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Abstract: The better application of crawl robots depends on their ability to adapt to unstructured
environments with significant variations in their structural shape and size. This paper presents
the design and analysis of a novel robot with different locomotion configurations to move through
varying environments. The leg of the robot, inspired by insects, was designed as a multi-link structure,
including the Hoekens linkage and multiple parallel four-link mechanisms. The end trajectory was
a symmetrical closed curve composed of an approximate straight line and a shell curve with a
downward opening. The special trajectory allowed the robot to share drives and components to
achieve structural deformation and locomotion. The structural characteristics of the crawl robot on
the inner and outer arcs were obtained based on the working space. The constraint relationship
between the structure size, the radius of the arc, and the coefficient of static friction with which the
robot could crawl on the arc were established. The feasible support posture and support position
of the robot under different arc radii were obtained. The simulation tested the locomotion of the
robot on the plane, arc, and restricted space. The robot can be used for detection, search, and rescue

missions in unstructured environments.

Keywords: crawling robot; transformable; mechanism design; locomotion analysis

1. Introduction

With the development of robotics, better applications in practical scenarios have
become an important research topic. Robots need to interact with the physical environment
to perform missions; in particular, the locomotion of crawl robots depends on the reaction
force of the contact surface. Operation in unstructured environments, as shown in Figure 1,
poses significant challenges to both the sentience and locomotion of robots. Unstructured
environments include uneven terrains, narrow spaces, and inevitable obstacles.

Figure 1. Typical unstructured environments. (A) Outer surface of pipe; (B) environment with
restricted width; (C) inner surface of pipe; (D) environment with restricted height.
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Animals have multiple strategies for adapting to unstructured environments. Animals
have excellent perception; for instance, P. americana can combine their long antennae with
their vision to examine and avoid barriers [1]. The long whiskers of rats and cats can
detect the width of a doorway. In addition, animals have multiple locomotion modes.
Lizards have multiple ways to overcome obstacles, such as jumping, crawling, and bipedal
modes [2,3]. Locusts can switch between crawling and flying to increase agility, improve
their performance, and reach places to which they cannot crawl [4]. The characteristics of
an animal’s body structure also play an important role. The hard and streamlined shells of
cockroaches enhance traversability through densely cluttered terrain [5], and can help them
transition up a vertical wall after colliding with an obstacle [6]. Jayaram discovered that
cockroaches can traverse horizontal crevices smaller than a quarter of their height, which
has been an inspiration behind the development of the soft-legged hexapod robot named
“compressible robot with articulated mechanisms” [7].

The study of the various characteristics of animals inspired the design of the robot. In
addition to perfecting perception systems such as vision and tactile sensors [8,9], there are
two methods for robots to overcome the challenges of unstructured environments in terms
of mechanism design.

On one hand, robots can combine multiple locomotion strategies. Lussier developed
an amphibious robot that combines crawling and flying, which can crawl, take off, and
land on smooth/rough surfaces [10,11]. Robots that combine crawling and jumping modes
can expand traversability in unstructured environments [12], and there are robots that
mimic the locomotion strategies of vampire bats (MultiMo-Bat) and locusts (Jump-flapper),
with capabilities of jumping and flying [13,14]. In the bimodal robot “LEONARDO”, the
combination of bipedal movement and flight movement not only improves the robot’s
movement ability, but also results in flexible and stable motion [15].

On the other hand, robots can improve the ability to transform structures and adapt to
unstructured environments of different sizes and shapes. Chen proposed a wheel-legged
robot that could switch modes through a switching mechanism, and the robot could pass
through irregular terrain and cross obstacles [16]. Shang developed a deployable robot
that can move in a space with limited height and width through structural deformations,
such as unfolding and folding [17]. Ding presented a parallel robot that possesses large
deformation capabilities (adapted to different pipe sizes), and foldable and expandable
capabilities (folding into flat or prism shapes) [18].

At present, research on robots in terms of materials, drive, control, etc., is not compara-
ble to that of animals. Designing multimodal robots with structural deformation capabilities
or multiple motion modes is an important solution. However, many multi-modal robots
simply superimpose various motion modes or they simply increase the drive to achieve
structural transformation. The robot’s system is not only complex, and robustness is re-
duced, but it is even detrimental to the comprehensive motion performance of the robot.
To address the gaps in this study, reasonable reduction and shared drives are required to
accomplish motion and structural deformation.

In the present study, we aimed to develop a transformable crawl robot. Using the
multi-link structure of the legs, shared drive, and structural components, the robot with
special end-motion trajectories had a variety of configurations to cope with unstructured
environments. This study could not only help to improve the crawling ability of the robot,
but also provide a foundation for the research of multimodal robots that combine flying
and jumping modes.

2. Design and Analysis of Robot Mechanism
2.1. Mechanism Design

A model diagram of the robot structure is shown in Figure 2, and the functional
structure of the legs is inspired by insects.
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Figure 2. Model diagram of the robot structure. (A) Multi-link leg structure inspired by insects;
(B) kinematics parameters of the leg; (C) climbing robot with effective contact by point D (tarsus);
(D) climbing robot with effective contact by point C (tibia); (E) the front view of the robot and main
structure size parameters.

Figure 2A shows the multi-link leg structure of the robot. Insect legs are composed
of the coxa (A /O-B), trochanter (B-B), femur (B;—C), tibia (C-D), and tarsus (D-E). The
connection between the base coxa and the body is equivalent to a ball hinge; the connection
between the trochanter and the coxa is equivalent to a rotating hinge. The femur and
trochanter are regarded as rods. The two connections between the femur and tibia, and the
tibia and tarsus, are equivalent to rotating hinges.

For the robot structure design, the ball hinge between the coxa and the trochanter was
simplified into two mutually perpendicular active rotating hinges, and the rotation angles
are « and S, respectively. In the future, when we add adhesive pads or hooks to build a
complete tarsus, we will install the rotating hinge of the tibia and tarsus. The core of the
leg structure was the Hoekens link, and two parallel four-bar linkage structures were used
to limit the end trajectory. The leg had two degrees of freedom: the shoulder joint («) and
the leg joint (B).

The robot had two locomotion configurations. The first configuration is shown in
Figure 2C, which is supported by the tarsus (point D). The second configuration is shown
in Figure 2D, which is supported by the tibia (point C). The transformation of the two
configurations was achieved by driving the shoulder joint, which could also achieve
obstacle crossing and limb coordination. In the first configuration, the width of the robot
is relatively small, and it can pass through the environment where the width is restricted,
as shown in Figure 1B. In the second configuration, the height is relatively small, and it
can pass through the environment where the height is restricted, as shown in Figure 1D.
Similarly, Jayaram found that cockroaches use their feet to support normal crawling, and
use the tibia for support when passing through a narrow space [7].

Within Figure 2, the structural characteristics of the robot and the meaning of the
parameters are clearly displayed. The Hoekens link is a special four-bar mechanism with
a wide range of applications [19,20]. When the rods (I3, Iy, I3, l4) satisfy Equation (1), the
trajectory of the supporting point (C or D) is a closed curve, composed of a shell curve with
an opening downward and a straight line. The closed curve is perfectly symmetrical, and
more importantly, the lower curve is an approximate straight line. The special trajectory
can be achieved with one pitch drive (). Similar trajectories require two pitch drives for
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most quadruped robots with 3DOF legs (two pitch degrees of freedom and one yaw degree
of freedom). Therefore, the number of drives can be reasonably reduced.

lyse =20
ly7s = 2.51 @
s = 51,

Among them, I5-Ig are the lengths of rods GF, CE, AF and EF in Figure 2B respectively.

2.2. Kinematics Analysis

The displacement of point C relative to point A can be obtained by Equation (2) as
follows:

xc = ljcosP + I3cose o)
z¢ = l1sinf + I3sine

Among them, see the Appendix A for e.

The trajectory of point C is simulated, and the parameters of the rod AB are 10 mm,
and the length of other rods satisfies Equation (1). The displacement of point C relative to
A is visually displayed in Figure 3. The red and blue curves in Figure 3A correspond to the
approximate linear trajectory and the shell curve trajectory, respectively. The relationship
between displacement and swing angle can be observed in Figure 3B, and the red and blue
curves represent the displacement in the x and z directions, respectively. The swing angle
corresponding to the two curves are f = —124°~124° and B = 124°~236°, respectively.
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Figure 3. The displacement of point C relative to point A. (A) Locomotion trajectory of point C
relative to point A (the red part corresponds to the leg in a supported state, f: —124°~124°; the blue

part corresponds to the leg in a swinging state, B: 124°~236°); (B) horizontal and vertical displacement
of point C.

The size parameters ! and k of the closed trajectory curve can be obtained by
Equations (3) and (4) as follows:

I = max|xc| 4 min|xc| 3)

k = max|z¢| — min|z¢| 4)

The cycloid and the approximate straight line correspond to the swing phase and the
support phase of the leg, respectively. Through two parallel four-bar linkage mechanisms,
the trajectory shape of point D is completely consistent with that of point C. The coordinate
of point D relative to the origin O of the leg is obtained by Equation (5) as follows:

xp = lycosP + Izcose
yp = (I1sinB+I3sinf — c¢) sina + bcosw (5)
zp = (lysin B +I3sin® — c) cosa + bsina

« is positive in the counterclockwise direction. Specifically, a is 180° and 270° in
Figure 2C,D, respectively.
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Through kinematic analysis, the working space of the leg can be obtained, as shown
in Figure 4. In Equation (5), the value of b is 10.5 mm (in theory, b can take any value). The
values of c and d should ensure that the bottom of the robot does not interfere with the
ground in the standing state (|zp| > d, a = 180°). c and d are 32 mm and 4 mm, respectively,
which are two of the values that meet the requirements, and the rod length parameters are
consistent with the above.
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Figure 4. Working space of one leg. (A) Work space with two support points C and D, with C on
the outside and D on the inside; (B) projection of the working space on the x—o-y plane; (C) cross
section of working space; (D) projection of the working space on the x—o—z plane; (E) projection of
the working space on the y-o—z plane, and the working space position corresponding to the typical
robot structure; (F) Two typical postures of crawling robot (& = 180° and o = 270°).

The working space contains the reachable space of two supporting points C and D, the
inner and outer areas in Figure 4A, respectively. As shown in Figure 4B,D,E, the working
spaces of points C and D are symmetrical in front and back, left and right, and up and
down, and the long axis is parallel to the x axis. However, their shapes are different. As
shown in Figure 4C, the working space is cut off by a plane perpendicular to x-0-y, and a
cross-sectional view of the working space at two points C and D are obtained. The inner
surface of the point C working space is a cylindrical surface and the outer surface is an
ellipsoidal surface. The shape of the working space at point D is the opposite; the outer
surface is cylindrical and the inner surface is ellipsoidal.

The working space can provide a reference for us to analyze the robot’s ability to
overcome obstacles and its mobility through narrow spaces. It also shows that the robot
configuration supported by point C is suitable for moving on the outer surface of the arc,
and the structure supported by point D is suitable for movement on the inner surface of
the arc. Theoretically, the leg motors operate alone, and the robot can move on the inner
and outer surfaces of the arc. The feasibility of the robot’s motion on the inner and outer
arc surface will be analyzed in detail below.

3. Feasibility Analysis of Arc Surface Locomotion

The kinematics and working space of the two supporting points C and D were ob-
tained. When the robot moved on the outer surface of the arc, as shown in Figure 5A,
the configuration supported by point C was more advantageous than the configuration
supported by point D, because the supporting area in the former was larger and more
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stable. When the robot moved on the inner surface of the arc, the configuration supported
by the D point was more advantageous than the configuration supported by point C, as
shown in Figure 5B. Considering the direction of the cycloid in the trajectory, the legs in the
latter are likely to interfere with the arc when swinging.

Figure 5. The robot moves on the inner and outer surfaces of the arc (the arc radius is 71, and the
friction angle is ¢;,; the support position and the support posture of the leg are represented by angles
6 and 6, respectively). (A) The robot moves on the outer surface of the arc in a creeping posture;
(B) the robot moves on the inner surface of the arc with the configuration supported by point D;
(C) the meaning of the geometric dimensions that need to be considered when moving on the outer
surface; (D) the meaning of the geometric dimensions that need to be considered when moving on
the inner surface.

Stable support on the arc without interference is the basis for the robot to move on the
inner and outer surfaces of the arc. The self-locking of the robot is the premise on which
to avoid sliding on the arc surface. From the six main models of friction summarized by
Liu [21], the Coulomb friction model was the most suitable. The arc size, surface friction
coefficient, and robot size are important variables. As mentioned above, adding adhesive
pads or claws can complement the attachment parts of the robot, and it can also increase
the friction coefficient. In order to analyze the influence of surface friction characteristics
on locomotion more accurately, we set the friction coefficient as y, and the friction support
angle ¢;, can be obtained by Equation (6) as follows:

Pm = Fffmax/FN = tan~! H (6)

In different positions on the arc surface, if the gravity is always within the friction
angle, the robot can achieve self-locking without falling. When the support angle ¢ of the
robot on the arc is less than the friction support angle ¢;,, the robot can support stably on
the arc surface, and the limit boundary is 6 = ¢,. At this time, the shoulder joint rotation
angle « can be obtained by Equation (7) as follows:

0 =270+5+0 @)

The minimum arc radius for crawling (r;, i = 1, 2) is used to represent the size of the
arc surface on which the robot can crawl. The parameters that need to be considered are the
surface friction angle (¢,), the support position of the robot on the arc (6), and the support
attitude of the robot on the arc (6 £ 6). As shown in Figure 5C, the robot crawls on the outer
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surface of the arc, with point C as the support. The constraint relations in the horizontal
and vertical directions are Equations (8) and (9), respectively:

bsin(6 £6) +ry1sind = laccos(d £ 6) +0.5a 8)

d+hy+r1 =bcos(0 £0)+Iscsin(d £6) +rycosd )

As shown in Figure 5D, the robot moves on the inner surface of the arc with point
D as the support. The constraint relations in the horizontal and vertical directions are
Equations (10) and (11), respectively:

rpsind = (¢ —lac)sin(d £ 60) 4+ 0.5a + bcos(d £ 0) (10)

hy =1y —0.5a/siny (11)

Among them, [ 45 and ¢ are as follows:
lac = lisinfB 4+ I3sine

7y =tan"1(0.5a/[d +rcosd + bsin(6 £ 8) — (c — Lac) cos(d + 6)])

For ¢, also see Appendix A.

Numerical simulation is carried out where the value of a is 18 mm (a2 should ensure
that the left and right legs do not interfere in the prostrate state (|yp| > a, « = 270°)), and
the other parameters are the same as above.

In order to achieve friction self-locking, the robot support position angle is related
to the surface friction angle. The larger the surface friction angle, the greater the range
of the support position angle. It can be seen from Figure 6A,B that as the surface friction
angle ¢,; and support position angle J increase, the minimum arc radius that can be stably
supported significantly decreases. This reveals that the range of arc radius that the robot
can adapt to has been significantly expanded. Therefore, for surfaces with a relatively large
friction coefficient, the robot can adapt to a wider range of pipe radii, and for very smooth
surfaces, the adhesion friction force can be increased by using adhesive pads.

] T (B) I
— — 300 300 — ~~ 250
\
250
fé 200 200
200 £
o 150
150 £ 100
=
100 100
0L
50 0 - |
— S — 0 ~ o 40/ 50
50 e 20 20 S~ — 20
S+0(deg) 100 40 5(deg) d(deg) 400 §+0 (deg)

Figure 6. The relationship between the distance from the robot to the arc surface (hi), the feasible arc
radius (ri) and support position (5), and the leg support posture (0) (5 & 6 means the angle between
the support leg and the vertical line, and the positive and negative signs can be judged in Figure 5).
(A) The minimum outer radius arc during crawling, when the friction support angle ¢m is 40°, and
the range of leg support angle is (—40° to 50°); (B) the minimum distance from the bottom of the
robot to the outer arc, when the friction support angle ¢m is 40°, and the range of leg support angle
is (—40° to 50°).

As shown in Figure 6A, the support position on the outer surface of the arc satisfies
the friction-angle constraint (5 < ¢;,;). The smaller the value of § £ 6, the smaller the radius
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of the arc to which the robot can adapt, especially when the surface friction coefficient ¢,
is relatively small, so the robot can only support on the outer surface of the larger arc. The
smaller § & 6 indicates that the robot adopts the retracted posture. The larger § + 6 means
the robot adopts the hugging posture, which is conducive for the robot to move on the
outer surface of the arc with various sizes.

As shown in Figure 6B, the support position of the robot on the inner surface of the
arc meets the self-locking requirements (6 < ¢;,). The influence of the support posture is
not as significant as when the robot moves on the outer surface. In this simulation, when
6 £ 0 is less than 40 degrees, the bottom of the robot will not interfere with the arc. This
means that the robot adopts an expanded support method, i.e., the legs are outside the line
of action of the contact force. When J + 6 is zero, it can be observed that the robot adopts
an upright support and can be applied to a wider range of arc sizes.

In general, the robot must meet the friction—angle constraint and avoid interference
in the supporting position. The greater the friction coefficient ¢;,, the closer the support
position angle ¢ is to the friction angle ¢;;, and when the support posture adopts the
extended posture, i.e., the support leg is outside the straight line of contact force, the robot
can be applied to a wider range of arcs. The range of the leg joint drive angle § in the
support state is B = —124°~124°; the shoulder joint drive angle a can be obtained by
Equation (7).

4. Simulation Test of Robot Locomotion

The robot can deform and move on the inner and outer surfaces of the arc in a narrow
space. For several typical unstructured environments shown in Figure 1, the virtual test
environment was constructed as shown in Figure 7.

(B)

Figure 7. The robot moves in several unstructured environments as shown in Figure 1. (A) The outer
surface of the arc; (B) width-constrained environment; (C) the inner surface of the arc; (D) height-
constrained environment.

First, the model was imported into ADAMS using Solidworks software. Then, the
material properties (aluminum) and the direction of gravity (z direction) were set; then,
kinematic pairs and drives (12 rotary drives) were added; then, the contact parameters
(dynamic friction coefficient 0.8, static friction coefficient 0.5) were set between the foot and
the ground; finally, the dynamic simulation was conducted (the simulation time is 4 s and
the number of steps is 500). Locomotion performance was obtained in the simulation test
shown in Figure 8.
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Figure 8. Simulation analysis of robot locomotion (t blue curve represents the upright state of
the limbs, and the red curve represents the prostrate state of the limbs). (A), (B), and (C) are the
displacements of the robot in the x, y, and z directions of the plane locomotion, respectively; (D), (E),
and (F) are the displacements of the robot in the X, y, and z directions when it moves on the arc
surface, respectively (the blue curve represents the locomotion of the inner surface, and the red curve
represents the crawling locomotion on the outer surface).

The simulation test results of the robot moving on a plane in two typical configu-
rations are shown in the Figure 8A-C. Under the same driving parameters, there was
little difference in motion speed between the two modes. In the standing-motion mode
supported by point D, the maximum lateral deviation was around 2 mm, and the maximum
up-and-down fluctuation was around 0.7 mm. In the simulation, the length and width
of the robot and the height of the center of gravity were A, B, and C, respectively, and
the motion was relatively stable. In the creeping-motion mode supported by point C, the
lateral deviation did not exceed 0.15 mm, and the ups and downs did not exceed 0.2 mm.
Figure 8D,E shows the robot’s locomotion performance on the inner and outer surfaces of
the arc, which is clearly inferior to the robot’s planar motion. The robot’s locomotion in
the prostrate state (supported by point C) is still more stable than in the standing posture
(supported by point D).

5. Conclusions

This paper presents the mechanism design and simulation of a transformable crawling
robot inspired by insects, which has a special symmetrical trajectory and deformability.
This robot can change its configuration to adapt to an arc and narrow space, and is suitable
for detection, search, and rescue missions. The friction coefficient of the surface, the support
position on the arc surface, and the support posture affect the range of the arc surface to
which the robot can be applied. In addition to increasing friction, controlling the support
position and posture of the robot can also improve its application ability. The simulation
tested the robot’s movement performance in different environments. The locomotion of
the robot in the creeping state was very stable, and future work will focus on developing it
for vertical flat/curved surfaces with adhesive pads or claws. Moreover, the installation
of sensors (vision or force) and operating systems can assist the robot in recognizing
and operating in narrow and unknown environments. While our findings can inspire
the locomotion of robots in unstructured environments, there is still a lack of real robot
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prototypes for the application value of our research, so future work will focus on the
fabrication and control of robots.
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Appendix A

e=2tan ' \;

L TeE Bt a
l 71 +493
q3 = l4l3 — 1113 cos

g1 =18 +124+0.2513 — I3 — 2111, cos a

q2 = l1l3 sinu
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