The upper and lower
anti-deviation guide devices were composed of four mounting frames and four rollers,
which play the role of anti-deviation and guidance when the robot is climbing, preventing
the robot from detaching from the wire rope. Additionally, there are installation holes
on the upper and lower parts of the left and right frames, which can be equipped with
inspection, cleaning, oiling, and other equipment to carry out maintenance operations on
the wire rope. The schematic diagram of the two- and three-dimensional structures of the
designed robot is shown in Figure 2.

Figure 2. Wheeled climbing robot for wire rope for the sluice. (a) 2D schematic diagram of the robot,
and (b) 3D CAD structure of the robot.

(1) Robot attachment device. The entire attachment device was clamped by the left-
driving trolley and the right-driven trolley through the compression spring, to clamp the
wire rope and its three-dimensional structure, as illustrated in Figure 3. The left-driving
trolley was fixed on the left frame through the U-shaped bracket, while the position of
the right driven trolley within the right frame can be adjusted through the upper and
lower guide rods. When the left and right frames are enclosed, the left and right trolleys
clamp the wire rope through the V-shaped rubber wheels, where the clamping force can be
adjusted by manual levers, by adjusting screws, pressing plates, and springs. In order to
reduce the influence of the clamping force on the deformation of the rubber wheel and the
wire rope, and increase the contact area between the wheel and the wire rope, the left and
right trolleys were equipped with three V-shaped rubber wheels on each wheel frame. The
V-shaped rubber wheel also presents good contact and guiding effect with the wire rope.
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Figure 3. The 3D CAD structure of the attachment device. (a) The external frame of the attachment
device, and (b) the internal structure of the attachment device.

(2) Robot locomotion device. The locomotion device consists of a left-driving trolley
and a right-driven trolley, as depicted in Figure 4. The left-driving trolley was composed of
a DC reduction motor, a gear pair, three V-shaped rubber wheels, L-shaped and U-shaped
fixed brackets, axles, bearings, wheel lateral mounting plates, and false double chain drive
mechanisms. The geared motor was fixed onto the left frame by an L-shaped bracket,
while the driving gear was installed coaxially with the motor. The driven gear and the
intermediate driving wheel were fixed together by the axle, and the three V-shaped wheels
were fixed onto the left frame through the wheel axle, the wheel frame, and the upper and
lower U-shaped frames. A transmission sprocket was also installed onto the outside of
each of the three axles, while each driving sprocket was fixed with the wheel axle through a
locking screw. When the motor rotates, it drives the driving gear and the driven gear, thus
the middle driving wheel rotates. When the middle driving wheel rotates, the upper and
lower driving wheels also rotate by the action of the false double-row chain transmission.
Thereby, the robot can climb up and down through the friction between the driving wheel
and the wire rope. The geared motor has a reverse self-locking function, which can ensure
that it does not rotate in a power-off state, thereby preventing the robot from falling. The
right-driven trolley is composed of three V-shaped rubber wheels, two U-shaped fixed
frames, three wheel axles, bearings, and wheel-side mounting plates. The three V-shaped
wheels of the driven trolley are driven wheels, which mainly play the role of auxiliary
guidance and support when the robot is running.

Figure 4. The 3D CAD structure of the locomotion device. (a) The top view of the mobile device,
(b) the front structure of the driving trolley, and (c) the back structure of the driving trolley.
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4. Mechanical Analysis

Mechanical analysis is mainly used to determine the pressing force of the robot, as
well as the driving torque and several structural parameters of the motor, to provide a
theoretical basis for the optimization of the robot mechanism, the selection of the motor,
and the motion control. The designed robot in this work belongs to a redundant statically
indeterminate structure, with a relatively complex mechanical analysis. In order to simplify
its mechanical analysis process, the following assumptions were made:

(1) The wire rope is fixed at both the top and bottom, and the tensile force at both ends
is large enough, and therefore, the wire rope can be regarded as an approximate rigid body.
The wire rope is also inelastically elongated.

(2) During the climbing process of the robot, the wheels only roll and do not slide.
(3) The front and back sections, as well as the left and right sections, of the robot are

symmetrical, with the center of mass coinciding with the origin O’ of the robot’s local
coordinate system, which is located at the intersection of the line that connects the centers
of wheel 3 and wheel 4 and the axis of the wire rope.

(4) The stiffness coefficients of the two compression springs are the same, which are
also equal to the compression lengths.

(5) In the pressed state, the wheel does not deform.

4.1. Static Analysis
4.1.1. Static Analysis of the Hovering State

In order to analyze the balance and driving conditions of the robot, a schematic
diagram of the force analysis in the hovering state of the robot is established, as shown in
Figure 5. In the figure, YOZ is the inertial coordinate system, Y′O′Z′ is the local coordinate
system of the robot, O and O′ are their coordinate origins, FI refers to the clamping force
acting on each V-shaped wheel, NI denotes the normal force of the wire rope to each wheel,
Ffi represents the friction force between the wheel and the wire rope, G stands for the total
weight of the robot together with the load, θ is the angle between the axle of the wire rope
and the Y direction of the inertial coordinate system, F signifies the clamping force applied
at the handle, k is the stiffness coefficient of the spring, r is the radius of the wire rope,
R denotes the radius of the V-shaped wheel, and L is the distance between the two wheels
along the axis of the wire rope.

According to the force balance equations, Equations (1) and (2) can be obtained.

∑ Y′ = 0, F1 + F3 + F5 +N2 +N4 +N6 +Gcosθ− F2 − F4 − F6 −N1 −N3 −N5 = 0 (1)

∑ Z′ = 0, Ff1 + Ff3 + Ff5 + Ff2 + Ff4 + Ff6 − Gsinθ = 0 (2)

By considering that the structure of each wheel is symmetrical and the load is balanced,
then Equations (3)–(7) can be obtained.

N1 = N3 = N5 (3)

N2 = N4 = N6 (4)

F1 = F3 = F5 (5)

F2 = F4 = F6 (6)

Ffi = μNI, i = 1 ∼ 6 (7)

In Equation (7), NI is the normal force of the wire rope to each wheel, and μ represents
the static friction coefficient between the wheel and the wire rope.

In the hover state and since F1 = F2, the values of N1 and N2 can be determined by
Equations (8) and (9).

N1 =
Gsinθ

6μ
+

Gcosθ
6

(8)
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N2 =
Gsinθ

6μ
− Gcosθ

6
(9)

Figure 5. Force diagram of the robot in the YOZ coordinate plate.

According to the force analysis of wheel 1, Equations (10) and (11) can be obtained.

N1 = F1 +
G
3

cos θ (10)

F1 = N1 − Gcosθ
3

=
Gsinθ

6μ
− Gcosθ

6
(11)

The clamping force F can be expressed by Equation (12).

F = F1 + F3 + F5 = F2 + F4 + F6 = 3 F1 (12)

By combining Equation (11) with Equation (12), the following is obtained:

F =
Gsinθ

2μ
− Gcosθ

2
(13)

For the robot to be able to hover on the wire rope, the clamping force F applied at its
handle should satisfy the following condition:

F ≥ Gsinθ
2μ

− Gcosθ
2

(14)
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By substituting the basic parameters of the robot as follows: G = 40 N, μ = 0.1,
θ = 90◦, k = 50 N/cm, the minimum value of the clamping force F is the following:

F ≥ 200 N (15)

According to Hooke’s law F = 2kΔx, the minimum distance that the screw needs to
move can be determined by Equation (16).

Δx =
F

2k
=

200
2 × 50

= 2 cm (16)

4.1.2. Static Analysis When the Robot Has an Upward Movement Trend

When driving wheel 1 of the robot rotates clockwise, the robot tends to move upward,
and its force analysis is displayed in Figure 6a. At this point, the friction of the left wheel is
upward, and the friction of the right wheel is downward. By considering the symmetry of
the three pairs of left and right wheels, and in order to simplify the calculation process, the
force analysis of the entire robot was considered equivalent to the force analysis of the top
pair of wheels, as shown in Figure 6b.

 
(a) (b) 

Figure 6. Force diagram of the robot when it has an upward movement trend. (a) Force diagram in
the YOZ coordinate plane, (b) simplified equivalent force diagram.

According to the force and moment equilibrium conditions, and assuming that the
weight of the wheel is negligible, the following balance equations can be established.

∑ Y ′ = 0, F1 + N2 +
G
3

cos θ− F2 − N1 = 0 (17)
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∑ Z′ = 0, Ff1 − Ff2 − G
3

sin θ = 0 (18)

∑ M o ′′ = 0, Ff1R − Ff2(R + 2r)− G
3

sin θ(R + r)− τ1 − τ2 = 0 (19)

where O′′ is the center of mass of wheel 1, O′′′ stands for the center of mass of wheel 2, R is
the radius of the wheel, r is the radius of the wire rope, and τ1,τ2 denote the rolling friction
couple moments of wheel 1 and wheel 2, respectively.

In the previous three equations, there are seven unknown values. Hence, the left
and right wheels, as well as the robot framework, need to be solved separately. The force
diagrams are shown in Figure 6b.

The balance Equations (20)–(22) can be obtained from wheel 1.

∑ Mo′′ = 0, Ff1R = τ1 (20)

∑ Y ′ = 0, N1 = F1 + Fz1cos θ (21)

∑ Z′ = 0, Ff1 = Fz1sin θ (22)

The balance Equations (23)–(25) can be obtained from wheel 2.

∑ M o ′′′ = 0, Ff2R = τ2 (23)

∑ Y ′ = 0, N2 = F2 (24)

∑ Z ′ = 0 , Ff2 = Fz2 (25)

The balance Equations (26)–(27) can be obtained from the robot framework.

∑ Y ′ = 0, F1 + Fz1cos θ = F2 (26)

∑ Z′ = 0, Fz1sin θ = Fz2 +
G
3

sin θ (27)

When the wheel is in a critical equilibrium state, the rolling friction couple moment
reaches the maximum value, which is equal to the following:

τ1 = δN1 (28)

τ2 = δN2 (29)

where Ni is the normal force of the wire rope to each wheel, and δ is the rolling friction
coefficient between the wheel and the wire rope.

By combining Equations (17)–(29), the following can be obtained:

τ ≥ 3Ff1R = 3Ff2(R + 2r) + Gsinθ(R + r) + 3τ1 + 3τ2 = 9δF2 + 6δF2
r
R
+ Gsinθ(R + r) (30)

By also considering that F2 = F
3 :

τ ≥ 3δF + 2δF
r
R
+ Gsinθ(R + r) (31)

Substituting the basic parameters of the robot as: G = 40 N, δ = 2 mm, θ = 90◦,
R = 26 mm, r = 5 mm, and F = 300 N, the minimum value of the drive torque τ is
the following:

τ ≥ 3.27 n.m (32)

4.1.3. Static Analysis When the Robot Has a Downward Movement Trend

When driving, wheel 1 of the robot rotates counterclockwise and the robot tends to
move downward—its force analysis is displayed in Figure 7a. At this point, the friction of
the left wheel is downward, and the friction of the right wheel is upward. By considering
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the symmetry of the three pairs of left and right wheels, and in order to simplify the
calculation process, the force analysis of the entire robot is considered equivalent to the
force analysis of the top pair of wheels, as illustrated in Figure 7b.

 
(a) (b) 

Figure 7. Force diagram of the robot when it has a downward movement trend. (a) Force diagram in
the YOZ coordinate plane, (b) simplified equivalent force diagram.

According to the force and moment balance conditions, and assuming that the weight
of the wheel is negligible, the following equilibrium equations can be established.

∑ Y ′ = 0, F1 + N2 +
G
3

cos θ− F2 − N1 = 0 (33)

∑ Z′ = 0, Ff2 − Ff1 − G
3

sin θ = 0 (34)

∑ Mo′′ = 0, −Ff1R + Ff2(R + 2r)− G
3

sin θ(R + r)− τ1 − τ2 = 0 (35)

Similar to the solving method of forces for the upward motion trend of the robot,
the left and right wheels and the frame were taken as research objects, and the force
diagrams are shown in Figure 7b. The equilibrium equation was solved, and the following
was obtained:

τ ≥ 3δF + 2δF
r
R
− Gsinθ(R + r) (36)

By substituting the basic parameters of the robot as follows: G = 40 N, δ = 2 mm,
θ = 90◦, R = 26 mm, r = 5 mm, and F = 300 N, the minimum value of the drive torque τ
is the following:

τ ≥ 0.79 n.m (37)
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4.2. Kinematics Analysis of the Robot

The schematic diagram of the kinematics analysis of the robot is shown in Figure 8.

Figure 8. Schematic diagram of the kinematics analysis of the robot.

In Figure 8, L1 is the initial position length of the robot on the wire rope, v refers to the
climbing speed of the robot, n1 is the rotation speed of the motor, n2 is the rotation speed
of the driving wheel, Z1 denotes the number of teeth of gear 1, Z2 is the number of teeth
of gear 2, w1 represents the rotational angular velocity of the motor, w2 is the rotational
angular velocity of the driving wheel, ϕ stands for the rotational angle of the driving wheel,
and θ is the angle between the axle of the wire rope and the Y direction of the inertial
coordinate system.

The position equation of the robot can be expressed by Equation (38).
{

y = L1cosθ+ϕR2cosθ
z = L1sinθ+ϕR2sinθ

(38)

The speed formula of the gear transmission pairs can be expressed by the
following expression:

n1

n2
=

Z2

Z1
(39)

The rotation angle ϕ of driving wheel 1 can be calculated as follows:

ϕ = w2t =
2πn2

60
t =

πn2

30
t =

πZ1n1

30Z2
t (40)

According to Equation (38) and Equation (40), the position equation of the robot can
be obtained as the following:

{
y = L1cosθ+ πZ1n1

30Z2
R2tcosθ

z = L1sinθ+ πZ1n1
30Z2

R2tsinθ
(41)

The velocity equation of the robot can be obtained as follows:

{
vy =

.
y =

.
ϕR2cosθ = w2R2cosθ = πZ1n1

30Z2
R2cosθ

vz =
.
z =

.
ϕR2sinθ = w2R2sinθ = πZ1n1

30Z2
R2sinθ

(42)
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The acceleration equation of the robot is obtained as the following:{
ay =

..
y =

..
ϕR2cosθ =

.
w2R2cosθ

az =
..
z =

..
ϕR2sinθ =

.
w2R2sinθ

(43)

By substituting the basic parameters of the robot as follows: Z1 = 25, Z2 = 30, θ = 90◦,
R2 = 26 mm, and n1 = 23 r/min, the theoretical value of the climbing speed of the robot is
the following:

vz =52 mm/s, vy = 0 mm/s (44)

5. Control Architecture

The current climbing robot can carry cameras and NDT equipment to detect defects
in wire ropes. The electronic architecture of the WRR-II platform is presented in Figure 9.
The hardware control box is depicted in Figure 10. The control system consists of two main
components, namely, the user-level controller and the low-level controller. The user-level
controller is on the Tablet PC platform, and it provides the user interface and data trans-
mission from the climbing robot. The low-level controller is based on the STM32F407ZET6
main control unit (MCU), which controls the motion of the DC motors and the peripheral
devices (surveillance camera, extended NDT device, etc.). The communication between the
two levels was set through a Wi-Fi module. The user interface (UI) was developed based
on Qt software. The robot was instructed to move upward and downward by the UI. In
order to reduce the weight of the robot, the power supply was provided from the external
module in our current system.

Figure 9. The control architecture of WRR-II.
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Figure 10. The control box of WRR-II.

6. Experiments

In order to verify the rationality of both the design scheme and the mechanical analysis
of the robot, a prototype robot was built (WRR-II), as shown in Figure 11. In order to reduce
the weight, except for the DC motor, chain drive mechanism, and V-shaped rubber wheel,
the rest of the robot is made of aluminum alloy. The total mass of the robot is 3.8 kg, and
the structural size of the robot is 250 × 150 × 300 mm (L × W × H).

  
(a) (b) 

Figure 11. Experimental verification of the robot. (a) The experimental gantry, and (b) the climbing
robot fixed on the gantry.

In order to simulate the working scene of the outdoor sluice, an experimental gantry
with a height of 2 m and a width of 1.2 m was built, as illustrated in Figure 11a. Three steel
wire ropes were erected on the gantry, with the following diameters: ϕ10 mm, ϕ14 mm,
and ϕ10 mm. A ϕ10 mm wire rope on the far right is adjustable for tightness, and was
coated with grease. The leftmost ϕ10 mm and the middle ϕ14 mm wire ropes were fixed at
both the top and bottom, and were not greased. The distance between the adjacent wire
ropes was 200 mm. This arrangement can simulate and test the climbing performance of
the robot under different working conditions of the wire rope.

The installation and disassembly process of the robot is very simple since it only
requires opening the two pull buttons on the front of the robot to separate the left and right
frames of the robot around the hinges, putting it on the wire rope, and then fastening the
pull buttons. Finally, the clamping force between the wheels of the driven trolley and the
wire rope is adjusted by the position adjustment mechanism. Thus, the robot can hover
on the wire rope without slipping. The whole operation process can be completed within
1 min by a single person. The disassembly process is exactly the reverse of the previously
described installation process.
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To validate the performance of the robot, the project team carried out a series of
experiments, such as a climbing speed test, a climbing adaptability test, a load capacity test,
and an obstacle negotiation ability test.

6.1. Climbing Speed Test

In the case that no load is present, the climbing speed of the robot was calculated by
measuring the time required for the robot to climb 1 m on ϕ14 mm grease-free wire rope
several times. Through these experiments, it was found that when the output speed of the
motor was 23 r/min, the robot can climb up at a speed of 40 mm/s, and move downward
at a speed slightly higher (45 mm/s). Compared with the climbing speed of the first-
generation climbing robot WRR-I developed in the early stages (26 mm/s) [31], the speed
performance was significantly improved. However, when compared with the theoretical
calculation speed of 52 mm/s the actual climbing speed of the robot was reduced, due to a
certain slippage between the rubber wheel and the wire rope during the climbing process.

6.2. Climbing Adaptability Test

In order to test the climbing adaptability of the robot, it was installed on the wire ropes
under five different working conditions, as shown in Figure 12. The climbing stroke was
equal to 1 m up and down, and the test results are shown in Table 2.

Figure 12. The sluice wire rope under three different working conditions: (a) ϕ10 mm, without
grease; (b) ϕ10 mm, with grease; (c) ϕ14 mm, without grease.

Table 2. The results of the climbing adaptability test of the robot.

Experimental Conditions of the
Wire Rope

Velocity of
Upward Climbing

(mm/s)

Velocity of
Downward

Climbing (mm/s)

1 ϕ10 mm, with grease, fixed at both ends 34.5 45.5

2 ϕ10 mm, with grease, fixed top,
free bottom 32.3 47.6

3 ϕ10 mm, with grease, fixed at both ends,
tilt angle is 60◦ 31.3 47.6

4 ϕ10 mm, without grease, fixed at
both ends 38.5 45.5

5 ϕ14 mm, without grease, fixed at
both ends 40.0 45.5

As can be seen from Table 2, the robot can stably climb on the wire rope, under various
conditions. By analyzing upward climbing speeds, the robot on the non-greased wire rope
was obviously faster than the one on the greased wire rope. For the same greased wire
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rope, the robot climbing speed was slightly faster when the two ends were fixed, when
compared to the one with a single end. Regarding the angle, it is possible to conclude
that the robot’s climbing speed was slightly faster in the vertical case than one in the
inclined case. During the downward process, the downward speed under various working
conditions is generally consistent, and no obvious differences can be found. In addition,
the change in the wire rope diameter has some impact on the climbing speed of the robot.
As the diameter of the wire rope increased, the climbing speed increased slightly.

6.3. Load Capacity Test

In order to verify the load capacity of the robot, the robot was installed on a ϕ14 mm
non-greased wire rope that was fixed at both ends, where loads of different weights are
added on the robot, as depicted in Figure 13, with the climbing speed results shown in
Figure 14. Looking at the results, it is clear that as the load increases, the upward speed
of the robot slows down. When the load exceeds 10 kg, the motor is overloaded and does
not move during the upward process of the robot. Regarding the downward process, the
speed of the robot was relatively stable, independently of the load’s weight.

 
Figure 13. Load capacity test setup.

Figure 14. The results of climbing speed.
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The climbing speed of the robot varies for different wire rope inclination angles and
different load weights, and its relationship is depicted in Figure 15. The robot was installed
on a ϕ10 mm non-greased wire rope that was fixed at both ends, where loads of different
weights ranging from 0 to 5 kg were added onto the robot. The range of the wire rope
inclination angles was from 50◦ to 90◦. As shown in Figure 15, the climbing speed of the
robot decreased significantly with the increase in load weights. For the same load, with
the decrease of the inclination angle, the climbing speed of the robot decreases first and
then grows.

Figure 15. Depiction of the results of the climbing speed.

6.4. Obstacle Negotiation Ability Test

In order to test the robot’s ability to cross obstacles, the ϕ14 mm wire rope was
wrapped with tape to form three steps of different diameters, as shown in Figure 16. The
diameters of the three steps were ϕ15 mm, ϕ16 mm, and ϕ17 mm, with their spacing equal
to 30 mm. During the ascending process (as shown in Figure 17), the robot successfully
passed three steps of different diameters but during the descending process, the robot
briefly slipped at the ϕ17 mm step, barely passing at the end. This also reflects that
wheeled climbing robots have certain deficiencies when trying to overcome obstacles.

 
Figure 16. Obstacle negotiation ability test setup.
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Figure 17. Process of obstacle negotiation. (a) t = 0 s, (b) t = 5 s, (c) t = 10 s, (d) t = 15 s, (e) t = 20 s,
(f) t = 25 s, (g) t = 30 s.

6.5. Performance Comparison of the Robots

Table 3 lists some performance parameters of various rope-climbing robots. Compared
with these climbing robots (WRR-I, WRC2IN-I, WRC2IN-II, as presented in Table 3), WRR-II is
more competent for climbing small diameter wire ropes, and has better climbing performance.

Table 3. The performance comparison of the robots.

WRR-I [31] WRR-II WRC2IN-I [5] WRC2IN-II [28]

Locomotion method Inchworm-style Wheeled-style Wheeled-style Crawler-style

Attachment method Clamp Clamp Clamp Clamp

Dimensions 220 × 110 × 80 mm 250 × 150 × 300 mm ϕ593 × 563 mm 328 × 507 × 701 mm

Mass 1.5 kg 3.8 kg 30 kg 26.2 kg

Payload 3 kg 8 kg 9 kg 34 kg

Diameter 10–16 mm 10–30 mm 50–90 mm 40–90 mm

Obstacle height 5 mm 3 mm 9 mm 5 mm

Climbing speed 20–26 mm/s 40–45 mm/s 35–80 mm/s 60–80 mm/s

7. Conclusions and Future Work

Both cleaning and maintenance of wire ropes have always been a major problem in the
industry since there are problems regarding high labor intensity and high safety risks. The
wire rope used for sluices has a small diameter and a narrow operating range, it is installed
almost vertically, and is covered with grease of different degrees of hardening, which bring
about greater cleaning and maintenance difficulty. Compared with the first-generation
pneumatic peristaltic wire rope climbing robot WRR-I, this work proposed and described
a new system, a six-wheel wire rope climbing robot (WRR-II). Under the condition of its
own weight of 3.8 kg, the robot can carry a maximum of 8 kg of working tools for online
laser cleaning and maintenance of steel wire ropes and visual safety inspection, thus it has
a good application prospect.

The six-wheeled wire rope climbing robot proposed in this work, not only has a simple
structure, a simple control, and a stable climbing speed, but it also has a large contact area
and little influence on the wheel deformation of the crawler climbing robot. It was shown
that it can adapt to climbing tasks of wire ropes with different diameters and different
lubrication states. The theoretical analysis of the statics and kinematics of the robot, as
well as the performance test of the prototype, verify the rationality and feasibility of the
designed scheme. During the experiments performed with the prototype, it was also found
that the V-shaped rubber wheel would have a certain slip when climbing on the surface of
the wire rope covered with grease.

In future work, the project team will further optimize the structure of the rubber
wheel and increase the claw-thorn structure. Therefore, it can be well adapted to the task
of climbing wire rope with grease, as well as to improve the load capacity of the robot.
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Some new methods that have the potential to make soft and slight robots are considered
to be used to improve the robot’s climbing performance, such as a fluidic rolling robot
using voltage-driven oscillating liquid [32], and an active sorting of droplets by using an
electro-conjugate fluid micropump [33]. What is more, it is necessary to select actual rural
river sluices and coastal river sluices for outdoor field experiments, to further verify the
climbing ability of the designed robot. In addition, the influence of laser cleaning devices
and non-destructive testing devices on the climbing performance of the robot will also be
studied, as well as the impact of wire rope maintenance.
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Abstract: Inspired by identifying directions through the geomagnetic field for migrating birds, in this
work, we proposed and fabricated a single-joint worm-like robot with a centimeter scale, the motion of
which could be easily guided by a magnet. The robot consists of a pneumatic deformable bellow and
a permanent magnet fixed in the bellow’s head that will generate magnetic force and friction. Firstly,
in order to clarify the actuating mechanism, we derived the relationship between the elongation of the
bellows and the air pressure through the Yeoh constitutive model, which was utilized to optimize the
structural parameters of the bellow. Then the casting method is introduced to fabricate the silicone
bellow with a size of 20 mm in diameter and 28 mm in length. The manufacturing error of the bellow
was evaluated by 3D laser scanning technology. Thereafter, the robot’s moving posture was analyzed
by considering the force and corresponding motion state, and the analysis model was established
by mechanics theory. The experimental results show that the worm-like robot’s maximum speed
can reach 9.6 mm/s on the cardboard. Meanwhile, it exhibits excellent environmental adaptability
that can move in pipelines with a diameter of 21 mm, 32 mm, 40 mm, and 50 mm, and surfaces with
different roughness. Moreover, the robot’s motion was successfully guided under the presence of the
magnetic field, which shows great potential for pipeline detection applications.

Keywords: worm-like robot; magnetic navigation; pneumatic actuator; structural design; fabrication;
characterization; piping application

1. Introduction

Nature provides a steady stream of inspiration for engineers to solve problems [1]. For
a long time, the principle of bionic motion has been widely applied in the design of various
worm-like robots and has attracted worldwide research attention [2]. Compared with the
traditional wheel-legged bionic robotics, the worm-like robot, which generates motion
by imitating simple changes in the body shape of worms (earthworms and inchworms),
can be ideal for navigating long narrow spaces due to its compact structure, lightweight,
and small movement space, and has been widely used in pipeline maintenance, med-
ical endoscopy, and other fields [3]. The most previously developed peristaltic robots
are built with rigid materials and structures [4–6]. Usually, these rigid robots have poor
environmental adaptability due to the “hard” nature of their characteristics, which can
only crawl in a specific pipeline environment and possibly damage the pipeline’s surface
due to improper operation. This significantly limits the peristaltic robot’s capability to be
used in environments with different pipeline sizes. With the development of materials,
biomechanics, and manufacturing technologies, soft robotic technology has attracted the
extensive attention of researchers. Compared with rigid robots, soft robots, which have
continuous deformation, infinite degrees of freedom theoretically, more robust environ-
mental adaptability, and safely interact with humans [7,8], are made of flexible or soft
materials (a Young’s modulus of 104–109 Pa) and can arbitrarily change their shape to pass
the complex constrained environments. The emergence of soft robots provides considerable
prospects for peristaltic robots.
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Most of the existing soft worm-like robots are designed in multiple-segmented struc-
tures, which can realize the effective contraction-expansion motion like earthworms or
the Ω motion like inchworms by actuating this segmented structure in a predesigned
sequence [9]. For instance, Onal et al. [10] presented a worm-like origami robot driven
by shape memory alloy (SMA), which can realize the crawling motion by controlling the
elongation and contraction through different SMA. Pfeil et al. [11] proposed a bellows
structured robot, which was actuated by dielectric elastomers (DE) and can stably realize
the peristalsis on the horizontal surface. However, the efficiency of the worm-like robot’s
locomotion actuated by the SMA spring or DE did not exhibit satisfactory performance
as a result of the intractability of controlling the SMA and DE in the motion process. In
contrast, pneumatically is widely adopted for driving soft worm-like robots because of
its low-cost design and easy control. Furthermore, pneumatic actuation has high driving
efficiency and achieved many impressive achievements [12–14]. The standard structure of
such worm-like robots has three parts: two chambers for anchoring and one drive actuator
for locomotion. For example, Verma et al. [13] designed a peristaltic wall-climbing robot
with three chambers, two of which are used as radial actuators, while the third is used as
a liner actuator. The robot achieves bidirectional motion along pipelines by periodically
changing the input air pressure in each chamber. A similar worm-like robot was also
proposed by Liu et al. [14], and the vertical load capacity could reach 1 kg. However, such
robots only have one degree of freedom (DOF), which cannot adjust the heading directions
flexibly and actively. In order to achieve more flexible motion capabilities, such as two-
dimensional steering motion, the design of the robot’s structure and control system must be
more complex. For example, in [14], Liu et al. superimposed multiple different pneumatic
modules on the basis of the robot’s peristaltic module, which realized the robot’s steering
in the pipeline. Zhang et al. [15] presented a multi-chamber actuator as a liner actuator
that can realize the turning of the robot by inflating different chambers to bend the linear
actuator. On the one hand, these complex structures undoubtedly increase the difficulty of
manufacturing and controlling the robot. On the other hand, the aforementioned peristaltic
robot can only crawl inside the pipeline, and its plane crawling ability has not been verified.
Moreover, the diameter of the crawling pipelines is limited by the deformation range of its
expansion segments. The expansion can cause the pipeline to be blocked, which dramati-
cally limits the worm robot’s application. Although, some researchers have conducted the
creeping on different environments, such as pipelines and planes, based on the principle of
friction anisotropy. An impressive example is a worm robot proposed by Ge et al. [16] that
can realize the forward or backward movement in the pipeline and planes by changing
the friction coefficient of the two end segments, but how to realize the steering is still
a complex problem.

In view of the above problems, we designed a single-joint centimeter-scale magnetic
navigation worm-like robot in this study inspired by the use of geomagnetic field navigation
in the migration of migratory birds. As shown in Figure 1a, the migratory birds modify their
flight routes according to the change of geomagnetic field during the migration process
to ensure the correct migration direction. As shown in Figure 1b, the designed robot
is composed of a bellows actuator and a permanent navigation magnet, which provide
power and directional traction, respectively. The forward movement can be realized by the
principle of friction anisotropy and the force-bending characteristics of the bellows based
on the principle of inchworm peristalsis, while the robot’s steering and motion path can be
guided by adjusting the magnetic force direction.

In general, the main highlights of this work include the following:
(1) Based on the principle of worm motion, a single-joint centimeter-scale magnetic

navigation worm-like robot that can crawl on different diameters of pipelines and surfaces
with different roughness without being limited by the range of radial segment deformation
is designed using the force-bending characteristics of bellows and the principle of friction
anisotropy in this study.
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(2) Inspired by utilizing the geomagnetic field for migrating birds to identify direc-
tions, the robot can be turned and guided by changing the direction of the magnetic field,
which simplifies the robot’s structural design and reduces the difficulty of manufacturing
and control.

Figure 1. The schematic of the magnetic field navigation (a) the schematic diagram of navigation of
migratory birds; (b) the schematic diagram of navigation of the robot.

The remainder of this work is presented as follows. The structure parameters of the
pneumatic actuator and the model of air pressure and elongation are established in Section 2.
Section 3 analyzes the motion principle of the robot and establishes the mechanical model.
The experiments to verify the bellows characteristics, motion characteristics, and navigation
characteristics are in Section 4. Finally, the conclusion and future works are concluded
in Section 5.

2. Design and Fabrication

In this section, the structure and fabrication process of the robot are described, and the
mathematical model between the air pressure and the elongation of the bellows actuator is
established based on the Yeoh constitutive model. Then, the Abaqus is used to analyze the
influence of the rectangular chamber number and wall thickness on the performance of bel-
lows with the same conditions, and the actuator structure is optimized by its results. Finally,
the robot actuator is manufactured according to the determined structural parameters.

2.1. Design Concept and Structure of the Robot

This work is inspired by migratory birds, which can adjust their flight direction
according to the direction of the induced geomagnetic field. As shown in Figure 1b, the
robot’s structure is mainly composed of a motion module and a navigation module. The
motion module is made of flexible silicone rubber that adopts a bellows actuator structure
to power it. The navigation module is a rigid permanent magnet pasted on the robot head
that guides the robot and furnishes a diffident friction coefficient.

As the unique power unit, the bellows actuator’s performance directly determines the
crawling efficiency of the robot. As shown in Figure 2, the rectangular bellows structure
is adopted in this paper to realize the expansion and contraction movement of the robot
by inflating and deflating. The dimensions of the actuator in the initial state are described
by the height l, the single chamber height x, the chamber radius r, the thickness t, and the
radius R. The dimensions of the actuator in the deformed state are described by the height
la, the single chamber height xa, the chamber radius ra, the thickness ta, and the radius
Ra. The initial height l can be calculated by l = nx, where n is the chamber’s numbers,
the change of height of the actuator between the initial state and deformed state or named
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the actuator’s elongation is termed as Δl, and the actuator’s expansion is calculated as
w = 2(Ra − R).

Figure 2. Cross section broken view of the bellows actuator in the initial state and deformed state
(a) Initial state; (b) Deformation state.

Since silicone rubber is a kind of nonlinear material with hyperelasticity, large defor-
mation, and incompressibility, we use the Yeoh model to analyze the relationship between
pressure and elongation of the actuator. The Yeoh model strain energy function is expressed
as follows:

W = W(I1, I2, I3) (1)⎧⎨
⎩

I1 = λ1
2 + λ2

2 + λ3
2

I2 = λ1
2λ2

2 + λ2
2λ3

2 + λ1
2λ3

2

I3 = λ1
2λ2

2λ3
2

(2)

where I1, I2, I3 are strain invariants, and λ1, λ2, λ3 represent the main stretch ratios in three
directions and it can be written as:⎧⎨

⎩
λ1 = la

l = nxa
nx

λ2 = ra
r = Ra−ta

R−t
λ3 = ta/t

(3)

Due to the incompressible nature of the silicone rubber materials, the strain invariant
I3 can be rewritten as:

I3 = λ1
2λ2

2λ3
2 = 1 (4)

Assuming that the bellows base does not deform in the width direction, that is
λ3 = ta/t = 1. Simultaneous Equations (2) and (3), it can be obtained that:{

λ2 = 1
λ1

I1 = I2 = λ1
2 + 1

λ1
2 + 1

(5)

According to Equations (1) and (5), the third-order Yeoh model can be written as:
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W = C1(I1 − 3) + C2(I2 − 3)2 + C3(I3 − 3)3 = C1(
la

2

l2 +
l2

la2 − 2) + C2(
la

2

l2 +
l2

la2 − 2)
2

+ 8C3 (6)

where C1, C2, C3 are the coefficients of the material, which can be identified by least
square fitting using the experiment data of uniaxial tension tests as C1 = 0.12 Mpa,
C2 = 0.023 Mpa, and C3 = 0.00006 Mpa.

According to the law of conservation of energy, the change of the strain energy is equal
to the work done by the pressure [17], namely:

PdVa = VbdWa (7)

where P represents the pressure, Va = π(ra − ta)
2la is the volume of the deformed chamber,

Wa is the elastic density strain energy, dVa and dWa represent, respectively, the variation of
Va and Wa, and Vb is the volume of silicone after the actuator deformed. It is worth noting
that Vb can be regarded as a constant value due to the incompressibility of the silicone
material. It should also be noted that both Va and Wa are unary functions of la, and the
relationship between pressure P and the elongation la can be obtained with the equation
above, and it can be written as:

P = Vb
dWa

dVa
= f (la) (8)

The relationship between the bellows actuator elongation and air pressure can also
be obtained: {

la = f−1(p)
Δl = la − l

(9)

It can be seen from Equation (3) that when the height x of a single rectangular chamber
and the radius R of the actuator are constant, the axial elongation ratio of the actuator is
related to the number of rectangular chambers n, and the radial expansion ratio is related
to the bellows thickness t. According to Equations (5), (6), and (9), it can be inferred
that the number of rectangular chambers and the actuator thickness are transformed into
a relationship with the bellows elongation. To explore more intuitively the influence
of the rectangular chamber numbers and the actuator thickness on the bellows actuator
performance and provides a more accurate basis for the design parameters of the bellows
actuator. The bellows actuator’s initial parameters are defined as l = 28 mm, R = 10 mm,
x = 3 mm, and t = 1 mm. Then, the number of the rectangular chamber is made to be
n = 4, n = 5, and n = 7, respectively, and the air pressure from 0 kpa to 50 kpa was applied
to the bellows actuator for simulation calculation. The results are shown in Figure 3a,b.

As shown in Figure 3a,b, with the increase in the number of rectangular chambers,
the bellows actuator elongation is positively correlated with the number of the rectangular
chamber under the same conditions. Although the expansion increased with the number of
rectangular chambers, there is not much difference between the expansion dimensions of
the three candidates under the same thickness. Therefore, we selected the number of the
rectangular chamber as n = 7, and simulation experiments were carried out with thickness
t = 1 mm, t = 2 mm, and t = 3 mm, respectively. The results are shown in Figure 3c,d.

It can be seen from Figure 3c,d that the bellows actuator elongation is negatively
correlated with the thickness, and its expansion also decreases with the increase of the
thickness of the bellows. Nevertheless, it is worth noting that with the increase in thickness,
the expansion of the bellows decreases in multiples. The maximum expansion of t = 2 mm
is only 44.9% of the maximum expansion of t = 1 mm, and the maximum expansion of
t = 3 mm is 41.8% of t = 2 mm. However, the numerical difference between t = 3 mm and
t = 2 mm can be negligible compared with t = 2 mm and t = 1 mm. In order to avoid the
influence of excessive expansion on the robot’s motion, which will decrease the bending
performance, the number of the rectangular chamber and thickness are selected as n = 7
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and t = 2 mm, respectively, on the basis of ensuring elongation. The structural parameters
of the bellows actuator are shown in Table 1.

Figure 3. The influence of different structural parameters on bellows deformation. (a) The effect of
the rectangular chamber’s numbers on the elongation; (b) The effect of the rectangular chamber’s
numbers on the expansion; (c) The effect of the thickness of the bellows on the elongation; (d) the
effect of the bellows thickness on the expansion.

Table 1. The bellows actuator’s structure paraments.

Paraments Value

Height (l. mm) 28
Radius (r. mm) 8

Thickness (t. mm) 2
Numbers (n) 7

2.2. Fabrication

The main existing manufacturing methods for soft robots are multi-material 3D print-
ing techniques [18], lost wax casting methods [19], and shape deposition manufactur-
ing [20,21]. To further simplify the manufacturing process of the bellows actuator, we
adopted the traditional shape deposition method to cast the bellows, and the bodies were
connected by gluing. Furthermore, the laser scanner was used to evaluate the error be-
tween the actual casting results and the ideal model. The manufacturing process is shown
in Figure 4.
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Figure 4. The manufacturing process of the robot (a) Prepare molds with 3-D printing; (b) Pour
silicone rubber pre-elastomer (Dragon-skin30 from Smooth-On, Inc, Macungie, PA, USA); (c) Remove
the rigid core; (d) Gluing the two parts; (e) Detach the outer molds; (f) Detect the soft body by laser
scanner; (g) Assemble the soft body and a permanent magnet; (h) Insert rubber tube and sealing.

First, we 3-D printed molds with the shape of bellows and fixed the rigid core into the
outer mold, and then poured silicone rubber pre-elastomer (Dragon-skin30 from Smooth-
On, Inc.) into the mold (see Figure 4a,b). As the silicone rubber is cured, we removed the
rigid core and fix the solidified silicone rubber into the outer mold (see Figure 4c). Then, the
outer edges of the two parts of the actuator were coated with glue, and the outer mold was
aligned and pressed to the fitting of the two parts (see Figure 4d). Once the glue is cured,
we detach the outer molds, and then we use the laser scanner to detect the error between
the cured rubber body and the ideal mold (see Figure 4e,f). Finally, we assembled the soft
body and a permanent magnet (20 mm × 10 mm × 3 mm) with glue, and a rubber tube
was inserted into the end of the actuator and sealed (see Figure 4g,h). Thus far, we have
completed the fabrication of the bellows actuator and the worm-like robot with a diameter
of 20 mm, length of 31 mm, and weight of 12.5 g, which can realize the steering by adjusting
the direction of the magnetic field.

3. Force Analysis of the Worm-like Robot

In this section, the motion process of the peristaltic robot is analyzed, and the motion
principle of the robot is explained theoretically according to the mechanics theory, as well
as the sliding phenomenon during the motion process. Then, the mechanical models of
pressure and stretching force, the elongation and stretching force, are established according
to the relationship between pressure and elongation obtained in Section 2.
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3.1. Motion Process Analysis

The motion process of the peristaltic robot is periodic. The robot’s motion process can
be divided into two stages: inflation and deflation, and can also be divided into two motion
modes: extension and contraction, according to the movement state. The steering and
guidance of the robot can be realized by adjusting the magnetic field position. We consider
the large deformation and nonlinear characteristics of the robot’s motion process and the
multi-force-field coupling with the magnetic field force and the ground contact friction. It
is essential to accurately describe the mechanical principles of the robot’s motion process,
establish its mechanical model, and control its motion. Ideally, the bellows actuator is
subjected to two forces. One can divide into the trust force Fp and radial force Fe caused
by pressure, and the other is the contraction force Fk generated by elastic potential energy.
According to the robot’s motion state, we analyzed the robot’s force state and motion
phenomenon during the extension, contraction, and steering processes. The robot’s motion
state and force direction are shown in Figure 5.

 

Figure 5. The mechanical theory and motion state of the worm-like robot (a) Initial state of the
robot; (b) Initial inflation with without motion; (c) Forward movement; (d) Backward extension;
(e) Deflation; (f) Forward contraction; (g) Sliding movement; (h) Magnetic field steering.

As shown in Figure 5a, the bellows driver is divided into seven sections, and the
head is equipped with a permanent magnet. Where Fe represents the radial force, Fp1 and
Fp2 represent the trust force, respectively, which are equal in magnitude and opposite in
direction, that is Fp1 = Fp2 = FP. f1 and f2 are the friction between the bellows actuator’s
first section and the motion surfaces, and that between the permanent magnet and the
motion surfaces, respectively. Fk1 and Fk2 represent the contraction force, respectively,
which are equal in magnitude and opposite in direction, that is Fk1 = Fk2. fn1 and fn2 are
the total friction force between the seventh section and permanent magnet with the surface,
and that between the actuator’s first section to the sixth section and the surface, respectively.
Fm is a magnetic force, and Δd, Δdp, and Δda are the theoretical forward step, backward
elongation, and slip length of the robot, respectively.

During the initial inflation phase, the robot does not move due to Fp1 < f1 and
Fp2 < f2. While the bellows bend upwards and deform as a result of the radial force,
only the bellows first section and the permanent magnet are in contact with the crawling
surface (see Figure 5b). Owing to the permanent magnet and the silicone having different
friction coefficients with the crawling surface, the maximum static friction between the
silicone and the crawling surface is much larger than the maximum static friction between
the permanent magnet and the surface, namely f1 < f2. With the increase in pressure,
the thrusts Fp1 and Fp2 are gradually increased. When Fp1 > f1 and Fp2 < f2, the robot
moves forward, its forward extension is recorded as the theoretical step length of the robot
movement Δd (see Figure 5c). If we continue to inflate and increase the pressure at this
time, when Fp1 > f1 and Fp2 > f2, the bellows is stretched in both directions at the same
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time. The backward elongation is recorded as Δdp (see Figure 5d), and the robot will be
difficult to control at this point. Thus, this situation should be avoided in actual motion.

Nevertheless, when the actuator deflated, with the bellows thrust force and the radial
force disappeared, each segment of the bellows came in contact with the crawling surface
and contracted with the fourth section of the bellows as the center under the contraction
force Fk1 and Fk2 (see Figure 5e). Ideally, when Fk1 < fn1 and Fk2 > fn2, the robot contracted
along the forward direction, the contraction length is consistent with the elongation length
(see Figure 5f). However, in actual motion, slippage often occurred as a result of Fk1 > fn1
and Fk2 > fn2. In this case, both ends of the robot contracted to the center simultaneously,
and the shrinkage of the head towards the center is considered as the sliding length of the
robot (see Figure 5g). The slippage significantly reduces the crawling efficiency of the robot,
which it should avoid as much as possible in the actual movement. The steering movement
of the robot mainly relies on the guidance of the magnetic field force. As shown in Figure 5h,
a permanent magnetic field is applied near the robot’s motion path. Since the robot head
contains a permanent magnet, under the magnetic field force Fm, the head magnet generates
a torque to drive the robot’s motion path changed along with the direction of the magnetic
field, which can achieve the navigation purpose proposed in this paper.

3.2. Mechanical Model

From the force analysis of the motion process, it can be seen that the thrust force Fp and
contraction forces Fk, and the magnetic field force Fm play a decisive role in the elongation
and contraction of the bellows during the robot’s motion process. The thrust force can be
written as:

Fp = PS (10)

where P is the pressure, S represents the force-bearing area in the bellows chamber. The
contraction force can be calculated by Hooke’s law, and it can be written as:

Fk = kΔl = k(la − l) (11)

where k represents the spring coefficient.
According to Equations (3), (5), and (9), the relationship between the force-bearing

area of the bellows and the pressure can be obtained as:

S = πra
2 = π(

rl
la
)

2
= fs( f−1(p)) (12)

Then the mathematical model between the thrust force and the pressure can be written
as follows:

Fp = P fs( f−1(p)) (13)

Ignoring the friction force, the relationship between the contraction force and pressure
can be obtained by the equilibrium of forces as follows:

Fk = Fp = P fs( f−1(p)) (14)

Assuming the magnets have homogenous magnetization, without eddy current, and
the relative permeability is unity. Magnets placed in the magnetic field space will be sub-
jected to magnetic force and magnetic torque [22,23]. The calculation formula of magnetic
force and magnetic torque can be expressed as:

→
F = (

→
m · ∇)

→
B (15)

→
T =

→
m ×→

B (16)
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where m is the magnetic moment of the magnetic dipole, B represents the magnetic induc-
tion intensity generated by the permanent magnet, and ∇ is used to represent the magnetic
induction intensity gradient.

By applying an external magnetic field to the worm-like robot, the head magnets and
the external magnetic field will attract each other under the action of magnetic torque to
drive the whole robot to change its motion direction, which can achieve the purpose of
steering and navigation of the robot. According to Equations (15) and (16), the formula for
calculating the magnetic torque can be obtained as:

Fm = MBV sin α (17)

where M represents the magnetization of the magnetic material, V is the volume of the
magnet, and α represents the angle between the direction of magnetization and the direction
of the external magnetic field.

4. Results and Discussion

The bellows’ performance is tested and compared with the simulation results in this
section. Following that, the crawling performance of the robot is tested on different rough
surfaces and different environments, and the force status of the robot in the motion state is
verified through the experimental results. Finally, we test the navigation function of the
robot in the magnetic field environment.

4.1. Characteristics of Bellows

The bellows actuator is the only driving device of the robot, which provides the main
output force for the robot’s movement, and its performance determines the movement
performance of the robot. To perform the elongation, expansion, and thrust force with the
bellows actuator, we sample multiple dates by inflating the bellows actuator to air pressure,
ranging between 0 and 50 kpa, in intervals of 5 kpa, resulting in 30 pressure combinations.
We repeat this procedure three times per type and take the average value as its actual value
to compare with the simulation results. The results are shown in Figure 6 and Table 2.

As shown in Figure 6 and Table 2, the trend variation of the actuator’s actual elongation
with air pressure is almost consistent with the simulation (Figure 6a). In the low-pressure
phase, the elastic potential energy overcome by the thrust force is smaller, and the rate
of change of the elongation is more significant. However, the elastic potential energy
overcome is more extensive as the air pressure increases. Thus, the rate of change of the
expansion is reduced compared with the initial stage. Moreover, with the increase of
air pressure, the error between the actual elongation and the simulation data gradually
decreases, and the error rate at 50 kpa is only 1.5%. However, due to the manufacturing
error, as shown in Figure 6d, the cross-sectional error is up to 0.3 mm, equivalent to the
increase in its thickness t. Therefore, the actual expansion is smaller than the simulation, and
the expansion error of the driver gradually increases at the low-pressure stage. But when
the pressure exceeds 30 kpa, the expansion error decreases. This is because its radial force
gradually increases with the pressure, but the error rate still reaches 28.7% at 50 kpa. No
matter what, while ensuring the actuator elongation, the expansion is reduced to a certain
extent, which positively correlates with the robot’s motion performance. Assuming that
the bellows do not generate radial deformation, that is, S is a constant value, it can be
obtained from Equation (10) that the air pressure with a linear change in the thrust force.
In this experiment, the bellows are placed in an acrylic pipeline with an internal diameter
of 21 mm to limit its radial deformation. The bellows thrust force measured by the force
sensor is shown in Figure 6c. With the increase of pressure, the error between the driver
thrust force and the theoretical value increases gradually, but the error tends to be stable
after 30 kpa and reaches 1.39N at 50 kpa. Besides the theoretical model’s error, the radial
deformation and the friction inside the pipeline are also responsible for the thrust reduction.
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Figure 6. The bellows actuator’s actual performances (a) The actuator’s actual elongation per-
formance; (b) The actuator’s actual expansion performance; (c) The actuator’s actual thrust force
performance; (d) The histogram of the actuator’s robot section manufacturing error.

Table 2. Comparison of the bellows experiment and simulation data.

Parameters

Characteristics Max Elongation
(mm)

Max Expansion
(mm)

Max Force (N)

Simulation 54.5 2.16 10.05
Experiment 53.68 1.54 8.66

4.2. Characteristics of Movement

In order to demonstrate the different motion states caused by different forces during
the motion process in Figure 5, we test the single-cycle motion state of the peristaltic robot
on different surfaces, including the smooth cardboard and smooth acrylic pipelines, by
inflating the bellows actuator to air pressure, ranging between 0 and 50 kpa, in intervals
of 5 kpa, respectively. The motion efficiency under different air pressures is calculated by
η = (Δd−Δda)

Δd to evaluate the robot’s crawling performance [24]. The results are shown in
Videos S1 and S2, Figure 7, and Table 3.
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Figure 7. The robot’s motion performance with different surfaces (a) The real step length with
different surfaces; (b) The sliding length with different surfaces.

Table 3. The robot’s motion efficiency with different surfaces.

Pressure (kpa) 5 10 15 20 25 30 35 40 45 50 Average

Cardboard 0.9 0.83 0.82 0.77 0.79 0.77 0.78 0.76 0.71 0.71 0.78
Acrylic tube 0.55 0.5 0.52 0.48 0.53 0.54 0.53 0.5 0.51 0.48 0.51

It can be seen from Video S1 that when moving on the smooth cardboard, the robot
stretches forward without apparent backward sliding phenomenon as the results in Fp1 > f1
and Fp2 < f2, which is consistent with the motion state in Figure 5c. As the air pressure
increased, the thrust force increased accordingly. When the air pressure exceeds 25 kpa,
the robot shows an apparent backward sliding, and the sliding length increases gradually
with the increase of pressure, which is consistent with the motion state in Figure 5d. Since
the friction coefficient between the silicone rubber and the acrylic plate is greater than that
between the silicone rubber and the smooth cardboard, that is fy1 > fz1 ( fy1 and fz1 are
the friction force between the silicone rubber and the acrylic plate, and the friction force
between the silicone rubber and the smooth cardboard, respectively), the pressure of the
robot to slip backward is larger than that of the cardboard when moving on the smooth
acrylic pipelines. As shown in Video S2, the robot is still without an evident backward
slip phenomenon on the acrylic pipeline when the air pressure is inflated to 30 kpa, which
thoroughly verifies the correctness of our force analysis during the robot movement.

According to Equations (10), (13), and (14), it can be deduced that with the growth
of air pressure, the bellows contraction force will gradually increase as the thrust force
increases. Thus, when fn1 and fn2 are constant, the slip length Δda will also increase as the
air pressure increased, and the motion efficiency gradually decreases. Furthermore, the slip
length of the robot in the acrylic pipeline is larger than that on the cardboard because the
friction coefficient between the head permanent magnet and cardboard is greater than that
between the head permanent magnet and acrylic pipeline, namely fyn1 < fzn1 ( fyn1 and
fzn1 represent the total friction force between the seventh section and permanent magnet
with acrylic pipe and smooth cardboard, respectively.). As shown in Figure 7 and Table 3,
with the increase of air pressure, the actual step size of the robot in the two environments in-
creases while the slippage gradually increased, and the slip length on the acrylic pipeline is
much more considerable than that on the smooth cardboard. Moreover, with the growth of
slippage, the motion efficiency of the robot gradually decreases and stabilizes in an interval,
which fully proves the correctness of the mechanical model.

In order to prevent the sizeable backward movement of the robot during the movement
process, which may cause instability of the movement, we select 25 kpa as the driving
pressure of the robot through Figure 7 and Table 2 on the basis of ensuring the movement
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efficiency and adequate step size. The frequency of the driver inflating and deflating
is 2 s per cycle, which was applied to evaluate the movement speed of the robot under
the premise of fully considering the length of the tube and the efficiency of inflating and
deflating. The results are shown in Figure 8, and the motion process is shown in Video
S3. According to the equation speed = dis tan ce

times , it can be calculated that the crawling speed
of the robot in the smooth cardboard is 9.6 mm/s, and the speed in the acrylic pipeline is
5.1 mm/s.

 

Figure 8. The robot’s motion speed with different surfaces (a)The robot’s motion speed on cardboard;
(b) The robot’s motion speed on cardboard acrylic tube.

To further demonstrate the robot’s motion performance, we put the peristaltic robot
into acrylic pipelines with inner diameters of 21 mm, 32 mm, 40 mm, and 50 mm for linear
motion, and the slope motion was carried out in the pipes with a slope of 6◦. The results
are shown in Figure 9, and the motion process is shown in Video S4. Compared with the
robot relying on expansion and contraction, the robot designed in this study has broader
applicability. It can move on a particular slope, showing superior motion performance and
environmental adaptability.

 

Figure 9. The crawling performance of pipelines with different diameters and slope (a) The inner
diameter of 21 mm; (b) The inner diameter of 32 mm; (c) The inner diameter of 40 mm; (d) The inner
diameter of 50 mm; (e) The slope angle with 6◦.
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4.3. Characteristics of Steering

Compared with conventional peristaltic robots for steering by adopting a complex
multi-module and multi-chamber structure design and controller, inspired by the use of
geomagnetic field navigation during the migration of migratory birds, this study utilizes
an external magnetic field to guide and turn the robot and realize the navigation function.
As shown in Figure 10, a permanent magnet (19 mm × 19 mm × 19 mm, a weight of 48 g)
was placed on both sides and in front of the robot’s motion path, and driving air pressure
was applied to test the robot steering and navigation functions. The results are shown in
Figure 10a–c and Video S5. When the magnetic field is the same as the initial direction, the
robot moves linearly along with the initial motion direction. Then, we adjust the position of
the magnetic field. The permanent magnet on the head of the robot receives the force of the
magnetic field. It generates a torque along the direction of the magnetic field, which makes
the robot rotate in the direction of the magnetic field and eventually along the magnetic
field direction, which shows the effectiveness of magnetic field navigation.

To further verify the performance of the magnetic field navigation proposed in this
paper, the robot was placed in a Y-shaped pipeline with an angle between the two straight
pipelines. Its motion states with a single magnetic field and dual magnetic fields were
tested, respectively. As shown in Figure 10d–f and Video S6, when a magnetic field is
added to the side of the Y-shaped pipeline, the robot can realize the directional movement
in the pipeline along the magnetic field direction under the traction of the magnetic field
force. Furthermore, when the different intensities of the magnetic field were applied
on both sides at the same distance, the robot could move in the direction of a stronger
magnetic field according to the strength of the magnetic field. Compared with using
multiple complex structures and controls to realize robots turning, the magnetic field
navigation method proposed in this paper is more straightforward in design and stronger
in environmental adaptability.

 

Figure 10. The magnetic navigation performance in different environments (a) Crawl in a straight
line on the cardboard; (b) Turn left on the cardboard; (c) Turn right on the cardboard; (d) Crawl in
a straight line on the pipeline; (e) Turn right on the pipeline; (f) Steering along the direction of the
strong magnetic field under different magnetic field strengths.

5. Conclusions

In this work, inspired by the migration of migratory birds that can use the geomagnetic
field for navigating, we presented a single-joint centimeter-scale peristaltic robot that
can be navigated by adjusting the position of magnetic fields. The proposed robot was
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driven by air pressure, and the bellows were selected as the driver structure. Through
the Yeoh constitutive model, we established the relationship between the elongation of
the bellows and the air pressure, and the finite element software was used to analyze the
influence of the chamber’s number and thickness on the bellows’ performance, which
provides a basis for the selection of the bellows structural parameters. Moreover, the
force state of the peristaltic robot under the motion states of elongation, contraction, and
rotation was analyzed using the mechanics theory, and the models of air pressure and
thrust force, air pressure, and contraction forces were established, providing supporting
theories for experimental phenomena. Finally, through experiments, the actual bellows
performance, robot motion performance, and magnetic field navigation performance have
been verified, respectively, and the results are in complete agreement with the theoretical
analysis. In addition, the experimental results also show the robot’s superior environmental
adaptability, which can move in acrylic pipelines with inner diameters of 21 mm, 32 mm,
40 mm, and 50 mm, and can make slope movements in a pipeline with a slope of 6◦. As well
as moving on surfaces with different roughness, its maximum speed can be 9.6 mm/s. It can
also effectively realize the direction selection in planes and complex pipelines according to
the magnetic field. These results effectively prove the robot’s superiority in the application
and structure design scope and show great potential for pipeline detection applications.

Although the robot showed excellent performance, there was still room for improve-
ment. For example, the robot can only move on a two-dimensional plane and cannot crawl
vertically because of its single-joint structure and the need to rely on friction to move. The
magnetic field of the permanent magnet is difficult to control and realize direction guidance
accurately, and the open loop control cannot obtain the actual motion state. In the future,
we will further expand the robot’s functions and use electromagnetic fields integrated with
sensor feedback to achieve precise navigation and control of the robot. Some practical
application experiments, such as pipeline detection and ruins search and rescue, will also
be realized in future work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/machines10111040/s1, Video S1: The single-cycle motion state
of the peristaltic robot on cardboard; Video S2: The single-cycle motion state of the peristaltic robot on
the acrylic pipeline; Video S3: The robot’s motion speed with a different surface; Video S4: The crawl-
ing performance of pipelines with different diameters and slope; Video S5: The magnetic navigation
performance in cardboard; Video S6: The magnetic navigation performance in the pipeline.
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Abstract: In the process of trajectory tracking using the linear quadratic regulator (LQR) for driverless
wheeled tractors, a weighting matrix optimization method based on an improved quantum genetic
algorithm (IQGA) is proposed to solve the problem of weight selection. Firstly, the kinematic model
of the wheeled tractor is established according to the Ackermann steering model, and the established
model is linearized and discretized. Then, the quantum gate rotation angle adaptive strategy is
optimized to adjust the rotation angle required for individual evolution to ensure a timely jumping
out of the local optimum. Secondly, the populations were perturbed by the chaotic perturbation
strategy and Hadamard gate variation according to their dispersion degree in order to increase their
diversity and search accuracy, respectively. Thirdly, the state weighting matrix Q and the control
weighting matrix R in LQR were optimized using IQGA to obtain control increments for the trajectory
tracking control of the driverless wheeled tractor with circular and double-shifted orbits. Finally, the
tracking simulation of circular and double-shifted orbits based on the combination of Carsim and
Matlab was carried out to compare the performance of LQR optimized by five algorithms, including
traditional LQR, genetic algorithm (GA), particle swarm algorithm (PSO), quantum genetic algorithm
(QGA), and IQGA. The simulation results show that the proposed IQGA speeds up the algorithm’s
convergence, increases the population’s diversity, improves the global search ability, preserves the
excellent information of the population, and has substantial advantages over other algorithms in
terms of performance. When the tractor tracked the circular trajectory at 5 m/s, the root mean square
error (RMSE) of four parameters, including speed, lateral displacement, longitudinal displacement,
and heading angle, was reduced by about 30%, 1%, 55%, and 3%, respectively. When the tractor
tracked the double-shifted trajectory at 5 m/s, the RMSE of the four parameters, such as speed, lateral
displacement error, longitudinal displacement error, and heading angle, was reduced by about 32%,
25%, 37%, and 1%, respectively.

Keywords: unmanned driving; trajectory tracking; linear quadratic regulator; improved quantum
genetic algorithm

1. Introduction

As a high-order and strongly coupled human–machine system, the trajectory-tracking
characteristics of an unmanned wheeled tractor are highly dependent on the design of the
control law. At the same time, very complex requirements are placed on the performance of
the control system, which results in complicated control design and unsatisfactory control
results for unmanned wheeled tractors. As the key to unmanned navigation technology,
trajectory tracking has been a hot research topic. With the capability of trajectory tracking,
driverless wheeled tractors can be combined with modules such as perception and decision-
making to achieve even more powerful functions. In recent years, several researchers have
investigated vehicle trajectory tracking control. For example, an expected trajectory is
created using points collected by GPS, and the front wheel steering angle of the vehicle is
controlled by a dynamics model of the vehicle [1]. The unified control of AGV trajectory
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tracking and energy optimization is achieved through an energy-optimized trajectory
tracking control method [2]. Alternatively, the controller parameters are optimized to
optimize the vehicle’s path tracking at low and medium speeds while considering the path
tracking accuracy and driving stability. Adding soft constraints on the side deflection angle
at higher speeds ensures tracking accuracy and driving stability [3]. In addition, it also
ensures using a human-like steering control approach that combines trajectory pre-scanning
feedforward and state feedback to achieve optimal control of dynamic trajectory tracking
and occupant comfort for intelligent vehicles changing [4].

LQR in optimal control theory has been developed over the years to provide effective
guidance on the parameter configuration of the control system by solving the state feedback
matrix, the closed-loop system, and the adjustment power matrix Q and R, which change the
dynamic response of the system and calculate the control parameters, and are important
guidelines for engineering. At present, the design of unmanned vehicle autonomous
driving control methods based on the optimal control theory at home and abroad is still in
the development stage, and some scholars have proposed a guiding parameter adjustment
strategy after analyzing the influence of the weighting matrix parameters on the actual
response. However, the adjustment method still cannot solve the problem of relying too
much on experience [3]. There have also been many results on improved LQR controller
design methods based on various optimization algorithms. Still, the objects are simple
systems of low order and are decoupled, such as inverted pendulums and control problems
with analog circuit switches. These models have in common a smaller number of input
vectors and state quantities, less severe coupling problems, and simpler feedback structures.
However, for higher-order coupled systems such as unmanned wheeled tractors, the
rich input–output relationships result in a state feedback matrix of large dimensionality,
leaving this type of design approach unproven, which is the aim of the research work
undertaken in this direction. Although more weight optimization algorithms use LQR,
such as GA [5–7], PSO [8–10], QGA [11–13], etc., when designing for unmanned vehicle
systems, the application of the LQR design control still faces the problem that the value
of the weight matrix is too dependent on engineering experience and requires a lot of
time for human adjustment. At the same time, the full-state feedback of higher-order
systems can significantly increase the computational load; therefore, optimizing the weight
matrix parameters of LQR controllers has also been a hot issue in the field of optimization
algorithms in recent years.

The contribution of this paper to the above issues is as follows.
To solve the problem of setting the rotation angle of QGA, we adopt the gradient

function of the rotation angle to achieve the adaptive update of the rotation angle and solve
the optimization problem of LQR weight in unmanned wheeled tractor trajectory tracking
controls. At the same time, this method reduces the computing time and improves the
convergence speed of the algorithm and the ability to find the optimal solution globally.

For the problem of population diversity demanded by QGA, the algorithm uses the
standard deviation coefficient to analyze the population distribution law. It adopts two
methods to improve the population diversity, namely chaotic perturbation strategy and
Hadamard gate variation, for different population states, aiming to reduce the probability
of the algorithm falling into local optimum.

To address the parameter selection problem of the power matrix, we adopt IQGA
to optimize the LQR controller, jointly optimize the multiple parameters of the Q and R
matrices and validate the optimized control effect using joint Matlab and CarSim simula-
tions. The simulation results show that the optimized LQR controller has a good tracking
effect and improved control accuracy compared with the four algorithms, including the
traditional empirical LQR, GA, PSO, and standard QGA.

The paper is organized as follows.
Section 1 introduces the application of LQR in a variety of control systems and its

advantages compared with other control algorithms. Section 2 introduces the single-
track kinematic model of a wheel tractor based on the Ackermann steering model and

306



Machines 2023, 11, 62

its characteristics. Section 3 first introduces the linear quadratic (LQR) optimal control
principle and the standard QGA, giving their advantages and disadvantages through
theoretical and experimental analysis. Secondly, it proposes two QGA improvement
strategies for their advantages and disadvantages: the quantum gate rotation angle dynamic
adjustment strategy and the population diversification strategy. Finally, it constructs the
fitness function and designs IQGA. Section 4 describes the experimental environment
and parameter selection, gives simulation results based on a joint Matlab and CarSim
simulation that compares four algorithmic controllers with the IQGA control, performs
the analysis, and draws conclusions. Section 5 concludes the paper and points out the
directions in which further research can be carried out. Firstly, the main data characteristics
of the experimental application of IQGA are given, as well as the conclusions obtained in
terms of experimental data when comparing the other control methods mentioned in this
paper with IQGA. Then, the application scenarios of the tracking method are designed
based on kinematics, and some problems in the process of building a mathematical model
of the kinematics of the wheeled tractor are pointed out. Finally, it is pointed out that the
reference trajectory also has a strong influence on the tracking effect of the wheel tractor.

2. Related Work

Recently, a GA-based LQR (GA-LQR) controller was proposed in [14] to improve
the path-tracking performance of an articulated vehicle. PID was used for speed control
and achieved better control accuracy and path-tracking performance by controlling the
articulation angle and speed. However, only the control results are analyzed without com-
paring them with other good control algorithms to derive the superiority of the proposed
algorithm. A steering torque control strategy is proposed in [15], which is compared with
LQR and MPC for experimental scenarios with a lane change environment and two typical
parking lots. It is concluded that LQR is able to stabilize the vehicle under large speed vari-
ations compared to other algorithms. Still, it is less accurate than the controller proposed in
the paper. YUAN [16] et al. investigated the vehicle trajectory tracking problem based on
the vehicle dynamics model and model predictive control (MPC) algorithm, conducted sim-
ulation experiments on Carsim/Simulink, and the experimental results showed that MPC
had a better tracking performance under different speeds and road adhesion conditions.

In [17], LQR was applied to control the uninterruptible power supply. The weighting
matrices Q and R of LQR were obtained by establishing the project characteristics, i.e., the
traditional empirical method. In [18], the dynamics of the closed-loop system were shaped
by penalty coefficients, and the weighting matrices Q and R of LQR were optimized by
PSO. In [19], the digital LQR was applied to a voltage-source converter with an LC output
filter. The weighting matrices Q and R of the LQR were then obtained by minimizing the
infinite parity of the selected transfer function. It is experimentally demonstrated that the
method achieves good control for different load conditions.

Liu Songyuan [20] et al. proposed an improved LQR method based on the PSO
algorithm (PSO-LQR). The technique designs the index function of the PSO algorithm by
constraining the system stability and obtaining the method of maximizing the influence
factor of the central state feedback coefficient.

In [21], GA-LQR was used for the active vibration control of a piezoelectric beam
element, and the weighting matrices Q and R of LQR were obtained by GA optimization.
The effectiveness of the GA-LQR controller was verified by numerical simulations. The
simulation results show that the piezoelectric beam element is very accurate in the dynamic
analysis after using the GA-optimized weighting matrices Q and R when applied to the
control system.

In [22], an adaptive PSO (APSO) was proposed to obtain the weighting matrices Q
and R. To improve the convergence speed and accuracy of conventional PSO, an adaptive
inertia weighting factor (AIWF) was introduced into the PSO speed update equation. The
proposed APSO-based LQR control strategy was applied to control the pitch and yaw axis
of the managed object. Experimental results show that the controller optimized with APSO
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reduces the tracking error and improves the tracking response, and reduces oscillations
compared with PSO.

In [23], the PSO-LQR control strategy was applied to an adaptive air suspension
system. The PID controller was compared with the proposed PSO-LQR controller in
a simulation analysis. The simulation results show that the PSO-LQR control strategy
improves the vehicle’s ride comfort. The control performance of the proposed PSO-LQR
control strategy is superior under the experimental conditions of random vibration.

In [24], the GA-LQR control strategy was applied to an actively supported weight
compensation system. The dynamics of the system were modeled and linearized. The tran-
sient process diagrams for different initial conditions are given in the paper. Experimental
simulations were performed, and the experimental results show that the proposed GA-LQR
control strategy can improve mass compensation accurately and with high quality.

3. Kinematic Model for Wheeled Tractors

As shown in Figure 1, the model used in this paper is a single-track kinematic model
of a wheel tractor based on Ackermann steering. The differential equations of motion for
the wheel tractor are given in Equation (1).

⎡
⎣

.
xrear.
yrear.

ϕ

⎤
⎦ =

⎡
⎣ cos ϕ

sin ϕ
tan δ f /l

⎤
⎦vr (1)

where (x, y) are the coordinates of the rear-axle-center of the wheeled tractor, ϕ is the
heading angle of the wheeled tractor, δ f is the front wheel deflection angle, vr is the rear-
axle-center speed of the wheeled tractor, v f is the front-axle-center speed of the wheeled
tractor, l is the wheelbase, R is the rear wheel steering radius.

Figure 1. Single-track kinematic model of a wheeled tractor.

The system is a non-linear continuous system. The linearization of the differential
Equation (1) for the system gives the Equation (2) of state:

.
˜
X = A

˜
X + B

˜
u (2)

where, A =

⎡
⎣0 0 −vr sin ϕr

0 0 vr cos ϕr
0 0 0

⎤
⎦, B =

⎡
⎣ cos ϕr 0

sin ϕr 0
tan δ f /l vr/l cos2 δr

⎤
⎦,

˜
X = X − Xr,

˜
u = u − ur,

and the subscript r indicates the reference value.
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The discretization of Equation (2) yields Equation (3) for the system after linearization
and discretization.

˜
X(k + 1) = Ak

˜
X(k) + Bk

˜
u(k) (3)

In the above equation, Ak =

⎡
⎣1 0 −vrTsinϕr

0 1 vrTcosϕr
0 0 1

⎤
⎦, Bk =

⎡
⎢⎣

Tcosϕr 0
Tsinϕr 0
T tan δ f

l
vrT

l cos2 δr

⎤
⎥⎦ the

wheeled tractor position and heading angle of the kinematic model in Equation (3) match
very well with the CarSim output for the same speed and front wheel deflection input [25],
i.e., this model is a good reflection of the kinematic characteristics of the wheeled tractor
while driving.

4. LQR-Based Trajectory Tracking Control Algorithm

4.1. Linear Quadratic Optimal Control Principle

The task of the LQR in trajectory tracking is to make the actual state of the system [x, y]
closely follow the system’s reference state under the action of the control quantity u* and to
minimize the evaluation function J of the system. This allows the unmanned wheel tractor
to maintain the system state components close to the equilibrium without consuming too
much energy if the system state deviates from the equilibrium state for any reason.

The quadratic evaluation function is shown in Equation (4).

J =
1
2 ∑N−1

k=0

[
˜
X

T
(k)Q

˜
X(k) + uT(k)Ru(k)

]
+

1
2
(xN − rN)

TQ0(xN − rN) (4)

where Q, R, and Q0 are the weight matrices, Q =

⎡
⎣q1 0 0

0 q2 0
0 0 q3

⎤
⎦, R =

[
r1 0
0 r2

]
,

Q0 =

⎡
⎣q4 0 0

0 q5 0
0 0 q6

⎤
⎦, q1, q2, q3, q4, q5, q6, r1 and r2 are the coefficients to be optimized,

and xn and rn are the terminal states and reference terminal states, respectively.

The control volume u* at moment k of the driverless car is u∗ = uk +Δuk , Δuk = −K
˜
X,

where uk is the reference output at moment k, Δuk is the feedback control quantity, and
K is the feedback coefficient. When using Matlab for simulation, K can be obtained from
Equation (5).

[K, S, E] = dlqr(Ak, Bk, Q, R) (5)

The problems faced by the LQR design control law are, on the one hand, that the
values of the LQR parameters require the extensive development experience of engineers
and technicians, and a lot of time is needed for the human adjustment of the parameters
for multiple degrees of freedom; on the other hand, because the LQR cannot directly deal
with the constraint problems in the multivariate control process and when calculating the
optimum for a fixed time in the future, it only calculates once and executes all the calculated
control sequences; the errors generated during execution and the impact of disturbances on
the system are not considered. The optimization of the power matrix parameters of the LQR
controller of an unmanned wheel tractor using intelligent algorithms has therefore become
a topical concern in the field of optimization algorithms in recent years, and the robustness
of wheel tractor trajectory tracking systems can be improved by adding constraints to the
optimization search process of the Q and R parameters.

4.2. Standard QGA

QGA is an evolutionary algorithm that combines quantum computing with GA. QGA
uses state vectors to encode chromosomes and quantum logic gates to evolve and update
the chromosomes, achieving better results than traditional GA.
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The quantum revolving gate used in QGA is defined in Equation (6).

U(θi) =

[
cos(θi) − sin(θi)
sin(θi) cos(θi)

]
(6)

The update process is as
[

α′i
β
′
i

]
= U(θi)

[
αi
βi

]
=

[
cos(θi) − sin(θi)
sin(θi) cos(θi)

][
αi
βi

]
.

α and β are two amplitude constants that conform to equation |α|2 + |β|2 = 1.
Quantum states are encoded using a binary, and two quantum states are encoded

using one quantum bit. The chromosomes encoded using quantum bits are as follows.

qn
i =

(
αn

11
βn

11

∣∣∣∣ αn
12

βn
12

∣∣∣∣. . .
. . .

∣∣∣∣αn
1k

βn
1k

∣∣∣∣ αn
21

βn
21

∣∣∣∣ αn
22

βn
22

∣∣∣∣. . .
. . .

∣∣∣∣αn
2k

βn
2k

∣∣∣∣αn
m1

βn
m1

∣∣∣∣αn
m2

βn
m2

∣∣∣∣. . .
. . .

∣∣∣∣αn
mk

βn
mk

)

A quantum bit chromosome can represent multiple states simultaneously, allowing the
algorithm to have better population diversity and higher computational parallelism than
GA. The algorithm uses a quantum revolving gate operation for individual updates, which
effectively increases the convergence speed of the algorithm. However, in the standard
QGA, the rotation angle obtained from the table look-up is constant, which is not conducive
to evolution in the direction favorable to the optimal determination of the solution, resulting
in slow convergence and a long computation time; in addition, in the standard QGA, there
is no quantum crossover, mutation, and catastrophe, the chromosomes in the population
are all independent of each other, the structural information among individuals cannot
be fully utilized, and the algorithm is prone to fall into local optimal solutions. Therefore,
the standard QGA needs to be improved to increase the diversity of the population; as
pointed out in the literature [26,27], QGA is suitable for solving combinatorial optimization
problems, even only for solving backpack problems, but not for solving the optimization
problems of continuous functions, especially multi-peaked functions. The application of
QGA to the optimization of the weight parameters of the LQR control is a multi-peaked
function optimization problem.

4.3. Improvement Strategies
4.3.1. Quantum Gate Rotation Angle Dynamic Adjustment Strategy

The traditional quantum revolving gate adjustment is set by table look-up, and the
values of the rotation angles are fixed, lacking theoretical guidance and with obvious
limitations; if the magnitude is too small, it affects the convergence speed, while too large
leads to prematureness. The literature [28] proposes the random dynamic generation of
rotation angles within a range. It experimentally demonstrates that this strategy is superior
to fixed rotation angles but is highly random. In this paper, an adaptive dynamic rotation
angle step adjustment mechanism is introduced, and the algorithm is optimally designed to
adjust the rotation angle required for individual evolution promptly in the face of diverse
fitness values, ensuring a timely jumping out of the local optimum and good performance
in the global stage of finding the optimum.

QGA mainly occurs through the adjustment of the quantum gate to find the optimal
solution. The basic idea is as follows: the contemporary optimal individual’s fitness value
fmax and the current individual i’s fitness value fi, are compared, if fi > fmax, then the
corresponding rotation angle is adjusted in favor of the i’s emergence of the direction of
evolution or vice versa; then, the evolution in favor of the emergence of the maximum
direction is adjusted. Considering the gradient of the objective function at the search point,
to make the gradient negatively correlated with the rotation angle step, the new fitness
function proposed in the literature [29] considers the rate of change in the objective function.
By contrast, the size of the quantum gate rotation angle step determines whether the
algorithm can find the optimal solution quickly and accurately. Combining the interference
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and entanglement of quantum states, we used the following corner step function to realize
the dynamic adjustment of the rotation angle:

Δθx = sgn(M)×
[
(θmax − θmin)·exp

( ∇ fmax −∇ fx

∇ fmax −∇ fmin

)
+ Δθ0

]
(7)

where, M =

[
αb αx
βb βx

]
, (αb , βb)

T is the optimal probability magnitude within the current

population and (αx , βx)
T is the probability magnitude of the current solution. sgn|M|

takes ±1 when |M| = 0, i.e., sgn|M| determines the direction of the quantum rotation gate.
θmin is the lower limit of the quantum rotation angle; θmax is the upper limit of the quantum
rotation angle; ∇ fx is the first order gradient of the current individual fitness value; ∇ fmax
and ∇ fmin are the maximum and minimum values of the first order gradient of the fitness
value of the current population, respectively. Δθ0 is the initial value of the rotation angle. By
introducing the factor of gradient change in the exponential function and the fitness value,
the rate of change for the objective function can be made to have an opposite trend to the
change in the rotation angle step, creating the conditions for the subsequent improvement
of QGA to jump out of the local optimal solution.

4.3.2. Diversification Strategies for Populations

Population diversity is critical in all evolutionary algorithms to avoid falling into local
optima. In QGA, guided by the evolutionary goal, information is exchanged between
individuals to improve the diversity of the next generation of populations. However, when
the population size is large, the local optima increases greatly. In addition, it makes local
optimum solutions the norm in the face of a multi-peaked optimization problem such
as tractor LQR control. Even using single-point mutations, multi-point mutations and
quantum catastrophes to regenerate individuals for the next generation of populations
is not effective in reducing the impact of local optima on the global optimality-finding
ability of evolutionary algorithms. Therefore, there is a need to analyze the population size
and distribution trends of individual populations to use different strategies for informa-
tion interactions to maximize the diversity of the population. As shown in Equation (8),
the upper bound of the discrete coefficient CD is CDmax, and the lower bound is 0, i.e.,
CD ∈ (0, CDmax).

CD =

√
∑n

i=1

(
Fij−

∣∣∣∣∑n
i=1 Fij

n

∣∣∣∣
)

n−1∣∣∣∑n
i=1 Fij

n

∣∣∣ ×
∑n

i=1(Fij−FΔ)
3

n(
∑n

i=1(Fij−FΔ)
2

n

)1.5 (8)

The above equation fully accounts for population dispersion and skewed distribution.
CD is the dispersion coefficient of the population fitness value; n is the number of individ-
uals in the population; Fij is the fitness value of the ith individual in the population in the
jth generation and FΔ is the mean of the fitness function. As CDmax is dynamically updated,
the more it deviates towards 0, the more concentrated and closer to the normal distribution
of the population fitness. Otherwise, the population is more discrete. CDmax considers the
degree of dispersion and the deviation characteristics between the whole population and
the normal distribution. If there are too many deviations, the population is prone to the
trap of local optimality for the algorithm. In the LQR-controlled optimization problem
of this paper, particular attention needs to be paid to the evolutionary process for both
types of populations. Assuming that the threshold μ generally takes values in the range
(0.01~0.3), during each iteration, if the value is between (0, 0.15CDmax], the population
falls into a local optimum and must be perturbed for this generation. If the value of CD is
between (0.15CDmax, 0.3CDmax], then the population is in a discrete critical state and needs
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to be given a small perturbation. If the value of CD is between (0.3CDmax, CDmax], then the
population is in a normal iteration.

For a critical state population, if the angle of rotation of the quantum non-gate variation
is too large, it is easy to make the population, which is already close to the optimal value,
further away from the optimal value, resulting in the loss of good populations. Therefore,
this paper uses the Hadamard gate to perform the mutation operation. The Hadamard gate
is used to apply a slight rotation to the chromosomes to prevent the generation of the local
optimal solutions and increase population diversity.

If a quantum bit is denoted as
[

cos θij
sin θij

]
, the variation can be carried out according to

Equation (9) [30].
[ 1√

2
1√
2

1√
2

− 1√
2

][
cos θij
sin θij

]
=

[
cos
(
θij +

(
π
4 − 2θij

))
sin
(
θij +

(
π
4 − 2θij

))] (9)

The angle of variation for the Hadamard gate is
(

π
4 − 2θij

)
, and the variables i and j

are the jth position of the ith chromosome. In the case of the LQR control, the critical-state
population requires particular attention because the tractor is subjected to many operating
conditions. If the angle of variation is too large, it can easily lead to population oscillations
and cause the optimal individuals to evolve in the opposite direction. The critical state
populations, therefore, need to be stable.

For the populations that must be perturbed, the idea of adding chaotic perturbation
optimization, referring to the literature [31], increases the algorithm population’s diver-
sity, thus jumping out of the local optimum. In this paper, the perturbation function is
implemented using Tent mapping. The Tent expression is shown in Equation (10).

yk+1 =

{
(2yk)mod1 0 ≤ yk ≤ 0.5
(2 − 2yk)mod1 0.5 < yk ≤ 1

(10)

However, the Tent mapping iterative sequence is short and unstable, and a random
perturbation needs to be applied to make the sequence xk jump out of the minimum period
to complete the chaotic state again. The conventional Tent mapping appears as a minimum
period point, mainly in the case of xk = xk−a, a = [1, 2, 3, 4, 5]. In this paper, a random
perturbation is performed by Equation (11).

yk+1 =

{
[2yk + 0.2rand(0, 1)]mod1 0 ≤ yk ≤ 0.5
[2 − 2yk + 0.2rand(0, 1)]mod1 0.5 < yk ≤ 1

(11)

The above equation allows a new n×m dimensional probability magnitude pertur-
bation matrix to be formed, and a new population is generated by superimposing each
column vector with the probability magnitude matrix of the population. Finally, the chaotic
perturbations are traversed to improve the diversity of the new population and the accuracy
of the subsequent search.

4.4. Construction of the Fitness Function

In GA, a chromosome corresponds to a set of coefficients in the weights Q, R, and
Q0. In order to make the tracking process smoother, a speed constraint and a front wheel
deflection constraint are required, as in Equation (12).

⎧⎪⎪⎨
⎪⎪⎩

vrear,min ≤ vrear ≤ vrear,max
δ f ,min ≤ δ f ≤ δ f ,max
Δvmin ≤ Δvrear ≤ Δvmax
Δδ f ,min ≤ Δδ f ≤ Δδ f ,max

(12)
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To simplify the form, let U = [u∗, Δuk]
T , then Equation (12) can be expressed as

Umin ≤ U ≤ Umax. Since LQR cannot deal with the constraint problem directly, the
constraint needs to be put into the fitness function of QGA.

From this, the fitness function of IQGA can be constructed as Equation (13).

Fmin =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
2 ∑N−1

k=0

[
˜
X

T
(k)Q

˜
X(k) +

˜
u

T
(k)R

˜
u(k)

]
+ 1

2 (xN − rN)
TQ0(xN − rN), U ⊆ [Umin, Umax]

1
2 ∑N−1

k=0

[
˜
X

T
(k)Q

˜
X(k) +

˜
u

T
(k)R

˜
u(k)

]
+ 1

2 (xN − rN)
TQ0(xN − rN) + ε2, U ⊆ (−∞, Umin) ∪ (Umax,+∞)

(13)

where ε2 is a penalty factor of a larger value. When the calculated output does not satisfy
the constraint, the population is guided to evolve towards satisfying the constraint by
adding a penalty factor ε2 to the fitness function to penalize the chromosome and increase
its probability of being eliminated.

4.5. Algorithms in This Paper

The principle of the control system parameter optimization based on IQGA is shown
in Figure 2. According to decentralized coordinated control theory and classical inner and
outer loop control system theory, the basis of unmanned wheeled tractor autopilot control is
the wheeled tractor speed and heading angle control. A decoupled decentralized controller
design is carried out for the wheeled tractor speed and heading angle channels, and then the
control quantities are input to CarSim through the role of synergy to form a decentralized
coordinated control loop to achieve control; the output signal, error signal, and control
quantity signal are input to the adaptation function The output signals, error signals, and
control signals are input to the fitness function. The control parameters are optimized
through IQGA to form an optimization loop, which forms the optimized control system.

 
Figure 2. Schematic diagram of control parameter optimization based on IQGA.

4.6. Optimization Algorithm Process

As shown in Figure 3, the IQGA process is mainly divided into the following steps:

1. Population initialization

First, set the population size Sizepop and the length of the quantum chromosome
Lenchrom, and then divide the population space into several segments of the quantum
chromosome with the same probability to reduce the number of iterations for population
evolution. Set the number of evolutionary generations g = 0 to generate a new initial
population P0.

2. Fitness measurement

According to the lateral displacement, longitudinal displacement, heading angle,
speed, and other parameters uploaded by the tractor combined with the fitness function
in Equation (13), each chromosomal individual in the population is measured once for its
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fitness. The optimal fitness and its corresponding chromosomal individual are recorded
and used as the basis for the evolution of the next generation.

Figure 3. Flow chart of IQGA.

3. Judgment of the number of iterations

When judging whether g has reached the predetermined number of iterations, if yes,
execute step 7; if not, execute step 4.

4. Dynamic updates using the Quantum Revolving Gate

The dynamic update of the quantum revolving gate for the population is according to
Equation (7).

5. Fitness measurement

The fitness of each chromosome individual in the population is measured once, and
the optimal fitness and its corresponding chromosomal individual are recorded and used
as a basis for the evolution of the next generation.

6. Three different operations are performed according to the standard deviation coefficient

Calculate the standard deviation coefficient CD. If 0.3CDmax < CD ≤ CDmax, record
the optimal fitness and corresponding chromosome individuals and serve as the basis
for next-generation evolution. g = g + 1. Execute step 3. If 0.15CDmax < CD ≤ 0.3CDmax,
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the Hadamard gate mutation is performed according to Formula (9). Execute step 5. If
0 < CD ≤ 0.15CDmax, according to Formulas (10) and (11), the chaotic vector is generated
and the probability amplitude perturbation matrix is formed, and then the probability
amplitude perturbation matrix and the probability amplitude matrix of the population are
superposed to generate a new population. Execute step 5.

7. End the program

Obtain Q, R, and end the optimization process.

5. Experimental Results and Analysis

5.1. Experimental Environment

Intel (R) Core (TM) i7-8700K CPU @ 3.70 GHz, Memory: 16.0 GB, Windows 11 Operat-
ing System. The algorithms were run in a MATLAB 2020a, CarSim 2020.0 development
environment for joint simulation.

5.2. Experimental Data and Parameter Selection

In this paper, the traditional LQR (Trad_LQR), GA, PSO, QGA, and other algorithms
and IQGA are simulated and compared to test and verify the effectiveness and feasibility
of the proposed IQGA for the optimization of the wheel tractor trajectory tracking control
system. The relevant parameters of each algorithm are set in Table 1.

Table 1. Relevant parameters of each algorithm.

Algorithms Parameters

Trad_LQR Q = [10,0,0;0,10,0;0,0,100], R = [5,0;0,10]

GA Population size = 100, Number of elites = 10, Maximum iterations = 40, Constraint termination error = 1 × 10−100, Crossover
probability Pc = 0.4, Mutation probability Pm = 0.01

PSO Population size = 20, Maximum iterations = 40, Acceleration parameters = 2, Initial weights = 0.9, End weights = 0.4, Algorithm
termination threshold = 1 × 10−25, Iteration termination threshold = 10, PSO Algorithm Type = 0, Specify random seeds = 1

QGA Population size = 24, Maximum iterations = 220, Binary length of the variable = 20

IQGA Population size = 24, Maximum iterations = 220, Speed Maximum vmax = 1, Speed Minimum vmin = −1, Particle Dimension
N = 2, Learning Factor c1 = 2, c2 = 2, Inertia weight maximum ωmax = 0.8, Inertia weight minimum ωmin = 0.1

5.3. Tracking a Circular Trajectory

To verify the performance of the designed trajectory tracking controller, we simulated
and tested its tracking capability while tracking different trajectories. The kinematic model-
based trajectory tracking controller is mainly used for the low-speed working condition
of the tractor. According to its motion characteristics, a circular trajectory is first selected
for tracking.

For a circular track, the reference speed V is 5 m/s, the reference front wheel angle is
0.106 rad, the radius is 25 m, the angular velocity is 0.2 rad/s, the center coordinate is (0,
25) m, and the reference track equation is in Equation (14).

{
xre f = 25 sin 0.2t
yre f = 25 − 25 cos 0.2t

(14)

The simulation results of the tracking circular trajectory are shown in Figure 4.
Tractor transverse and longitudinal displacements determine the degree of crop

neatness and are often used as visual indicators to evaluate the tractor’s operational
control performance. For this reason, the time domain response of the tractor displace-
ment is compared and analyzed in this section, and the response curves are shown in
Figures 5 and 6, respectively.
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Figure 4. Reference trajectory and actual trajectory.

 

Figure 5. Lateral displacement and deviation.

  

Figure 6. Longitudinal displacement and deviation.

The lateral and longitudinal displacements and their deviations using each controller
are plotted in Figures 5 and 6. It can be noted that the peak transverse and longitudinal
displacements of the proposed control strategy are significantly reduced, and the deviation
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fluctuations tend to be flat compared to the other four control methods. Figures 7 and 8
show the heading angle, tractor speed, and their deviations. In Figure 7, the heading angle
of the IQGA-LQR control method enters the steady state at the earliest compared to other
optimization methods. In Figure 8, the tractor speed of the IQGA-LQR control method has
a slight jitter in some periods, but the overall deviation is always the smallest and the first
to enter the steady state.

  

Figure 7. Heading angle and deviation.

  

Figure 8. Tractor speed and deviation.

RMSE belongs to the L2 norm, which is more sensitive to outliers and is widely used
in engineering measurements. RMSE can measure the deviation between the actual motion
trajectory of the tractor and the reference motion trajectory. The RMSE compares the
advantages and disadvantages of the Trad_LQR, GA-LQR, PSO-LQR, QGA-LQR, and
IQGA-LQR control methods.

To qualitatively examine the control performance of the IQGA-LQR control strategy,
a comparison among the maximum, minimum, and RMSE results for each deviation is
derived using the conventional LQR, GA-LQR, PSO-LQR, QGA-LQR, and IQGA-LQR
methods given in Table 2.

Compared with the conventional LQR, the IQGA-LQR controller reduced the maxi-
mum value of the lateral displacement deviation and RMSE value of the tractor by 79.79%
and 37.61%, respectively, and increased the minimum value of the lateral displacement
deviation by 7.35%, with little increase compared to the overall result. The maximum
value and RMSE value of the longitudinal displacement deviation decreased by 84.81% and
89.57%, respectively, and the minimum value of longitudinal displacement deviation was
the same. The maximum value of the heading angle deviation and RMSE value increased
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by 3.17% and 6.45%, respectively, but the minimum value of the heading angle deviation
decreased by 29.59%, which is a larger decrease; the maximum value of the speed deviation
and RMSE value decreased by 34.84% and 57.65%, respectively, and the minimum value of
speed deviation increased slightly by 0.7%, which is negligible.

Table 2. System deviations.

TRAD_LQR GA PSO QGA IQGA

Lateral Deviation (m)

Maximum value 1.4238 0.5843 1.4471 0.5844 0.2878

Minimum value −2.3882 −2.4397 −2.3773 −2.4398 −2.56378

RMSE 0.435 0.2724 0.4493 0.2724 0.2714

Longitudinal Deviation (m)

Maximum value 3.0731 1.4622 3.1136 1.4622 0.4668

Minimum value −2 −2 −2 −2 −2

RMSE 1.2018 0.2972 1.2605 0.2972 0.1253

Heading Angle Deviation (rad)

Maximum value 0.2364 0.2526 0.2305 0.2526 0.2439

Minimum value −0.1426 −0.223 −0.1398 −0.223 −0.1004

RMSE 0.0093 0.0104 0.009 0.0104 0.0099

Speed Deviation
(m/s2)

Maximum value 2.3865 2.2329 2.4391 2.2329 1.555

Minimum value −3.6443 −3.6444 −3.6443 −3.6444 −3.6698

RMSE 0.6736 0.4326 0.6791 0.4326 0.2853

Compared with GA-LQR, the IQGA-LQR controller resulted in a larger decrease in
the maximum value of the lateral displacement deviation of the tractor, with a reduced
value of 50.74%. By contrast, the RMSE value and the minimum value of the lateral
displacement deviation increased, by 0.37% and 5.09%, respectively. The maximum value of
the longitudinal displacement deviation and the root-mean-square error value were greatly
reduced by 68.08% and 57.84%, respectively, while the minimum value of the longitudinal
displacement deviation remains unchanged; the maximum value of the heading angle
deviation, root-mean-square error value and the minimum value of transverse displacement
deviation was reduced by 3.44%, 54.98%, and 4.81%, respectively. The maximum value of
the speed deviation and RMSE value were reduced significantly by 30.36% and 34.05%,
respectively. In comparison, the minimum value of the speed deviation increased by 0.7%,
which is relatively small and can also be ignored.

Compared with PSO-LQR, the IQGA-LQR controller reached the maximum value of
lateral displacement deviation, and the RMSE value of the tractor had a large reduction
by 80.11% and 39.59%, respectively, while the minimum value of the lateral displacement
deviation did not increase much, and its upward value was 7.84%. The maximum value and
RMSE of longitudinal displacement deviation decreased by 85.01% and 90.06%, respectively,
while the minimum value of longitudinal displacement deviation increased by 40%; the
maximum value and RMSE of the heading angle deviation increased by 5.81% and 10%,
respectively, while the minimum value of the heading angle deviation decreased by 28.18%.
The maximum value of the speed deviation and RMSE decreased by 36.25% and 57.99%,
respectively, while the minimum value of the speed deviation increased slightly by 0.7%.

Compared with QGA-LQR, the IQGA-LQR controller reduced the maximum value
of the lateral displacement deviation of the tractor by 50.75%. The RMSE value did not
change much and was reduced by 0.37%. In contrast, the minimum value of the lateral
displacement deviation increased, and its reduction value was 20.37%. The maximum
value and RMSE of the longitudinal displacement deviation decreased by 68.08% and
57.84%, respectively, while the minimum value of the longitudinal displacement deviation
did not change; the maximum value, minimum value, and RMSE of the heading angle
deviation decreased by 3.44%, 54.98%, and 4.81%, respectively, with the minimum value of
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the heading angle deviation decreasing by a larger extent. The maximum value of speed
deviation and the RMSE value decreased by 30.36% and 34.05%, respectively, and the
minimum value of speed deviation showed a small increase with an upward value of 0.7%.

The RMSE values of the kinematic states under circular trajectories are given in
Figure 9, from which it can be seen that among the four compared data, the IQGA-LQR
RMSE data are the smallest for three and slightly larger for one. These three data are the
RMSE values of lateral displacement, longitudinal displacement, the heading angle, and
velocity, respectively; the slightly larger one is the lateral displacement of the RMSE value.
Figure 10 gives the RMSE values of the motion states under the double-shifted trajectory,
from which it can be seen that all four RMSE data of IQGA-LQR are the smallest among
the four compared data; therefore, IQGA-LQR is the optimal choice from the RMSE point
of view.

From the analysis of the typical numerical decrease in percentage, it can be inferred
that the IQGA-LQR control strategy has a better control effect. Obviously, the tractor system
controlled by this method achieved better lateral and longitudinal operation accuracy and
speed tracking when performing agricultural tillage and harvesting. Thus, the effectiveness
of the proposed LQR method optimized by IQGA is verified.

The controller parameters are shown in Table 3.

 
Figure 9. Motion state RMSE values when tracking circular trajectories.
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Figure 10. RMSE value of the motion State while tracking a double shift trajectory.

Table 3. Parameters of circular trajectory controller.

Parameters Values

Q
⎡
⎣30460.2 0 0

0 30095.7 0
0 0 27848.4

⎤
⎦

R
[

6294.7 0
0 42094.6

]

Q0

⎡
⎣41128.5 0 0

0 19284.6 0
0 0 43.8

⎤
⎦

ε2 1×106

5.4. Tracking Double Shift Trajectory

When the tractor is working, the evaluation of the controller is not only the tracking
accuracy but also needs to focus on the stability of the tracking process. In the test of the
wheeled tractor driving stability, the double-shifted line working condition is a test method
used more frequently. There are also more scholars [32–34] to test the trajectory tracking
ability of unmanned wheeled tractors with double-shifted trajectories. Therefore, in this
paper, the designed LQR controller was simulated and tested using the double-shifted
trajectory [35].

For the double-shift line trajectory, the reference tractor speed v is 5 m/s, and the
reference trajectory is Equation (15).⎧⎪⎪⎪⎨

⎪⎪⎪⎩
xre f = vt

yre f =
dy1
2 (1 + tanh(z1))− dy2

2 (1 + tanh(z2))

ϕre f = arctan
[

dy1

(
1

cosh(z1)

)2( 1.2
dx1

)
− dy2

(
1

cosh(z2)

)2( 1.2
dx2

)] (15)
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where, z1 = 2.4
25 (X − 27.19) − 1.2, z1 = 2.4

21.95 (X − 56.46) − 1.2, dx1 = 25, dx2 = 21.95,
dy1 = 4.05, dy2 = 5.7.

The radius of the curvature of this double shift trajectory is calculated by Equation (16).
It gives the reference front wheel rotation angle: δref = arctan (l/R). The simulation results
of the double-shifted reference trajectory are shown in Figure 11.

R =

∣∣∣∣∣∣∣∣∣∣

(
1 +

( dyre f
dxre f

)2
) 3

2

d2yre f
dxre f

2

∣∣∣∣∣∣∣∣∣∣
(16)

 
Figure 11. Reference trajectory and actual trajectory.

Similar to the analysis of circular trajectories, to qualitatively examine the control
performance of the IQGA-LQR control strategy, a comparative study among the simulation
results of deviation maxima, minima, and RMSEs derived with the conventional LQR,
GA-LQR, PSO-LQR, QGA-LQR, and IQGA-LQR methods is given in Table 4.

Compared with the conventional LQR, the IQGA-LQR controller left the maximum
value, minimum value, and RMSE value of lateral displacement deviation of the tractor
unchanged; the maximum value, minimum value, and RMSE value of the longitudinal
displacement deviation are reduced by 12.32%, 19.82%, and 29.51%, respectively; the
maximum value, minimum value, and RMSE value of the heading angle deviation are
reduced by 0.52%, 6.37%, respectively, and the RMSE value is the same. The maximum
and minimum values for the deviation of the heading angle decreased by 0.52% and 6.37%,
respectively, and the RMSE value was the same. The maximum value of the speed deviation
was reduced by 34.44%, the minimum value did not change, and the value of RMSE was
reduced by 32.5%.

Compared with GA-LQR, the IQGA-LQR controller increased the maximum value
of the lateral displacement deviation of the tractor by 3.34%, reduced the minimum value
of the lateral displacement deviation and RMSE value by 0.43% and 20.7%, respectively,
reduced the maximum value of longitudinal displacement deviation, and RMSE value
by 27.51%, 26.63%, and 47.56%, respectively. The maximum and minimum values of the
heading angle deviation had a small increase of 0.35% and 1.81%, respectively, while RMSE
values did not change; the maximum and RMSE values of the speed deviation decreased
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by 34.66% and 36.24%, respectively, and the minimum values of the speed deviation were
the same.

Table 4. Systematic deviations in tracking double-shifted trajectories.

TRAD GA PSO QGA IQGA

Lateral
Deviation (m)

Maximum value 0.7250 0.7016 0.7234 0.6413 0.7250

Minimum value −1.6156 −1.6225 −1.6140 −1.6217 −1.6156

RMSE 0.1134 0.1430 0.1542 0.2592 0.1134

Longitudinal Deviation (m)

Maximum value 0.1518 0.1836 0.1518 0.2161 0.1331

Minimum value −0.2240 −0.2448 −0.2240 −0.2269 −0.1796

RMSE 0.0061 0.0082 0.0061 0.0074 0.0043

Heading Angle Deviation (rad)

Maximum value 0.0574 0.0569 0.0574 0.0615 0.0571

Minimum value −0.0361 −0.0332 −0.0361 −0.0326 −0.0338

RMSE 0.0004 0.0004 0.0004 0.0004 0.0004

Speed
Deviation (m/s2)

Maximum value 1.49623 1.5013 1.4962 1.4825 0.9810

Minimum value −3.6112 −3.6112 −3.6112 −3.6112 −3.6112

RMSE 0.2474 0.2619 0.2474 0.3078 0.1670

Compared with PSO-LQR, the IQGA-LQR controller made the maximum and min-
imum values of lateral displacement deviation of the tractor slightly increase by 0.22%
and 0.1%, respectively, which is almost negligible, and the RMSE value decreased by
26.46%, which is larger; the maximum and minimum values of the longitudinal displace-
ment deviation and RMSE value decreased by 12.32%, 19.82%, and 29.51%, respectively.
The maximum and minimum values of longitudinal displacement deviation decreased
by 12.32%, 19.82%, and 29.51%, respectively; the maximum and minimum values of the
heading angle deviation decreased by 0.52% and 6.37%, respectively, and the RMSE value
was the same; the maximum and RMSE values of speed deviation decreased by 34.43% and
32.5%, respectively, and the minimum value of speed deviation did not change.

Compared with QGA-LQR, the IQGA-LQR controller increased the maximum value
of the lateral displacement deviation of the tractor by 13.05%, reduced the minimum value
of lateral displacement deviation and the RMSE value by 0.38% and 56.25%, respectively; it
reduced the maximum value of longitudinal displacement deviation, the minimum value,
and RMSE value by 38.41%, 20.85%, 41.89%, respectively. It also reduced the maximum
value of the heading angle deviation by 7.15%, increased the minimum value by 3.68%,
and kept the RMSE value unchanged. The maximum value of the heading angle deviation
decreased by 7.15%, the minimum value increased by 3.68%, and the RMSE value remained
the same; the maximum and RMSE values of the speed deviation decreased by 33.83% and
45.74%, respectively, and the minimum value of speed deviation was the same.

Figures 12 and 13 are the transverse and longitudinal displacements of the wheeled
tractor, and their deviations use each controller while tracking the double-shift line trajec-
tory. The figures show that the peaks of the transverse and longitudinal displacements of
the proposed control strategy are relatively smaller, and the deviations are smaller through-
out the process than the other four control methods. Figures 14 and 15 show the heading
angle, tractor speed, and their deviations. In Figure 14, IQGA-LQR has relatively smaller
deviations at the peak compared to other optimization methods, and the advantage is not
so obvious in other stages. In Figure 15, the IQGA-LQR control method of the tractor speed
and their deviations are better controlled throughout the control phase, and the deviations
are in a relatively small state all the time.
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Figure 12. Lateral displacement and deviation.

 
 

Figure 13. Longitudinal displacement and deviation.

  

Figure 14. Heading angle and deviation.
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Figure 15. Tractor speed and deviation.

By comparing all system deviations in Tables 2 and 4, it can be inferred that the
IQGA-LQR control strategy has better control effects in four aspects: lateral deviation,
longitudinal deviation, heading angle deviation, and speed deviation, thus verifying the
higher effectiveness of the proposed LQR method optimized by IQGA.

The controller parameters after IQGA optimization are shown in Table 5.

Table 5. The parameters of the dual shift trajectory controller are shown.

Parameters Values

Q
⎡
⎣17.6 0 0

0 13892.1 0
0 0 1996.4

⎤
⎦

R
[

1034.1 0
0 81792.8

]

Q0

⎡
⎣50752.6 0 0

0 23326.2 0
0 0 93579.0

⎤
⎦

ε2 1×106

6. Summary and Prospect

In this paper, a kinematic model of the wheel tractor was built based on the Ackermann
steering model, the state weighting matrix in the LQR controller was optimized using IQGA,
and finally, a joint simulation was performed using Carsim and MATLAB. The simulation
results after comparing the other four optimization algorithms showed that:

(1) The coefficient matrix selected by IQGA had better tracking accuracy. The lateral
position deviation, longitudinal position deviation, and heading angle deviation all
tended to be zero, the control effect was better, and the system tended to be stable.
Adding constraints to the LQR increases ride comfort. The RMSE of lateral displace-
ment, longitudinal displacement, and the heading angle after tractor stabilization
were 0.2714 m, 0.1253 m, and 0.0099 rad, respectively, when the tracking circular trajec-
tory was at 5 m/s. The error of lateral displacement, longitudinal displacement, and
the heading angle after tractor stabilization was 0.1134 m, 0.0043 m, and 0.0004 rad,
respectively, when tracking a double-shift trajectory at 5 m/s.

(2) The tracking method designed based on kinematics is suitable for low-speed work
scenarios. If the wheeled tractor is tracked at high speed, the situation is more complex
when the wheeled tractor’s kinematics cannot meet the actual demand. At the same
time, the kinematic modeling of the wheel tractor is simplified, such as linearizing the
nonlinear system, ignoring the disturbance term, etc., so some errors in the tracking
process are difficult to eliminate. In the subsequent research, we can design the
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nonlinear trajectory tracking controller based on the wheel tractor dynamics and
consider the influence of the wheel tractor’s lateral tilt characteristics, the tire’s slip
characteristics, the disturbance term, and other factors.

(3) The reference trajectory also greatly influences the tracking effect. For example, when
the connection point of the trajectory is not derivable, there is an oscillation in the
control data when controlling the wheel tractor. Therefore, in the subsequent study,
the original reference trajectory can be sampled, and the original reference trajectory
can be reprogrammed according to the kinematic constraints of the wheel tractor or
wheel tractor dynamics constraints. A trajectory that meets the constraints can be
reprogrammed for tracking.
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