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Preface to ”Advances in Bio-Inspired Robots”

Bio-inspiration is a good starting point for designing innovative mechanical systems, including

robots. Additionally, it is a good way to solve engineering design and control problems. Recently,

creative design has become very important in the robotics field, not just following previous design

solutions but also suggesting novel system designs for various tasks. Bio-inspiration is becoming

more and more popular in order to obtain innovative solutions inspired by animals and insects.

In this Special Issue, nine excellent papers are published on advances in bio-inspired robots.

The papers are categorized into three groups as follows:

A. Biomimetic robot design;

B. Mechanical system design from bio-inspiration;

C. Bio-inspired analysis on a mechanical system.

TaeWon Seo, Dongwon Yun, Gwang-Pil Jung

Editors
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Bio-inspiration is a good starting point of designing innovative mechanical systems,
including robots. Additionally, it is a good way to solve engineering design and control
problems. Recently, creative design has become very important in the robotics field, not just
following previous design solutions but also suggesting novel system designs for various
tasks. Bio-inspiration is becoming more and more popular in order to obtain innovative
solutions inspired by animals and insects.

In this Special Issue, nine excellent papers are published on advances in bio-inspired
robots. The papers are categorized into three groups as follows:

A. Biomimetic robot design
B. Mechanical system design from bio-inspiration
C. Bio-inspired analysis on a mechanical system

The detail contents can be summarized as follows.

1. Biomimetic Robot Design

1.1. Soft Jumping Robot Using Soft Morphing and the Yield Point of Magnetic Force

Soft-morphing, deformation control by fabric structures and soft-jumping mechanisms
using magnetic yield points are studied. The soft jumping mechanism can transfer energy
more efficiently and stably using an energy storage and release mechanism and the rounded
ankle structure designed using soft morphing [1].

1.2. Snake Robot with Driving Assistant Mechanism

A driving assistant mechanism is proposed for a snake robot, which assists locomotion
without additional driving algorithms and sensors. The driving assistant mechanism can
prevent roll down on a slope and can increase the locomotion speed [2].

1.3. A Miniature Flapping Mechanism Using an Origami-Based Spherical Six-Bar Pattern

A novel transmission is proposed for DC motor-based flapping-wing micro aerial
vehicles. The proposed origami-based fabrication method reduces the number of relative
moving components by replacing rigid links and pin joints with facets and folding joints,
which shortens the assembly process and reduces friction between components [3].

2. Mechanical System Design from Bio-Inspiration

2.1. Bioinspired Divide-and-Conquer Design Methodology for a Multifunctional Contour of a
Curved Lever

Bioinspired design methodology for a multifunctional lever is proposed based on the
morphological principle of the lever mechanism in the Salvia pratensis flower. Four partial
contours are designed to satisfy three types of functional requirements. The final design for
the lever contour is manufactured and verified with visual measurement experiments [4].

Appl. Sci. 2021, 11, 8492. https://doi.org/10.3390/app11188492 https://www.mdpi.com/journal/applsci
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2.2. Cable Tension Analysis Oriented the Enhanced Stiffness of a 3-DOF Joint Module of a
Modular Cable-Driven Human-Like Robotic Arm

Inspired by the structure of human arms, a modular cable-driven human-like robotic
arm is developed for safe human–robot interaction. Due to the unilateral driving properties
of the cables, the robotic arm is redundantly actuated and its stiffness can be adjusted by
regulating the cable tensions [5].

2.3. A Novel Type of Wall-Climbing Robot with a Gear Transmission System Arm and Adhere
Mechanism Inspired by Cicada and Gecko

A novel type of wall-climbing robot is proposed with a new gear transmission system
arm and an adherence mechanism inspired by cicadas and geckos. The adherence force ex-
periments demonstrate that the bionic spines and bionic materials achieved good climbing
on cloth, stone, and glass surfaces [6].

3. Bio-Inspired Analysis on A Mechanical System

3.1. Control Strategy for Direct Teaching of Non-Mechanical Remote Center Motion of Surgical
Assistant Robot with Force/Torque Sensor

A control strategy is proposed from bio-inspiration that secures both the precision
and manipulation sensitivity of remote center motion with direct teaching for a surgical
assistant robot. Instead of the bulky mechanically constrained remote center motion
mechanism, a conventional collaborative robot is used to mimic the wrist movement of a
scrub nurse [7].

3.2. Empirical Modeling of Two-Degree-of-Freedom Azimuth Underwater Thruster Using a Signal
Compression Method

Empirical modeling of a two-degree-of-freedom (DoF) azimuth thruster is presented
based on bio-inspiration using the signal compression method. Empirical models of
force and moment for rotational motion were derived for practical use through frequency
analysis [8].

3.3. Energy-Efficient Hip Joint Offsets in Humanoid Robot via Taguchi Method and
Bio-Inspired Analysis

The offsets of hip joints in humanoid robots are optimized via the Taguchi method
to maximize energy efficiency. Through two optimization stages, near-optimal results are
obtained for small power consumption [9].
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Abstract: In this paper, soft-morphing, deformation control by fabric structures and soft-jumping
mechanisms using magnetic yield points are studied. The durability and adaptability of existing
rigid-base jumping mechanisms are improved by a soft-morphing process that employs the residual
stress of a polymer. Although rigid body-based jumping mechanisms are used, they are driven by
multiple components and complex structures. Therefore, they have drawbacks in terms of shock
durability and fatigue accumulation. To improve these problems, soft-jumping mechanisms are
designed using soft polymer materials and soft-morphing techniques with excellent shock resistance
and environmental adaptability. To this end, a soft jumping mechanism is designed to store energy
using the air pressure inside the structure, and the thickness of the polymer layer is adjusted based
on the method applied for controlling the polymer freedom and residual stress deformation. The
soft jumping mechanism can transfer energy more efficiently and stably using an energy storage
and release mechanism and the rounded ankle structure designed using soft morphing. Therefore,
the soft morphing and mechanisms of energy retention and release were applied to fabricate a soft
robot prototype that can move in the desired direction and jump; the performance experiment was
carried out.

Keywords: soft robot; soft jumping robot; soft morphing; residual stress; magnetic yield point

1. Introduction

The development of Fourth Industrial Revolution technologies has resulted in the
extensive application of these technologies in various fields and industries; various robots
and production processes have been recently developed for more efficient and safe work.
Robots produced through new materials and new manufacturing methods are applied
to perform various tasks that were performed manually. However, with an increase in
the number of robots replacing human intervention in various fields and environments,
the problem of robot control and driving in various environments is gaining considerable
research attention. Robots made up of rigid bodies are designed and controlled according
to a particular process or environment, and therefore, there is a problem in that the design
or control of the drive part must be changed when the environment of use changes. High-
tech and high-performance robots are being developed, such as Cheetah [1] at MIT and
Big Dog [2] at Boston Dynamics to develop a robot that can be applied immediately to
multiple environments without changing the design or control of the drive. However,
these robots have limitations in terms of accessibility, manufacturing process, and the
high cost of the technology required to build the robot. Therefore, a new type of robot is
actively being developed to improve the adaptability and durability of robots and to build
highly accessible robots that can be efficiently applied to various environments without
changing the design or control of the drives. Soft robots are made of soft materials, such as
polymers, that absorb shocks well and are adaptable to objects. Further, these materials
have advantages in that they can be used to build robots that can be applied to various

Appl. Sci. 2021, 11, 5891. https://doi.org/10.3390/app11135891 https://www.mdpi.com/journal/applsci
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environments with simpler control. However, it is difficult to apply a drive that requires
instantaneous release of great force, such as a jump, to a soft robot.

To solve these problems and further highlight the advantages of soft robots, various
soft robots and driving parts are being developed that can be integrated while preserving
the characteristics and advantages of soft robots. The related studies include driving
methods that employ properties of substances such as SMA (shape memory alloy) and
SMP (shape memory polymer) [3–7] that deform in response to specific conditions such
as temperature and light, soft robots [8–10] that use instantaneous energy generated by
the explosion of gas compounds, and robots [11,12] that use mechanical designs [13–17].
Among biomimetic robots [18–24], soft morphing [25–27], which creates residual stresses
in structures or inserts actuators to change shape [28,29], and robots that use soft materials
and pneumatic drive [30] can be applied without significantly degrading their performance.

In this paper, the thickness of the polymer layer is adjusted by the needed shape.
Further, a one-way tensile force is applied in the soft morphing process for stacking different
kinds of polymers and forming residual stresses on the polymer. The non-stretching fabric
material is inserted in layers to control the deformation and shape of polymers with
high degrees of freedom to suit their needs. In addition, we produced prototypes of soft
robots that could overcome various environments such as crawling and jumping using
soft morphing, magnetic yield, and air chambers inserted inside the structure through the
storage and release of energy implemented by the soft robot. The final goal of this research
is to install an air pressure drive system inside a soft jumping robot and enable the robot to
perform tasks such as investigating and transmitting light objects on behalf of humans.

2. Fabrication of Polymer Structures and Formation of Residual Stresses

2.1. Soft Morphing

Soft morphing structures are mostly made of soft materials with no restrictions on
the degrees of freedom, and they are characterized by continuous and soft movement. By
using the continuous soft movement of soft morphing, one can not only achieve natural
and flexible movements that cannot be realized by robots with rigid bodies, but it can also
help overcome limitations of rigid materials that are vulnerable to impact. In the case of
polymers, even if external shocks such as shock or distortion are applied, they absorb shock
smoothly and do not break. Furthermore, the hardness of the soft material forming the
structure can be adjusted to a desired degree of rigidity. Therefore, various studies on soft
morphing [27–29] have been actively conducted owing to these advantages.

2.2. Residual Stresses

Residual stress is defined as the energy applied to an object that remains indefinitely
in the object while retaining the strength and direction of the residual stress. Because of
residual stress, the object can have various forms and numbers of stable states. In this
paper, the residual stress is induced in a polymer structure to minimize the driving part by
steady state deformed by residual stress and produce a soft mechanism that highlights the
advantages of soft morphing. Through residual stress induced in a polymer structure the
robot’s shape and jumping motion can be completed and a part of the recovery process
can be achieved. To produce a ductile polymer structure, Cubicon’s Style NEO-A22
model and PLA+ 3D printer filament was used to produce 100% molds of interior filling
(0.014 m ×0.003 m). A suitable amount of smooth-on soft polymer, a curing accelerator
Plat Cat, and Ecoflex0050 were mixed into the mold; depopulation was carried out at a
pressure of 0.1 MPa using a vacuum depopulator for 10 min. After the deformation, the
liquid polymer was poured into the mold, and an acrylic plate and a 1.5 kg weight were
placed on it. Further, it was cured in an oven at 55 ◦C for 60 min. To make a polymer
structure, the liquid polymer must be cured by mixing main material A and sub material B.
The mixing ratio of the main and sub materials to fabricate polymer structures used in this
paper is summarized in Table 1.

6
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Table 1. Mixing ratio of liquid polymer.

Material Percent (%)

Main material A 49.5
Sub material B 49.5

Cure accelerator 1

To induce residual stress inside the polymer structure using the EcoFlex0050 liquid
polymer material, the elasticity of the polymer was used to stretch the polymer structure.
When the polymer structure is fixed in a tensile state, the elastic stresses from inside the
polymer structure maintain the stress generated by the elastic resilience and form residual
stress inside. This is conducted to the maintain residual stress in a state where the structure
is stretched and fixed. Other polymer structures are bonded to the upper part to interfere
with the contraction of the lower polymer structures in a state where the stress caused by
the elastic resilience is not eliminated. Therefore, the lower polymer structure is stretched
to prevent the stress formed inside from being eliminated by the structure bonded to the
upper part and the stress formed inside (Figure 1).

Figure 1. Process of forming residual stresses on a polymer structure.

3. Fabrication of Deformation Structures Caused by Residual Stresses

The lower polymer structure must be fixed in a tensile state until the end of the upper
polymer bonding process to form a stable residual stress inside the polymer structure. A
device (Figure 2) was set to hold the polymer structure in a tensile state to maintain the
tensile state of the lower polymer structure throughout the work process.

 

Figure 2. Process of forming residual stresses on a polymer structure.

First, a perforated metal plate was set to hold the polymer structure securely to the
floor without shaking. Next, we fix the polymer structure 0.005 m away from both ends of
the EcoFlex0050 and it is stretched and secured at 0.02 m. The tensile and fixed polymer
structures prevent the stress caused by the elastic resilience from being eliminated in the
manufacturing process and allow the stable manufacture of upper polymer structures.
When the lower polymer structure is stretched and fixed, as shown in Figure 3a, the mold
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of upper polymer structure is attached to the lower polymer structure. The flat plate is
laid in the empty space under the polymer structure so that work can be conducted more
accurately. Considering the Poisson ratio of the polymer structure so that the polymer
structure can be deformed uniformly, the center of the mold and the center of the polymer
structure are bonded in the same way, as shown in Figure 3b.

  

(a) (b) 

Figure 3. Process of forming residual stresses on a polymer structure. (a) Stretch-fixed lower polymer
structure; (b) working position of upper polymer structure.

Dragon Skin Fx pro liquid polymer, which has low viscosity and higher hardness
compared to that of EcoFlex0050, is used to resist shrinkage. To remove bubbles, a 367.75 W
vacuum chamber was used for 7 min to defoaming at a pressure of 105 Pa. The acrylic
plate and 1.5 kg weight were raised and cured at 23 ◦C for 60 min to prevent the inflow
of dust substances into the polymer structure and to ensure the uniform surface of the
polymer structure. Finally, structures modified by residual stress as shown in Figure 4
were constructed.

 

Figure 4. Structures deformed by residual stress.

4. Deformation of Soft Morphing Structures According to the Conditions of
Lower Polymer

To determine the effect of tensile stress, elasticity, and thickness degree of the polymer
structure on the deformation of the structure, the tensile property, elasticity, and thickness
of lower polymer structure are changed when manufacturing the polymer structure. The
vacuum defoaming time and curing time of the material and mixing ratio of the polymer
structure are set to the same value and Dragon skin Fx pro was used for the upper polymer
structure. The properties of the material used in the experiment are shown in Table 2.

Decreasing the tensile force 0.02 m to 0.01 m of the lower polymer structure (Figure 5a,b)
causes a lower deformation of the polymer structure, which decreases the stress-energy
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generated inside the polymer structure. The decrease in the stress energy stored in the
lower polymer structure causes a decrease in the stress asymmetry of the upper and lower
polymer structures. Thus, the greater the stress asymmetry of the upper and lower polymer
structures, the greater is the deformation rate of the final polymer structures, and the greater
is the tensile degree of the lower polymer structures. If the elasticity of the lower polymer
structure decreases by changing the material from EcoFlex0050 to EcoFlex0030 (Figure 5a,c),
lower stress caused by the elastic resilience is formed inside the polymer structure during
the tensile process. The deformation rate of the final polymer structure is lower because
the decreased stress stores less stress internally than the existing lower polymer structure.
When the tensile strength is the same as that of the raw material, the deformation rate of
the final polymer structure becomes lower because the elastic restoring force decreased
when the lower polymer structure is made thinner (Figure 5a,d). The experiments were
carried out to verify the effect of various values of the tensile stress, elasticity, and thickness
tests on the strain. When the tensile stress, elasticity, and thickness value of the lower
polymer structure increases, the stress of the lower polymer also increases. Therefore,
the greater the stress of the lower polymer structure is used, the greater the strain of the
soft morphing structure is presented. The higher strain has the advantage of increasing a
dynamic performance of a jumping robot. As a result, the 0.003 m-thick EcoFlex0050 was
stretched by 0.02 m to build the soft jumping robot as the lower polymer structure. The
upper polymer structure has been made by Dragon skin Fx pro.

  

(a) (b) 

  

(c) (d) 

Figure 5. Differences in the strain of the polymer structures based on tensile stress. (a) Polymer
structure made with EcoFlex0050, stretched to 0.2 m, 0.003 m thick; (b) polymer structure made
with EcoFlex0050, stretched to 0.1 m, 0.003 m thick; (c) polymer structure made with EcoFlex0030,
stretched to 0.2 m, 0.003 m thick; (d) polymer structure made with EcoFlex 0050, stretched to 0.2 m,
0.002 m thick.
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Table 2. Properties of the material used in the experiment.

Properties

Material
EcoFlex0050 EcoFlex0030 Dragon Skin Fx Pro

Shore hardness 00–50 00–30 2

Mixed viscosity 8000 cps 3000 cps 18,000 cps

Tensile strength 315 psi 200 psi 288 psi

Elongation at break 980% 900% 763%

5. Soft Jumping Mechanism Using Magnetic Force

5.1. Pneumatic Drive Fabrication

A pneumatic drive is formed inside the polymer structure to drive the polymer de-
formed by the residual stress formed by the tensile-bonding process. In the manufacturing
process of polymer structures deformed by residual stress, the polymer is stretched to
0.02 m and the mold for the upper structure is raised on the fixed lower polymer structures.
Then, some adhesives are applied to the middle of the 0.06 m × 0.02 m × 0.001 m prosthe-
sis and the prosthesis is bonded as shown in Figure 6a to prevent liquid polymers from
moving out during the manufacture of the superstructure. Therefore, the upper part of the
prosthesis is in the center where the Poisson’s ratio is highest, and deformation occurs the
most so that the effective deformation can be obtained because of the high deformation
rate. A thin layer of petrolatum is applied to the prosthesis inserted for forming the air
chamber so that the air chamber can be pulled out without damage. After the upper
polymer structure is completely cured, the top 0.002 m part of the prosthesis inserted into
the air chamber mold is cut to remove the prosthesis from the air chambers, as in Figure 6b.
The incisions of the air chamber are sealed with Dragon skin Fx pro after the pneumatic
tube is inserted in the process of controlling the degrees of freedom using fabric materials.

  
(a) (b) 

Figure 6. Air chamber molding inside the polymer structure. (a) Mold and prosthesis work position for
upper polymer structure work. (b) incisions for the removal of the upper polymer structure prosthesis.

5.2. Polymer Freedom Agent Using Fabric Material

In the process of manufacturing the upper polymer structure, the incision of the air
chamber made by inserting the prosthesis is sutured to control the degrees of freedom of
the polymer. Dragon skin Fx pro, the same material as the material used in the manufacture
of the upper polymer, is coated thinly on the upper polymer structure, and a fabric material
that does not extend in the upper and lower directions of the structure is placed. Then, the
liquid Dragon skin Fx Pro is applied to the fabric material, which is fully absorbed by the
fabric. Acrylic plates are then placed on the fabric material to ensure a smooth surface and
prevent the inflow of dust substances. A 1.5 kg weight is placed on the acrylic plate so that
the acrylic plate can form a smooth surface; it is secured by supporting the left and right
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sides to prevent slipping during the solidification process. After the solidification process,
a pneumatic tube is inserted by making a 0.005 m incision at the top, as in removing the
prosthesis of the air chamber. After the pneumatic tube is inserted, a Dragon skin Fx pro is
applied at the joint for sealing.

The manufactured soft pneumatic drive operates in a folded and extended form
depending on the presence or absence of air injection designed inside the polymer structure,
as shown in Figure 7a,b.

  
(a) (b) 

Figure 7. Movement of soft mechanisms by air injection. (a) State when air is not injected into the
soft mechanism; (b) state when air is injected into the soft mechanism.

The completed composite polymer structure is shown in Figure 8. The lower polymer
structure is tensile to form elastic stress. Further, the lower polymer structure is resistant to
contraction, and therefore, the stress formed in the lower structure remains inside without
complete resolution. In the middle of the polymer structure, there is an air chamber for the
pneumatic drive. In addition, there is a fabric structure for shape control of the air chamber
on top of the polymer structure.

Figure 8. Decomposition of soft drive mechanisms.

5.3. Energy Storage Using Magnetism

We used permanent magnetism as a method to store energy inside a soft jumping
mechanism. Permanent magnets are attached to both ends of the soft jumping mechanism
as shown in Figure 9a,b.

Owing to the gravitational force of the attached permanent magnet, the air chamber
cannot expand to a certain extent and produces pressure-induced energy inside. The power
depends on the distance between the permanent magnets attached to both ends and it is
given as:

Fz = −πμ0M2

4
R4

[
1
x2 +

1

(x + 2t)2 − 2

(x + t)2

]
(1)
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The approximation can be obtained through:

Fz = −−3πμ0M2

2
R4t2 1

x4 (2)

when thickness t is less than the distance x between the magnets. Equations (1) and (2) are
presented and derived in [31].

  
(a) (b) 

Figure 9. Energy storage using permanent magnets. (a) No air is injected in the air chamber; (b) air is
injected in the air chamber.

In Equations (1) and (2), Fz represents the magnet pulling force (N), π denotes the
circular constant, μ0 its permeability, M represents magnetization, R denotes the radius
of the magnet, x denotes the distance between the permanent magnets, and t denotes the
thickness of the permanent magnet. However, the closer the distance between permanent
magnets, the less accurate are Equations (1) and (2). Thus, Equations (1) and (2) are
not suitable for this study. To solve the problem, the attraction of permanent magnets
corresponding to the distance was confirmed and the approximate value was obtained.
A permanent magnet with a length of 0.01 m, width of 0.02 m and thickness of 0.003 m
was used in the experiment; the maximum weight lifted by the magnet was measured
according to the distance. The result of the experiment is shown in Figure 10.

Figure 10. Pulling force of magnet according to distance.
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Based on the results of the experiment, a numerical interpretation was conducted
using MATLAB (MathWorks). The traction force of the permanent magnet used in the
experiment can be expressed as

Fm = Ae(−Bx) (3)

where Fm denotes the weight that the magnet lifts; for A, it is 25.06; B; 0.44. R2 denotes
coefficient of determination of Equation (3) and it is 0.9752. Through this, the approximate
energy stored in the air chamber is confirmed when using permanent magnets.

5.4. Emission of Energy Using Magnetic Yield Points

When air is injected into the air chamber inside the soft jumping mechanism, the air
chamber expands. If more than a certain amount of air is injected, the permanent magnets
attached to both ends prevent the expansion of the air chamber, and this increases the
pressure inside the air chamber. The magnitude of the force exerted by the air chamber can
be expressed as shown in:

F = ΔP × A (4)

In Equation (4), F denotes the magnitude of the force on the air chamber, ΔP denotes
amount of pressure change inside the air chamber and A denotes the cross-sectional area
of the magnet pushed out by the air chamber.

The volume of the air chamber designed inside the soft jumping mechanism is
length of 0.06 m, width of 0.03 m and thickness of 0.001 m. The permanent magnets
(length = 0.01 m; width = 0.02 m; thickness = 0.003 m) are attached to both ends of the soft
jumping mechanism. The air chamber expands until about 0.02 L of air is injected, and the
magnetic field is induced when 0.035 L of air is injected as shown in Figure 11.

 

Figure 11. Pulling force of magnet according to distance.

According to Equations (3) and (4), the force of compressed air in the air chamber
is 11.32 N, and the force of permanent magnets attached to soft jumping mechanism
in distance 0.0015 m is 12.95 N. The actual measured distance between the permanent
magnets is 0.0015 m. Although the obtained force of the air chamber was lower than that
of the permanent magnet, the magnetic yield point was reached, resulting in jumping. It
is because the body of the soft jumping mechanism acts as a lever at the yield point of
the magnet, as shown in Figure 12. As the magnet on the upper side rotates, the actual
magnetic force becomes lower compared to the calculated magnetic force.
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Figure 12. Movement of soft jumping mechanism at the magnetic yield point.

6. Soft Jumping Robot Fabrication Using Magnetic Surrender

6.1. Shape Regulation through Residual Stress Control by Site

Additional techniques are applied to the manufacturing stage of polymer structures
deformed by residual stress to make soft jumping robots more efficient. Experiments
conducted in Section 2.2 of this study confirmed that the residual stress stored in the
polymer varies depending on the thickness of the polymer; i.e., the deformation rate
varies depending on the thickness of the polymer. The thickness is adjusted as shown
in Figure 13 so that the upper structure can adjust the residual stress inside the polymer
structure to obtain the proper shape of the soft robot in the manufacturing stage of the
polymer structure deformed by residual stress without additional drive design. Owing to
the residual stress of the foot and body parts of the soft jumping robot, which are controlled
by thickness, the soft jumping robot yields a different degree of strain.

Figure 13. Residual stress control by changing the thickness of the polymer structure.

6.2. Drive Stabilization of the Soft Robot

Soft robots manufactured by the above methods are generally round, and therefore,
there is a phenomenon of forward rotation during driving or backward rotation during the
restoration stage of the soft jumping mechanism. To solve the problem and improve the
performance of the soft jumping robot, the front part of the soft jumping robot is equipped
with silicon structures in the back and middle, as shown in Figure 14. The soft jumping
robot has 0.062 m long, 0.096 m wide, and 0.051 m high. The weight of the soft jumping
robot is 0.131 kg.

The attached silicon structures can improve the phenomenon of the rolling forward
because of inertia as shown in Figure 15, where the robot can land stably after jumping.
The soft jumping robot’s back foot does not pull the whole body due to friction with the
floor surface of the silicon structure in the middle; instead, the rear foot is pulled to the
main body side.
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(a) (b) 

Figure 14. Final design of soft jumping robot. (a) Attachment position of front foot; (b) magnet for
drive stabilization of soft jumping robot.

  
(a) (b) 

Figure 15. Comparing landing motion for mounting front foot; (a) Landing motion before mounting
front foot. (b) landing motion after mounting front foot type.

7. Drive Test of Soft Robot

7.1. Performance Verification of the Soft Jumping Robots

To check the dynamic performance of the soft jumping robot, the various conditions
of the robot were tested, such as magnet sizes, the amount of air, and the air injecting speed.
The original jumping performance has experimented on the flat surface. In addition, the
experiments at the various environmental conditions were also conducted to verify the
usability of the robot.

The experiment was carried out on a rubber plate with the same specifications, as
indicated in Table 3.

Table 3. Conditions for the robot used in the changing direction.

Magnet Size (m)
(Length × Width × Thickness)

Amount of Air Air Injecting Speed

0.01 × 0.02 × 0.003 0.04 L 0.0124 L/s

For the experiment, the soft jumping mechanism located in the lower half of the robot
was operated separately. It is easy to switch between the left and right directions as shown
in Figure 16.

The average rotation in the left direction excluding the highest and lowest values
is 112.5◦ ± 7.5◦ and 105.8◦ ± 10.8◦ to the right. There was a small difference, but it was
certainly able to change direction. Data on the experiments are provided in Figure 17.

The experiment on the jump performance of soft jumping robots was conducted by
changing the magnet used to investigate the difference in performance, the amount of air
injected, and the speed of air injected. The soft jumping robot used in the experiment used
the same body.

An experiment was conducted to confirm whether the performance of the soft robot is
improved according to the magnetic force installed in the driving part of the soft jumping
robot. The maximum jump height and distance of the soft jumping robot were determined
by driving the soft jumping robot 10 times from the same starting point. The conditions
applied to the soft jumping robot are the same as those shown in Table 4.
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Figure 16. Rotation drive of the soft jumping robot.

Figure 17. Result of changing direction test.

Table 4. Conditions for the robot used in the comparison of jump forces according to magnetic
force test.

Magnet Size (m)
(Length × Width × Thickness)

Amount of Air Air Injecting Speed

0.01 × 0.02 × 0.003
0.01 × 0.015 × 0.003 0.04 L 0.0124 L/s

The result is shown in Figure 18. The performance of the jumping robot improved
when the amount and speed of air injected were constant and the magnetic strength was
high. In some cases, the experimental values were the same, so the graph was plotted as a
single point.

The experiment was carried out while maintaining a constant injection speed to
determine the effect of the amount of air supplied to the air chamber inside the soft
jumping robot on the performance of the soft jumping robot. The amount of air injected
is set at 0.035 L and 0.04 L, respectively, which does not add a burden on the drive. As in
the previous experiment, the soft jumping robot was driven 10 times at the same starting
point to determine the maximum jump height and distance of the soft jumping robot. The
conditions applied to the soft jumping robot are summarized in Table 5.

The result is shown in Figure 19. The results show that the jumping robot’s jump
height and jump distance could be adjusted according to the amount of air injected. When
the amount of injected air was 0.04 L, the robot jumped higher than 0.035 L, but 0.035 L
jumped farther than 0.04 L. It is because after the yield point of the magnet (0.035 L) the
remaining 0.005 L further expanded the air chamber to raise the robot’s jumping angle.
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Figure 18. Result of jump forces depending on magnetic force test.

Table 5. Conditions for the robot used in the comparison of jump forces depending on the volume of
air injected test.

Magnet Size (m)
(Length × Width × Thickness)

Amount of Air Air Injecting Speed

0.01 × 0.02 × 0.003 0.035 L
0.04 L 0.0124 L/s

Figure 19. Result of comparison of the jump forces depending on the volume of air injected test.

The experiment was carried out by maintaining the magnet installed in the drive and
the amount of air supplied to find out the effect of air injection speed on the performance of
the soft jumping robot. Air injecting speed was set to 0.0124 L/s and 0.025 L/s, respectively,
to the extent that it did not burden the driving part. As in the previous experiment, the
maximum jump height and distance of the soft jumping robot were determined by driving
the soft jumping robot 10 times. The conditions applied to the soft jumping robot are listed
in Table 6.
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Table 6. Conditions for the robot used in the comparison of jump forces depending on the air
injecting speed.

Magnet Size (m)
(Length × Width × Thickness)

Amount of Air Air Injecting Speed

0.01 × 0.02 × 0.003 0.040 L 0.0124 L/s
0.025 L/s

The results are shown in Figure 20. The results indicate that the performance of the
jumping robot can be improved when the amount of air injected, and the magnetic force
of the permanent magnet installed are constant and the speed of air injected through the
drive is high.

Figure 20. Comparison of jump forces depending on the air injecting speed.

The results of the driving tests show that the driving performance of soft-jumping
robots using the soft-jumping mechanism produced in this paper are considerably affected
by air injection. This is because the faster the air is injected from the magnetic yield point,
the faster the energy is formed inside the air chamber, and the faster the driving occurs
after the magnetic yield. Further, it was confirmed that the smaller the attached magnet,
the lower is the driving performance of the soft jumping robot, and the more air it injects,
the better is the performance.

7.2. Driving Tests under a Variety of Environments

The conditions of the soft robot used for this experiment are summarized in Table 3.
The experiment was conducted on a flat surface, a puddle, and 10◦ slope condition,

as shown in Figure 21. The figure shows the jumping drive of a soft jumping robot on a
flat surface. The jumping robot has a cycle of about 3 s, and when the soft jumping robot
starts jumping the angle between the soft jumping robot and the ground is about 60◦. It
was possible to jump stably without being overturned.

Comparative driving experiments were conducted on pools and flatlands as shown
in Figure 22 to confirm the jumping stability of the soft jumping robots. The driving
performance of the soft jumping robot was lower than that of the flat ground because of
the water resistance in the puddle; however, the deterioration of the driving performance
did not affect the driving on the flat surface. It is confirmed that a soft jumping mechanism
can be driven continuously for a long time without fail because it does not use complex
structures or electronic components and does not interfere with moisture. In the puddle,
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the jumping height of the robot was about 0.07 m and the jumping distance was about
0.02 m when the driving condition was the same as Table 3.

 
Figure 21. Drive motion of soft jumping robot.

 

Figure 22. Comparison of the jumping motion of soft jumping robots on water pools and flat land.

Figure 23 shows the driving experiment conducted to evaluate the driving perfor-
mance of a soft jumping robot on the 10◦ slope. However, it was found that the angle of the
soft jumping robot’s body at the beginning of jump on a flat surface was about 60◦, while
the 10◦ angle of the existing ground caused the soft jumping robot to drive at a higher
angle than on a flat surface. Soft jumping robot jumped well on the 10◦ slope. When soft
jumping robot driving in a puddle, lowering the jump force has been effective in increasing
stability. In the 10◦ slope condition, the jumping height of the robot was about 0.07 m
and the jumping distance was about 0.015 m when the driving condition was the same as
Table 3. See Supplementary Materials.

 

Figure 23. Jumping motion of soft jumping robots on 10◦ slope.
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8. Conclusions

A soft morphing substrate manufacturing method was presented in this study. Using
this method and magnetic yield point, we produced soft jumping robots that can store,
release, and restore energy, and can change direction and jump in various environments
to confirm the driving performance of soft jumping robots. Based on the results of the
experiment, the thickness of the polymer structure was adjusted to suit the shape of
the soft jumping robot, and the deformation rate of each part of the soft jumping robot
was obtained. To confirm the driving performance of a soft robot with a soft jumping
mechanism, 10 driving experiments were conducted. The experimental results indicate
that the stronger the permanent magnet installed in the soft robot, the more air is injected,
and the faster the air is injected, the higher is the performance under the same conditions.
Soft jumping robots were tested on puddle and the 10◦ slope to investigate the possibility
of driving under various environments. The results of the experiment confirmed that there
was no overturning or damage when the robot moved in three different environments.
Further, there was no difficulty in driving repeatedly.

In the future, adjusting the force of the magnet and the shape of the air chamber will
reliably improve the jumping performance of the soft robot. At present, the pneumatic
actuation part was not embedded in the soft robot. If the performance of the robot increases,
the additional parts such as the pneumatic actuation part can be mounted into the soft
jumping robot. It is necessary to add the additional parts compactly. Then the utilization of
robots will increase even more.

Supplementary Materials: The following are available online at https://youtu.be/LJp1ld4btrE,
Video: Soft Jumping Robot.
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Abstract: Snake robots are composed of multiple links and joints and have a high degree of freedom.
They can perform various motions and can overcome various terrains. Snake robots need additional
driving algorithms and sensors that acquire terrain data in order to overcome rough terrains such as
grasslands and slopes. In this study, we propose a driving assistant mechanism (DAM), which assists
locomotion without additional driving algorithms and sensors. In this paper, we confirmed that the
DAM prevents a roll down on a slope and increases the locomotion speed through dynamic simulation
and experiments. It was possible to overcome grasslands and a 27 degrees slope without using
additional driving controllers. In conclusion, we expect that a snake robot can conduct a wide range of
missions well, such as exploring disaster sites and rough terrain, by using the proposed mechanism.

Keywords: snake robot; driving assistant mechanism; slope; dynamic analysis

1. Introduction

Biological snakes can overcome environmental irregularities such as rocky or grassy terrain,
narrow spaces, and slopes by using different types of gait and body shapes [1,2]. Recently, research has
been actively conducted to apply the biological locomotion of snakes through mimicry to robots [3–5].
Furthermore, many researchers studied new gait types for snake robots that have higher locomotion
efficiency than a biological snake or novel locomotion properties [6,7]. The scale geometry of snake
robots has been studied to stabilize their motion [8]. In addition, snake robots can be used to explore
terrain or find missing people in disasters and can be utilized in various situations such as earthquake,
fire site, and pipe inspections [9–11].

However, to overcome environmental irregularities, such as those that are found following
disasters, snake robots need to use the optimal gait type according to the terrain, and a complex
mathematical model to find the optimal gait type for each terrain is required [12–16]. In addition,
a complicated semi-autonomous algorithm is needed to change the optimal gait type based on the
terrain after receiving information about the terrain from additional sensors [17–19]. Furthermore,
to support locomotion of snake robots in extreme environments, a mechanical design to overcome
rough terrain, such as a wheel-based snake robot [20,21] or a skin drive snake robot [22], has to be
considered. Especially in the case of a steep slope, a snake robot needs an additional sensor to receive
information about the frictional force of the slope terrain, and the optimal gait type for the slope
should be considered to prevent the snake robot from rolling down the steep slope, like Figure 1a. As a
result, to overcome a steep slope, snake robots need to consider additional sensors and sophisticated
algorithms to find the optimal gait type [23–25].
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(a) (b) 

Figure 1. Conceptual diagram for locomotion of a snake robot (a) without a driving assistant mechanism
(DAM) and (b) with a DAM.

In 2006, Shugen Ma et al. created a snake-like robot that was able to overcome a 20 degrees
steep slope at a maximum forward speed of 0.2 m/s by applying the optimum winding angle to each
joint [23]. In 2017, a research group demonstrated through simulation that a snake robot equipped with
an encoder and inertia measurement unit (IMU) sensor could overcome slopes of from 5 to 25 degrees
by predicting the angle of the slope through the sensor value. In this simulation, the gait type for the
snake robot only considered rolling motion [24]. In addition, in 2020, DONGFANG LI et al. applied a
motion planning algorithm and drive wheels to a multi-joint snake-like robot to overcome a slope of
7 degrees at a maximum speed of 0.4 m/s [25]. In conclusion, many researchers have been actively
researching to find the optimal gait type for snake robots by using sensors and driving algorithms to
overcome steep slopes.

There has been no research into the additional mechanisms or body shapes of a snake robot that
can help snake robots to move efficiently on steep slopes, like those shown in Figure 1. In addition,
the body shape of conventional snake robots is cylindrical or rectangular [1–6,9–15,17–22]. For this
reason, when the snake robot moves sideways on the steep slope, the robot rolls down, and the stability
is highly decreased. In conclusion, to operate a snake robot on a steep slope, it is necessary to study
additional mechanisms to prevent the roll down motion of the snake robot.

In this paper, we propose a driving assistant mechanism (DAM) that assists snake robots with
locomotion on steep slopes. A snake robot with a DAM is shown in Figure 1b. The DAM bears the
weight of the snake robot. So, the DAM can help to prevent the roll down motion when the snake
robot moves sideways on the steep slope. In addition, when a DAM is attached to a snake robot in
the manner shown in Figure 1b, Link1 (L1) reaches to Point A, and Link2 (L2) reaches to Point B,
distributing the weight of the snake robot to both sides. For this reason, the snake robot can overcome
the real environment, such as bushes or gravel. As a result, the DAM can help to support the weight of
the snake robot, which highly increases the driving stability. Furthermore, the driving algorithm for
supporting the weight of the snake and the sensor for detecting surface information will be simplified
due to the DAM, and the control efficiency will be highly increased compared to that of conventional
snake robots due to the simplified algorithm and sensors. As a result, the DAM presented in this paper
improves the snake robot’s driving performance on steep slopes. For this reason, the DAM with a
snake robot is expected to be used in various environments such as exploring terrain and saving lives
in disaster situations. In some research about centipede-like robots, there are similar robot structures
with a DAM, but there are significant differences. The DAM leg is an active actuator part that generates
locomotion in centipede robots, while it is a passive structure that just prevents rolling in snake robots.

The contents of the paper are organized as follows. In Section 2, to apply the DAM to the snake
robot, dynamic modeling of the DAM is conducted under a steep slope condition, and the design
of the snake robot with the DAM is covered. In Section 3, we measure how many slope angles can
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be covered when we attach the DAM to a snake, and compare the locomotion performance through
the locomotion experiments with and without a DAM in actual environments. Section 4 covers the
conclusions and future work.

2. Materials and Methods

2.1. Design of the Snake Robot with a DAM

The DAM was connected to the snake robot’s motor frame as shown in Figure 2a. As shown in
Figure 2b, the DAM has a linear shape and is attached to the servo motor that rotates in the pitch axis.

(a) (b) 

Figure 2. Modeling of a snake robot with a DAM. (a) Snake robot with a DAM. (b) Design of the DAM.

Before manufacturing the DAM, we performed a finite element analysis (FEA) model as shown in
Figure 3 to confirm whether the DAM could withstand the gravity of the snake robot. The DAMs receive
the gravity of the snake robots when the snake robot performs a vertical wave motion. We supposed
that a force of 14 N is uniformly applied to the bottom of just one DAM. As shown in Figure 3a,
the part receiving the high force is the center point of the DAM, and the maximum value is 2.025 MPa.
The DAM is composed of high impact polystyrene (HIPS) material (Z-HIPS, Zortrax, Olsztyn, Poland),
and the allowable capacity of this material is 29.3 MPa, so it is clear that the material is appropriate
for making the DAMs. In Figure 3b, the portion with the maximum position is the end of the DAM,
and the largest value is 0.04 mm. When the snake robot performs a vertical motion on the slope,
the DAM is not heavily bent or damaged, so it can be confirmed that the stability of the DAM is enough
to perform the vertical motion.

(a) (b)

Figure 3. Analysis models of the DAM using a finite element analysis (FEA). (a) Stress analytical result.
(b) Displacement analytical result.
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2.2. Dynamic Modeling of Driving Assistant Mechanism

When a snake robot without a driving assistant mechanism performs locomotion on a slope,
the reaction force of the force applied to the slope generates a torque on the snake robot, causing the
snake robot to rotate and roll down. If a DAM is attached to the snake robot, the rolling down can be
prevented and the stability of the snake robot can be increased. To test this, the snake robot made a
vertical motion on a slope and the angle of the slope was gradually increased in order to confirm the
maximum slope angle that snake robot could overcome.

As shown in Figure 4, the snake robot formed vertical waves on a slope, and the M1(servo motor
1) to M16 were connected by crossing each other at 90 degrees. In this case, the odd-numbered servo
motors rotated around the yaw axis, and the even-numbered servo motors rotated around the pitch
axis. When the snake robot performed the vertical motion, the odd-numbered servo motors were
fixed at 0 degrees, and the snake robot formed a vertical wave by using even-numbered servo motors.
Each rotation had a delay time of about 15 ms, and successive rotating occurred. After the rotation of
M16, the same process was repeated to create a vertical motion.

Figure 4. Configuration for dynamic modeling of the snake robot with a DAM.

Looking at M1–M4, the motors formed a vertical wave before the motors’ operation. If M4 is
operated clockwise, the torque is applied clockwise (as showed by the red arrow) and M1–M3 also turn
clockwise. The DAM of M2 contacts the slope, then, an action force and reaction force are generated.
At this time, the generated reaction force acts uniformly on the DAM, as shown in Figure 5a. This force
can be substituted to a resultant force that acts on the center of the DAM and makes the torque
counterclockwise in the roll axis. In contrast, the torque caused by gravity acting on the snake robot
works clockwise in the roll axis, and the magnitude of the two torques determines whether the snake
robot is rolled down or not.

As shown in Figure 5b, when it lifts from the slope, the snake robot has initial angular velocity and
rotational kinetic energy that is counterclockwise and clockwise to the torque caused by gravity acting
on the snake robot. The magnitude of the opposing energy and torque determines whether the snake
robot is rolled down. When the rotational kinetic energy is consumed by the torque due to gravity,
whether the snake robot rolls down is determined based on the position of the center of gravity of the
snake robot. The snake robot turns clockwise due to the gravity torque when the center of gravity is
located on the right side of the Z-axis indicated by the dotted line in Figure 5c, and the snake robot
becomes an initial state. On the other hand, the snake robot turns counterclockwise due to the gravity
torque when the center of gravity is located on the left side of the Z-axis, and the snake robot rolls
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down. The condition of the snake robot rolling down is shown in Equation (1). From Figure 5c, θ2 can
be derived with the geometry of the snake robot using Equation (2).

Δθ >
π
2
− θ1 − θ2 (1)

θ2 = tan−1 Lcm

L2
(2)

 
(a) 

 
(b) 

 
(c) 

Figure 5. Free body diagram of the dynamic modeling. (a) The force which acted on DAM and slope.
(b) Freebody diagram when the DAM lifted. (c) The moment when the center of mass located on
the z-axis.

To derive the value of the maximum slope angle that the snake robot can overcome, a dynamic
modeling was established by Equation (1) and the parameters in Table 1. In the case of vertical motion,
the average number of DAM contacts with the ground during vertical motion was derived from
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experiments. As a result, total gravity of the snake robot could be dispersed in two DAMs. If τ1 is
defined as the sum of the torque due to gravity Fg and the torque due to the reaction force Fm3 of Fm

which is the acting force due to the rotation of M4, the Equations (3)–(5) can be developed as below.

Fg =
16mg

2
(3)

Fm3 = Fm2 = LFm (4)

τ1 = Fm3L2 − FgL1 (5)

Table 1. Parameters for dynamic modeling.

Symbol Description Value Unit

L Length of the DAM
(Length of the Servo Motor)

0.09, 0.12, 0.15, 0.18
(0.045) m

Lcm Y coordinate of the one module’s center of mass 0.034 m
L1 Distance between rotational axis and gravity force - m
L2 Distance between rotational axis and action force - m
L3 Distance between rotational axis and gravity force - m
θ1 Degree of the inclined plane - rad
m Mass of the one module of the snake robot 0.175 kg

I Moment of inertia without DAM
(with DAM) 0.00097 (0.0012) kg·m2

KT Motor torque constant 1.23 A/N·m
i0 No load current 0.07 A
g Acceleration of gravity 9.81 m/s2

Fm2 Magnitude of substitution force of Fm - N
Fm3 Magnitude of reaction force of Fm2 - N

When M2 receives τ1 during Δt, angular velocity is generated, which can be written as Equation (6).

τ1Δt = Iω0 (6)

As described above, the snake robot has a rotational kinetic energy, 1
2 Iω0

2 caused by the initial

angular velocity, and the torque,
θ1+Δθ∫
θ1

FgL3dθ due to gravity acts to prevent the rolling the snake robot

down until the center of mass of the snake robot reaches the Z-axis. Equation (7) is the condition in
which the center of mass of the snake robot is located to the left side of the Z-axis. This condition is the
same as that of the snake robot rolling down. Equation (8) is the result of substitution of the variables
in the Equation (7). From Equation (8), the maximum slope angle can be theoretically obtained.

1
2

Iω0
2 >

θ1+Δθ∫
θ1

FgL3dθ (7)

1
2

Iω0
2 >

16mg
2

θ1+( π2 −θ1−θ2)∫
θ1

(L
2

cosθ− Lcm sinθ
)
dθ (8)

Using a gyro sensor attached to M2, the angle of the roll, pitch, and yaw axis with respect to time
were measured, thereby obtaining the Δt value used in the dynamic modeling. In addition, the torque
value used in dynamic modeling was obtained by measuring the current through experimentation
in a similarly configured environment. The value of the torque was determined by the motor torque
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constant of the servo motor, the no-load current value, and the current at specific times as shown in
Figure 6.

Figure 6. Graph of the current with various lengths of DAMs.

2.3. Experiment of Slope Condition

Figure 7 shows the experiment configuration for verifying dynamic modeling. M4 operated when
the snake robot formed a vertical wave on a slope. In the state shown on the left in Figure 7, the M4
rotated by 30 degrees, and the DAM of the M2 pushed the bottom of the slope. Then, an acting force
and a reaction force were generated. The same procedure was performed after raising the slope angle,
and the maximum slope angle was measured. The maximum slope angles were measured when
the DAM was not equipped and when the DAM was equipped with lengths of 9 cm, 12 cm, 15 cm,
and 18 cm to confirm the influence of the length of the DAM.

Figure 7. Experiment configuration for verifying dynamic modeling.

2.4. Locomotion Experiment for Various Gait Types

Snake robots should have various gait types to overcome rough terrain. In this section, we present
the results of measurements on the locomotion performance when the snake robot conducted vertical
motion, side winding motion, and sinus lifting motion on flatland. Each gait type of the snake robot is
as shown in Figure 8.

The configuration for the experiment is as shown in Figure 9. The snake robot was controlled by a
control PC, and a locomotion command was transmitted by a communication board (U2D2, Robotis).
The distance from the start point to the end point was 1.5 m, and the time required for reaching the
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end point was measured, and the speed of each motion was measured. The locomotion speed when no
DAM was attached and when the 12 cm DAM was attached were compared.

Figure 8. The snake robot’s gait types on flatland.

Figure 9. Configuration for flatland experiment.

2.5. Friction Experiment of the DAM and the Frame

The experiment measured the friction coefficient of the DAM and the frame (materials: Aluminum 6061)
that connects the servo motors of the snake robot because these friction properties may affect the
locomotion performance. A y-stage that can move the object uniformly and a 1 kg load cell were used
in the experiment. The y-stage that was attached to the load cell pushed the DAM and frame with
200 g weight. The friction coefficients of the DAM and the frame were obtained by the fundamental
friction equation for the friction force, normal force, and external force that were caused by the y-stage.
The experiment’s setup is shown in Figure 10.
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Figure 10. Experiment setup for measuring the friction coefficient.

2.6. Locomotion Experiment for Various Terrains

The environment used for testing locomotion performance on a slope is shown in Figure 11.
The snake robot was placed on a 27 degree slope, and the slope was composed of grassland,
which interrupted the locomotion of the snake robot. The purpose of this experiment was to confirm
that the DAM works effectively to overcome the slope terrain without extra driving algorithms and
sensors. For this purpose, we analyzed whether the snake robot rolls down when performing vertical
motion, side winding motion, and sinus lifting motion on a slope.

Figure 11. Experiment environment in rough terrain.

An experiment on a 12 degrees slope that had obstacles was conducted for verifying the ascending
performance of the DAM, as shown in Figure 12a. There were two types of obstacles used for testing
the role of the DAM. The first obstacles were gravel, branches, and grass, the second obstacles were a
small rock and large rock, as shown in Figure 12b,c. In this experiment, the vertical motion was used
because vertical motion is suitable for ascending a slope.
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(a) (b) (c) 

Figure 12. Ascending environments composed of obstacles. (a) 12 Degree slope environments.
(b) The experiments environments which have the grass, branches and gravel. (c) The experiments
environments which have the small and huge rock.

An experiment on a 30 degrees slope that had various obstacles was performed for verifying the
descending performance of the DAM, as shown in Figure 13. There were various obstacles such as
gravel, a small rock, a large rock, and branches with soil. In this experiment, the sinus lifting motion
was used because it is a stable motion. In addition, the experiment on the surface that is composed
of gravel was conducted for verifying the robustness of the performance of the DAM, as shown in
Figure 14. In this experiment, both the vertical motion and sinus lifting motion were used for testing
the locomotion performance.

Figure 13. Descending environment composed of obstacles.
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Figure 14. Gravelly field for testing the robustness of the performance of the DAM.

3. Results

3.1. Experiment Results of Slope Condition

A graph comparing the theoretical values with experiment values is shown in Figure 15.
The maximum error between the theoretical values and the experiment values was 49% when
the DAM length was 12 cm, and the minimum error value was 25% when the DAM length was 18 cm.
As the length of the DAM increased, the maximum slope angle increased. The theoretical values and
the experiment values were compared using a trend line and the method of least squares. As a result
of the least squares method, the gradient of the theoretical values’ trend line was 5.4, and the gradient
of the experiment values’ trend line was 6.8. It can be confirmed that the error of the ratio of the
maximum slope angle was 20.6%.

Figure 15. Dynamic modeling values and experiment values in the slope condition.

The value of the moment of inertia was measured using the I-property function of Autodesk
inventor, and that may differ from the real value. The dynamic modeling did not consider the friction
characteristics of the DAM and the surface. In addition, in the process of measuring the current or
measuring Δt, the values of the sensor may have differed from the real values. These issues may have
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caused the error between the theoretical values and the experiment values. In the future, it is possible
that the difference between the dynamic modeling and the experiment can be reduced by taking these
factors into consideration.

3.2. Locomotion Experiment Results for Various Gait Types

The average value of three repetitions of the experiment results with and without the DAM are
shown in Figure 16. When the DAM was not attached, the average value of the locomotion speed of the
vertical motion was 4.44 cm/sec, the sinus lift motion was 4.14 cm/sec, and the sidewinding motion was
20.49 cm/sec. When a 12 cm DAM was attached to the snake robot, the average value of the locomotion
speed of the vertical motion was measured at 6.34 cm/sec, the sinus lift motion was 8.01 cm/sec, and the
side winding motion was 26.5 cm/s. As a result of attaching the DAM, the locomotion speed of the
vertical motion increased by 29.96%, sinus lifting motion increased by 48.31%, and side winding
motion increased by 22.6%. In this way, it was confirmed that the DAM plays a role not only in stable
locomotion on a slope but also in increasing locomotion speed on flat terrain.

Figure 16. Locomotion speed for three movement types when the DAM was attached and when the
DAM was not attached.

3.3. Friction Experiment of the DAM and the Frame

Each mean friction coefficients of the DAM and the frame were 0.050 and 0.044, respectively, as a
result of the three repetitive experiments as shown in Figure 17. The difference between the two friction
coefficients was 0.006, so we confirmed that the DAM did not change the friction property.

3.4. Locomotion Experiment Results on Various Terrains

When the DAM was not attached, the snake robot rolled down when performing the vertical
motion, side winding motion, and sinus lifting motion due to unstable terrain. On the other hand,
when the 12 cm DAM was attached, the snake robot conducted the same three locomotion types well
in the same environment. The results are shown in Figures 18 and 19. In the case of vertical motion,
the robot was not rolled and was able to go down the slope as shown in Figure 18. Next, we confirmed
that both side winding motion and sinus lifting motion did not roll down on the slope and went
down stably.
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Figure 17. Friction coefficient result.

Figure 18. Performance of vertical motion with the DAM in rough terrain.

Figure 19. Performance of side winding and sinus lifting motion with the DAM in rough terrain.

The experiment on the 12 degrees slope that had obstacles was conducted for verifying the
ascending performance of the DAM. In the case of the snake robot without the DAM, the snake robot
rolled down when it hit the obstacles, as shown in Figure 20. In the case of the snake robot with the
DAM, the snake robot ascended the 12 degrees slope that had branches and gravel without rolling
down, as shown in Figure 21. In addition, the snake robot ascended the 12 degrees slope that had rocks
by pushing the rocks with the DAM, as shown in Figure 22.
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Figure 20. Performance of the ascending motion without the DAM.

Figure 21. Performance of the ascending motion with the DAM in the branches and gravel environment.

Figure 22. Performance of the ascending motion with the DAM on the rocks.
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The experiment on the 30 degrees slope that had various obstacles was performed to verify the
descending performance of the DAM. In the case of the snake robot without the DAM, the snake robot
rolled down when it hit the obstacles, as shown in Figure 23. In the case of the snake robot with the
DAM, the snake robot descended the 30 degrees slope that had branches, gravel, and rocks without
rolling down, as shown in Figure 24.

Figure 23. Performance of the descending motion without the DAM on the slope.

Figure 24. Performance of the descending motion with the DAM on the slope.

The experiment on the surface that was composed of gravel was conducted to verify the robust
performance of the DAM. In the case of the snake robot without the DAM, the snake robot rolled down
when it hit the gravel, as shown in Figure 25a,b, when the snake robot performed vertical motion and
sinus lifting motion. With vertical motion of the snake robot with the DAM, the snake robot moved
forward, but it got caught in the gravelly field, as shown in Figure 26a. In the sinus lifting motion of
the snake robot with the DAM, the snake robot moved forward without catching in the gravelly field,
as shown in Figure 26b, because the DAM pushed the gravel with the propulsion of the snake robot.

(a) (b) 

Figure 25. Performance of the robustness without the DAM on the gravelly field. (a) The vertical
motion with DAM in the gravelly field. (b) The sinus lifting motion with DAM in the gravelly field.
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(a) (b) 

Figure 26. Performance of the robustness with the DAM on the gravelly field. (a) The vertical motion
with DAM in the gravelly field. (b) The sinus lifting motion with DAM in the gravelly field.

4. Discussion and Conclusions

In this paper, we showed that when the driving assistant mechanism (DAM) is attached to a snake
robot, it can perform locomotion on rough terrain such as a slope or grasslands without additional
driving algorithms and sensors. In the slope environment, vertical motion and side winding motion can
be used in descending the slope and vertical motion can be used in ascending the slope. Sinus lifting
motion can be used in transverse motion of a slope environment. However, it is impossible for the
DAM alone to overcome all terrain. In other words, if the DAM, driving algorithm, and sensors are in
harmony, higher slopes and rougher terrains can be overcome. In addition, the DAM can be studied in
the future for various materials such as soft materials and shapes.

A dynamic analysis of a snake robot with a DAM for vertical motion was conducted in this paper.
The results were compared with the experiment’s results in a slope condition. The maximum error
between the theoretical values and the experiment values was 49% when the DAM length was 12 cm,
and the minimum error value was 25% when the DAM length was 18 cm. In addition, it was confirmed
that as the length of the DAM became longer, the maximum slope angle that the snake robot could
overcome became larger from both the dynamic analysis and the experiment. When the length of DAM
was 18 cm, it was confirmed that the snake robot did not roll down on a 42 degrees slope. However,
if the length of the DAM becomes longer, the advantage of the snake robot being able to move through
narrow terrain is reduced, and there is a possibility that the operation of the snake robot’s motor may
be interrupted. Therefore, DAMs must be able to fold and unfold if they are going to be used in the
field. In addition, it is expected that advanced dynamic modeling of the side winding motion and
sinus lifting motion will help overcome rough terrain effectively.

In locomotion experiments, it was confirmed that the locomotion speed was increased by the DAM.
The locomotion speed increased by 29.96%, 48.31%, and 22.6% in the vertical motion, sinus lifting
motion, and side winding motion, respectively. We measured the friction coefficient to find out the
reason for the improvement in the speed. However, there was not a distinct difference between DAM’s
friction coefficient and the frame’s friction coefficient; the friction coefficients of the DAM and the frame
were 0.050 and 0.044, respectively. The improvement in the speed may be caused by other changes
of dynamic properties and the clear reason of the improvement can be researched in future work.
Through experiments on rough terrain, such as on a slope and in a gravelly field, it was confirmed
that the DAM improved the locomotion performance. The DAM prevented rolling of the snake robot
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down on the slope and generated propulsion by pushing on the obstacles with the DAM. In the slope
environment, the vertical motion with the DAM is suitable for ascending slopes and the sinus lifting
motion with the DAM is suitable for descending slope. One drawback that was found is that the DAM
caught in obstacles, however, this can be overcome by the sinus lifting motion. In this experiment,
we confirmed that the sinus lifting motion with the DAM has robustness in an environment that
has obstacles.
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Abstract: In this paper, we suggest a novel transmission for the DC motor-based flapping-wing micro
aerial vehicles (FWMAVs). Most DC motor-based FWMAVs employ linkage structures, such as a
crank-rocker or a crank-slider, which are designed to transmit the motor’s rotating motion to the
wing’s flapping motion. These transmitting linkages have shown successful performance; however,
they entail the possibility of mechanical wear originating from the friction between relative moving
components and require an onerous assembly process owing to several tiny components. To reduce
the assembly process and wear problems, we present a geometrically constrained and origami-based
spherical six-bar linkage. The origami-based fabrication method reduces the number of the relative
moving components by replacing rigid links and pin joints with facets and folding joints, which
shortens the assembly process and reduces friction between components. The constrained spherical
six-bar linkage enables us to change the motor’s rotating motion to the linear reciprocating motion.
Due to the property that every axis passes through a single central point, the motor’s rotating motion
is filtered at the spherical linkage and does not transfer to the flapping wing. Only linear motion,
therefore, is passed to the flapping wing. To show the feasibility of the idea, a prototype is fabricated
and analyzed by measuring the flapping angle, the wing rotation angle and the thrust.

Keywords: bio-inspired robot; micro aerial vehicle; flapping mechanism

1. Introduction

Flapping-wing micro air vehicles (FWMAVs) have been widely studied due to their
agility and maneuverability in the air. These properties can be applied to the areas of
reconnaissance for military and exploration missions for disaster areas. For example, they
can easily approach tiny cracks at disaster areas or enemy camps without being recognized.

To enable successful working of FWMAVs, researchers have employed a variety
of actuators such as DC motors [1–19], piezoelectric actuators [20–23], electromagnetic
actuators [24–28], and electrostatic actuators [6,29].

Among these actuators, in this paper, we suggest a novel transmission mechanism
to reduce the assembly process and wear problems for the DC motor-based FWMAVs. In
the case of DC motor-based FWMAVs, most of them use linkage structures to transmit
the motor’s rotating motion to the wing’s flapping motion. These transmitting linkages
have involve the possibility of mechanical wear originating from the friction between
relative moving components and requires an onerous assembly process owing to several
tiny components. Types of the transmissions used for the DC motor-based FWMAVs are
given in Table 1.

Previously, a variety of transmission mechanisms have been employed. Galinski et al.
used a spatial mechanism based on the double Scotch yoke [15]. They proposed to use
spherical type of double Scotch yoke to overcome drawbacks of the planar Scotch yoke.
Oppenheimer et al. and Sahai et al. employed four-bar linkages to change the motor’s
rotating motion to the flapping motion [5,12]. Karasek et al. and Wagter et al. also made
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flapping mechanisms using crank-rocker four-bar linkages [2,4]. Takahashi et al. and
Lau et al. made flapping mechanisms using crank-sliders [1,9]. The sliders enabled the
mechanism to have reciprocating motion of the wings. Ristroph et al. and Gaissert et al.
applied crank-shaft mechanisms [8,11]. The crank-shaft mechanisms converted motors’
rotating movement into an oscillating movement of the wings. Roshanbin et al. proposed a
flapping robot, COLIBRI, by combining four-bar linkage and a slider-crank mechanism [16].

Table 1. Transmission mechanisms used for DC motor-based flapping-wing micro air vehicles (FWMAVs).

Mechanism Types Possibility of Mechanical Wear Difficulty of Assembly Transmission Efficiency

Scotch-yoke [15] Yes Dexterity is required High
(rotating in one direction)

Crank-rocker
[2,4,5,12] Yes Dexterity is required High

(rotating in one direction)

Crank-slider
[1,8,9,11,16] Yes Dexterity is required High

(rotating in one direction)

String-based
[3,7,13,17–19] No Dexterity is required High

(rotating in one direction)

Proposed mechanism No Easy High
(rotating in one direction)

Direct drive [10,14] No Easy Low (vibrate back and forth)

To reduce the mass and complexity of the transmission structures, some researchers
suggested a string-based flapping mechanism or direct-driven mechanisms [7]. Keen-
non et al. and Gong et al. used string-based flapping mechanisms [3,13]. KUbeetle [17–19]
mixed four-bar linkages and a string-based pulley mechanism. The string-based trans-
mission enabled the prevention of mechanical wear and fracture of moving parts. The
direct-driven mechanisms enabled the extreme reduction in the mechanical structures for
transmission [10,14]. The direct-driven mechanisms achieved a high lift-to-weight ratio by
resonating the system.

In this paper, we suggest a novel transmission mechanism to reduce the assembly
process and wear problems for the DC motor-based FWMAVs. To make this possible,
two design approaches have been utilized: origami-based fabrication and geometrically
constrained spherical six-bar linkage. The origami-based fabrication method reduces the
number of relative moving components by replacing rigid links and pin joints with facets
and folding joints, which shortens the assembly process and reduces wear problems [30,31].
The geometrically constrained spherical six-bar linkage enables the change in the motor’s
rotating motion to the linear reciprocating motion. Due to the property that every axis
passes through a single central point, the constrained spherical six-bar linkage filters the
rotating motion of the DC motor and passes only linear motion to the flapping wings. Using
the proposed design approaches, a novel flapping mechanism is made as shown in Figure 1.

Figure 1. The developed prototype FWMAV based on flapping mechanism using a constrained
spherical six-bar linkage.
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This paper is organized as follows: The design section describes the concept of the
flapping mechanism and the working process of the origami-based constrained spherical
six-bar. To precisely investigate the mechanism and to select the proper geometric parame-
ters, a three-dimensional kinematic model has been made. Furthermore, an experiment has
been conducted to check the feasibility of the developed flapping mechanism by measuring
the flapping frequency, angle, wing rotation angle and thrust.

2. Design

The overall design is shown in Figure 1. A DC motor is located at the top of the
mechanism and the shaft is connected to the spur gear. The spur gear plays a role as
a crank. The connecting rod connects the crank and the spherical six-bar linkage. The
spherical six-bar linkage transmits the motor’s motion to the flapping wing.

2.1. Flapping Mechanism

One important point is that only linear motion should be transmitted to generate
the flapping motion of the wings. To make this possible, one end of the spherical six-bar
linkage is fixed at the body frame as shown in Figure 2g. This constraint filters the rotating
motion of the motor and transmits the linearly reciprocating motion only, which is shown
in Video S1. By using this working principle, a successful flapping motion can be achieved
without mechanical parts that cause friction problems.

Figure 2. Snapshots of the moving process of the transmission. From (a–f), the mechanism shows
upstroke. From (g–l), downstroke is shown.

To generate the thrust in the end, a wing rotating motion is necessarily required. To
achieve the wing rotating motion, passive hinges are employed as shown in Figure 2c.
The passive joints are positioned between the output of the transmission and the wings.
The passive hinges are parallel to the spanwise direction and have a joint-stop to prevent
excessive rotation. Overall, the system has three degrees of freedom—flapping actuation
and two passive hinges for wing rotation.

Flapping motion is achieved by the constrained spherical six-bar linkage shown in
Figure 3, which is the key enabling technology of the proposed mechanism. Generally, the
spherical six-bar linkage has complex structures due to many joints, links, and axes. The
spherical six-bar linkage shown in Figure 2 is designed using an origami-based pattern and
fabricated through a layer-based method: smart composite microstructures (SCM). This
process provides lightweight structures by replacing pin joints with flexures and finally
enables us to achieve spherical six-bar linkage by folding a paper just three times.

Figure 3 shows the pattern for the origami-based spherical six-bar linkage. All axes of
the flexures pass through a single point and rotate around the point. The spherical six-bar
array is installed between the wing and the crank as shown in Figure 2. The spherical
linkage acts as a mechanical filter, which transmits only linear motion to the wings. This
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is possible since one end of the linkage is constrained. The motor and the cranks make
the rotating motion. When this rotating motion passes through the spherical linkage, the
horizontal motion is absorbed by the spherical linkage but the vertical motion is transmitted
to the wing.

Figure 3. Snapshots of the origami-based spherical six-bar linkage. All axes of the flexure joints
(folding line) pass through the rotation center indicated in (d). The pattern is folded from (a–g). The
backside of the pattern is shown in (h).

Depending on how we choose to constrain the direction of the axis, the direction
of the output motion can be differed. In our case, we need a flapping motion vertical
to the motor’s axis. Therefore, the axis constrained has been determined as a direction
perpendicular to the span wise direction, which is equal to the direction of the motor’s axis.
Figure 2 shows how the constrained spherical six-bar works.

2.2. Fabrication

The proposed mechanism has been designed to have wingspan of 125 mm, which
is referred to as the size of a beetle [32,33]. The beetle has appropriate size and mass,
considering our fabrication capacity—the machining resolution is about 500 μm and
this resolution is not enough to make micro-scale flappers. The body has the size of
20 mm × 10 mm × 10 mm and the whole mechanism weighs 5.7 g. Its planar design is
shown in Figure 4B, which consist of twenty joints and eighteen links. To manufacture and
assemble these tiny and complex kinematic structures using conventional pins and links
needs much effort and the structure tends to be heavy because of the increased number
of components.

Figure 4. (A) The process of smart composite microstructures (SCM). The rigid layer with the
adhesive is prepared (a). The joints are selectively cut by the laser machine (b). The flexible layer (rip-
stop fabric) is sandwiched between two rigid layers (c,d). (B) The manufactured flapping mechanism
before assembly. The mechanism is assembled by folding the flexible joints.
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To avoid these issues, the SCM process is applied [30]. The SCM process replaces the
conventional pin joints and links with the flexure joints and composite links. In Figure 4,
the whole fabrication process is shown and described. For the proposed mechanism, a glass
fiber board (200 μm thickness) is used as the rigid links and the rip-stop fabric (200 μm
thickness) is employed as the flexure joints. The flapping wings are also designed to be
manufactured through the SCM process with the body frame. The wing has the size of
50 mm × 20 mm and includes glass fiber supporters to prevent unwanted bending induced
by air resistance during flapping, which is shown in Figure 4B. For the wing membrane,
25 μm polyimide film has been applied. Due to the SCM process, the whole mechanism
weighs 5.7 g and the mass budget is shown in Table 2.

Table 2. Mass Budget.

Components Quantity (ea.) Mass (g) Ratio to Overall Mass (%)

Flapping wing 2 0.12 4.21

Motor 1 3.9 68.42

Transmission 2 0.24 8.42

Body frame 1 1.08 18.95

Total - 5.7 100.0

3. Mechanism Analysis

Kinematic modeling is done to determine lengths of links and accordingly get the
desired performance—stable flapping posture and high thrust. To achieve the desired
performance, two conditions must be satisfied. First, the flapping angle output should be
symmetric to prevent pitch torque. Second, in order to maintain the angle of attack (AoA)
and gain sufficient momentum, the upstroke and downstroke speed need to be as equal
as possible. If the above two conditions are satisfied, the relation between the input crank
angle and the output flapping angle has an ideal cosine curve as shown in Figure 5. In
Figure 5, an optimized case and an arbitrary case are given. To satisfy the two required
conditions, the flapping mechanism needs to be designed so that the flapping angle curve
passes through the point a, b, c and d. To investigate the geometrical requirement to fulfill
the conditions, kinematic modeling and analysis have been done.

Figure 5. The secondary condition. A non-optimized case and an ideal case are simultaneously
shown to compare the difference.
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3.1. Kinematic Modeling

For three-dimensional analysis, the spherical coordinate system is employed as shown
in Figure 6. Based on the coordinate, a vector loop formula is derived as follows:
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r +

⇀
L3 +
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where r, L1, L2 and L3 are the length of the crank, the output link, the connecting rod, and
the spherical bar, respectively. The angle parameters such as θ1, φ4, θ2, and φ3 are indicated
in Figure 6.

Figure 6. The vector loop of the constrained spherical six-bar transmission for the kinematic analysis.
Diagonal view (A,B) and x-z plane view (C).

For the first condition, the transmission needs to be designed for the wings to have a
symmetric flapping angle, ±40◦, from the neutral position. When applied to this kinematic
modeling, the highest and lowest values of φ4 based on the neutral point (φ4 =180◦) are
generated as 180◦ + 40◦ and 180◦ − 40◦, respectively.
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Based on the Equations (3) and (4), the relation between L2 and L3 is given as follows:

L2
2 = (G − L3)

2 +
( r

tan 40◦ − d
)2

(5)

The secondary condition is to make the neutral of the crank and the neutral of the
wing equal. In order to get the thrust during a wing-beat cycle, the key is to maintain the
angle of attack (AoA) of the wing. Theoretically, when the equal shape and speed of the
wings are given, 45◦ is the proper AoA for the maximum thrust [34].

In order to maintain the AoA, the wing angular velocities of upstroke and downstroke
need to be as symmetrical and constant as possible. This condition is indicated in Figure 6,
which shows the relation between the flapping angle and the crank angle. When the curve
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corresponds to the ideal cosine curve, the condition is satisfied. In Figure 6, the output
flapping angle is π when the crank input angle is π/2 and 3π/2. That is, it is preferable that
the path length is the same as the path length between the highest point and the neutral
point (from the point a and b) and the path length between the neutral point and the lowest
point (from the point b to c).
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where φ3b = φ3d, θ2b + θ2d = 2π. θ2b and θ2d are when θ2 is in point b and d, respectively,
as shown in Figure 6.

Based on the Equations (6) or (7), the relation between L2 and L3 is given as follows:

(L3 + L2 sin φ3b or 3d)
2 = G2 + r2 (8)

L2 cos φ3b or 3d − L1 = −d (9)

The term, cos φ3b or 3d, is eliminated from the Equations (8) and (9). In result, following
equation is given:

L2 =

√(√
G2 + r2 − L3

)2
+ (L1 − d)2 (10)

By using the two conditions—Equations (5) and (10)—optimized geometrical values
can be determined.

3.2. Parameter Selection

Considering the whole size of the flapping mechanism, L1, G, d and r are initially
determined as 10.11 mm, 22.75 mm, 4.5 mm, and 6.5 mm, respectively. Figure 7a shows the
change in the output flapping angle according to the length ratio of L2 and L3 to the crank
length r.

Figure 7. (A) Simulated output flapping angle vs. input crank angle by varying L2 and L3. (B) The
magnification of the rectangle indicated in (A).

In Figure 7b, as L2 increases and L3 decreases, the curve becomes similar to the ideal
cosine. The case when L2 is 3.53 r and L3 is 0.00 r is the closest one. However, it is difficult
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to make a certain link length zero because of realistic problems such as material thickness,
or inter-part interference. Therefore, L2 and L3 are determined as 8.38 mm (=1.30 r) and
14.72 mm (=2.30 r), respectively, which correspond to the yellow line in Figure 7.

4. Experimental Results

To check whether the proposed transmission and the flapping mechanism properly
works or not, experimental tests have been done. By using the high-speed camera, the
flapping angle, frequency, and wing rotation angle are observed. In addition, the thrust is
measured using a load cell to investigate the performance of the flapping mechanism.

4.1. Flapping Mechanism

Figures 8 and 9 show the snapshots during flapping. The snapshots are taken by a
high-speed camera with the frame rate of 900. To investigate the flapping angle and the
wing rotation angle, the mechanism is filmed from the top and side. To operate the flapping
mechanism, 3.8 V and 580 mA are given to the DC motor. Based on the Figures 8 and 9 the
mechanism operates with the flapping frequency of 23 Hz.

Figure 8. Snapshots while flapping at 23 Hz. A high-speed video of flapping, taken at 900 fps. Flapping angle can be
measured from the top view.

The flapping angle is shown in Figure 8. For the right wing, the flapping angles are
measured as +42◦ and −37◦ with respect to the neutral point; 50◦ and −36.5◦ are measured
in case of the left wing. This result is confirmed through Figure 10. Figure 10 shows the
flapping angles depending on the crank angle. The left wing has flapping angle range of
86.5◦ (141.5◦~228◦) and the right wing has 77◦ (144◦~223◦). There exists a 10◦ difference
between two wings. The difference may occur due to the problems coming from fabrication
and assembly issues.
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Figure 9. (A) Side view of the flapping mechanism at 23 Hz, taken at 900 fps. (B) Wing rotation angle can be measured.

Figure 10. Comparison of flapping angle between the experimental case and the ideal case.
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As previously said, in terms of overall trend, is it preferable that the relation be-
tween the flapping angle and the crank angle is close to the ideal cosine curve. However,
Figure 10 shows the substantial difference between the experimental results and the ideal
cosine curve. Especially for the upstroke, the gap between the experiment and the cosine
curve tends to increase. In addition, the upstroke requires much time, compared to the
downstroke. This can be explained by fabrication tolerance. This tolerance induces the
flexures to make delay when they transmit the motion. During the upstroke, therefore, the
motor’s motion is transmitted with delay. However, in case of the downstroke, the facets
structurally help to transmit the motor’s motion and accordingly the delay does not occur.

4.2. Thrust

To check whether the proposed transmission properly generates the thrust or not,
force measurement has been done. The data are collected through a load cell shown in
Figure 11, sampled with the rate of 1000 Hz and filtered with the cut-off frequency of
100 Hz. The filtered data and the averaged data are given in Figure 12. The average thrust
is measured as 2.34 gf (=22.9 mN) at the flapping frequency of 23 Hz.

Figure 11. Experimental setup. A load cell has been used to measure the thrust. The signal goes to
the amplifier and the amplified data are logged to the PC.

Figure 12. The measured thrust. The low-pass filtered data (solid line) and the average value (dashed line) are given.

The thrust is successfully generated since the wing rotation angle is observed as we
intended, which is shown in Figure 11B. For the wing rotation, a passive hinge has been
applied to get an additional degree of freedom. The stoppers, however, have been added
to prevent the excessive wing rotation. As a result, an angle of attack (AoA) of about 45◦
has been observed as shown in Figure 11B. This AoA maintains during both the upstroke
and downstroke. Consequently, the thrust can be generated.

50



Appl. Sci. 2021, 11, 1515

5. Conclusions

In this paper, we proposed a novel transmission to reduce the assembly process and
wear problems for DC motor-based FWMAVs. To make this possible, a geometrically
constrained and origami-based spherical six-bar linkage has been suggested. The origami-
based fabrication method reduces the relative moving parts such as pin joints and sliders,
which resolves mechanical wear problems and assembly issues. The constrained spher-
ical six-bar linkage passes only necessary motions by filtering the DC motor’s rotating
movement. Therefore, the linearly reciprocating movement is transferred and the flapping
motion is successfully made. To demonstrate the feasibility of the proposed concept, flap-
ping tests have been done to investigate the flapping angle, the wing rotation angle, and
the vertical thrust. As a result, the suggested mechanism has shown a flapping angle of
about 80◦, a 45◦ wing rotation angle, 23 Hz of flapping frequency, and 2.34 gf (=22.9 mN)
of the vertical thrust. Although the thrust is not enough to take off, we confirmed that
the constrained spherical six-bar linkage successfully works as a transmission for the DC
motor-based FWMAVs.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/4/1515/s1, Video S1: Working process of the constrained spherical six-bar.
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Abstract: In this study, we propose a bioinspired design methodology for a multifunctional lever
based on the morphological principle of the lever mechanism in the Salvia pratensis flower. The
proposed divide-and-conquer contour design methodology does not treat a lever contour as a single
curve that satisfies multiple functions. Rather, the lever contour combines partial contours to achieve
its assigned subfunction. This approach can simplify the complex multifunctional problem in lever
design. We include a case study of a lever utilized in a compact variable gravity compensator
(CVGC) to explain the methodology in more detail. In the case study, four partial contours were
designed to satisfy three types of functional requirements. The final design for the lever contour was
manufactured and verified with visual measurement experiments. The experimental result shows
that each partial contour successfully achieved its subfunctions.

Keywords: curved lever; lever design methodology; variable pivot of lever

1. Introduction

Lever mechanisms have been used to amplify force or displacement for a mechani-
cal advantage since time immemorial. Based on the conservation of energy, the amount
of amplification a lever provides can be calculated as the ratio of the distance from the
pivot point to the effort point and that from the pivot point to the load point. Numer-
ous mechanical mechanisms and devices have been developed successfully with proper
lever mechanisms [1–6]. H. Lin and W. Feng proposed a torque generator-driven lever
mechanism for a torsional mirror. In the mechanism, a lever was exploited to enlarge
traveling distance in limited design space [1]. Woude et al. developed a new design for
a lever-propelled wheelchair [2]. K. Li and M. Gohnert suggested a lever mechanism for
improving vibration isolation performance. In their study, damping force was conveyed to
the mass through the lever [3]. Several researchers have developed gripper mechanisms for
microelectromechanical systems (MEMS) using lever mechanisms. C. Shi et al. proposed a
microgripper with a large magnification ratio. In this mechanism, the lever successfully
amplified the limited output displacement of a lead zirconate titanate (PZT) actuator for
the desired displacement of the gripper [4]. K. Kwon et al. developed a linear motor using
a lever mechanism to improve the position accuracy. Unlike this mechanism of a microgrip-
per, the lever mechanism in a linear motor had the role of reducing the displacement [5]. M.
French and M. Widden developed a static balancing mechanism using a spring and lever.
In this mechanism, the lever amplified the spring force and achieved a lightweight static
balancer for a lamp [6].

In recent years, lever mechanisms with variable amplification ratios have frequently
been applied in robot mechanisms, particularly variable stiffness actuators [7–12].
A. Jafari et al. [7] and N. Tsagarakis [8] et al. proposed adjustable stiffness actuators with
class 1 levers for ankle assistance mechanisms. Sun et al. [10], Groothuis et al. [11] and
Barrett et al. [12] also developed a class 1 lever-based actuator to achieve variable stiffness.
To adjust the stiffness, the lever position was varied using an additional motor. B. Kim and
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J. Song also developed a variable stiffness actuator with a lever mechanism. When the class
2 lever mechanism was applied, the position of the lever’s load point varied to change
the actuator’s stiffness [9]. Although the lever mechanisms with a variable amplification
ratio achieved the desired function successfully, the shape for the levers was a straight line.
Moreover, due to the simplicity of the straight lever, the above-mentioned studies did not
propose a lever contour design methodology.

However, when a lever had an additional required function beyond amplification
such as preventing intervention between design spaces or maximizing the variable range
of amplification ratio, the lever was required to have a shape other than a simple straight
line. J. Kim et al. developed a compact variable gravity compensation mechanism with a
non-straight lever shape. An angled lever was devised to achieve the amplification of the
spring force and also to satisfy the circular design space, [13]. M. Dezman and A. Gams
suggested an arc-shaped lever-based compliant actuator to satisfy both force amplification
and energy-efficient stiffness variation functions [14]. Although these studies showed a
non-straight lever shape, the geometries of the levers’ contours were still simple and did
not require any particular contour design methodology.

J. Kim et al. [15] proposed a curved lever design to improve the performance of a
variable gravity compensation mechanism. In this method, the curved lever was mathemat-
ically modeled based on B-spline representation and optimized using a genetic algorithm.
Although the research suggested a curved lever design methodology, there was a limitation
that the lever contour was represented as a unitary curve. This approach is suitable for a
nonfunctional lever contour. However, when a multifunctional lever contour is designed
using a unitary curve model and optimization approach, the complexity of the design prob-
lem could worsen due to the difficulties of determining the design vector and constructing
a multivariable objective function with weighting factors.

Recently, we proposed a new version of a compact variable gravity compensator
with a multifunctional lever [16]. In this study, first, we proposed the early concept of
divide-and-conquer design methodology for a curved lever contour. Although the lever
contour, on the paper, showed the potential of the divide-and-conquer design methodology,
one of the lever contours still had a curve representation for two assigned functions. When
the lever contour was optimized for two variable objective functions, design variables that
maximize each function could not be selected.

To overcome the limitation of the above-mentioned lever contour design methods,
in this study, we proposed a bioinspired divide-and-conquer design methodology for
multifunctional lever contours. Salvia pratensis flowers have a curved lever mechanism
in the staminal lobe as an effective pollen dispensing system. The staminal lever curve
can be subdivided into a contour to prevent interference with bees’ heads and a contour
for applying pollen to bees’ abdomens. From this morphological insight, we subdivided
all required functions into subfunctions that were assigned to the design goal of each
partial contour. Each contour was represented by a mathematical curve model suitable for
achieving the assigned function and was determined through an appropriate method. The
design methodology provides a design tool for the designer to generate a multifunctional
lever contour.

To convey the usage of the methodology, we determined the compact variable gravity
compensation (CVGC) mechanism as a design case study. Four subfunctions were assigned
to the curved lever, which included: (1) minimizing the required force for the torque
variation, (2) maximizing the variable range of the compensation torque, (3) preventing in-
terference with cam structure, and (4) connecting between contours with C1 continuity. The
experiments showed that the derived lever contour successfully achieved all subfunctions
simultaneously. Moreover, the lever contour showed a 1.3 times wider variable range as
compared with the lever in [16]. This paper is organized as follows: In Section 2, we explain
the bioinspired insight from Salvia pratensis flowers and the concept of the lever contour
design methodology in detail; in Section 3, we describe the operating concept of CVGC and
the required functions for the curve lever mechanism; in Section 4, we discuss the detailed
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design processes for the lever contour; in Section 5, we show the experimental results of
the designed curved lever contour; and finally, in Section 6, we present our conclusions.

2. Bioinspired Curved Lever Contour Design Methodology

Divide-and-conquer design methodology for the multifunctional contour of the curved
lever was developed, inspired by a staminal lever system of the Salvia pratensis flower. To
convey the bioinspired features of the methodology, the morphological characteristics of
the staminal lever are illustrated in Section 2.1. In Section 2.2, the design methodology is
explained in detail.

2.1. Curved Lever Mechanism in Salvia pratensis Flower

The Salvia pratensis flower has a staminal lever system that can dispense pollen to
flower-visiting bees’ abdomens for successful reproduction [17]. As shown in Figure 1a, the
lever system is composed of a connective plate, a fertile anther lobe, and a rotational joint
that has the role of a pivot. When a bee pushes its proboscis into the flower, the connective
plate is forced to the left, as in Figure 1a. This force rotates the connective plate and fertile
anther lobe clockwise. Therefore, the theca placed at the end of anther lobe makes contact
with the bee’s abdomen.

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

Figure 1. Schematic drawing of the lever mechanism in a Salvia pratensis flower and its interaction with a flower-visiting
bee as depicted by Reith et al. [17]: (a) Longitudinal section of a flower and motions of the curved staminal lever; (b) a
hypothetical straight-line staminal lever; (c) a hypothetical staminal lever where the theca has the same curvature as the
anther lobe; (d) a real staminal lever composed of two partial contours. The partial contours 1 and 2 prevent interference
with the bee’s head and avoid sharp contact between the theca and the bee’s abdomen, respectively.

The contour of the lever has a proper curved shape to achieve the successful dispensing
of pollen. As shown in Figure 1b, if the contour of an anther lobe was a straight line, the
theca could not make contact with a bee’s abdomen due to interference with the bee’s head.
In addition, if the contour of the theca had the same curvature as the anther lobe shown
in Figure 1c, the theca would make sharp contact with the abdomen and fail to dispense
pollen effectively due to the narrow contact area.

As illustrated in Figure 1d, the entire lever curve can be seen as a combination of
partial contours with individual functional goals. The partial Contour 1 has a proper curve
to satisfy the function of preventing interference with the bee’s head. The partial contour
2 also has a shape that achieves the function of maximizing the contact area between the
theca and the bee’s abdomen.

2.2. Concept of Bioinspired Design Methodology

As shown in Figure 2, the divide-and-conquer contour design methodology for a
multifunctional lever was developed using bioinspired insights. This methodology fun-
damentally does not treat a lever contour as a single curve that should satisfy multiple
functions. Rather, a lever contour is regarded as a combination of partial contours respon-
sible for each subfunction. The procedure for designing a lever with this methodology
is as follows: At first, subfunctions should be generated by dividing the overall function.
Second, the design space of the lever is also divided into subareas that affect each sub-

55



Appl. Sci. 2021, 11, 6015

function. Third, a partial contour is derived by selecting an appropriate curve expression
method and design method in consideration of the assigned subfunctions. Finally, one
lever is determined by combining the derived partial contours. The partial contours only
consider achieving their own functional goal. Therefore, in this design methodology, the
designer can choose the most appropriate mathematical model to represent each partial
contour and proper determination method for the design variables of each model. The
divide-and-conquer lever design methodology has several advantages as follows: First, it
can simplify complex multifunctional design problems.

Figure 2. Morphological principle of the staminal curved lever of Salvia pratensis flower. The lever’s
required functions are subdivided into functions (divide) and assigned to each partial contour as
design goals. Each partial contour has a proper shape only to satisfy their subdivided function
(conquer). The combination of each partial contour forms the final contour of the curved lever.

A designer can concentrate on designing each partial contour to satisfy relatively sim-
ple functional goals. Next, this methodology makes it possible to construct efficient design
processes in terms of mathematical modeling and the parameter determination method
for each contour. Although some lever design problems may not suit this methodology
because the multifunctionality cannot be divided well, the methodology can give a view to
simplify the design problem.

3. Curved Lever Contour Design

To explain the methodology in more detail, a design case study was conducted for the
actual mechanism of CVGC. As the lever mechanism in CVGC should achieve multiple
functions, it is an appropriate case to show detailed processes. Before explaining the
specific design processes, in this section, we briefly present the operating concept of the
CVGC mechanism and the required functions of the lever.

3.1. Operating Concept of the CVGC Mechanism

As a variable gravity compensation mechanism, CVGC could generate compensation
torque and change its amplitude to deal with variable gravitational torque. As shown in
Figure 3, the core elements of the CVGC mechanism are the cam, cam follower, lever with
a movable pivot, spring follower, and compression spring.

Figure 3a illustrates the principle of generating compensation torque. The rotation
of an external load, which is the target mass to be compensated, leads to the rotation of
the cam. The rotational motion of the cam makes the cam follower move along the linear
guide and the movement of the cam follower rotates the lever clockwise about the pivot
axis. This rotation of the lever pushes the spring follower to the right and compresses the
spring. Consequently, the restoration force of the spring compresses the cam follower to
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the cam surface. Finally, due to the noncircular cam, the force at the cam surface generates
a counterclockwise compensation torque at the cam.

 

(a) 

 

(b) 

Figure 3. Operating concepts of CVGC for compensating a gravitational torque by mass: (a) Configu-
ration and motions of CVGC. The white circled digits indicate the orders of motions describing the
spring deformation due to the cam rotation. The black circled digits represent the order of forces that
account for the compensating torque in the cam generated by the spring force. θ is the rotation angle
of the cam; (b) principle of torque variation. The movement of the pivot can change the amplification
ratio (B/A or B′/A′). B/A is larger than B′/A′, so it generates a larger compensation torque at the
cam axis, and x denotes the distance between pivot position and cam follower.

Figure 3b illustrates the principle of compensation torque variation. The lever mech-
anism in CVGC can change its pivot position and the amplification ratio. Changing the
ratio makes the magnitude of the force and the compensation torque generated on the
cam controllable.

3.2. Three Types of Functional Requirements of Levers for CVGC

According to the abovementioned principles, the CVGC mechanism has been devel-
oped to achieve a compact and circular shape as shown in Figure 4. The lever has the role
of amplifying the spring force and transmitting it to the cam in the limited design space.
To maximize the performance of CVGC, the multiple functions that the lever should satisfy
are: (1) minimizing the required force of the torque variation, (2) maximizing the variable
range of the compensation torque, and (3) avoiding interference between the lever and
other mechanical elements.
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(a) (b) 

Figure 4. Functional requirements of the lever for CVGC: (a) The translation and rotation of the lever when the pivot
position changes; (b) the maximum compressions of the spring at each top pivot position and bottom pivot position.
Interference can occur between the lever and cam structure.

For the first function, minimizing the required force for the torque variation is es-
sential to achieve high energy efficiency in the variable mechanism. When the variation
is automated by an actuator, a large force is required which increases the actuator’s size
and weight and decreases the energy efficiency. Since the fundamental goal of CVGC is to
create a compact mechanism, the first function should be satisfied by the lever design. The
required force to change the pivot position can be calculated by the Lagrangian mechanics
as follows:

Fvariation(x) = −∂PEspring(x)
∂x

(1)

x, PEspring(x), and Fvariation(x) denote the generalized coordinates, the force, and potential
energy profile of the mechanism, respectively.

According to (1), if the energy variation is zero with respect to the change of pivot
position, the required force can be zero in ideal frictionless conditions. The amount of
spring deformation can be determined by the position of the spring follower. As shown
in Figure 4, the rotation and translation of the lever occur simultaneously when the pivot
changes. From the lever design perspective, the lever contour should not change the
position of the spring follower when the pivot position varies.

Next, the second function of the lever is important because a wide variable range
of compensation torque obviously allows CVGC to compensate for variable weight. The
variable range of the compensation torque is calculated as the difference between the
highest and lowest compensation torques. As illustrated in Figure 4b, for the CVGC
mechanism that varies the compensation torque by changing the pivot position, it generates
the highest torque when the pivot is placed at the top position of the pivot guide and
generates the lowest torque when the pivot is placed at the bottom position.

According to [15], the maximum deformations of the spring at each pivot position of
the CVGC mechanism could determine the amount of compensation torque. Therefore, to
maximize the variable range of the torque, the lever contour should maximize the spring’s
deformation at the top pivot position as this is directly related to the highest torque. At
the same time, this contour should minimize the spring’s deformation at the bottom pivot
position to minimize the lowest compensation torque. The design point to be considered in
this process is that this lever contour must not compress the spring beyond its allowable
deformation length.

As a final function of a lever, the lever contour should be designed to prevent inter-
ference with other mechanical elements. In particular, the cam structure, including the
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cam, camshaft, and bearings, is the main obstacle that hinders the lever from pressing the
spring follower sufficiently. For the CVGC mechanism, the worst condition causing an
interference problem between the lever contour and the cam structure is when the cam
rotates 180◦ at the top pivot position. Therefore, as shown in Figure 4b, designing the lever
contour to avoid interference at this worst condition is sufficient to prevent interference at
other pivot positions.

4. Curved Lever Contour Design

To design the lever contour to achieve the multifunctionality mentioned in Section 3.2,
the divide-and-conquer design methodology is applied. Through this method, each sub-
function is assigned to the design goal of each partial contour. Partial contours are sepa-
rately designed to satisfy their individual goals, and then combined as a final lever contour.

The geometrical design parameters of other mechanical components such as the cam
profile, cam follower guides, and spring follower are given as geometrical constraints that
those should not be able to pass through. The shape of the lever can be divided into the
cam follower side and spring follower based on the pivot. In this section, it is assumed that
the lever contour of the cam follower side is predetermined as a straight line and aims to
design only the contour on the spring follower side.

4.1. Partial Contour 1 (PC1): Minimizing the Required Force for Torque Variation

The PC1 should not change the position of the spring follower when the pivot position
varies along the pivot guide. The CVGC varies the compensation torque when the rotation
angle of the cam is zero. Since the cam follower side of the lever always contacts the cam
follower, the translation and rotation of the lever occur simultaneously when the pivot
position changes, as illustrated in Figure 5a.

  
(a) (b) 

Figure 5. Cont.
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(c) (d) 

Figure 5. Design processes of the PC1. The units of x- and y-axes are mm: (a) Parameters to calculate transformation matrices
at each representative pivot position; (b) spring followers are represented in the lever coordinate system; (c) common
circumferential lines and points and principle to choosing the representative contact points; (d) the representative contact
points of each spring follower and Hermite spline-based PC1.

In a global coordinate system, the contour design is complex due to the changes
of relative angles and distances between the lever and the spring follower. However,
the positions of points that determine the rigid lever shape do not change in the lever
coordinate system. Therefore, the lever design problem can become easier when in a lever
coordinate system.

To calculate the coordinate transformation, representative pivot positions are deter-
mined by dividing the pivot guidelines equally into n sections. Nine representative pivot
positions were selected, including the top and bottom pivot positions. The unit length for a
section and the rotation angles at each pivot position can be determined using (2) and (3)
as follows:

Dx =
GX pivot

9 − GX pivot
1

8
, Dy =

GY pivot
9 − GY pivot

1
8

(2)

ϕi =
π

2
+ sin−1 rcam

Bi
(3)

where GX pivot
i and GY pivot

i indicate the position of the ith pivot in the global coordinates;
Dx and Dy are the x and y components of the unit length, respectively; rcam is the radius
of the cam follower. Then, the translation and transformation matrices at the ith selected
pivot positions can be calculated using (4) and (5), respectively, as follows:[

GX pivot
i

GY pivot
i

]
=

[
GX pivot

1 + (i − 1)Dx
GY pivot

1 + (i − 1)Dy

]
(4)

L
GTFPC1,i =

⎡⎢⎢⎢⎣
C−ϕi −S−ϕi 0 −GX pivot

i
S−ϕi C−ϕi 0 −GY pivot

i
0 0 1 1
0 0 0 1

⎤⎥⎥⎥⎦ (5)

where the left subscript G in (4) is the lever and global coordinate system, the left subscript
G and the superscript L represent the global coordinates and lever coordinates, respectively,
and C and S are the cosine and sine, respectively.

Using the transformation matrices, the fixed spring follower positions are transformed
into a lever coordinate system and nine circles are generated, as shown in Figure 5b. The
PC1 should be designed to have a shape that makes contact with all nine circles at the same
time. For the next step, the common circumferential lines and points between adjacent
circles are computed to find contact points between the lever and circles. Except for the
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first and last circles, the ith circle has two common circumferential lines and contact points
between the i − 1th and i + 1th circles of spring followers. To assign one tangential line
and point to a circle, the line and contact point between the i − 1th circle are selected. As a
result, each of the nine circles has a corresponding contact point and slope of the tangential
line at that point, as illustrated in Figure 5c.

For the last step, piecewise curves connecting to the adjacent contact points with a
satisfactory slope are generated based on the third order Hermite spline. Consequently,
the PC1 is formed by connecting the eight piecewise curves that enable tangential contact
with the spring follower at each pivot position, thereby achieving subfunction 1 as shown
in Figure 5d.

4.2. Partial Contour 2 (PC2): Maximizing the Variable Range of the Compensation Torque

A B-spline curve representation and optimization approach is adopted to generate a
PC2 that satisfies the subfunction. As illustrated in Figure 6a, five control points are placed
in the lever coordinates system to form a B-spline curve of PC2. The start and end points
among the five control points are determined by an obstacle point and a connecting point,
respectively, as explained in detail later. A serial link representation is used to avoid the
cusp issue [15] as in (6)–(15) as follows:

LCP0x = Pxobstacle (6)

LCP0y = Pyobstacle (7)

LCP4x = Pxconnecting (8)

LCP4y = Pyconnecting (9)

LCP1x = G1CΘ1 + G2CΘ1+Θ2 (10)

LCP1y = G1SΘ1 + G2SΘ1+Θ2 (11)

LCP2x = G1CΘ1 + G2CΘ1+Θ2 + G3CΘ1+Θ2+Θ3 (12)

LCP2y = G1SΘ1 + G2SΘ1+Θ2 + G3SΘ1+Θ2+Θ3 (13)

LCP3x = LCP2x + G4CΘ1+Θ2+Θ3+Θ4 (14)

LCP3y = LCP2y + G4SΘ1+Θ2+Θ3+Θ4 (15)

where Gi is the length of the ith link and Θi is the relative angle between the i − 1th and
ith link.

  

(a) (b) 

Figure 6. Design of the PC2. The unit of the x- and y-axes are mm: (a) B-spline modeling to design
PC2 using optimization; (b) maximum compression of the spring at each top and bottom pivot
position, which constitute the objective function.
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The objective function for optimizing the B-spline is defined to maximize the variable
range of the compensation torque as follows:

g(q) =
lTop
max

lBot
max

(16)

lTop
max and lBot

max are the maximum deformation of the spring when the pivot is placed at the
top and bottom positions, respectively, as shown in Figure 6b. The denominator of the
objective function increases as the deformation of the spring at the bottom pivot position
decreases, which is related to the lowest compensation torque. The numerator increases
when the deformation of the spring at the top pivot position increases, which is related to
the highest compensation torque. The case in which the deformation by the PC2 exceeds
the allowable deformation of the spring is excluded as a constraint condition. Therefore,
the larger the objective function, the larger the variable range of the compensation torque
that can be acquired.

Since lTop
max and lBot

max can be calculated by the geometrical relation between the B-spline
curve and the spring follower guideline, the lever contour defined in the lever coordi-
nate system should be transformed to the global coordinate system. Consequently, the
optimization problem is as follows:

Given q = [G1, Θ1, G2, Θ2, G3, Θ3]
maximize g(q)

(17)

Table 1 shows the optimization result computed by the genetic algorithm in the global
optimization toolbox of MATLAB (MATLAB R2019b, MathWorks, United States). The
optimal PC2 generates 50.4 mm and 29.8 mm as the maximum compression lengthx of the
spring at the top and bottom pivot positions, respectively.

Table 1. Optimal design variables of PC2.

Pivot CP1 CP2 CP3

G (m) 0.0162 0.0107 0.0076
Θ (◦) 119.5 −62.03 −26.28

4.3. Partial Contour 3 (PC3): Preventing Interference with the Cam Structure

As shown in Figure 4B, the PC3 should be designed to avoid interference with the
cam structure only when the cam rotates to 180◦ at the top pivot position. As illustrated
in Figure 7, in the global coordinate system, the common circumferential line and points
between the circle of the cam structure and the highest spring follower can be calculated.

 
  

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

Figure 7. (a) Design of PC3 to avoid interference with the cam structure. The units of x- and y-axes are m; (b) design of
PC3 to secure C1 continuity between PC1 and PC2; (c) final lever contour combining partial contours; (d) manufactured
lever contour.
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The common point on the circle of the cam structure is the obstacle point that is used
to design PC2. The obstacle points allow PC2 to avoid interference with the cam structure.
Considering that the mass of the lever is proportional to its length, PC3 is determined using
the simplest straight line and arc, as illustrated in Figure 7a.

4.4. Partial Contour 4 (PC4): Connecting PC1 and PC2 with C1 Continuity

As a final step of the divide-and-conquer design methodology, combining the derived
partial contours with proper continuity condition is important to generate the final contour.
The connection between PC2 and PC3 is the area in which the spring follower does not
contact with the spring follower. Therefore, the C0 continuity is sufficient to combine the
PC2 and PC3. However, the area between the PC1 and PC2 makes contact with the spring
follower, so the connection should satisfy the C1 continuity to ensure the smooth motion of
the spring follower.

To achieve the connection with C1 continuity, PC4 is designed as follows: On the
PC1 side, the starting point and slope at that point are already determined, as described
in Section 4.1.

The starting point of PC1 extends by distance ε in the direction of the slope to make
the connecting point. The connecting point is used as the fifth control point of PC2, as
described in Section 4.2. Using the partial derivatives of PC2, the slope at the connecting
point can also be calculated. Finally, based on the Hermite spline representation, PC4 can
be determined, as illustrated in Figure 7b. A pseudo code of the algorithm for the design of
partial contours is attached in Supplementary Materials.

5. Experiments and Results

The detail design of the lever contour made by combining PC1, PC2, PC3, and PC4
is as presented in Figure 7c. To verify that the lever achieves the desired multifunctions,
experiments are separately conducted on each partial contours. As shown in Figure 7d,
the lever used in the experiments was manufactured with a 3D-printer (Mark Two, Mark-
forged, MA, US) with carbon-fiber materials that have sufficient strength for experimental
verifications. According to the visual measurement method, the experiments successfully
checked that each partial contour satisfied the geometrical conditions to achieve a given
subfunction. Figure 8 illustrates the manufactured CVGC mechanism with the designed
lever contour.

Figure 8. Manufactured CVGC mechanism with the designed lever contour.

To verify the subfunction of PC1, the position of the spring follower was measured
by marker tracking when the position of the pivot changed. Although a minor position.
change of the spring follower occurred, PC1 successfully minimized the movement, as
shown in Figure 9.
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Figure 9. The visual measurement to verifying PC1 using marker tracking. The red and blue coordinates indicate the
position of the spring follower and the pivot position with respect to the origin at the right top of the figure. The circled
numbers show the order of pivot variation from the bottom pivot (circled number 1) to the top pivot (circled number 4).
The total travel distance of the pivot is 10 mm. Through the proper design of PC1, the position of the spring follower does
not be affected by the movement of the pivot.

The position change of the spring follower had 0.4 mm as its maximum value. The
reason for the design error of PC1 is the lack of a number of representative pivot points;
therefore, this error can be mitigated by increasing the number of representative pivot
points and piecewise curve segments of PC1.

Next, each position of the spring follower was measured at the top and bottom pivot
positions to verify the function achievement of PC2. As presented in Figure 10 and Table 2,
the amounts of spring deformation at each pivot condition are 29.5 and 50.5 mm, which
is well-matched with the designed values. The errors of deformation length between
simulation and experiment are 1.0% and 0.1% at the bottom (bot) and top pivot conditions,
respectively. The absolute errors are 0.7 and 0.1 mm at the bot and top pivot positions,
respectively. We expect the position error of marker installation is the main reason for the
errors between simulation and experiment.

 
Figure 10. The visual measurement to verifying PC2 using marker tracking. The maximum deforma-
tions of the spring at the bot pivot and top pivot conditions are shown in the left and right figures.
The red coordinates information indicates the position of the spring follower.

Table 2. Comparison of simulation and experimental results for the maximum deformation of spring
at the top and bottom pivot conditions.

Maximum Deformation Simulation Experiment

lBot
max(mm) 29.8 29.5

lTop
max(mm) 50.4 50.5

Finally, to verify the interference avoidance in the lever and cam structure, which is a
function of PC3, the lever was observed at the top pivot position and at 180◦ cam rotation.
As shown on the right side of Figure 10, the lever pushed the spring follower without any
interferences. Therefore, PC3 successfully achieves its subfunction.

6. Conclusions

In this study, we propose a contour design methodology for achieving a multifunc-
tional lever based on the morphological principle of the Salvia pratensis flower. In this
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methodology, multiple functions were subdivided into subfunctions. Each subfunction
was assigned to a partial contour as a design goal. The final lever contour was determined
by combining the partial contours that could achieve the given subfunctions. Through this
methodology, a designer can simplify complex and multifunctional curve design problems.
Moreover, the most suitable modeling and parameters to determine the method can be
selected for each partial contour.

This methodology was specifically explained by a design case study of CVGC, in
which the lever should achieve three subfunctions. To achieve the first function, PC1 was
modeled using a Hermite spline and was directly calculated to find the design parameters.
For the second subfunction, PC2 was determined by B-spline model-based optimization.
To satisfy the third subfunction, PC3 was derived simply by using an arc and straight line
model. In addition, the PC4 based on Hermite spline was designed to generate a smooth
rolling contact with the spring follower.

Finally, through marker tracking-based visual verification, it was verified that, for
the derived lever contour, each partial contour could successfully achieve subfunctions.
PC1 did not change the position of the spring follower and did not generate deformation
of the compression spring. The difference between the maximum deformation of the
spring was increased 1.3 times by PC2 when the pivot was placed in the top and bottom
(bot) positions as compared with the previously derived lever in [16]. As mentioned in
Section 4.2, this difference is directly related to the variable range of compensation torque.
PC3 did not prevent any intervention between the lever and cam structure. PC4 achieved
C1 continuity between C1 and C2. As future research goals, we plan to install the derived
lever into CVGC and measure the performances of the variable gravity compensation
torque. In addition, we are developing various versions of CVGC with different sizes
and compensation torques. Therefore, we will actively utilize this methodology to design
various versions of levers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11136015/s1, Figure S1: Pseudo code of the algorithm for the design lever contours for the
CVGC case study.
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Abstract: Inspired by the structure of human arms, a modular cable-driven human-like robotic arm
(CHRA) is developed for safe human–robot interaction. Due to the unilateral driving properties of
the cables, the CHRA is redundantly actuated and its stiffness can be adjusted by regulating the cable
tensions. Since the trajectory of the 3-DOF joint module (3DJM) of the CHRA is a curve on Lie group
SO(3), an enhanced stiffness model of the 3DJM is established by the covariant derivative of the load
to the displacement on SO(3). In this paper, we focus on analyzing the how cable tension distribution
problem oriented the enhanced stiffness of the 3DJM of the CHRA for stiffness adjustment. Due to the
complexity of the enhanced stiffness model, it is difficult to solve the cable tensions from the desired
stiffness analytically. The problem of stiffness-oriented cable tension distribution (SCTD) is formulated
as a nonlinear optimization model. The optimization model is simplified using the symmetry of
the enhanced stiffness model, the rank of the Jacobian matrix and the equilibrium equation of the
3DJM. Since the objective function is too complicated to compute the gradient, a method based on
the genetic algorithm is proposed for solving this optimization problem, which only utilizes the
objective function values. A comprehensive simulation is carried out to validate the effectiveness of
the proposed method.

Keywords: cable-driven robots; human-like robotic arms; human–robot interactions; stiffness
adjustment; cable tension analysis

1. Introduction

Unlike conventional robots that work in structured environments, safe human–robot interactions
have been a key element for the robots that work in unstructured and unpredictable environments.
Inspired by the structure of human arms, a modular cable-driven human-like robotic arm (CHRA) is
developed for safe human–robot interaction, which employs cables to mimic the functionality of
the human muscles. As shown in Figure 1, the CHRA consists of a shoulder joint, an elbow joint
and a wrist joint in series, where the shoulder joint and the wrist joint have three degrees of freedom
(3-DOF) and the elbow joint has one degree of freedom (1-DOF). The CHRA employs lightweight cables
to drive the rigid links and the cables can be wound into winches mounted onto the base of the CHRA.
A variable-stiffness device (VSD) is designed and placed along with each driving cable to increase the
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flexibility of the cables. With these arrangements, the CHRA has flexibility advantages [1], low moving
mass [2], large workspace [3] and high payload-to-weight ratio [4]. Due to these advantages, the CHRA
is intrinsically safe for human–robot interactions. The proposed CHRA and its joint modules are
one kind of cable-driven mechanisms (CDMs). In the last decades, various CDMs have been designed
for various applications, such as medical robots [5–7], rehabilitation robots [8–12], inspection and
repair [13–15], and moving payloads [16–19].

Shoulder Elbow Wrist
End

Effector

Cable

Wrist

Elbow

Shoulder

Muscle

(a) (b)

Figure 1. Concept design of the modular cable-driven human-like robotic arm: (a) structure of a human
arm, (b) structure of the cable-driven human-like robotic arm (CHRA).

Unlike rigid links, the cables have the unilateral driving property (i.e., they can only pull, but can
not push). Hence, the CHRA and its joint modules are redundantly actuated. For a given pose, a lot
of cable tension solutions are feasible for the CHRA. Furthermore, the stiffness of the CHRA can be
adjusted by regulating the cable tensions. The characteristic of variable stiffness increases the flexibility
and safety of the CHRA.

The problem of stiffness-oriented cable tension distribution (SCTD) of a CDM aims at finding the
optimal cable tensions to achieve a desired stiffness. However, in the last decades, most studies
on cable tension distribution have been carried out to minimize the cable tensions to reduce the
energy consumption [20–27]. In [28], the SCTD problem of a CDM was studied by formulating it
as an optimization model, and a gradient-projection-based algorithm was presented to solve the
optimization problem. However, it utilized the determinant of the stiffness matrix as the objective
function. With this method, the desired stiffness cannot be achieved accurately. In [29], the SCTD
problem of a 3-DOF cable-driven spherical mechanism was studied and it established the optimization
model with all entries of the stiffness matrix, not only the determinant of the stiffness matrix. However,
it employed the conventional stiffness model of the CDM, which was derived by the conventional
differential formula of the load to the displacement. Since the trajectory of the 3-DOF cable-driven
spherical mechanism is a curve on Lie group SO(3) and SO(3) is nonlinear, the stiffness model based on
the conventional differential formula is not exactly accurate on SO(3). Its stiffness should be evaluated
by the variation of its load against its displacement on SO(3).

In order to study the SCTD problem of the proposed CHRA, the SCTD problems of the 1-DOF and
3-DOF joint modules should be studied first. Due to the simple structure of the 1-DOF joint module,
its SCTD problem can be solved easily. For the 3-DOF joint module (3DJM) of the CHRA, its trajectory is
a curve on SO(3). We derive the stiffness model of the 3DJM by the covariant derivative of the load to
the displacement on SO(3), and call it the enhanced stiffness model of the 3DJM. In this paper, we focus
on investigating how the cable tension distribution problem oriented the enhanced stiffness of the
3DJM. Due the complexity of the enhanced stiffness model, it is difficult to solve the cable tensions
from the desired stiffness of the 3DJM analytically. We formulate the SCTD problem of the 3DJM as a
nonlinear constrained optimization problem. Due to the symmetry of the enhanced stiffness model
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of the 3DJM, the desired stiffness matrix can be transformed to a diagonal matrix by an orthogonal
transformation. Based on the analysis of the rank of the Jacobian matrix of the 3DJM, the six cables can
be divided into two groups: one group with three cables for position adjustment by regulating the cable
lengths, and another group with the remaining three cables for stiffness adjustment by regulating the
cable tensions. In this manner, the position and stiffness of the 3DJM can be adjusted simultaneously.
Furthermore, three cable tensions for position adjustment can be expressed by another three cable
tensions for stiffness adjustment using the equilibrium equation of the 3DJM. That means the six
decision variables of the optimization model can be reduced to three. Since the objective function of the
optimization model is too complicated to compute the gradient, a direct optimization method based
on the genetic algorithm is proposed for solving the optimization problem, which only utilizes the
objective function values. A comprehensive simulation is carried out to validate the effectiveness of the
proposed method. The results show that the proposed method provides an accurate and efficient way
to adjust the stiffness of the 3DJM by regulating the cable tensions. In summary, the main contribution
of this paper is solving the cable tension distribution problem with the enhanced stiffness model of the
3DJM using a method based on the genetic algorithm.

2. Enhanced Stiffness Model of the 3DJM

As shown in Figure 2, the 3-DOF joint module (3DJM) of the CHRA was made up with a base,
a moving-platform and a passive spherical joint connecting them. Six cables were employed to
drive the moving-platform and a variable-stiffness device (VSD) was placed along with each driving
cable. For routing the cables, six small holes were drilled in the moving-platform and the base,
denoted by Ai and Bi (i = 1, 2, . . . , 6), respectively. In this design, A2 A3 = A4 A5 = A6 A1 = lA,
B1B2 = B3B4 = B5B6 = lB, A1 A2 = A3 A4 = A5 A6 = eA, B2B3 = B4B5 = B6B1 = eB, where eA ≈ 0
and eB ≈ 0. The distance between the moving-platform and the spherical joint is denoted as hA ∈ R,
and the distance between the base and the spherical joint is denoted as hB ∈ R. Each cable was
actuated by a cable driving unit.

To describe the pose of the 3DJM, two frames were attached to the moving-platform (named
moving frame {A}) and the base (named base frame {B}), which were both located at the center of the
joint O. With the two frames, the pose of the 3DJM can be represented by a rotation matrix R ∈ SO(3).
Thus, the motion trajectory of the 3DJM was a parameterized curve R(t) on SO(3). The enhanced
stiffness model of the 3DJM was established by using the covariant derivative of the load to the
displacement on SO(3) [30].

A1 A2
A3

A4

B3

B1

B4B5

Spherical 
joint

Connecting to 
cable driving unit

O

B2

B6
O

O

XBYB

ZB

XAYA

ZA

VSD A5

A6 Moving-platform

Base

Figure 2. Concept design of the 3-DOF joint module (3DJM).
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2.1. Displacement and Load of the 3DJM on SO(3)

According to the exponential formula [31], the trajectory curve of the 3DJM R(t) yields

R(t) = eζ̂(t), (1)

where ζ̂ ∈ so(3) is an element of Lie algebra so(3) and satisfies

ζ =

⎛⎜⎝ ζ1

ζ2

ζ3

⎞⎟⎠→ ζ̂ =

⎛⎜⎝ 0 −ζ3 ζ2

ζ3 0 −ζ1

−ζ2 ζ1 0

⎞⎟⎠ . (2)

Here, ζ ∈ R
3 is called the coordinates of ζ̂ ∈ so(3). The derivative of R(t) to time t, i.e., Ṙ(t),

is an element of the tangent space of SO(3) at the point R(t), denoted as TR(t)SO(3). According to (1),
Ṙ(t) satisfies the following equation

Ṙ(t) = R(t) ˆ̇ζ(t) = R(t)ω̂(t), (3)

where ω(t) = ζ̇(t) ∈ so(3) is the angular velocity of the 3DJM. Given êj (j = 1, 2, 3) as the basis of
so(3), where e1 = (1, 0, 0)T , e2 = (0, 1, 0)T and e3 = (0, 0, 1)T , then Ṙ(t) can be expressed as

Ṙ(t) = R(t)ω̂(t) = R(t)
3

∑
j=1

ω j êj =
3

∑
j=1

ω jR(t)êj =
3

∑
j=1

ω jLj|R(t), (4)

where Lj|R(t) = R(t)êj (j = 1, 2, 3) are taken as the basis of TR(t)SO(3) and Lj|R(t) are always written
as Lj for short. From (4), it can be concluded that TR(t)SO(3) is isomorphic to so(3).

Since Ṙ(t) describes the velocity of the 3DJM, the instantaneous displacement of the 3DJM can be
represented by δR, yielding

δR(t) = Ṙ(t)δt. (5)

That means the instantaneous displacement of the 3DJM can be described on the tangent space of
SO(3). Similarly, since the moment load τ̂ is an element of so∗(3), the dual space of so(3), by analogy
with ω̂ ∈ so(3) and Ṙ(t) ∈ TR(t)SO(3), we define F(t) = R(t)τ̂(t) as an element of the dual space of
the tangent space TR(t)SO(3) at R(t), called cotangent space and denoted as T∗

R(t)SO(3). The element of

the cotangent space is named as the cotangent vector. Given λ̂k (k = 1, 2, 3) as the basis of so∗(3) and
Λk|R(t) = R(t)λ̂k (k = 1, 2, 3) as the basis of T∗

R(t)SO(3), then F(t) ∈ T∗
R(t)SO(3) satisfies

F(t) = R(t)τ̂(t) =
3

∑
k=1

τkR(t)λ̂k =
3

∑
k=1

τkΛk|R(t). (6)

It shows that T∗
R(t)SO(3) is isomorphic to so∗(3). Thus, F(t) can be employed to represent the

load applied on the 3DJM. That means the load applied on the 3DJM can be described on the cotangent
space of SO(3).

2.2. Enhanced Stiffness Model of the 3DJM on SO(3)

According to the definition, the stiffness of the 3DJM is evaluated by the variation of its load
against its displacement. However, the loads and displacements for different poses of the 3DJM are
in different cotangent spaces and tangent spaces of SO(3). Considering the property of the motion
of the 3DJM, an affine connection called Levi-Civita connection is introduced into SO(3) to connect
different tangent spaces on SO(3) [32]. Given a curve R(t) and a vector field V(t) on SO(3), the affine
connection specifies how a vector V(t0) in the tangent space at point R(t0) can be mapped to another
vector V t0(t1) of the tangent space at some other point R(t1). The vector V t0(t1) is called the parallel
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transport of V(t0) along the curve R(t) [33]. Then, a differentiation operation can be defined on SO(3)
as below

∇ṘV
∣∣
R(t0)

= lim
t1→t0

V t0(t1)− V(t0)

t1 − t0
, (7)

where ∇ṘV
∣∣
R(t0)

is called the covariant derivative of V(t) along the curve R(t). For two vectors, V1 and
V2, in the tangent spaces of SO(3), ∇V2 V1 is employed to represent the covariant derivative of V1 in the
direction V2. For a real-valued function f on SO(3), the covariant derivative ∇V f is usually written as
V ◦ f . According to the property of covariant derivative, the covariant derivative of the load F(t) to
the instantaneous displacement δR(t) can be written as

∇δR(t)F = ∇Ṙ(t)δtF = δt∇∑3
j=1 ω j Lj

F = δt
3

∑
j=1

ω j∇Lj F = δtKω = Kδζ, (8)

and K = (∇L1 F,∇L2 F,∇L3 F) ∈ R
3×3 is employed as the stiffness of the 3DJM. The components of

the stiffness matrix K, i.e., Kjk (j, k = 1, 2, 3), yield

Kjk = 〈∇Lk F, Lj〉. (9)

According to the property of the Levi–Civita connection [30], we have

Kjk = Lk ◦ 〈F, Lj〉 − 〈F,∇Lk Lj〉 = Lk ◦ τj − 1
2

3

∑
r=1

τrγr
kj, (10)

where the coefficients γr
kj (j, k, r = 1, 2, 3) ∈ R are zero except

γ3
12 = γ2

31 = γ1
23 = 2, γ3

21 = γ2
13 = γ1

32 = −2. (11)

Furthermore, since the 3DJM is a conservative mechanical system, its stiffness matrix K can be
proved to be symmetric at every pose, even if there is an external load applied on it [30].

2.3. Parametric Stiffness Formulation of the 3DJM

In Figure 2, ai =
−−→
OAi, bi =

−→
OBi ∈ R

3 (i = 1, 2, . . . , 6) are the position vectors of points Ai and Bi,
respectively. The vector from Ai to Bi along the ith cable, denoted as ci =

−−→
AiBi, yields

ci = bi − ai = ciui ∈ R
3, (12)

where ci = ‖ci‖ ∈ R is the length of the cable from Ai to Bi and ui = ci/ci ∈ R
3 is the unitary vector

of ci.
Let ti = tiui ∈ R

3 (i = 1, 2, . . . , 6) be the cable tension vector of the ith cable, where ti = ‖ti‖ ∈ R
3

is the value of the cable tension. According to the equilibrium equation, the moment load τ applied on
the moving platform with respect to the point O satisfies

τ +
6

∑
i=1

ai × ti = 0. (13)

Denoting T = (t1, t2, . . . , t6)
T ∈ R

6 as the vector of six cable tension values, the moment load τ

can be written as

τ = −
6

∑
i=1

ai × ti = −
6

∑
i=1

(ai × ui)ti = JTT , (14)
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where J ∈ R
6×3 is called the Jacobian matrix of the 3DJM and yields

J = −(a1 × u1, a2 × u2, · · · , a6 × u6)
T . (15)

Denoting S = JT ∈ R
3×6 and Sji (j = 1, 2, 3; i = 1, 2, . . . , 6) as the components of S,

the components of τ yield

τj =
6

∑
i=1

Sjiti. (16)

Then, the expression Lk ◦ τj in (10) can be written as

Lk ◦ τj = lim
Δt→0

τj
∣∣
R(t+Δt) − τj

∣∣
R(t)

ωkΔt
=

∂τj

∂ζk

∣∣∣
R(t)

=
6

∑
i=1

(
∂Sji

∂ζk ti + Sji
∂ti

∂ζk

)
. (17)

where τj
∣∣
R(t) (j = 1, 2, 3) are the components of τ when the 3DJM stays at the pose R(t).

Writing the six cable lengths as a vector c = (c1, c2, . . . , c6)
T ∈ R

6, then we have the following
equation according to the principle of virtual work, i.e.,

TTδc = τTδζ. (18)

Substituting (14) into (18), we have
δc = Jδζ. (19)

It shows that ∂ci
∂ζk = Jik (i = 1, 2, . . . , 6; k = 1, 2, 3), where Jik ∈ R is the component of J ∈ R

6×3.

Writing ki =
∂ti
∂ci

as the stiffness of the ith cable, the expression ∂ti
∂ζk in (17) satisfies

∂ti

∂ζk =
∂ti
∂ci

∂ci

∂ζk = ki Jik. (20)

Substituting (16), (17) and (20) into the stiffness model (10), Kjk can be written as

Kjk =
6

∑
i=1

(
∂Sji

∂ζk ti + kiSji Jik

)
− 1

2

3

∑
r=1

6

∑
i=1

γr
kjSriti. (21)

Since S = JT , the parametric formulation of the enhanced stiffness model (10) is given below

K = D + SKdiagST − ŜT . (22)

where D =
(

∂S
∂ζ1 T , ∂S

∂ζ2 T , ∂S
∂ζ3 T

)
and Kdiag = diag{k1, k2, · · · , k6}.

3. Modeling of the Cable Tension Distribution Problem Oriented the Enhanced Stiffness of
the 3DJM

For a given pose, the Jacobian matrix of the 3DJM is constant. The stiffness of the 3DJM only
depends on the cable tensions according to (22). That means the stiffness of the 3DJM can be adjusted
by regulating the cable tensions. Given a desired feasible stiffness matrix Kdes ∈ R

3×3 for the
3DJM at a given pose R with a load τ, the corresponding cable tensions should be solved from
the following equation

D + SKdiagST − ŜT = Kdes. (23)

Due to the complexity of the stiffness formulation of the 3DJM, it is difficult to solve the cable
tensions T ∈ R

6 from (23) analytically.
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As the stiffness Kdes is a 3× 3 real symmetric matrix in the frame {A}, there exists a real orthogonal
matrix Q ∈ R

3×3 to transfer the stiffness matrix from the frame {A} to another frame {E}, in which the
symmetric stiffness matrix can be represented by a diagonal matrix [34], i.e.,

QTKdesQ = EKdes = diag{Kd1, Kd2, Kd3}, (24)

where the orthogonal matrix Q ∈ SO(3) satisfies

QTQ = QQT = I3×3. (25)

and EKdes represents the desired stiffness in the frame {E}. Here, Kdi (i = 1, 2, 3) is the diagonal
component of the diagonal matrix EKdes.

Since the desired stiffness is a diagonal matrix in the frame {E}, we can discuss the SCTD problem
in the frame {E} to make it simple. On the other hand, as the actual stiffness matrix Kact may not be
exactly symmetric, a symmetric stiffness matrix Kact can be obtained as below

Kact =
1
2
(Kact + KT

act). (26)

In the frame {E}, the symmetric actual stiffness Kact is represented by EKact, which yields

EKact = QTKactQ = QT(D + SKdiagST − ŜT)Q. (27)

Denote Kai (i = 1, 2, 3) as the diagonal elements of EKact, the SCTD problem can be formulated as
an optimization model

Minimize g(T) =

√√√√ 3

∑
i=1

(Kai(T)− Kdi)2,

Subject to ST = τ,

Tmin � T � Tmax,

(28)

where Tmin ∈ R
6 represents the minimum of the tension vector T to avoid the cable be slack and

Tmax ∈ R
6 represents the maximum of the tension vector T to avoid the cable tensions exceeding the

capability of the cable driving units. Here, X � Y (X, Y ∈ R
n) represents that each element of X is no

more than the corresponding element of Y .
According to analysis of the rank of the Jacobian matrix of the 3DJM in the Appendix A, we have

rank(S) = 3. Then, the column vectors of S ∈ R
3×6 can be divided into two parts, Sp, Ss ∈ R

3×3.
Here Sp yields rank(Sp) = 3 and it is called a basis of matrix S. Correspondingly, the cable tension
vector T ∈ R

6 can be divided into two parts, Tp, Ts ∈ R
3. That means the six driving cables can be

divided into two groups: one group with three cables for position adjustment by regulating the cable
lengths, and another group with the remaining three cables for stiffness adjustment by regulating
the cable tensions. In this manner, the position and stiffness of 3DJM can be adjusted simultaneously.
According to equilibrium Equation (14), the tensions for the position adjustment cables, i.e., Tp, can be
represented by the tensions for the stiffness adjustment cables, i.e., Ts, as follows

Tp = S−1
p τ − S−1

p SsTs. (29)

Substituting Tp into the optimization model (28), the objective function g(T) is simplified to
h(Ts), i.e.,

g(T) = g(Tp, Ts) = h(Ts), (30)
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and the linear inequality constraints are written as

ΦTs � w, (31)

where

Φ =

⎛⎜⎜⎜⎝
I3×3

−I3×3

−S−1
p Ss

S−1
p Ss

⎞⎟⎟⎟⎠ , (32)

and

w =

⎛⎜⎜⎜⎝
Ts−max

−Ts−min
−S−1

p τ + Tp−max

S−1
p τ − Tp−min

⎞⎟⎟⎟⎠ . (33)

Here, Tp−min, Ts−min ∈ R
3 represent the minimum of the tension vector Tp, Ts, respectively,

and Tp−max, Ts−max ∈ R
3 represent the maximum of the tension vector Tp, Ts, respectively. Then,

the optimization model (28) is simplified to an equivalent model, where six decision variables are
reduced to three and the linear equality constraint are eliminated, i.e.,

Minimize h(Ts) =

√√√√ 3

∑
i=1

(Kai(Ts)− Kdi)2,

Subject to ΦTs − w � 0.

(34)

4. Cable Tension Solution Based on the Genetic Algorithm for the 3DJM

Since the objective function of the optimization model (34) is complicated and the stiffness of
the VSD relative to the cable tension does not need to be different at each point, the widely used
gradient-based algorithms for nonlinear optimization problems are not suitable for this optimization
model. The direct optimization methods, which do not need the gradient of the objective function,
can be employed for this optimization model, such as Complex method, Nelder–Mead algorithm [35]
and genetic algorithm. In this paper, a generic method based on the genetic algorithm is proposed to
solve the nonlinear constrained optimization model.

A genetic algorithm is inspired by biological evolutionary theory. It is an iterative procedure
which usually operates on a population of constant size [36]. In order to apply the genetic algorithm,
we revise the optimization model (34) as follows

Maximize f (Ts) =
1

h(Ts)
,

Subject to ΦTs − w � 0.
(35)

where Ts is taken as an individual (also called a chromosomes), and f (Ts) is taken as the fitness function
of the individual Ts.

The genetic algorithm is a stochastic iterative algorithm, where each iteration step is also called a
generation. Since the genetic algorithm cannot guarantee convergence [36], the termination condition
of the proposed method is commonly triggered by finding an acceptable solution for the problem or
by reaching a maximum number of generations. Here, we define a parameter η ∈ R to evaluate the
closeness of two matrices K1, K2 ∈ R

3×3,

η(K1, K2) =
ν1 · ν2

‖ν1‖‖ν2‖ × 100%, (36)
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where νi (i = 1, 2) is the vector form of Ki and ‖νi‖ is the norm of νi. The iterative procedure of the
proposed method is shown below, and it terminates when the following condition achieves

1 − η(Kact, Kdes) ≤ 0.0005. (37)

Step 1: Generate an initial population

Generate an initial population of individuals randomly or heuristically. Each individual can
be represented by a binary string.

Step 2: Evaluate all individuals

Compute Tp via (29), and evaluate the fitness function f (Ts) for the individuals of the current
population. If Tp does not satisfy Tp−min � Tp � Tp−max, set the fitness value as zero.

Step3: Check termination condition

Check if the current population satisfies the termination condition. Stop the iterative procedure
if it satisfies, and generate a new population if not.

Step 4: Selective reproduction

Select the individuals of the current population (usually with a probability proportional to
their relative fitness values) and produce offspring candidates.

Step 5: Crossover and mutation

Perform two operators, named crossover and mutation, on the above offspring candidates for
producing a new population. Execute Step 3 for the new population.

• Crossover is the primary genetic operator, which swaps the substrings of two individuals,
called parents, before and after a randomly selected crossover point to produce two new
individuals, called offsprings.

• Mutation is essentially an arbitrary modification, which flips bits randomly in a string
with a certain probability called the mutation rate.

The diagram of the proposed method is shown in Figure 3.

Start

Generate initial

population

Evaluate all

individuals

Stop?
Selective

reproduction

Crossover

Mutation

Best

individuals

End

Yes

No

Figure 3. Diagram of the proposed method for the stiffness-oriented cable tension distribution problem
of the 3DJM.
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5. Simulation Examples

In order to validate the proposed method, a simulation was carried out on a certain 3DJM.
As shown in Figure 4, the dimensions of the 3DJM are given by lA = 0.10 [m], lB = 0.13 [m],
eA = eB = 0.002 [m] and hA = hB = 0.08 [m].
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A4

B3

B1

B4B5

Spherical 

joint

Connecting to 

cable driving unit

O

τ

B2

B6

O

O

X
BY

B

Z
B

X
AY

A

Z
A

VSD

A5
A6

Moving-platform

Base

Cable

Figure 4. CAD model of the 3DJM.

The VSDs were designed to fix onto the moving platform of the 3DJM to extend the range of
stiffness variation of each cable. The CAD model of the VSD is shown in Figure 5a. According to the
diagram of the VSD, as shown in Figure 5b, the length of the cable in the VSD yields

l =
√

h2 + d2 − 2hd cos φ, (38)

and the cable tension tc applied on the VSD yields

tc =
lks(φ0 − φ)

hd sin φ
, (39)

where h ∈ R is the height of the revolute joint, d ∈ R is the length of the rigid-link, ks ∈ R is the
stiffness of the spring, φ ∈ R is the angle of the rigid-link, and φ0 ∈ R is the initial value of φ. Then the
stiffness of the VSD, denoted as kVSD ∈ R, can be described by

kVSD =
dtc

dl
=

dtc

dφ

/
dl
dφ

. (40)

Given the parameters of the designed VSD, i.e., ks = 1.20 Nm/rad, d = 0.018 m, h = 0.03 m,
and φ0 = 0.53 rad, the stiffness of the VSD can be approximated by a polynomial expression

kVSD ≈ 8.005t2
c − 239.4tc + 5415. (41)

The corresponding stiffness–tension curve is shown in Figure 5c. For this 3DJM, the lower limits
of the cable tensions are given by

Tmin = (10, 10, 10, 10, 10, 10)T [N],
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and the upper limits of the cable tensions are given by

Tmax = (400, 400, 400, 400, 400, 400)T [N].

(a) (b)

Torsion spring

Rigid-link

Revolute joint

Hole for 

fixing a cable

0 100 200 300 400

10
5

0

2

4

6

8

10

12

(c)

Figure 5. variable-stiffness device (VSD) for simulation: (a) CAD model of the VSD, (b) diagram of the
VSD, (c) stiffness–tension curve of the VSD.

The simulation examples are implemented for two different desired poses Rdes1 and Rdes2 with
different loads, where

Rdes1 =

⎛⎜⎝ 0.992 −0.060 −0.111
0.090 0.952 0.292
0.088 −0.300 0.950

⎞⎟⎠ , Rdes2 =

⎛⎜⎝ 0.950 0.088 −0.300
−0.111 0.992 −0.060
0.292 0.090 0.952

⎞⎟⎠ . (42)

For each desired pose, three desired stiffness matrices are given. Thus, the simulation examples
can be divided into six sub-cases, as listed in Table 1.

Table 1. Six sub-cases of the simulation with different desired poses, applied loads and desired
stiffness matrices.

Case Pose Rdes Load τ [Nm] Desired Stiffness Kdes [Nm/rad]

Case 1a Rdes1 τ1a =

⎛⎝11.62
8.09
4.05

⎞⎠ Kdes1a =

⎛⎝1806.79 323.63 765.79
323.63 443.92 −49.61
765.79 −49.61 634.78

⎞⎠
Case 1b Rdes1 τ1b =

⎛⎝ 9.26
11.39
4.55

⎞⎠ Kdes1b =

⎛⎝1131.24 160.46 62.27
160.46 1918.78 −134.28
62.27 −134.28 588.78

⎞⎠
Case 1c Rdes1 τ1c =

⎛⎝7.24
6.60
2.72

⎞⎠ Kdes1c =

⎛⎝ 1600.13 −353.41 320.28
−353.41 1687.70 244.90
320.28 244.90 477.74

⎞⎠
Case 2a Rdes2 τ2a =

⎛⎝2.95
8.05
2.08

⎞⎠ Kdes2a =

⎛⎝ 1302.42 −140.27 518.72
−140.27 617.78 147.18
518.72 147.18 503.89

⎞⎠
Case 2b Rdes2 τ2b =

⎛⎝−7.64
9.56
−5.90

⎞⎠ Kdes2b =

⎛⎝1670.44 180.42 499.26
180.42 1226.99 −350.38
499.26 −350.38 676.84

⎞⎠
Case 2c Rdes2 τ2c =

⎛⎝ 3.70
14.72
−2.58

⎞⎠ Kdes2c =

⎛⎝1563.55 298.57 15.13
298.57 2395.40 −280.72
15.13 −280.72 687.41

⎞⎠
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Here, we take Case 1a as an example to perform the proposed method. The other five sub-cases
are similar to Case 1a. In Case 1a, the rotation matrix Q is computed according to (24),

Q =

⎛⎜⎝ 0.159 −0.432 0.888
−0.727 0.557 0.401
0.668 0.710 0.225

⎞⎟⎠ , (43)

which transforms Kdes1a to a diagonal matrix EKdes1a = diag{−975,−2937,−2756} [Nm/rad].
According to (15), the transpose of the Jacobian matrix J1 of the 3DJM at the given pose Rdes1
is computed

S1 = JT
1 =

⎛⎜⎝ 0.05 −0.02 −0.04 −0.01 0.03 0.06
−0.04 −0.04 0 0.05 0.05 0.01
−0.01 0.02 −0.02 0.01 −0.03 0.03

⎞⎟⎠ . (44)

The matrix S1 is divided into two parts as below

Sp1 =

⎛⎜⎝ 0.05 −0.04 0.03
−0.04 0 0.05
−0.01 −0.02 −0.03

⎞⎟⎠ , Ss1 =

⎛⎜⎝ −0.02 −0.01 0.06
−0.04 0.05 0.01
0.02 0.01 0.03

⎞⎟⎠ . (45)

The proposed method is implemented to solve the optimization model (34) to find out the cable
tension distribution for the desired stiffness Kdes1a. The iteration curve of the proposed method for
Case 1a is shown in Figure 6a, which shows that the optimization process achieves the termination
condition within 7 generations and the optimal cable tension distribution for the desired stiffness
Kdes1a is

Topt1a = (20.84, 72.86, 139.73, 83.88, 123.42, 248.62)T [N].

The corresponding actual stiffness Kact1a and Kact1a are computed as below

Kact1a =

⎛⎜⎝ 1842.37 339.16 787.59
324.04 388.59 −29.52
810.48 −61.30 640.20

⎞⎟⎠ , (46)

Kact1a =

⎛⎜⎝ 1842.37 331.60 799.03
331.60 388.59 −45.41
799.03 −45.41 640.20

⎞⎟⎠ . (47)

According to (36), in Case 1a, η(Kact1a, Kdes1a) = 99.9554%. It shows that, when the cable tensions
achieve Topt1a, the actual stiffness approaches the desired stiffness Kdes1a.

The results of the simulation for all the six sub-cases are summarized in Table 2 and the
corresponding iteration curves of the proposed method are given in Figure 6. The results show
that the proposed method can achieve the desired stiffness accurately and efficiently. It is effective for
the SCTD problem of the 3DJM.
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Figure 6. Iteration curves of the proposed method for the six sub-cases: (a) Case 1a, (b) Case 1b,
(c) Case 1c, (d) Case 2a, (e) Case 2b, (f) Case 2c.
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Table 2. Results of the simulation for the six sub-cases.

Case Desired Stiffness Kdes Actual Stiffness Kact [Nm/rad] η(Kact, Kdes)

Case 1a Kdes1a Kact1a =

⎛⎝1842.37 339.16 787.59
324.04 388.59 −29.52
810.48 −61.30 640.20

⎞⎠ 99.9554%

Case 1b Kdes1b Kact1b =

⎛⎝1115.72 171.67 42.79
155.02 1900.10 −124.34
75.13 −148.55 583.72

⎞⎠ 99.9991%

Case 1c Kdes1c Kact1a =

⎛⎝1593.57 −345.80 335.65
335.65 −357.47 1610.93
264.71 353.79 466.67

⎞⎠ 99.9584%

Case 2a Kdes2a Kact2a =

⎛⎝ 1316.56 −106.95 503.13
−109.93 636.37 137.96
524.24 128.03 504.65

⎞⎠ 99.9500%

Case 2b Kdes2b Kact2b =

⎛⎝1679.74 187.54 464.93
208.97 1276.25 −366.06
489.22 −343.72 676.79

⎞⎠ 99.9697%

Case 2c Kdes2c Kact2c =

⎛⎝1627.92 283.30 33.88
295.86 2390.02 −270.50
73.42 −282.15 710.07

⎞⎠ 99.9629%

6. Conclusions

Inspired by the structure of human arms, a modular cable-driven human-like robotic arm (CHRA)
was developed for safe human–robot interaction, since it has advantage of flexibility, low moving mass
and intrinsic safety. Due to the unilateral driving properties of the cables, the CHRA is redundantly
actuated and its stiffness can be adjusted by regulating the cable tensions. The cable tension distribution
problem becomes a key element for the stiffness adjustment of the CHRA. Since the trajectory of the
3-DOF joint module (3DJM) of the CHRA is a curve on Lie group SO(3), the stiffness of the 3DJM was
evaluated by the covariant derivative of the load to the displacement on SO(3), called an enhanced
stiffness model of the 3DJM. In this paper, we focus on analyzing how the cable tension distribution
problem oriented the enhanced stiffness of the 3DJM. Since the enhanced stiffness model of the 3DJM
is too complicated for solving the cable tensions from the desired stiffness analytically, the SCTD
problem was formulated as a nonlinear optimization problem. By analyzing the rank of the Jacobian
matrix and the equilibrium equation of the 3DJM, a variable elimination technique was employed to
simplify the optimization model. A method based on the genetic algorithm was proposed to solve the
optimization model, which only utilized the objective function values. The results of a comprehensive
simulation show that the proposed method can solve the cable tension distribution from the desired
stiffness accurately and efficiently.
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Appendix A. Analysis of the Rank of the Jacobian Matrix of the 3DJM

The transpose of the Jacobian matrix J ∈ R
6×3 is denoted as S ∈ R

3×6, which is represented
as below

S = JT = −(a1 × u1, a2 × u2, · · · , a6 × u6)
T . (A1)

Assuming the column rank of S satisfies

rank(S) < 3, (A2)

the mixed product of any three column vectors of the matrix S yields

Si · (Sj × Sk) =

∣∣∣∣∣∣∣
si1 sj1 sk1
si2 sj2 sk2
si3 sj3 sk3

∣∣∣∣∣∣∣ ≡ 0, (A3)

where i, j, k = 1, 2, . . . , 6.
For the 3DJM of the CHRA, the mixed product of any three column vectors of the matrix S can be

written as
Si · (Sj × Sk)

=(ai × ui) · [(aj × uj)× (ak × uk)]

=
[ai × (bi − ai)] · {[aj × (bj − aj)]× [ak × (bk − ak)]}

cicjck

=
(ai × bi) · [(aj × bj)× (ak × bk)]

cicjck

≡0 (i, j, k = 1, 2, · · · , 6).

(A4)

In the design of the 3DJM, eA ≈ 0 and eB ≈ 0, we have a1 ≈ a2, a3 ≈ a4, a5 ≈ a6, and b1 ≈
b6, b2 ≈ b3, b4 ≈ b5. Then, the following mixed product can be represented as

(a1 × b1) · [(a2 × b2)× (a3 × b3)]

≈(a1 × b1) · [(a1 × b3)× (a3 × b3)]

=(a1 × b1) · (μb3)

≡0,

(A5)

(a4 × b4) · [(a2 × b2)× (a3 × b3)]

≈(a3 × b5) · [(a1 × b3)× (a3 × b3)]

=(a3 × b5) · (μb3)

≡0,

(A6)

(a5 × b5) · [(a2 × b2)× (a3 × b3)]

≈(a5 × b5) · [(a1 × b3)× (a3 × b3)]

=(a5 × b5) · (μb3)

≡0,

(A7)

where μ ∈ R and μ �= 0.
Equation (A5) shows that vectors b3, a1 and b1 are in the same plane, (A6) shows that vectors b3,

a3 and b5 are in the same plane, and (A7) shows that vectors b3, a5 and b5 are in the same plane.
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In summary, we have that vectors a1, a3, a5, b1, b3 and b5 are in the same plane, which is
impossible for the 3DJM. The assumption (A2) does not hold, hence

rank(S) = 3, (A8)

i.e.,
rank(J) = 3. (A9)
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Abstract: To support the inspections of different contact walls (rough and smooth), a novel type of
wall-climbing robot was proposed. Its design embodied a new gear transmission system arm and an
adherence mechanism inspired by cicadas and geckos. The actuating structure consisted of a five-bar
link and a gear transmission for the arm stretching, which was driven by the servos. The linkers
and gears formed the palm of this robot for climbing on a line. Moreover, the robot’s adherence
method for the rough surfaces used bionic spine materials inspired by the cicada. For smooth surface,
a bionic adhesion material was proposed inspired by the gecko. To assess the adherence mechanism
of the cicada and gecko, the electron microscope images of the palm of the cicada and gecko were
obtained by an electron microscope. The 3D printing technology and photolithography technology
were utilized to manufacture the robot’s structures. The adherence force experiments demonstrated
the bionic spines and bionic materials achieved good climbing on cloth, stones, and glass surfaces.
Furthermore, a new gait for the robot was designed to ensure its stability. The dynamic characteristics
of the robot’s gear transmission were obtained.

Keywords: wall-climbing robot; gear transmission; bionic spine; electron microscope images;
3D printing technology

1. Introduction

Researchers investigating wall-climbing robots looked to nature for inspiration. Around
the gecko, researchers studied the gecko’s toe and crawling approach to propose some wall-
climbing robots. On the basis of numerous studies on the gecko [1–6], the gecko’s adhesion
mechanism was proposed, and the relevant wall-climbing robots inspired by the gecko were
investigated. Metin et al. [7] assessed a four-legged wall-climbing robot with an elastomer
adhesive pad to climb a sloped surface. A novel robot [8] was presented with a shape
memory alloy actuator to drive its climbing. A microfiber with an angled mushroom tips [9]
array inspired by gecko was manufactured for a novel wall-climbing robot, Waalbot [10,11].
These studies applied the special structure array inspired by the gecko to the wall-climbing
robot. Cutkosky et al. [12–15] learned from the gecko’s pad and body structure to present a
gecko-like, wall-climbing robot. A bionic pad of this robot consisted of a microfiber array and
four-legged locomotion. The tail was inspired by the gecko’s toe and the gecko’s climbing
gait. Dai et al. [16] proposed a novel wall-climbing robot with a biomimetic gait inspired by
the gecko, which adjusted the posture of the robot’s foot to stably adhere to the wall. Mei
et al. [17,18] assessed a tank-like, wall-climbing robot with gecko-inspired material on the
caterpillar band. This robot climbed on a vertical surface, on the ceiling, or travelled from the
vertical surface to the ceiling.
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In another line of research, a series of studies were presented on wall-climbing robots
inspired by animals with claws for traversing rough surfaces. Dai et al. [19] proposed
a model of claws’ adherence on rough surfaces and investigated the relation of the di-
mensions of the claws with respect to the particles. Cutkosky et al. [20–22] presented a
six-legged, wall-climbing robot with alternating tripod gait for climbing a wall with stabil-
ity. Saunders et al. [23] proposed a RiSE robot with six legs and flexible spines inspired
by insects. The robot climbed a 90◦ tree in addition to carpeted and cork covered stucco
surfaces in the quasi-static regime. Then, the foot of this robot was improved to climb
on the wall with stability. A new type of the wall-climbing robot [24] was assessed and
demonstrated better performance. An improved wall-climbing robot [25] was proposed
with better stability and faster movement. Based on the results presented by Goldman
et al. [26] on the behaviors of the cockroach, Clark et al. [27–30] proposed a bionic, double-
legged wall-climbing robot for rough surfaces. Furthermore, quadrupedal wall-climbing
robots [31–33] were proposed with a lateral leg spring model. Liu [34] proposed a wheeled
wall-climbing robot with bionic feet inspired by Serica orientalis Motschulsky; it was
capable of climbing across the transition from horizontal to vertical surfaces. Then, a
novel, tracked, wall-climbing robot with bio-inspired spine feet was presented for rough
surface [35].

It can be seen from the literature that the wall-climbing robots studied by many
researchers only aim at smooth or rough surfaces and rarely prepare wall-climbing robots
that adapt to both smooth and rough surfaces. This paper proposes a novel type of wall-
climbing robot with a gear transmission system arm for climbing on the smooth and rough
surfaces that absorbs the adhesion characteristics of gecko and cicada. The novel actuating
structure consisted of a five-bar link, gear transmission system, and drive source servos.
The dynamic characteristics of the gear transmission of the robot were obtained by a
numerical model. In the transmission system, the driving gear was driven by the servos,
and the two driven gears were fixed with the links. In this approach, inspired by the cicada
and gecko, the palm of the robot conformed to the line when climbing. Moreover, the
bionic spine adherence materials and gecko-inspired materials were used to traverse rough
surfaces and smooth surfaces. The robots’ bodies were manufactured by using the 3D
printing technology with resin. The adherence force experiments of the bionic spines and
gecko-inspired materials were achieved on the rough and smooth surfaces. Finally, a new
gait of the robot was designed to ensure the robot’s climbing stability. The experiments of
the robot climbing on the different walls are presented at the end. Based on the study of
the bionic hooks and the materials bio-inspired by gecko, this robot, which can adapt to
rough and smooth wall surfaces, was put forward innovatively.

2. Modeling of Wall-Climbing Robot

The cicada and gecko can climb on walls because of their feet with special microstruc-
tures. These microstructures give support for adhesion force for the cicada and gecko to
adhere to a tree. This special adhesion ability was adopted in this robot for crawling on the
wall with stability.

2.1. Robot Description

Figure 1a presents a novel, wall-climbing robot whose body was inspired by a gecko,
with a gear transmission system arm. The robot included a head, a main body fixed on
the control element and power module, feet driven by a gear transmission fixed on a
five-bar link mechanism, and tail for supporting the robot climbing on a wall. The tail was
connected to the body by a torsional ring, which provided a support force to the robot
during climb. The five-bar link is presented in Figure 1b. The driving wheel is gear 1;
gear 2 and gear 3 are the driven wheels. The link 1 and link 4 were fixed on gear 2 and
gear 3, respectively. The four links (link 1, link 2, link 3, link 4) were connected by small
bearings. The driving wheel gear 1 meshed with gear 2 and gear 3 at the same time on
the supporting part to keep the palm moving on the line. Figure 1c presents the prototype
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of this robot designed by 3D printing technology with resin material. The bio-inspired
hooks were assembled to the palm. The length of a single hook was 18 mm. The length
of the body was 474 mm (including tail), and the body width was 315 mm (including the
four legs).

  

 

Figure 1. The design of a bio-inspired, wall-climbing robot: (a) the components of this robot, (b) the
mechanism structure of the foot on the robot, (c) the prototype of this robot.

2.2. Statics’ Analysis

This robot, adhering on the wall by its four palms and the tail, is shown in Figure 2a.
The palms and tail provided the force to prevent the robot from falling down and capsizing.⎧⎪⎪⎨⎪⎪⎩

4
∑

i=1
Fiy + Fty = G

4
∑

i=1
Fixli + Ftxlt = Gh

(1)

Here, G is the weight of the robot, Fiy (i = 1, 2, 3, 4) is the component of the force of the
palms on the vertical destination, and Fty is the component of the force of the tail on the
vertical destination.

Figure 2b shows the force analysis of the robot’s palm lift from B1 to B2 away from
the surface by the servo located horizontally. The servo provides the momentum to lift the
palm away from the surface, and the force analysis is shown as:

(G p + Fa)Lp cos(θp) = Mp (2)

Here, Gp represents the palm’s weight, Fa is the adherence force of the palm lift from
the surface by the bionic adherence material, Lp represents the length of the center position
of the palm to the rotation center of the servo position O, θp is the angle the palm rotates
from the position B1 to B2, and Mp is the momentum of the servo on the part.
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Figure 2. (a) Force analysis of the wall-climbing robot climbing on the wall, (b) force analysis of the robot’s palm lifted to
detach off the surface, (c) force analysis of the robot’s palm adhere to the surface, (d) the motion analysis of the robot’s palm
for climbing, (e) the dynamic mechanics’ mode of the transmission system.
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The palm of this robot adhering to the wall is shown in Figure 2c. To investigate the
adhesion force of the hooks, the stiffness of the hooks is Kh, the rotation angle is defined as
θ’, and the adhesion force of the hooks is

Fh = Khδh (3)

Here, the Kh is the stiffness matrix and δh is the deflection of the hook.

Fh =

⎛⎝ Fhx
Fhy

Mhθ′

⎞⎠, δh =

⎛⎝ Δx
Δy
Δθ′

⎞⎠ (4)

Here, the Fhx is the force of the wall on the hook in the x direction, the Fhy is the
force in direction y, and Mhθ’ is the momentum of the hook. The Δx, Δy, and Δθ’ are the
deflection of the hook on the wall in x, y, and bend directions.

The servos provided the torque to drive gear 1 (G1); in turn, gear 2 and gear 3 were
driven. Meanwhile, link 1 and link 4 were fixed on the gears. They were driven by gear 2
and gear 3 for stretching to crawl on the wall. Figure 2d represents the two positions of
the robot’s palm driven by a servo through the five-link mechanism (A1, A2). The end of
the link moved to the symmetry position (A1–A2) to keep the robot’s palm moving in a
straight line. While the robot’s palm stretched to position A2, gear 1, gear 2, and gear 3
turned θg1, θg2 and θg3, respectively. During this situation, the linear velocity of the gears
was kept the same:

V1(t) = V2(t) = V3(t) (5)

hence,
ω1(t)r1 = ω2(t)r2 = ω3(t)r3 (6)

θg1(t) = ωt (7)

θg1(t)d1 = θg2(t)d2 = θg3(t)d3 (8)

d = mz (9)

θg1(t)z1 = θg2(t)z2 = θg3(t)z3 (10)

Here, V1, V2, and V3 are the linear velocity of the gears; ω1, ω2, ω3 represent the
angular velocities of the gears; d shows the pitch diameter of the gear; m is the module of
the gear; z is the number of teeth; and z1, z2, and z3 represent the number of teeth of the
gear 1, gear 2, and gear 3, respectively. The parameters of gear 1, gear 2, and gear 3 can be
obtained by Equation (10), based on the length of the links.

2.3. Kinetic Analysis

This robot had four legs for climbing on the wall. The legs were driven by the gear
transmission. The gear transmission affected the stability of crawling system. Hence, the ki-
netic analysis of the gear transmission was so important that the relevant dynamic model
was proposed. Before the model building, the following hypothesis was proposed:

1. The internal and external mesh pairs were represented by virtual spring-damping
units, time-varying stiffness, and comprehensive transmission error.

2. The frictions of each meshing pair and supporting bearings could be neglected.
3. The backlashes of gear pairs were included.

Figure 2e presents the dynamic mechanics of the gear transmission system in a foot of
this robot. The θi (I = 1, 2, 3) is the displacement of the gears, Ii (i = 1, 2, 3) represents the
moment of inertia of the gear, and ej (t), (j = 1, 2) is the comprehensive transmission error
during the process of gear driving. The comprehensive transmission error ej (t) is periodic
and varies with the mesh frequency ωj, which can be written as

ej(t) = Ej cos(ωjt + ϕj) (11)
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where Ej is the comprehensive gear meshing error amplitude and ϕj is the phase angle of
the jth gear pair. The kj(t), (j = 1, 2) is the time-varying mesh stiffness and can be described as

kj(t) = kmj + ks cos(ωjt + ϕkj) (12)

where kmj is the average amplitude, ks is the varying amplitude of the jth time-varying mesh
stiffness of gear pair, ϕkj is the phase angle of this gear pair, cj, (j = 1, 2) is the damping
coefficient, T1 is the driving moment, and T2 and T3 are the driven moments on the gear.
The dynamic mechanics’ function of this gear system can be written as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I2
..
θ2 + c1R2(R2

.
θ2 − R1

.
θ1 − .

e1(t)) + k1(t)R2 f (R2θ2 − R1θ1 − e1(t)) = T2

I3
..
θ3 + c2R3(R3

.
θ3 − R1

.
θ1 − .

e2(t)) + k2(t)R3 f (R3θ3 − R1θ1 − e2(t)) = T3

I1
..
θ1 − c1R1(R2

.
θ2 − R1

.
θ1 − .

e1(t))− k1(t)R1 f (R2θ2 − R1θ1 − e1(t))

−c2R1(R3
.
θ3 − R1

.
θ1 − .

e2(t))− k2(t)R1 f (R3θ3 − R1θ1 − e2(t)) = −T1

(13)

Here, Ri (i = 1, 2, 3) represents the radius of the gears. This model only included the
torsional direction displacement. This gear transmission system included the gear backlash,
represented by Figure 2e. The displacement function f(Xi) that included the gear backlash
can be expressed as

f (Xj) =

⎧⎨⎩
Xj − b Xj > b

0
∣∣Xj
∣∣ ≤ b

Xj + b Xj < −b
(14)

In order to eliminate the rigid body movement, the relative displacements of the gear
pair were proposed as Xj (j = 1, 2). These can be obtained as⎧⎨⎩

X1 = R2θ2 − R1θ1 − e1(t)

X2 = R3θ3 − R1θ1 − e2(t)
(15)

Hence, the function can be written⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

..
X1 + c1R2

2/I2
.

X1 + c1R2
1/I1

.
X1 + c2R2

1/I1
.

X2 + k1(t)R2
2/I2 f (X1) + k1(t)R2

1/I1 f (X1)

+k2(t)R2
1/I1 f (X2) = −..

e1(t) + R2T2/I2 + R1T1/I1

..
X2 + c2R2

3/I3
.

X2 + c2R2
1/I1

.
X2 + c1R2

1/I1
.

X1 + k2(t)R2
3/I3 f (X2) + k2(t)R2

1/I1 f (X2)

+k1(t)R2
1/I1 f (X1) = −..

e2(t) + R1T1/I1 + R3T3/I3

(16)

The dimensionless process was used to solve this function to obtain the vibration
placement. The normal dimension bc is

bc= b/ b (17)

where the b is dimension value. The characteristic frequency ωn can be expressed as

ωn =
√

kmj/(1/m1 + 1/m2) (18)
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The dimensionless treatment of displacement, velocity, and acceleration are shown as⎧⎪⎨⎪⎩
Xi = Xibc

.
Xi =

.
Xiωnbc

..
Xi =

..
Xiω

2
nbc

(19)

The gear backlash can be expressed as

f (Xj) =

⎧⎪⎨⎪⎩
Xj − b Xj > b

0
∣∣Xj
∣∣ ≤ b

Xj + b Xj < −b
(20)

The time-varying mesh stiffness and comprehensive transmission error can be pre-
sented as ⎧⎨⎩

ej(t) = Ej cos(ω jt + ϕj)

kj(t) = kmj + ks cos(ω jt + ϕkj)
(21)

where ω j = ωj/ωn, Ej = Ej/bc. The function can be expressed as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ω2
nbc

..
X1 + ωnbcc1R2

2/I2

.
X1 + ωnbcc1R2

1/I1

.
X1 + ωnbcc2R2

1 I2

.
X2 + bck1(t)R2

2/I2 f (X1)

+bck1(t)R2
1/I1 f (X1) + bck2(t)R2

1/I1 f (X2) = −..
e1(t) + R2T2/I2 + R1T1/I1

ω2
nbc

..
X2 + ωnbcc2R2

3/I3

.
X2 + ωnbcc2R2

1/I1

.
X2 + ωnbcc1R2

1 I3

.
X1 + bck2(t)R2

3/I3 f (X2)

+bck2(t)R2
1/I1 f (X2) + bck1(t)R2

1/I1 f (X1) = − .
e2(t) + R1T1/I1 + R3T3/I3

(22)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

..
X1 = −..

e1(t) + T2/(R2ω2
nbcm2) + T1/(R1ω2

nbcm1)− (c1/(ωnm2)− c1/(ωnm1))
.

X1

−c2/(ωnm1)
.

X2 − k1(t)(1/(ω2
nm2)− 1/(ω2

nm1)) f (X1)− k2(t)/(ω2
nm1) f (X2)

..
X2 = −..

e2(t) + T1/(R1ω2
nbcm1) + T3/(R3ω2

nbcm3)− (c2/(ωnm3)− c2/(ωnm1))
.

X2

−c1/(m1ωn)
.

X1 − k2(t)(1/(ω2
nm3)− 1/(ω2

nm1)) f (X2)− k1(t)/(ω2
nm1) f (X1)

(23)

This can be written as
M

..
X + C

.
X + KX = F (24)

where

M =

(
1 0
0 1

)
, X =

(
X1
X2

)
(25)

C =

( −c1/ωn(1/m2 + 1/m1) −c2/(ωnm1)
−c1/(m1ωn) −c2/ωn(1/m3 + 1/m1)

)
(26)

K =

( −k1(t)(1/m2 + 1/m1)/ω2
n −k2(t)/(ω2

nm1)
−k1(t)/(m1ω2

n) −k2(t)(1/m3 + 1/m1)/ω2
n

)
(27)

F =

(
T2/(R2ω2

nbcm2) + T1/(R1ω2
nbcm1)−

..
e1(t)

T3/(R3ω2
nbcm3) + T1/(R1ω2

nbcm1)− ..
e2(t)

)
(28)

Equation (24) of the gear transmission system can be solved by the Runge–Kutta
method.

The parameters of the whole system are shown in Table 1.
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Table 1. The parameters of the gears.

Gear Teeth Module
Pressure
Angle (◦)

Width
(mm)

Mass
(g)

Gear 1 50 0.5 20 5 1.96
Gear 2 71 0.5 20 5 4.17
Gear 3 83 0.5 20 5 6

The relative displacements of gear 1, gear 2, and gear 3 were obtained from Equa-
tion (24) by the Runge–Kutta method. The results are shown in Figure 3. Figure 3a
represents the dimensionless relative displacements of gear 1 and gear 2; these ranged
between –0.1902~0.1905. Figure 3b represents the dimensionless relative displacements
of gear 1 and gear 3; these ranged between −0.2001~0.20. The dimensionless relative
displacements of gear 1 and gear 2 were larger than gear 1 and gear 3. The deformations
of gear 1 and gear 3 were larger than that of gear 1 and gear 2. Therefore, the vibration
displacement of gear 3 was larger than the gear 2. To investigate the stability of these three
gears, the phase images and Poincare maps are presented in Figure 4. From Figure 4, the
phase images of gear 1 with gear 2 was a single ellipse and the gear 1 meshed with gear 2
was a stability state in this situation. The cycle time was doubled in this gear transmission
state as the Poincare map had two red points. The gear 1 meshed with gear 3 had the same
cyclic motion state, but the vibration amplitude of gear 1 with gear 3 was larger than the
gear 1 with gear 2.

Figure 3. (a) The dimensionless relative displacement of the gear 1 and gear2, (b) the dimensionless
relative displacement of the gear 1 and gear 3.

In order to investigate the effect of the angle on the adherence force, the theoretical
model of this claw when climbing the rough surface is shown in Figure 5d. In this figure,
two small circles represent the two tips of the spine, which contacts the rough surface.
The radius of the two smaller circles is r. The bigger circle is the particle on the rough
surface, whose radius is R. These two small circles are tangent to the big circle. They
express the cicada’s claw adherence to the rough surface. The angle between these two
circles is γ, which represents the angle of the hooks on the end of the leg. The contract
angle between the cicada’s claw and the rough surface is αi (α1, α2).
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Figure 4. (a) The phase images of the gear 1 and gear 2. (b) The Poincare maps of the gear 1 and gear
2. (c) The phase images of the gear 1 and gear 3. (d) The Poincare maps of the gear 1 and gear 3.

2.4. Adhesion Part Analysis

Figure 5a is the cicada, which has the ability to climb trees by using its biometry claws.
Figure 5b represents the detailed image of the cicada’s claw. From this image, we can
see a special bifurcated spine on the end of the claw. The cicada can climb trees by using
these bifurcated spines. This paper investigated the use of bifurcated spines in a proposed
wall-climbing robot for climbing on rough surfaces. This paper presents a bionic spine
design that was inspired by this special hook with an angle, as shown in Figure 5c.

The contact angle α is

α = arcsin(
r + R − h

r + R
) = arcsin(1 − h

r + R
) (29)

Figure 5e expresses the equivalent force diagram of the bionic hook adhering to the
rough surface. The load distribution force angle is β (β1, β2), the height of the particle is
h, f (f1, f2) is the friction force between hook and surface, F (F1, F2) is the comprehensive
capsizing force of the hook by the wall and the weight of the hook, and N (N1, N2) is the
support force on the hook by the wall. To adhere to the protruding particles, the mechanics
must satisfy: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

n
∑

i=1
fisin(γi/2) =

n
∑

i=1
μi Nicos(γi/2)

=
n
∑

i=1
Fisin(αi+βi)

n
∑

i=1
Ni =

n
∑

i=1
Ficos(αi+βi)

(30)
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Figure 5. (a) A cicada on the branch of the tree, (b) a leg of a cicada, (c) the bionic bifurcated spines
inspired by the cicada’s claws, (d) equivalent force diagram of the bionic hook. (e) The equivalent
force diagram of the bionic hook adhering to the rough surface.

In terms of a single hook,

β < arctan(2μcos(γ/2))− α (31)

Here, μ is the friction coefficient between the hook and the surface.
Integrating with Equations (29)–(31), β is written as

β < arctan(2μcos(γ/2))− arcsin(1 − h
r + R

) (32)
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The hooks’ adherence on the rough surface must satisfy the condition that β is greater
than zero. This means that α is limited and is less than arctan(μcos(γ/2)), from Equa-
tion (31). Here, α is defined by the diameter and the height of the particle and α is the
angle of the hook to change the adhere characteristics of the hooks. These parameters are
investigated by the following figures. Figure 6a represents the relations of the pressure
angle (α) and the load distribution angle (β) with various hooks’ angles γ. In this figure,
the load distribution angle (β) decreases as the hook angles γ decrease. It means that
decreasing the hook angles γ improves the adherence property. The relation between the
size of hooks and the particles on the contact surface is provided in Figure 6b. In this figure,
the smaller the radius of the hooks’ angle, the bigger the load distribution angle (β), as the
height and the radius of the particles remain unchanged. Hence, decreasing the size of the
hook’s end can develop the adherence property.

  
Figure 6. (a) The relation of the pressure angle (α) and the load distribution angle (β) with various
hook angles (γ), (b) the relation of the load distribution load angle and the particles’ sizes on the
contact surface with different sizes of hooks.

2.5. Adhesion Part Analysis

As shown in Figure 7, the tangential adhesive force of the various hook angles of the
bionic claws were examined on the adhesive test platform. A rough surface was put on the
platform for testing.

 

 

Figure 7. The adhesion force of the bionic palm. (a) A measuring platform to measure the adhere
force. (b) The bionic palm with various bionic spines. (c) The normal adhesion force of this bionic
palm. (d) The shear adhesion force of this bionic palm.

Figure 7a represents the testing set for adhesive materials. The testing device and the
telescopic guideway are on the right; the testing materials are on the left. The adherence
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palm that was bio-inspired by the cicada (the hook angle is 60◦) was put on the brick that
was fixed on the platform. The testing device was a force test set that could record the
data during the testing. The testing device was fixed on the telescopic guideway with a
motor pulling the bionic palm and recording the force data. The preload of the robot’s
palm was 0.12 N on the wall during climbing. Hence, the preload on the adherence palm
was also 0.12 N during the measuring. Figure 7c,d shows the normal adhesion force and
the shear adhesion force of the bionic palm (Figure 7b), respectively. The maximum of
the normal adhesion force reached 48.7 N, and the maximum of the shear adhesion force
reached 31.5 N.

To adhere to the smooth surface, we borrowed the adhesion characteristics of a gecko’s
toes with numerous bristles’ arrays. Figure 8a is a gecko from an animal breeding base.
Figure 8b is the gecko’s toe and the Figure 8c is the scanning electron microscope image of
the gecko’s toe. From Figure 8c, there are numerous bristles’ arrays on the toe to help the
gecko adhere to the wall for climbing.

 

Figure 8. (a) The photo of the gecko, (b) scanning electron micrograph of a gecko’s toe, (c) the
extended scanning electron micrograph of a gecko’s toe. (d) The PDMS was taken from the silicon
plate to obtain an adhesion sheet. (e) The gecko-inspired setae array, (f) the extended image of the
gecko-inspired setae array.

Furthermore, the photolithography technology was used to make the bionic bristles’
array (Figure 8d). This bionic bristles’ array is made of PDMS (Polydimethylsiloxane),
as shown in Figure 8e,f. The diameter of the bristle was 7 μm and the height was 10 μm.
After the adhesive sheet was manufactured, a 40-mm × 50-mm rectangle sheet was cut for
measuring. The result is presented in Figure 9.
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Figure 9. The test set to measure the adherence force. (a) The test set for measuring the adherence force of the bio-inspired
materials. (b) The test set to measure the normal force of the adhesive materials. (c) The shearing force of the adhesive
materials without preload.

The adherence materials (40 mm × 50 mm) that were put on the glass fixed on the
platform, as shown in Figure 9a–c, showed normal adherence force and shear adherence
force, respectively. The maximum of the normal adherence materials reached 44.5 N,
and the maximum of the shear adherence force reached 30.7 N. This rectangle sheet was
manufactured for the bionic robot to adhere to the smooth surface.

3. Locomotion of the Robot

The proposed robot climbed on the wall with stability by an efficient locomotion gait,
as shown in Figure 10. This climbing strategy was divided into six parts by the servos
to realize the robot’s legs lifting and stretching. In each period, the foot (I) and the foot
(IV) moved in sync, and the foot (II) and foot (III) moved in sync. The foot with blue color
means that the foot was in the attaching status, while the white color indicates it was in
the detaching status. However, each foot was in two positions when the robot climbed the
wall: One was at the stretching position and the other was at the contraction position. The
stretching position was the point of the robot’s foot after the stretching was completed and
the contraction position was the point of the robot’s foot after contracting was completed.
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Figure 10. (a) The first step in a single cycle, (b) the second step in a single cycle, (c) the third step in a single cycle, (d) the
fourth step in a single cycle, (e) the fifth step in a single cycle, and (f) the sixth step in a single cycle.

In the first step (Figure 10a), the four feet of the robot all attached to the surface.
The foot (I) and the foot (IV) were at the contraction position and the foot (II) and the foot
(III) were at the stretching position.

In the second step (Figure 10b), the foot (II) and the foot (III) remained attached at
the above position. Then, the foot (I) and the foot (IV) lifted away from the surface by the
servos.

In the third step (Figure 10c), the foot (II) and the foot (III) were attached at the above
position and the servo drove the gear transmission system to elevate the body. Meanwhile,
the servo drove the gear transmission system to stretch the foot (I) and the foot (IV).

In the fourth step (Figure 10d), the foot (II) and the foot (III) were attached at the above
position. The servo drove the foot (I) and the foot (IV) down to attach to the surface. The
four feet were all attached on the surface in this step.

In the fifth step (Figure 10e), the servo drove the gear transmission to the control foot
(I) and the foot (IV) to the contraction position for elevating the body. At the same time, the
servo uplifted the foot (II) and the foot (III) and detached from the surface to the stretching
position.

In the last step (Figure 10f), the foot (I) and the foot (IV) were kept attached at the
above contraction position. The servo drove the foot (II) and the foot (III) down and
attached them to the surface.

4. Experiment

The dimensions of the gear transmission robot prototype are shown in Table 2. The
components of this bionic, wall-climbing robot were made from resin by a 3D printing
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method. The manufactured parts were assembled with the adhesion hooks (Figure 7b) and
the adhesion materials (Figure 8e) to complete the climbing experiment as follow.

Table 2. The dimensions of the robot prototype.

Design Parameters Values

Length of robot (with tail) 474 mm
Width of body (include the legs) 330 mm

Mass of robot 360 g
Size of pad 40 mm × 50 mm

One-step duration 0.15 s

The locomotion of this robot climbing the vertical cloth, stones, and glass walls in a
cycle is shown in Figures 11–13, respectively. This robot climbed from the dotted line to
the real line. The laser position device recorded the displacement of the robot in a cycle,
as shown in Figure 14. The robot climbing 90.10 mm on the horizontal cloth surface and
79.7mm on the vertical cloth surface is presented in Figure 14b (i) and (ii). The locomotion
time of each step was 0.15 s. Then, the six steps took 0.9 s in a cycle. The theoretical speed
of the robot was 11.34 cm/s, and the experimental were 10.01 cm/s and 8.86 cm/s on
the horizontal and vertical wall, respectively. The theoretical speed of the robot when
climbing walls was higher than the experimental results. The difference between theory
and experimental was due to the robot assembling error. The displacements of the robot in
a cycle on the stones and glass are shown in Figure 14b (iii) and (iv), respectively. The robot
climbed 82.29 mm on the vertical stone surface and 84.02 mm on the vertical glass surface.
The climbing speeds of the robot on the stone wall and glass wall were 9.14 cm/s and 9.34
cm/s, as shown in Table 3, respectively. When the wall-climbing robot climbed the cloth
surface, the cloth surface was slightly damaged, and when it climbed the stone surface, the
hook stabbing was slightly damaged. The different climbing speeds of the robot may have
been due to the surface materials. The robot can adapt to different surfaces by changing
the adhesion materials. Research on multiple series of materials can broaden the scope of
application of robots.
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Figure 11. Experiment of the locomotion of the bionic robot climbing on the cloth surface in cycle.

 

Figure 12. Experiment of the locomotion of the bionic robot climbing on the stone surface in cycle.

 

Figure 13. Experiment of the locomotion of the bionic robot climbing on the glass surface in cycle.

Figure 14. (a) Experiment of the locomotion speed of the bionic robot by the laser position device,
(b) the displacement profile of the robot.
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Table 3. The speed of the robot prototype.

Climbing Surfaces Velocity (Vertical)

Cloth 8.86 cm/s
Stones 9.14 cm/s
Glass 9.34 cm/s

Table 4 lists the speed parameters of various wall-climbing robot. Compared with
these climbing robots (Waalbot II, Stickbot, Spinybot II, as shown in Table 4), it is rarely
adapted to multi-surfaces. Waalbot II and Stickbot were designed for smooth surfaces,
while Spinybot II was designed for rough surfaces. Few robots are designed to climb
multiple walls. This paper’s robot climbed on the smooth and rough surfaces. The speed
of this robot was 8.86 cm/s, 9.14 cm/s, and 9.34 cm/s on the cloth, stones, and glass.
Compared to these climbing robots in Table 4, this paper’s robot expands the scope of
application and performs well in terms of climbing speed.

Table 4. The comparison of the robots.

Wall-Climbing
Robot

Climbing Surfaces Velocity (Vertical)
Climbing on

Multi-Surfaces

Waalbot II [10] Glass 5 cm/s No
Stickbot [11] Glass 4 cm/s No

Spinybot II [19] Stones 4 cm/s No

5. Conclusions

In this paper, a wall-climbing robot that can adhere to rough and smooth surfaces
inspired by cicadas and geckos was proposed. A new type of climbing structure was
designed with a gear-link transmission to improve the stability of the robot when climbing
a wall. This robot had a special angle spine adhesion palm for the rough surface that was
inspired by the cicada. Meanwhile, the robot palm used adhesion materials, inspired by
the gecko, for smooth surfaces. This palm design allowed the robot to effectively adhere to
a wall. The robot was experimentally evaluated on vertical rough and smooth surfaces. It
reached a speed of 8.86 cm/s on the cloth surface, 9.14 cm/s on the stone surface, and 9.34
cm/s on the glass surface. Compared to other robots, this robot had a good performance.
This type of robot provided an idea for the research of wall-climbing robots that deal with
a variety of wall surfaces. This robot has practical applications, including inspecting rough
and smooth surfaces.
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Abstract: This paper presents a control strategy that secures both precision and manipulation
sensitivity of remote center motion with direct teaching for a surgical assistant robot. Remote center
motion is an essential function of conventional laparoscopic surgery, and the most intuitive way a
surgeon manipulates a robot is through direct teaching. The surgical assistant robot must maintain the
position of the insertion port in three-dimensional space during the four-degree-of-freedom motions
such as pan, tilt, spin, and forward/backward. In addition, the robot should move smoothly when
controlling it with the hands during the surgery. In this study, a six-degree-of-freedom collaborative
robot performs the cone-shaped trajectory with pan and tilt motion of an end-effector keeping the
position of the remote center. Instead of the bulky mechanically constrained remote center motion
mechanism, a conventional collaborative robot is used to mimic the wrist movement of a scrub nurse.
A force/torque sensor that is attached between the robot and end-effector estimates the surgeon’s
intention. A direct teaching control strategy based on position control is applied to guarantee precise
remote center position maintenance performance. A motion generation algorithm is designed to
generate motion by utilizing a force/torque sensor value. The parameters of the motion generation
algorithm are optimized so that the robot can be operated with uniform sensitivity in all directions.
The precision of remote center motion and the torque required for direct teaching are analyzed
through pan and tilt motion experiments.

Keywords: surgical assistant robot; remote center motion; direct teaching; impedance control

1. Introduction

Robotic surgery is the latest trend in minimally invasive surgery. The Da Vinci
System (Intuitive Surgical Inc., Sunnyvale, CA, USA) is well known as the world’s most
successful surgical robot. As the Da Vinci System is a remote-control console in which the
operator controls the robot, the operator has no choice but to separate it from the operating
table. However, many surgeons want to be able to freely intervene and flexibly cope with
unexpected situations during robotic surgery. Since surgical robots are super expensive,
only a small number of tertiary hospitals have them, and they are used for serious surgery
considering the overall procedures such as installation and recovery of robots during
surgery. Therefore, considering the entire medical field including the primary hospital, a
robot that can be used for laparoscopic surgery, which requires two hours of operation, is
needed. In addition, medical personnel are complaining of fatigue from surgery due to
a shortage of medical assistants, and demands for surgical assistance robots as shown in
Figure 1a are increasing.
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Figure 1. Introduction of the surgical assistant robot: (a) conceptual figure; (b) animal experiment.

In this study, we developed an entry-level surgical assistant robot with an end-effector
attached to a six-joint cooperative robot [1]. The robot works with the surgeon on the
operating table by holding a laparoscopic camera and pulling the internal tissue with
forceps. To evaluate the validity and usability of the design of the prototype, animal
experiments were conducted using pigs as shown in Figure 1b. The most basic function of
laparoscopic surgery assistance robots is remote center motion (RCM), and direct teaching is
provided on how the operator can intuitively manipulate them without additional training.
The stability of RCM and the sensitivity to direct teaching are important indicators for
performance evaluation from the point of view of surgeons.

The movement of an imaginary point outside the organization is called remote center
motion. The RCM is an essential function for maintaining the position of the insertion
port while the surgical robot inserts the surgical tool into the human body with a trocar
and operates it. Medical robots have a variety of mechanisms for RCM [2]. The method
of mechanically limiting the remote center and always maintaining the remote center in
any movement of the robot is widely used for high safety. Many surgical robots, including
Da Vinci, maintain a remote center by decoupled motion in a z-bar-shaped parallelogram
link structure [3,4]. Some robots maintain the remote center by using circular guides [5,6].
Microsurgical robots such as eye surgery have parallel mechanisms with closed linkage [7].
However, the mechanically constrained system is not suitable for a surgical assistant robot
that works in the same space as the operator because it consists of parallel mechanisms and
support mechanisms and has a large possibility of colliding with the surgeon when placed
on the operating table. To minimize the size of the robot, there is also a non-mechanical
method of maintaining a virtual remote center through the control of articulated robots [8].

With the recent development of cooperative robots, various direct teaching methods
are being studied. The most widely used manual traction method for low-cost cooperative
robots is to control current without sensors [9,10]. However, since it operates only when
the applied torque is large enough considering the reduction ratio and friction of the
reduction gear, it does not meet the requirements of the surgical site, and because it is not
position-based control, remote center maintenance performance is unreliable. There is a
system that allows sensitive and precise operation by attaching a torque sensor to each
rotating shaft of the robot, but it is mainly used for expensive cooperative robots [11,12].
Another method is to attach a force/torque sensor to the tip of a cooperative robot and
teach it directly based on the sensor [13,14]. The robot has the disadvantage of being able
to teach softly by taking the tip of the robot, but not by using other links in the middle.

In this study, a six-degree-of-freedom force/torque sensor is attached to the tip of the
cooperative robot to connect the end-effector. A method of maintaining a non-mechanical
remote center through control, measuring the force and torque applied by the user by
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grasping the end-effector, and directly using it for instruction is used. The value generated
by the force/torque sensor is converted into a control command and input into position
control, so the remote center can be kept solid, but care must be taken in the design of
the motion generation algorithm to create a sensitive feeling. Through an experiment in
which the user directly teaches by grasping the end-effector of the robot, it evaluates the
ability to follow instructions well and the performance to which it maintains the remote
center position.

2. Non-mechanical Remote Center Motion

2.1. System Configuration for Remote Center Motion

In general laparoscopic surgery, the surgical instrument requires four-degrees-of-
freedom motion: Pan (Roll), Tilt (Pitch), Spin (Yaw) rotational and linear movements
(Forward/Backward), as shown in Figure 2a. In this study, a two-degree-of-freedom end-
effector is mounted on a six-degree-of-freedom cooperative robot, and a virtual remote
center is defined by a control algorithm to achieve RCM. A six-degree-of-freedom coop-
erative robot embodies Pan and Tilt rotational movements in the four-degree-of-freedom
RCM while maintaining the remote center of three-dimensional space to form a conical
trajectory. Surgery assistance is performed in such a small space that the scrub nurse has to
hold an endoscopic camera between the sides of a surgeon. This robot, which maintains
a non-mechanical remote center, mimics the movement of a human wrist, as shown in
Figure 2a. In this case, a small device mechanism can have the effect of human grasping
surgical tools in a narrow space and minimize collisions when collaborating with surgeons.
However, the robustness of the controller is very important for safe surgery. As the two-
degree-of-freedom motion of an end-effector can be controlled independently, this paper
focuses research on the pan, tilt RCM control of the cooperative robot.

Figure 2. Kinematic model of the surgical assistant robot: (a) remote center motion; (b) configuration of joints and links.

2.2. Kinematic Modeling

The kinematic model of a robot is required as shown in Figure 2b. A robot base has a
fixed frame {0} and a moving frame {e} is attached to a remote center point, and the rotation
angle of each joint is qi and the link parameter is ri. The kinematic model of a robot is
derived using a homogeneous transformation matrix between moving frames attached to
each joint as shown in Equation (1). The forward kinematics of a robot manipulator can
be obtained by a sequential product of transformation matrices as shown in Equation (2).
Coordinates of the remote center point in the three-dimensional space, (xRC, yRC, zRC), can
be extracted from the fourth column of the matrix T0e as shown in Equation (3), and the
pan and tilt angles of the end-effector can be calculated from the rotation matrix elements
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of the matrix T0e as shown in Equation (4). The link parameters of the robot manipulator
used in this study are shown in Table 1.

T01 =

⎡⎢⎢⎣
cos q1 − sin q1 0 0
sin q1 cos q1 0 0

0 0 1 r1
0 0 0 1

⎤⎥⎥⎦, T12 =

⎡⎢⎢⎣
cos q2 0 sin q2 0

0 1 0 −r2
− sin q2 0 cos q2 0

0 0 0 1

⎤⎥⎥⎦,

T23 =

⎡⎢⎢⎣
cos q3 0 sin q3 0

0 1 0 0
− sin q3 0 cos q3 r3

0 0 0 1

⎤⎥⎥⎦, T34 =

⎡⎢⎢⎣
cos q4 0 sin q4 0

0 1 0 r4
− sin q4 0 cos q4 r5

0 0 0 1

⎤⎥⎥⎦,

T45 =

⎡⎢⎢⎣
1 0 0 0
0 cos q5 − sin q5 −r6
0 sin q5 cos q5 0
0 0 0 1

⎤⎥⎥⎦, T56 =

⎡⎢⎢⎣
cos q6 − sin q6 0 −r6
sin q6 cos q6 0 0

0 0 1 0
0 0 0 1

⎤⎥⎥⎦,

T6e =

⎡⎢⎢⎣
−1 0 0 −r8
0 1 0 0
0 0 −1 r7 + r9
0 0 0 1

⎤⎥⎥⎦.

(1)

T0e = T01T12T23T34T45T56T6e =

⎡⎢⎢⎣
R11 R12 R13 p1
R21 R22 R23 p2
R31 R32 R33 p3
0 0 0 1

⎤⎥⎥⎦. (2)

xRC = p1, yRC = p2, zRC = p3. (3)

Pan = arctan
(

R32
R33

)
, Tilt = arctan

(
−R31√
R2

32+R2
33

)
. (4)

Table 1. Link parameters of the robot manipulator.

r1 r2 r3

88.5 mm 151.3 mm 403.0 mm

r4 r5 r6

146.5 mm 359.0 mm 99.5 mm

r7 r8 r9

83.5 mm 193.4 mm 126.0 mm

The Jacobian matrix of the differential kinematics is required to find an inverse kine-
matic solution. The Jacobian matrix can be derived through chain rules as shown in
Equation (5), where zi and oi are vectors that describe the rotation axis and the origin of the
ith moving frame, respectively [15]. Finally, an inverse kinematic solution for the position
and orientation of the remote center can be obtained through the pseudoinverse matrix of
the Jacobian matrix as shown in Equation (6).

J =

[
z1 × (oe − o1) z2 × (oe − o2) z3 × (oe − o3) z4 × (oe − o4) z5 × (oe − o5) z6 × (oe − o6)

z1 z2 z3 z4 z5 z6

]
(5)

.
q = J† .

x (6)

3. Control Strategy for Direct Teaching of Remote Center Motion

A robot manipulator is controlled based on position control to maintain a solid remote
center even while the posture of the end-effector is operated with direct teaching. A
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force/torque sensor mounted between the tip of the cooperative robot and the end-effector
is used as an input device for direct teaching, and pan and tilt motions are realized based
on the remote center position according to the user’s intention. A button is present on
the end-effector of the surgical assistant robot, and force and moment are applied to the
end-effector while the button is pressed so that the robot is driven manually. The direct
teaching control of RCM is designed based on position control as shown in Figure 3. In a
general position control algorithm for articulated robots, only the control input part for
direct teaching is modified. The predefined remote center position and the end-effector’s
posture are entered into the 6-degree-of-freedom robot as a control input. The position
control to solve the inverse kinematics has feedback for the actual position and orientation
through the forward kinematics in the closed-loop inverse kinematics. The position control
is designed by differential kinematics with PID control and back-calculation [16], and
each control gain is adjusted by optimization [17]. The orientation of the end-effector
is input by calculating a value generated in the force/torque sensor by direct teaching
from a command generation algorithm. Through a motion generation algorithm based on
impedance control, the end-effector’s posture is calculated from the values generated by
the force/torque sensor due to direct teaching.

Figure 3. Block diagram of RCM control with motion generation algorithm.

3.1. Motion Generation Algorithm

When designing end-effector hand-guiding control algorithms for cooperative robots
using force/torque sensors, the control model is considered a damper-mass mechanical
system [18]. The torque due to the gravity force is compensated, and the robot is controlled
in the velocity domain [19]. It is also important to define a proper dead zone and threshold
for the values measured by the force/torque sensor [20]. Finally, the relation between the
actuating variables of the input device and the robot velocity command value is designed
by a motion generation algorithm [21].

The position vector from the sensor to the center of mass of the end-effector and the
orientation difference between the robot base coordinate system and the sensor’s coordinate
are shown in Figure 4. The transformation matrix from the 6th frame to the sensor frame
allows us to obtain the transformation matrix from the base to the sensor as shown in
Equations (7) and (8). Because the coordinate varies depending on the robot’s posture, the
measured values from the 6 degrees-of-freedom force/torque sensor are converted using
an adjoint matrix as shown in Equation (9) [22]. f and τ are force and torque vectors, and
the subscript 0 and s means the robot base frame {0} and the sensor frame {s}, respectively.

R0s is the rotation matrix of the sensor frame in the base coordinate and
^
p0s is the skew-

symmetric matrix which is generated by the position vector of the sensor frame in the base
coordinate.

T6s =

⎡⎢⎢⎣
−1 0 0 0
0 −1 0 0
0 0 1 r7
0 0 0 1

⎤⎥⎥⎦. (7)
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T0s = T01T12T23T34T45T56T6s =

[
R0s p0s
0 1

]
. (8)

[
f0
τ0

]
=

[
R0s 0

^
p0sR0s R0s

][
fs
τs

]
. (9)

Figure 4. End-effector and sensor with moving frame and position vector of the center of mass.

Gravity-induced torque is measured on the sensor as the position of the center of
gravity changes depending on the posture. It can be obtained in the robot base coordinate
as shown in Equation (10). The position vector, xcm, from the sensor to the center of mass of
the end-effector is [106 mm, 0 mm, −12 mm]T. The mass, m, is 1.01 kg, and the gravitational
acceleration, g, is 9.8 m/s2. Finally, the input torque is derived as shown in Equation (11)
as a result of compensating the torque due to gravity.

xg = R0sxcm,
τg = xg ×

[
0 0 −mg

]T .
(10)

τin = τ0 − τg. (11)

The command generation function sets the dead band [−a, a] of the appropriate
area so that the robot is not too sensitive to small changes in input torque and generates
command values by multiplying the input torque by the proportional constant, k1 and k2,
as shown in Figure 5. In this study, proportional constants are designed asymmetrically
for sophisticated tuning of direct teaching sensitivity. The amplitude limitation of the
conversion value [−b, b] is also defined so that the command is not suddenly changed by
a large input torque. The command value is added to the current orientation of the end-
effector calculated by the forward kinematics, and the motion change by direct teaching is
applied in real-time. Adding the command value for each control period of 1 ms means
that the command value is the velocity of the end-effector. Based on the damper-mass
system model, the input of the command generation function is input torque, and the
output is motion velocity. The sensitivity of operation can be adjusted by changing the
dead zone and the proportional constant. When determining the proportional constant,
the target torque and the target velocity, and the limitations of the driving speed of the
system should be considered in combination.

110



Appl. Sci. 2021, 11, 4279

Figure 5. Relationship between input torque and robot velocity command.

3.2. Optimized Isotropic Sensitivity of Direct Teaching

The initial values of the command generation function are roughly determined among
the characteristics of the system, and those are adjusted by an optimization method through
a pre-test, as it is difficult to quantify the operating sensitivity of direct teaching. In general,
modeling of friction terms is required when designing impedance control algorithms.
However, the friction model modeled for each joint often differs from the friction model
in the assembled manipulator. Although an observer is sometimes designed to estimate
friction models, it increases the computation of the controller. In this work, we use a more
practical approach that is simpler by tuning the command function through a pre-test.
Parameter initial values of the command generation function are defined by considering
the mechanical and electrical characteristics of the fabricated prototype and the desired
operating sensitivity. Assuming that the dead zone range, a, is 0.2 N·m and the maximum
speed, b, is 1 × 10−4 rad/ms, the slope k1 and k2 are determined as shown in Equation (12)
so that the maximum speed can be reached with 1.5 N·m torque.

kdesired =
1 × 10−4

1.5 − 0.2
= 7.7 × 10−5. (12)

After that, the velocity of pan/tilt motion and the generated reaction torque for
arbitrary direct teaching are measured through a pre-test. The actual torque required for
motion velocity is shown by contours from 18,466 data as shown in Figure 6a. The actual
sensitivity of a robot differs from its intended sensitivity in amplitude and isotropy. An
objective function is defined by the error norm between the actual slope and the required
slope as shown in Equation (13), and the slopes of the command generation function are
tuned by an optimization algorithm to minimize the objective function.

τopt =

{
τmea/α, τmea > 0
τmea/β, τmea < 0

,

obj
(
αpan, βpan, αtilt, βtilt

)
= norm

( √
ω2

pan+ω2
tilt√

τ2
opt,pan+τ2

opt,tilt

− kdesired

)
/n ,

(13)

where τmea and τopt are measured torque and optimized torque respectively, and α, β are
tuning parameters to be multiplied by each slope ki. ω is motion velocity, and n is the
number of data. As a result, the error is reduced and the values of the slope are tuned as
shown in Equation (14) and Table 2, resulting in the result shown in Figure 6b. Figure 6
shows the results of a verification test, and the error norm is decreased to 1.32 × 10−4 from
the pre-test result.

k1 = α · kinitial , k2 = β · kinitial . (14)
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Table 2. Parameters of the command generation function.

Pre-Test Optimized Results

Parameters

a 0.2

b 1 × 10−4

k1
Pan Tilt Pan Tilt

7.7 × 10−5 7.7 × 10−5 11.6 × 10−5 10.5 × 10−5

k2
Pan Tilt Pan Tilt

7.7 × 10−5 7.7 × 10−5 9.9 × 10−5 10.5 × 10−5

Error norm 2.01 × 10−4 1.28 × 10−4

Figure 6. Contour of required torque for motion velocity: (a) pre-test; (b) optimized result.

4. Experiments

The end-effector to hold an endoscope camera is attached to the cooperative robot, and
the direct teaching performance of RCM is tested as shown in Figure 7. This cooperative
robot consists of driver-integrated motors (SMT-DA-series, LS Mecapion Co., Ltd., Daegu,
Korea), joint modules with the Harmonic drive (MR-series, SBB Tech Co., Ltd., Gyeonggi,
Korea), and a six-degree-of-freedom force/torque sensor (RFT80-6A01, ROBOTOUS INC.,
Gyeonggi, Korea). When the force and torque are applied to the end-effector while the
teaching button is pressed, the manual traction is performed directly according to the
control method shown earlier. Pan motion, Tilt motion, and mixed motion are performed
manually, and the sensitivity of manipulation is investigated. The precision of the RCM is
evaluated using the optical tracking system (SAKD1, DigiTrack Co., Ltd., Daegu, Korea).
Orientation error is estimated through the forward kinematics based on the encoder values
of the robot joints.

4.1. Pan Motion

When holding the end-effector and teaching Pan motion, torque is generated on the
force/torque sensor as shown in Figure 8a, generating in the orientation command such as
a dotted line of Figure 8b that is applied to the robot and followed along like a solid line. In
the case of Pan motion, it can be operated with a torque of 1.10 N·m or less. During direct
teaching, the remote center position error remained within 2.26 mm, with an average error
of 1.52 ± 0.29 mm, as shown in Figure 8c. The orientation error according to the generated
command occurs within 0.27◦ as shown in Figure 8d.
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4.2. Tilt Motion

In the case of Tilt motion, the robot can be manipulated with torque within 0.68 N·m
as shown in Figure 9a, thereby moving in the trajectory shown in Figure 9b. As shown in
Figure 9c, the error of the remote center position within a maximum of 3.89 mm and an
average of 1.81 ± 1.14 mm. The tilt motion follows the command within 0.18◦ error, as
shown in Figure 9d. Due to the kinematic characteristics of articulated robots, the remote
center error of Tilt motion is greater than that of Pan motion. Position errors are amplified
according to joint angle errors in proportion to the distance between the remote center
position and the drive joint axis. Pan motion produces major movements by joints 1, 5, and
6, and the distance between the remote center and the joint is relatively short, especially
due to the dominant movement of joint 5. Tilt motion controls the major movement by
joints 2, 3, and 4. The remote center position error increases compared to Pan motion
because the end position error of the drive joint increases by the link length of the robot.

4.3. Pan-Tilt Mixed Motion

Holding the end effector, Pan and Tilt motion are mixed to create a cone-shaped trajectory
based on the remote center. The motion of the trajectory as shown in Figure 10b is controlled
within a maximum torque of 1.20 N·m as shown in Figure 10a. As shown in Figure 10c,
the remote center position error of up to 4.08 mm and an average of 1.80 ± 1.03 mm is
maintained for approximately 3 min of continuous operation. Orientation errors for mixed
motion are within 0.70◦ maximum. The torque in the x-axis direction and the torque in the
y-axis direction are evenly repeated with similar magnitudes for the cone-shaped rotational
motion, providing a guarantee of isotropic operating sensitivity.

Figure 7. Experiments with a prototype of a surgical assistant robot.

Figure 8. Experimental results in pan motion: (a) measured torque; (b) trajectory of desired and actual orientation;
(c) position error of remote center; (d) orientation error of motion.
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Figure 9. Experimental results in Tilt motion: (a) measured torque; (b) trajectory of desired and actual orientation;
(c) position error of remote center; (d) orientation error of motion.

Figure 10. Experimental results in cone-shaped motion: (a) measured torque; (b) trajectory of desired and actual orientation;
(c) position error of remote center; (d) orientation error of motion.

Several surgeons have surveyed the performance of this surgical assistant robot
through dry testing and animal experiments and suggested that the accuracy of RCM is
sufficient to be less than 5 mm for 12 mm-diameter trocars, but the operating sensitivity of
direct training should be slightly improved.

5. Conclusions

This study presents a control strategy for remote center motion and direct teaching
that allows a surgical assistant robot to mimic the movements of the scrub nurse’s wrists.
Using the proposed control method, the surgical assistant robot can be manually operated
as if the surgeon holds the hand of a nurse holding the endoscope and guided it during
surgery. The mechanically constrained RCM mechanism is bulky to collaborate with the
surgeon on the operating table. Therefore, the conventional collaborative robot is used as
the platform of the surgical assistant robot, and the precision of the RCM and the sensitivity
of direct teaching are obtained simultaneously by designing the control algorithm. The
position control achieves sensitive direct teaching performance by generating a posture
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command with the measured value from the force/torque sensor while maintaining the
robust remote center position. The parameters of the command generation function are
tuned through pre-test and optimization for isotropic operation sensitivity. By applying a
torque within 1.20 N·m to the robot, we can hand-guide the Pan and Tilt movements of the
surgical assistant robot with a remote center position error within a maximum of 4.08 mm
and an average of 1.80 ± 1.03 mm. To achieve a smoother and more sensitive operation
sensitivity, a more high-level command generation function will be designed and advanced
techniques such as reinforcement learning will be applied to optimize parameters.
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Abstract: This paper presents an empirical modeling of a 2-Degree-of-Freedom (DoF) azimuth
thruster using the signal compression method. The thruster has a gimbal mechanism with two
servo motors and generates thrust in arbitrary directions. This mechanism can reduce the number
of thrusters in an underwater robot and contribute to compact design. When an underwater robot
is controlled with azimuth thrusters, the influence from the rotational motion of the thruster has to
be considered, and a dynamic model of the azimuth thruster is needed. It is difficult to derive an
analytical model because the system model depends on complicated fluid dynamics. In this study,
empirical models of force and moment for rotational motion were derived for practical use through
frequency analysis. A signal compression method can effectively extract the system model in the
frequency domain from just the mechanically constrained frequency response. Experiments were
carried out using a force/torque sensor that was connected to a cantilever in a water tank. The system
model was analyzed with Bode plots, and the model coefficients were derived through curve fitting.
The derived model was verified by a validation experiment.

Keywords: azimuth thruster; thruster modeling; signal compression method; frequency response
analysis; empirical modeling

1. Introduction

A typical mechanism for the propulsion of underwater robots is a thruster with a
propeller. The dynamic model of a tilting thruster is essential for designing a controller
for underwater robots. Due to the complex effects of nonlinear fluid dynamics, studies
have derived the dynamic model using experiments. Yerger suggested that the thrust
force is proportional to the signed square of the propeller’s rotational speed [1]. Healy pro-
posed a nonlinear model considering the fluid dynamics of the motor model and propeller
blade [2]. Bachmayer presented a combination model consisting of an axial flow model and
a rotational flow model. [3]. Blanke developed a three-state model based on dimensionless
propeller parameters, thrust coefficients, and an advance ratio [4]. Kim proposed an ad-
vanced three-state model considering the surrounding flow rate and inflow angle [5–7].
Yu [8] and Spearenberg [9] numerically analyzed the effect of thrust ducts on different
boundary conditions. Song conducted Bollard-pull experiments to find the relationship
between axial thrust and input while considering the effect of thrust–thrust and thrust–hull
interactions [10]. Boem used a system identification process to derive an accurate dynamic
model for commercially available fixed-pitch variable speed thrusters [11]. Odetti devel-
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oped a novel thruster based on a pump-jet [12] and applied it to ASV (Autonomous Surface
Vehicle) in shallow water [13].

Most underwater robots are driven by fixed thrusters, but tilting thrusters have
recently been used in underwater robots [14]. A tilting thruster can reduce the number
of thrusters in an underwater robot and contributes to compact design [15]. When an
underwater robot is controlled with tilting thrusters, the influence of the rotational motion
of the thruster has to be considered, unlike a fixed thruster. The rotating thrust force can be
calculated by multiplying the steady-state thrust force by a trigonometric function of the
rotation angle [16].

When a thruster is operated with rotation motion, additional forces and moments
are generated, and they can have a complicated relationship. Studies have numerically
analyzed dynamic models according to the rotation angle of the azimuth thrusters [17,18],
but a model that takes into account the effects that occur while the thruster is rotating is
needed. In our previous research, dynamic models for rotation motion were derived by
oscillating a 1-Degree-of-Freedom (DoF) tilting thruster using sine waves [19]. Modeling er-
rors occurred as a result of relying on discrete data in the frequency domain, and it was
necessary to design a model-free robust controller to overcome them [20].

This paper presents a 2-DoF azimuth thruster, as shown in Figure 1. Like fish fins, the
thruster has a 2-DoF direction of propulsion. There are two rotational joints with the gimbal
mechanism. It can produce effects similar to those of bioinspired robots that produce two-
way propulsion through tail motion [21]. In a steady state, the direction of the thrust is the
same as the direction of the thruster. However, the thrust is bent and dispersed during the
rotational motion of the azimuth thruster, and a reaction moment also occurs. It is difficult
to analytically describe this phenomenon, because the system model highly depends on
complicated fluid dynamics. In this study, a signal compression method was applied to
derive an empirical model of the azimuth thruster. Signal compression methods are often
used for the empirical modeling of mechanical systems and can extract the frequency
response of a system in the whole range of mechanically constrained frequencies using a
pseudo-impulse signal [22]. Signal compression methods have been used for the cylinder
modeling of an automatic excavator [23] and friction modeling of a robot manipulator [24].

Figure 1. Prototype of 2-Degree-of-Freedom (DoF) azimuth thruster.

In repeated experiments, the velocity profile of the pseudo-impulse input was applied
to the two rotational axes, and the frequency response of the longitudinal thrust force,
lateral thrust force, and reaction moment were analyzed with a Bode plot. Model expres-
sions were derived through a curve-fitting technique. The validity of the derived model
was verified by comparing the experimental results with model-based simulation values.
This work provides references on how to derive empirical models of vectoring thrusters
that can be applied to a variety of underwater robots.

The remainder of the paper is organized as follows. The prototype of the 2-DoF
azimuth thruster and the experimental apparatus are described in Section 2. The signal
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compression method for the empirical modeling is introduced in Section 3. In Section 4,
the empirical models of thrust force and reaction moment are presented with an analysis
of the Bode plot of the pseudo-impulse response. Section 5 shows a comparison between
the model and experimental results. The validity of the empirical model is also discussed.
Our conclusions are given in Section 6.

2. Description of 2-DoF Azimuth Thruster

A prototype of a 2-DoF azimuth thruster was fabricated, as shown in Figure 2. The sys-
tem consists of a thruster and two servo motors and has a gimbal mechanism for 2-DoF
rotational motion. A counter mass is used so that the center of mass and the rotational axis
intersect. The longitudinal thrust that is generated by the thruster and the tilting angles of
the two servo motors are system inputs, and the actual thrust force and reaction torque are
outputs of the system model. The thruster (RCD-MI60, 24VDC, RHINCODON, China) has
a maximum thrust force of 5.5 kgf. The duct diameter is 95 mm, and the weight in air is
850 g. The gimbal mechanism is actuated by two BLDC (Brushless DC) motors (EC-max 30,
24VDC, Maxon, Switzerland). The total weight of azimuth thruster system is 8.56 kg.

Figure 2. Design drawing of 2-DoF azimuth thruster.

The generated thrust force and reaction moment are shown in Figure 3. The X-Y-Z
frame is a fixed frame, and the x-y-z frame is a moving frame that is attached to the tilting
thruster. The thrust force is bent and dispersed due to rotational motion, and it can be
decomposed into fx, fy, and fz in the moving frame. These forces can be converted to fX, fY,
and fZ in the fixed frame using a rotation matrix. In this study, the frequency response of
forces was analyzed in the moving frame. The reaction moment was analyzed within the
framework of the gimbal mechanism. The reaction moment MZ generated by the rotational
motion of the 1st axis is defined in the fixed frame, and the reaction moment My for the
rotational motion of the 2nd axis is defined in the moving frame.
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Figure 3. Free body diagram of thruster force and reaction moment.

A diagram of the experimental apparatus is shown in Figure 4. In order to measure
forces and moments, the 2-DoF azimuth thruster unit was installed at the end of a cantilever
with a 6-DoF force/torque sensor (RFT80-6A01, ROBOTUS, Gyeonggi, Korea) attached at
the clamped end. The thruster is driven by a pulse-width modulation (PWM) signal with a
range of 55–95%, and the BLDC motors are driven by position controllers (EPOS2 25/2,
Maxon, Switzerland). A real-time controller (NI CompactRIO, National Instruments Corp.,
Austin, TX, USA) controls the actuation and receives the values from the force/torque
sensor. The measured forces and torques from the sensor are converted to the values of the
system origin through the adjoint matrix of the frame transformation.

Figure 4. Diagram of the experimental apparatus.

3. Signal Compression Method

Signal compression methods are useful tools for the frequency analysis of mechan-
ical systems under physical limitations. The impulse response can show the dynamic
characteristics of a system in the whole range of frequency. However, many mechanical
systems cannot make an ideal impulse input. In the signal compression method, a pseudo-
impulse input that is expanded with phase delay is applied to the system. The output
that is obtained from the pseudo-impulse input is mathematically equivalent to the im-
pulse response. After the equivalent output is compressed, the frequency response of the
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dynamic system can be observed within the desired frequency range. A diagram of the
signal compression method is shown in Figure 5. In this study, the frequency response
was analyzed for system modeling with the Bode plot before transformation into the time
domain.

Figure 5. Diagram of signal compression method.

The dynamic characteristics due to rotational motion are affected by the angular
velocity, acceleration, and higher-order terms. In this study, the angular velocity was
input to observe the system characteristics. The power spectrum of ideal impulse input is
constant in the whole range of frequency. The power spectrum within the desired frequency
was designed as shown in Figure 6a, considering the capability of servo motors. It can be
derived by a function of the power spectral density as follows:

P(n) = Q exp
{
−
(n

a

)12
}

, (1)

where Q and a are parameters, and n is the number of data values.

Figure 6. Input and output in the signal compression method. (a) Power spectrum within desired
frequency; (b) pseudo-impulse signal input; (c) output for pseudo-impulse signal; (d) Bode plot of
signal compression result.

The range of frequency of the power spectrum is manipulated using the parameter a.
In this study, a was set as 450, and the range of frequency was designed as up to 10 Hz, as
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shown in Figure 6a, considering the capability of the servo motors. The pseudo-impulse
input was derived by signal expansion as follows:

X(n) + jY(n) =

⎧⎨⎩
P(n)H(jn), 0 ≤ n ≤ N

2 − 1
0, n = N

2
X(N − n) + jY(N − n), N

2 + 1 ≤ n ≤ N − 1
(2)

H(jn) = exp
{
−
(

12n2

b

)
j
}

. (3)

H(jn) is a function of the filter for signal expansion with a time delay. The time delay
depends on the parameter b, which is 2100 in this case. Through the inverse fast Fourier
transform (IFFT), the expanded pseudo-impulse signal can be obtained in the time domain
as shown in Figure 6b, and it is applied to the system. The equivalent output is generated as
shown in Figure 6c, and then the impulse response can be obtained via signal compression
with an inverse filter. Finally, the Bode plot shows the frequency response of the system,
as shown in Figure 6d.

4. Empirical Modeling

Variations of the thrust force and moment due to the rotational motion of the azimuth
thruster were modeled based on the steady-state thrust force. Longitudinal thrust force is
generated by a thruster, as shown in Figure 7a. The steady-state thrust force is proportional
to the duty ratio of the PWM from the motor drive, as shown in Figure 7b. The empirical
model expression of the steady-state thrust force for PWM is as follows:

fss = 0.55PWM − 7.10. (4)

Figure 7. The longitudinal thrust force according to pulse-width modulation (PWM). (a) Thrust force
of a fixed thruster in time domain for PWM; (b) steady-state thrust force with PWM variation.

The steps of empirical modeling are as follows: (1) Repeat the rotational motion
experiment, increasing the PWM by 5% from 55% to 95%. (2) Measure the force and
moment by entering the velocity profile as shown in Figure 6b on the 1st and 2nd axes,
respectively. (3) Calculate the force of the moving frame reference according to the angle of
each axis using the adjoint matrix. (4) Draw the Bode plot of the pseudo-impulse response
through the signal compression. (5) Derive the model through the curve fitting with the
numerical method to maximize the correlation number.

As a result of the repeated experiments, waveforms for x-direction attenuation and y-
and z-direction generation of propulsion were similar, and the reaction moments showed
different forms of waveforms. The models can be derived by the analysis of the Bode plot
with the corner frequency and the slope of asymptotes [25], as shown in Figure 8. As the
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phase plot is noisy, we focused on the magnitude plot. The model expressions of the force
and moment are defined as follows:

F(s)
.
θ(s)

=
K
(
s2 + as + b

)
(s2 + cs + d)(s2 + es + g)

(5)

M(s)
.
θ(s)

=
Ks2

s4 + as3 + bs2 + cs + d
(6)

Figure 8. Magnitude Bode plot and slope of asymptote: (a) force; (b) moment.

The force and moment models have the same system order but slightly different
equations. The coefficients of the model expression were obtained through numerical
optimization that maximizes the correlation coefficients. The results of experiments with
significantly different tendencies through repeated experiments were eliminated. The objec-
tive function of modeling is defined as the maximum correlation coefficient with repeated
experimental results, and uncertainty in the data is handled.

4.1. Model for 1st-Axis Rotation Motion

When we placed the velocity profile of the pseudo-impulse input on the 1st rotational
axis, the compressed response showed variation of the longitudinal thrust force in the
x-direction, the lateral thrust force in the y-direction, and the reaction moment in the
Z-direction. For each PWM, curve fitting was performed for three or more experimental
values to extract the results with the highest correlation number, as shown in Tables 1–3.
As an example, Figure 9 shows the Bode plot of the experimental values and the proposed
model of F1x(s) and F1y(s) at 75% PWM.

Table 1. Model coefficient of F1x(s) in 1st-axis rotation.

PWM K a b c d e g Correlation
Number

55 1018.79 97.21 138.87 18.70 0.48 7.30 3410.18 0.54
60 982.72 88.35 143.12 12.27 1.00 4.15 3340.46 0.65
65 1146.46 102.21 139.95 16.34 1.00 5.27 3418.75 0.58
70 1006.43 80.21 124.82 11.13 1.00 3.36 3073.84 0.69
75 1035.34 76.51 127.9 9.88 1.00 6.40 3228.49 0.56
80 1105.16 106.39 132.55 14.49 1.00 4.76 3375.93 0.63
85 1365.23 96.06 141.85 9.13 1.70 5.82 3399.70 0.58
90 1060.66 101.21 129.96 8.24 1.00 6.69 3309.18 0.55
95 985.19 95.17 132.58 8.24 1.00 5.32 3274.37 0.60
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Table 2. Model coefficient of F1y(s) in 1st-axis rotation.

PWM K a b c d e g Correlation
Number

55 846.72 195.17 115.87 31.70 25.03 4.01 2453.09 0.73
60 771.28 104.22 105.56 11.93 52.96 1.79 2650.87 0.80
65 825.43 210.56 112.90 26.99 63.49 3.43 2555.52 0.74
70 901.74 182.38 110.55 22.53 131.94 2.72 2569.85 0.79
75 837.14 169.98 112.50 20.53 125.91 3.93 2440.16 0.76
80 863.48 205.88 114.20 21.99 58.22 3.82 2573.51 0.76
85 1059.66 173.98 115.78 16.76 28.44 4.68 2559.41 0.71
90 941.98 184.16 116.35 15.19 13.64 3.56 2524.77 0.75
95 1079.87 177.30 116.02 18.97 24.50 5.08 2450.76 0.71

Table 3. Model coefficient of M1z(s) in 1st-axis rotation.

PWM K a b c d Correlation
Number

55 685.06 14.85 864.03 4751.23 229.86 0.81
60 677.55 15.05 851.00 4751.25 229.90 0.82
65 694.68 14.89 899.98 4750.00 230.00 0.84
70 700.19 14.51 773.18 4750.79 230.22 0.82
75 711.34 15.20 839.31 4751.00 229.90 0.84
80 694.65 14.90 899.99 4750.00 230.00 0.81
85 659.16 15.05 838.37 4750.60 230.07 0.84
90 606.12 13.16 827.03 4750.34 230.12 0.80
95 681.94 15.01 848.25 4751.01 229.96 0.84

Figure 9. Magnitude Bode plot of experimental results and model in 1st-axis rotation with 75% PWM:
(a) F1x(s); (b) F1y(s).

The variations in each parameter for PWM allowed us to analyze the characteristics of
the model, as shown in Figure 10. The average correlation number of F1x(s) is 0.60. It is
not a high value but is within a reasonable range. The gain K increases with increasing
propulsion. Differences in parameters d and g indicate significant differences in the natural
frequency of the longitudinal thrust force and the lateral force.
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Figure 10. Model coefficient of thrust force in 1st-axis rotation according to PWM: (a) K, (b) a, (c) b, (d) c, (e) d, (f) e, and (g) g.

Figure 11 shows the Bode plot of the experimental values and the proposed model
of M1Z(s) at 75% PWM. The correlation number of the moment model is 0.80 or higher.
The empirical model matches the experimental results very well. The variations in each pa-
rameter for PWM are shown in Figure 12. The parameters of the model are not significantly
affected by the change in thrust force. The structure of the gimbal is a more dominant
factor in the reaction moment model than in the change in thrust force.

Figure 11. Magnitude Bode plot of experimental results and model of M1z(s) in 1st-axis rotation with
75% PWM.
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Figure 12. Model coefficient of moment in 1st-axis rotation according to PWM: (a) K, (b) a, (c) b, (d) c,
and (e) d.

4.2. Model for 2nd-Axis Rotation Motion

When we placed the velocity profile of the pseudo-impulse input on the 2nd rotational
axis, the compressed response showed the variation of the longitudinal thrust force in
the x-direction, the lateral thrust force in the z-direction, and the reaction moment in the
y-direction. The 2nd-axis rotational motion did not rotate the gimbal structure, unlike the
1st-axis rotational motion. When the moment was measured at the end of the cantilever,
the moment in the y-direction was mixed with the force in the x-direction. It was too small
to separate a meaningful value from the measurement. In this study, the reaction moment
in the y-direction was neglected.

The model parameters for each PWM are shown in Tables 4 and 5. As an example,
Figure 13 shows the Bode plot of the experimental values and the proposed model of F2x(s)
and F2z(s) at 75% PWM. The tendency of the model parameters according to PWM was
analyzed, as shown in Figure 14. Like in the 1st-axis motion, the gain K increases with
increasing thrust. The model for the change in thrust forces differs somewhat from the
1st-axis motion. It can be seen that the movement of the gimbal structure has a considerable
influence on the change in propulsion.

Table 4. Model coefficient of F2x(s) in 2nd-axis rotation.

PWM K a b c d e g Correlation
Number

55 846.72 195.17 115.87 31.70 25.03 4.01 2453.09 0.73
60 771.28 104.22 105.56 11.93 52.96 1.79 2650.87 0.80
65 825.43 210.56 112.90 26.99 63.49 3.43 2555.52 0.74
70 901.74 182.38 110.55 22.53 131.94 2.72 2569.85 0.79
75 837.14 169.98 112.50 20.53 125.91 3.93 2440.16 0.76
80 863.48 205.88 114.20 21.99 58.22 3.82 2573.51 0.76
85 1059.66 173.98 115.78 16.76 28.44 4.68 2559.41 0.71
90 941.98 184.16 116.35 15.19 13.64 3.56 2524.77 0.75
95 1079.87 177.30 116.02 18.97 24.50 5.08 2450.76 0.71
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Table 5. Model coefficient of F2z(s) in 2nd-axis rotation.

PWM K a b c d e g Correlation
Number

55 1289.06 51.75 120.17 6.19 11.49 8.10 2712.26 0.66
60 1382.06 49.87 119.74 5.31 19.14 6.83 2713.70 0.69
65 1456.32 59.57 120.01 5.57 11.93 7.78 2712.20 0.64
70 1483.13 60.73 119.41 5.05 20.00 6.61 2663.02 0.69
75 1357.27 74.79 119.92 4.59 9.89 6.85 2712.36 0.60
80 1705.72 75.73 119.95 4.49 17.88 7.94 2815.79 0.67
85 1653.80 70.92 119.85 4.65 13.14 5.84 2711.62 0.68
90 1829.85 70.42 119.87 2.68 11.27 5.32 2715.95 0.72
95 2029.13 95.62 117.50 3.30 19.81 7.25 2820.89 0.71

Figure 13. Magnitude Bode plot of experimental results and model in 2nd-axis rotation with 75%
PWM: (a) F2x(s); (b) F2z(s).

Figure 14. Model coefficient of thrust force in 2nd-axis rotation according to PWM: (a) K, (b) a, (c) b,
(d) c, (e) d, (f) e, and (g) g.
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5. Comparison between Model and Experimental Results

To validate the feasibility of the derived model, we compared the experimental result
for an arbitrary rotation path with the model-based simulation value. It is recommended
that the longitudinal and lateral thrust force be interpreted on a moving frame basis for
dynamic interpretation, but as an application, the forces of the azimuth thruster are con-
verted into forces in the fixed frame based on the location of the attachment. We derived
the forces and moments in the moving frame by entering the inputs applied in experiments
into a simulation model on two axes. The forces were converted into the fixed coordi-
nates through a rotational matrix. The Z-axis moment was directly compared with the
experimental results without coordinate transformation. The simulation was performed in
MATLAB (Mathworks Inc., Natick, MA, USA).

5.1. Verification Test

A verification experiment was conducted by entering commands such as step inputs
of different angles on the two rotational axes. The actual rotation angle for the step input is
shown in Figure 15. The first axis rotated 45◦, and the second axis rotated 30◦. The thruster
was operated in advance with 65% PWM to start the rotational motion in a steady state.
First, the initial offset due to gravity and disturbance was calibrated, and then the forces
and torque were measured.

Figure 15. Angular position input for the verification test.

5.2. Simulation Based on the Proposed Model

As in the experiment, we simulated the response to a step input. Since the derived
models are for rotational speed, they were transformed into models for the angle of rotation
as follows:

F(s)
θ(s)

=
Ks
(
s2 + as + b

)
(s2 + cs + d)(s2 + es + g)

(7)

M(s)
θ(s)

=
Ks3

s4 + as3 + bs2 + cs + d
(8)

Assuming that the forces due to the rotation of each axis are independent of each
other, the longitudinal thrust was calculated by superposing the change in axial force of
each axis onto the steady-state force as follows:

fx(t) = fss + { f1x(t) + f2x(t)} (9)
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The sum of the models of the derived x-axis force variation allowed us to obtain
the attenuated x-axis thrust force. The rotation of the coordinate system by two axes is
expressed in a matrix as follows:

R(θ1, θ2) = Rz(θ1)Ry(θ2) =

⎡⎣ cos θ1 cos θ2 − sin θ1 cos θ1 sin θ2
sin θ1 cos θ2 cos θ1 sin θ1 sin θ2
− sin θ2 0 cos θ2

⎤⎦ (10)

The results of force simulation in moving coordinates can be transformed into forces
in fixed coordinates as follows:⎡⎣ fX

fY
fZ

⎤⎦ = RT(θ1, θ2)

⎡⎣ fx
f1y
f2z

⎤⎦ (11)

The experimental results and simulated values are compared in Figure 16. The desired
value is the force in the fixed coordinate system for the actual rotation angle of the two
axes when there is only ideal longitudinal propulsion. In other words, the desired forces
are the decomposition force to the rotation angle measured by the encoder values of the
two servo motors, based on the propulsion model of the fixed thruster. These are ideal
values that do not consider force attenuation or tangential force due to the rotation of the
thruster. In the initial position, the propulsion occurs in only the X-axis direction, but as
the two axes rotate simultaneously, the direction of the propulsion changes. For each force
and moment, the steady-state error and root mean square error (RMSE) are defined as
performance indices and are shown in Table 6.

Figure 16. Comparison between experimental results and model under the rotational input with 65%
PWM: (a) fX(t), (b) fY(t), (c) fZ(t) and (d) MZ(t).
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Table 6. Steady-state error and root mean square error (RMSE).

Performance
Index

fX fY fZ MZ

Steady-state
error 2.29 N 0.84 N 2.07 N 0.20 N·m

RMSE 2.66 N 2.20 N 2.65 N 0.63 N·m

The simulation results from the derived model followed the waveform changes in the
experimental results well. The change in force on the rotation of the two axes was modeled,
but the model did not include high-frequency oscillations from the rotation of the propeller.
As the motor encoders measuring the rotation angle are very precise, the steady-state error
observed in the X- and Z-axial forces can be considered as interference from forces from
the water surface and water tanks. Overshoots in the experimental values are caused by
the vibration of the gimbal structure. It was observed that more vibrations caused by step
inputs occurred than in the modeling experiments.

6. Conclusions

This study showed an empirical model of the force and moment of a 2-DoF azimuth
thruster. A signal compression method was used to extract frequency response charac-
teristics within mechanical limits. The longitudinal thrust and lateral thrust and reaction
moments generated by the rotation of each axis were measured through repeated exper-
iments, and the model was derived by curve fitting to the Bode plot obtained from the
experimental results. We validated the derived model by comparing the simulation values
with the experimental results on the step inputs of the two axes. From the comparison
results, the causes of modeling errors were analyzed. This study shows the trend of change
in coefficients of the azimuth thrust model for thruster force, and normalization for the
sensitivity analysis of model coefficients will be studied in the future.

The experimental results showed that the gimbal structure has a significant impact
on the force and moment of the thruster. The difference between the first-axis rotation
model and the second-axis rotation model was also due to the gimbal structure. A design
that minimizes the gimbal is needed when fabricating an azimuth thruster. The modeling
procedure presented in this study could be applied to develop vectoring thrusters that con-
trol the direction of the propellant. It could also help to design controllers for underwater
robots with azimuth thrusters.
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Abstract: Although previous research has improved the energy efficiency of humanoid robots to
increase mobility, no study has considered the offset between hip joints to this end. Here, we optimized
the offsets of hip joints in humanoid robots via the Taguchi method to maximize energy efficiency.
During optimization, the offsets between hip joints were selected as control factors, and the sum of the
root-mean-square power consumption from three actuated hip joints was set as the objective function.
We analyzed the power consumption of a humanoid robot model implemented in physics simulation
software. As the Taguchi method was originally devised for robust optimization, we selected turning,
forward, backward, and sideways walking motions as noise factors. Through two optimization stages,
we obtained near-optimal results for the humanoid hip joint offsets. We validated the results by
comparing the root-mean-square (RMS) power consumption of the original and optimized humanoid
models, finding that the RMS power consumption was reduced by more than 25% in the target
motions. We explored the reason for the reduction of power consumption through bio-inspired
analysis from human gait mechanics. As the distance between the left and right hip joints in the
frontal plane became narrower, the amplitude of the sway motion of the upper body was reduced.
We found that the reduced sway motion of the upper body of the optimized joint configuration was
effective in improving energy efficiency, similar to the influence of the pathway of the body’s center
of gravity (COG) on human walking efficiency.

Keywords: humanoid robot; energy efficiency; Taguchi method

1. Introduction

As quality of life improves, the demand for humanoid robots to help or replace humans in various
activities is increasing. However, the mobility of humanoid robots is limited by their main power
source, batteries, which have limited available power. To improve the performance of humanoid robots,
energy efficiency must be increased to provide longer operation periods or enable the use of lighter
and smaller batteries.

Several studies have aimed to improve energy efficiency by reducing power consumption in the
actuators of humanoid robots. Zorjan et al. [1] observed that the rotation of the hip joint from its original
orientation improves energy efficiency by reducing and distributing the joint’s mechanical power in
the hip joints. Lee et al. [2] proposed a biarticular design for humanoid robot legs using a redundantly
actuated parallel mechanism to improve energy efficiency. Negrello et al. [3] designed a four-bar
linkage for knee and ankle joints, thus decreasing the mass and moment of inertia of the lower body to
enhance energy efficiency. Tsagarakis et al. [4] studied an asymmetric compliant antagonistic joint
design to improve performance mobility, which is closely related to energy efficiency.

Although previous research has improved the energy efficiency of humanoid robots, no study has
considered the offset between hip joints to this end. This offset is the gap between adjacent joints along
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a coordinate axis (e.g., a roll–yaw–pitch hip joint, where the offset is represented by each gap between
the roll and yaw joint and between the yaw and pitch joint along the X, Y, and Z axes). Mechanically,
it is difficult to overlap multiple joints at a single intersection point and, therefore, the effect of joint
offset on the humanoid robot should be investigated.

In this study, we optimized the hip joint offset in a humanoid robot to improve energy efficiency by
reducing consumption at the actuating joints. Optimization considered bipedal locomotion, which is
representative of humanoid robots, by including turning, forward, backward, and sideways walking
motions. We analyzed the mechanical power consumption of the actuated hip joints using a humanoid
model, implemented in physics simulation software (MuJoCo, Roboti, Seattle, DC, USA) for energy
optimization. Specifically, the objective function was the root-mean-square (RMS) mechanical power
consumption from the actuated hip joints.

The complex dynamics of multi-joint humanoid robot legs hinder the ability of investigations of
the joint offset effect to obtain, for instance, an analytical solution. Therefore, it is more appropriate to
use numerical optimization for this study. However, it becomes impractical, given the time-consuming
generation of many complex simulation models of humanoid robot legs with different joint
offset configurations.

To minimize the time-consuming efforts of numerical optimization, we implemented the Taguchi
method, which is an experimental approach for the robust, optimal design of products under various
conditions. As the method conducts optimization based on an orthogonal array, it can minimize the
number of simulation models required, thus reducing the optimization execution time. For the Taguchi
method, we set the joint offsets as control factors and the four abovementioned types of motions as
noise factors.

2. Implementation of the Taguchi Method

The Taguchi method is an experimental optimization method, aiming to improve the quality of
products in various conditions [5–8]. In addition, the experimental volume of the Taguchi method
is minimized by designing experiments with an orthogonal array, unlike traditional factorial design.
In this study, the Taguchi method enabled a robust hip joint offset design that can stabilize the
performance of humanoid robots under variable motions, with a lower number of trials than other
numerical optimization methods.

The Taguchi method considers two types of variables, namely control and noise factors.
Experiments for each factor were designed by applying the corresponding orthogonal array, with the
array for control factors being the inner array and that for noise factors being the outer array. The inner
and outer array combination constituted the crossed array, which established orthogonality among
the individual arrays. Each inner array sample was tested for a full set of experiments from the
outer array. Hence, the orthogonal array allowed the exploration of the most influential factors with
a small experiment volume. To evaluate optimization, we adopted the signal-to-noise ratio (SNR),
whose calculation depends on the objective function value.

2.1. Objective Function

We defined the objective function as the sum of RMS power consumption from the right hip joint:

Powrms = Rrms + Yrms + Prms =

√∑nT
i=1 Ri2

nT
+

√∑nT
i=1 Yi2

nT
+

√∑nT
i=1 Pi2

nT
(1)

where Powrms is the sum of the RMS power consumption and Rrms, Yrms, and Prms represent the RMS
power consumption at the roll, yaw, and pitch joints, respectively. Ri, Yi, and Pi represent the power
consumption of the ith sample at the roll, yaw, and pitch joints, respectively, and nT is the number of
samples until time T.
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2.2. Control and Noise Factors

In the Taguchi method, control factors are design parameters that can be adjusted during
optimization. Noise factors can have several meanings, but they typically refer to the operating
conditions of the target system. Hence, both control and noise factors influence the value of the
objective function. We defined the joint offsets within the hip as control factors and the humanoid
motion types as noise factors. More details about these parameters are provided in Section 3.

2.3. SNR Calculations

The criteria for the Taguchi method are classified as smaller-the-better, larger-the-better,
and nominal-the-best, according to their characteristics. We used the smaller-the-better variant,
given the objective of minimizing power consumption at the humanoid hip. According to the
smaller-the-better definition, we calculated the SNR for the Taguchi method using the objective
function value of each trial:

SNR = − 10 log10

⎛⎜⎜⎜⎜⎝Powrms_ f or
2 + Powrms_back

2 + Powrms_side
2 + Powrms_turn

2

4

⎞⎟⎟⎟⎟⎠ , (2)

where Powrms_for, Powrms_back, Powrms_side, and Powrms_turn are the calculated Powrms values from the
forward, backward, and sideways walking, as well as turning motions. In the smaller-the-better case,
the higher SNR represents better results for optimization.

2.4. Orthogonal Array of Experiment Set

We prepared two experimental sets for optimization. The orthogonal array of each set was selected
according to the number and level of control factors. The first experimental set consisted of an L18

(21 × 37) orthogonal array for eight control factors. The second experimental set did not need to include
the optimized control factors provided by the first experimental set. Thus, six control factors with
small SNR variations were omitted from the second experimental set, which consisted of an L9 (33)
orthogonal array for the three remaining control factors.

2.5. Detailed Procedure of the Taguchi Method

Since the Taguchi Method is not a commonly implemented optimization method, we summarized
the detailed procedure for performing the Taguchi Method for better understanding:

1. Set the objective function and design parameters for optimization;
2. Classify the design parameters into control factors and noise factors;
3. Select the SNR calculation formula based on the characteristics of the objective function;
4. Determine the design levels for the control factors;
5. Select an appropriate orthogonal array for the experiment set;
6. Perform experiments according to the experiment set;
7. Analyze experimental data and derive optimized results using the SNR calculation formula;
8. If the optimized result is not sufficient, design a new experiment set for additional experiments;
9. Eliminate less influential control factors in additional experiments to simplify the experiment sets.

3. Experimental Design

3.1. Humanoid Kinematics

The humanoid robot used for simulation was designed to have a similar size to a young man.
We selected the length and mass of each segment and the size of the humanoid robot by referring to
the average body size of Koreans aged 16 to 19 [9]. Other kinematic parameters for the detailed design
of the humanoid robot were based on the MAHRU humanoid robot, previously developed in our
institute [10]. The robot had 22 degrees of freedom, weighed 57 kg, and had a height of 1.216 m and
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shoulder width of 0.5 m. The humanoid robot structure is detailed in Figure 1. Its thigh length and
weight were 0.4 m and 5.5 kg, respectively, whereas its calf length and weight were 0.3 m and 3.5 kg,
respectively, and its ankle length and weight were 0.07 m and 0.25 kg, respectively. Each foot was
0.026 m in height, 0.25 m in length, 0.1 m in width, and 0.75 kg in weight.

Figure 1. Humanoid robot simulation model (units in millimeters) for optimization. The parameters in
the detailed view correspond to joint offsets. The design parameters were configured based on the front
view of the hip joint for the right leg. The roll, yaw, and pitch joints are represented as blue, yellow,
and green colors, respectively.

Although the original width between the left and right foot was 0.22 m, we varied it in each test
model, depending on the selected offset in the hip joint along the Y axis. For example, a test model
with a 0.03 m offset was designed with a width of 0.28 m between the feet.

3.2. Control Factors: Joint Offsets

We set the offsets among the three joints (roll, yaw, and pitch) in the humanoid robot hip as control
factors. The hip joint used for simulation was composed in the sequence of roll, yaw, and pitch joints.
The offset between the torso and roll joints along the X and Y axes was selected as a parameter because
this joint did not have a preceding offset. The offset between the torso and roll joints along the Z axis
was fixed and disregarded as a parameter because it changed the humanoid leg length.

For the roll–yaw joint and yaw–pitch joint, all offsets along the X, Y, and Z axes were selected.
The offsets along the Z axis were negative because it was challenging to place a following joint higher
than the preceding joint in practical mechanisms. The offsets at the joints that serve as parameters are
detailed in Figure 1 (right graph), with each offset being denoted by the letter of the following joint and
offset direction. For example, the offset between the torso and roll joints along the Y axis is denoted by
Ry, and the offset between the yaw and pitch joints along the Z axis is denoted by Pz.

3.3. Noise Factors: Humanoid Motions

We set turning, forward, backward, and sideways walking motions as noise factors. As forward
and backward are the most basic humanoid robot motions, they were selected as target motions.
Moreover, turning and sideways walking were selected, given their distinctiveness compared with
forward and backward motions, despite their lower occurrence frequencies. The walking patterns
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were generated by using the zero-moment point (ZMP) controller designed for the MAHRU humanoid
robot [10].

For fair comparison during the optimization process, we set the movement pattern of each
model’s feet to be the same. We fixed the following parameters related to feet motion generation as
constant values:

• Step length: 200 mm for forward and backward walking and 100 mm for sideways walking;
• Maximum foot clearance (maximum lifting height of the feet during gait): 80 mm;
• Single and double support time for a stride: 800 ms and 200 ms;

The amplitude of the center-of-mass for generating the ZMP trajectory was set as a constant value
of 650 mm.

3.3.1. Forward and Backward Walking

Forward and backward walking were set identically in the experiments because they occurred
along the same axis. The humanoid only moved backward and forward while these motions were
executed. During walking, the left foot moved first, and each foot completed three steps in the forward
or backward direction. Hence, the humanoid robot moved 1 m in either direction, as shown in Figure 2.

Figure 2. Forward walking. (a) Initial position, (b) left foot lifting, (c) left foot lowering after swing,
(d) center-of-mass forward displacement, (e) right foot lifting, and (f) motion completion.

3.3.2. Sideways Walking

Sideways walking is a perpendicular motion, with respect to forward and backward walking,
without rotating the humanoid robot body. Starting with the left foot, each one completed three steps.
Thus, the humanoid robot moved 300 mm to the left after sideways walking, which proceeded as
shown in Figure 3.

Figure 3. Sideways walking. (a) Initial position, (b) moving zero-moment point above the right foot,
(c) left foot lifting, (d) left foot lowering after swing, (e) moving zero-moment point above the left foot
and right foot lifting, (f) right foot lowering and motion completion.

3.3.3. Turning

Unlike the previous motions, turning changes only the orientation of the body at a fixed position.
The turning angle was set to 20◦ for the first experimental set and 15◦ for the second one, being smaller
because the corresponding test model for the second stage had a smaller supporting polygon, leading to
instability at larger angles. The supporting polygon is further explained in the corresponding discussion
in Section 6. Starting with the left foot, the humanoid turned three times per trial, reaching overall
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turning angles of 60◦ and 45◦ for the first and second experimental sets, respectively. Figure 4 illustrates
the turning motion.

Figure 4. Turning. (a) Initial position, (b) moving zero-moment point above the right foot, (c) left-foot
lifting and both left leg and body turning, (d) left foot lowering, (e) right foot lifting and both right leg
and body turning, and (f) motion completion.

4. Hip Joint Offset Optimization

4.1. First Experimental Set

The first experimental set consisted of 18 trials, according to the L18 (21 × 37) orthogonal array.
Tables 1 and 2 list the parameter levels and results per trial according to these levels, respectively.
As shown in Table 2, the SNR of the first test model was the highest at –23.923 when all control factor
levels were 1. In contrast, the SNR of the third test model was the lowest. A higher SNR indicates that the
objective function reached closer to the optimal value. Figure 5 shows the SNR of each factor according
to its level. The highest SNR was achieved at the level of Pz = 2, Rx = 2, Ry = 1, Yx = 3, Yy = 1, Yz = 2,
Px = 1, and Py = 1, and the factors with high sensitivities were Ry, Yy, and Py, with respective SNR
variations of 1.90, 1.05, and 0.74. Factors with SNR variations below 0.3 were considered as insensitive.

Table 1. Levels of control factors for the first experimental set.

Level
Control Factor (mm)

Pz Rx Ry Yx Yy Yz Px Py

1 −10 −10 −10 −10 −10 −20 −10 −10
2 0 0 0 0 0 –10 0 0
3 - 10 10 10 10 0 10 10

Figure 5. Signal-to-noise ratios (SNRs) of the eight parameters during the first experiment. The three
most influential factors are highlighted in yellow.
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4.2. Second Experimental Set

As the optimal points do not appear in the SNR graph of Figure 5, we considered only the
three highly sensitive factors (Ry, Yy, and Py) for the second experimental set. The kinematics of the
humanoid model for the second experimental set were designed using the optimal result from the
first experimental set. Specifically, the value of each factor, including insensitive ones, was set to that
retrieving the highest SNR in the first experimental set.

The second experimental set consisted of nine trials, according to the L9 (33) orthogonal array,
with three factors. Tables 3 and 4 list the parameter levels and results per trial according to these levels,
respectively. The SNR was calculated as in the first experiment, obtaining the highest SNR at the ninth
trial of –22.614 for the level of Ry = 3, Yy = 3, and Py = 2.

Table 3. Levels of control factors for the second experimental set.

Level.
Control Factor (mm)

Ry Yy Py

1 0 0 0
2 −2.5 −2.5 −2.5
3 −5 −5 −5

Table 4. Design, results, and SNRs of the second experimental set. (The highest SNR is boldfaced.)

Test

Control Factor Noise Factors

SNR
Ry Yy Py

Forward Walking Backward Walking Sideways Walking Turning

Objective Function (W)

1 1 1 1 16.591 17.387 13.951 10.832 −23.471
2 1 2 2 16.212 16.953 13.572 10.518 −23.248
3 1 3 3 15.721 16.520 13.111 10.198 −22.988
4 2 1 2 16.016 16.747 13.347 10.352 −23.130
5 2 2 3 15.528 16.322 12.875 10.040 −22.867
6 2 3 1 15.764 16.532 13.120 10.218 −23.001
7 3 1 3 15.349 16.122 12.660 9.881 −22.750

8 3 2 1 15.573 16.337 12.901 10.034 −22.881
9 3 3 2 15.113 15.871 12.491 9.690 −22.614

The SNRs, according to the level of each control factor in the second experimental set, are shown
in Figure 6. The highest SNR was obtained when the three factors were at level 3, with Ry being the
most sensitive factor with an SNR variation of 0.49 across all levels. The SNR variation for both Yy and
Py was 0.25, with their sensitivities being lower than that of Ry. Although the results did not reach the
optimal solution, we ended the optimization because of the limited range of feasible joint offsets.

 

Figure 6. SNRs of three sensitive parameters during the second experiment. The most influential factor
is Ry, highlighted in red.
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5. Validation of Optimal Hip Joint Offsets

The near-optimal offsets of hip joints that minimize power consumption were obtained from the
two experimental sets. Using the optimized model, we verified that power consumption was indeed
reduced for various humanoid robot motions. The optimal values of the parameters are listed in
Table 5, and Figure 7 shows the joint configuration and structure of the model after optimization in the
second experimental set.

Table 5. Parameter values of the model after the second optimization.

Parameter Pz Rx Ry Yx Yy Yz Px Py

Value (mm) 0 0 −15 10 −15 0 −10 −15

Figure 7. Hip joint configuration of (a) the original model and (b) the model after the second optimization.

5.1. Forward and Backward Walking

Table 6 lists the power consumption in the hip, using the original model and the optimized
models after the first and second experiments for forward and backward walking. For forward
walking, the RMS power at the hip joint reduced by 18.07% and 26.92% for the models after the first
and second optimizations, respectively, compared with the original model. For backward walking,
the corresponding reductions were 17.26% and 25.68%.

Table 6. Root-mean-square (RMS) power reduction using an optimized model in humanoid hip joints
during target motions.

Model

Forward Walking Backward Walking Sideways Walking Turning

Powrms

(W)
Reduction

(%)
Powrms

(W)
Reduction

(%)
Powrms

(W)
Reduction

(%)
Powrms

(W)
Reduction

(%)

Original 20.250 – 21.013 – 19.868 – 15.325 –
First Optimization 16.591 18.07 17.387 17.26 13.951 29.78 11.983 21.81

Second Optimization 14.799 26.92 15.617 25.68 12.365 37.76 10.713 30.09
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5.2. Sideways Walking

Table 6 lists the power consumption in the hip joint for sideways walking. Compared to the
original model, consumption decreased by 29.78% and 37.76% for the models after the first and second
optimization, respectively. Like for forward and backward walking, power consumption gradually
reduced from the original model to the models after the first and second optimizations.

5.3. Turning

The power consumption for turning using the original and optimized models is listed in Table 6.
Note that the rotation angle for turning in the humanoid models was set to 15◦ equally. Like in the
previous motions, consumption reduced in the hip joint, in this case by 21.81% and 30.09% for the
models after the first and second optimization, respectively.

6. Discussion

We investigated the optimization for reducing power consumption at the hip of a humanoid robot
via the Taguchi method. The two-stage optimization achieved a larger reduction in consumption than
that obtained using only one stage. Power consumption at the hip was mainly influenced by the Y axis
offset. Therefore, the closer the sides of the hip joint, the lower the energy consumption. The sum of
RMS power consumption from the right hip joint (Powrms) over time during the motions is shown in
Figure A1 and supplementary materials.

Humanoid robots implement zero-moment point walking to keep the point position inside the
supporting polygon and thus stabilize the robot’s walking. The supporting polygon is a convex
hull containing the contact points between the feet and ground. If both feet are close due to the hip
joints being close, the supporting polygon becomes narrower. During single-leg support, the robot
sways its upper body from side to side to place the zero-moment point inside the supporting polygon.
Consequently, placing the hip joints closer reduces the area to move the zero-moment point to keep it
within the supporting polygon while switching from double- to single-leg support. Then, the moment
acting on the roll joint is decreased by the smaller moment arm of the upper body, related to the roll
joint. Therefore, joint offsets along the Y axis are advantageous to improving energy efficiency by
reducing power consumption in the roll joint, as both hip joints are close.

We explored the reason for the reduction of power consumption through bio-inspired analysis
from human gait mechanics. The finding in this study is similar to the influence of the body’s center of
gravity (COG) pathway on human walking efficiency. Minimizing the body’s COG, displaced from
a level line of progression, is considered to be a major mechanism for reducing the muscular effort of
walking and, consequently, for saving energy. The least energy would be used if the weight being
carried remained at a constant height and followed a single central path. No additional lifting effort
would then be needed to recover from the intermittent falls downward or laterally [11].

As an additional analysis, we compared the maximum required torque at the joint after
optimization. The reduction of actuating torque is an important issue for reducing the weight
of the actuators. Except for the pitch joint during the turning motion, all maximum torques generated
at each joint were reduced by a minimum of 0.95% and a maximum of 44.67%. Before the optimization,
the maximum torque of all joints was generated at a value of 70.91 Nm at the roll joint during the
sideways walking motion. Through the optimization, this value was reduced to 59.15 Nm, which was
also the maximum torque for the optimized model.

Although we obtained valuable insights on offset design, some limitations of this study remain to
be addressed. We considered only mechanical power to represent power consumption, because it is
impossible to calculate the electrical power dissipated in the actuator before selecting the motor and
other electronic components. In addition, although the negative mechanical power can be restored
using a regeneration system, we neglected this aspect because humanoid robots typically do not
implement a regeneration system.
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We expect to use the findings in this study to design an improved humanoid robot. By improving
energy efficiency, the operating time of humanoid robots can be extended. As for future work, we plan
to verify energy efficiency optimization while a humanoid robot performs various tasks. Moreover,
we intend to extend joint offset optimization to include knee and ankle joints.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/20/7287/s1.
Video S1: The sum of RMS power consumption from the right hip joint of the original, first, and second optimized
humanoid robot at the hip joint during the target motions.
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Appendix A

Figure A1 shows the sum of RMS power consumption from the right hip joint (Powrms) over time
of the original, first, and second humanoid robot at the hip joint during the target motions.

 

Figure A1. Objective value changes over time during (a) forward walking, (b) backward walking,
(c) sideways walking, and (d) turning. Optimized 1st and 2nd indicate the models after the first and
second optimization, respectively. Blue and green colored backgrounds indicate a single and double
support phase during target motion, respectively.
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