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Design of a Quadruped Robot with Morphological
Adaptation through Reconfigurable Sprawling Structure

and Method

Jiwei Yuan, Shuangjie Wang, Bingcheng Wang, Ruizhuo Shi, Xuan Wu, Lei Li,

Weipeng Li, Zhouyi Wang,* and Zhendong Dai*

Morphological adaptation is crucial for animals and robots in navigating
unstructured environments. In this article, a quadruped robot with a reconfig-
urable sprawl posture and posture transformation strategy is proposed, which
can transform between different sprawl postures to cope with complex envi-
ronments and adapt to a dorsal downward fall posture through reverse
sprawling. First, the function and structure of the robot are described, including
an analysis of the Hawken mechanism’s endpoint trajectories and a regional
examination of the robot leg’s fundamental components, establishing a rela-
tionship between the trajectory characteristics and linkage length. Second, the
robot posture transformation strategy is analysed, obtaining the geometric
dimensional constraints and feasibility regions of the posture transformation.
The posture transformation process is quantified, and the robot transformation
gait and drive functions are designed. The robot gait and velocity regulation are
implemented based on a neural control architecture. Finally, the robot’s loco-
motion and posture transformation are tested using four high-speed cameras.
The results show that the robot can crawl on an inclined surface and continue
crawling in a dorsal downward posture post-fall. Additionally, the robot effectively
navigates obstacles and narrow spaces after posture transformation.

1. Introduction

Vertebrates gradually evolved limbs as they
moved from water to land. Compared to
amphibians, mammals have gradually
evolved to support their bodies off the
ground. As the height of the centre of grav-
ity increases and the stabilising support
domain decreases, the cerebellum, which
is associated with locomotor balance, has
become more developed and internally
differentiated."?!  Similarly, advanced
quadrupedal®™ and Dbipedal robots!®
require complex hardware systems and
control algorithms to maintain balance
while walking. Furthermore, an unstruc-
tured environment poses a significant chal-
lenge to the stable motion of robots, as their
motion performance lags behind that of
animals due to the limitations of percep-
tion, control, and drive technologies.[7]
Animals exhibit structural adaptations to
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environmental changes across multiple

generations. In some cases, altering a

robot’s morphology becomes the most via-
ble option to achieve suitable in-environment behaviours.®!

To overcome these challenges, this article proposes an
adaptable robot structure with a lateral extension morphology.
Its adaptability is characterised by both active adaptation to
the environment and passive adaptation after instability, signifi-
cantly reducing the dependence on control and perception.
Currently, the morphological adaptation of robots can be
achieved with origami-inspired structures,”™'"! variable-length
legs,>'# passively telescoping legs,'*! variable-stiffness legs,*
and variable-structure legs.">*”) Some robots exhibit multiple-
motion modes, enabling movements across different terrains,
including the ground, walls, air, and underwater."®**! In addi-
tion, effective morphological adaptation for stability improve-
ment involves lowering the centre of mass (COM) or
increasing the stabilising support domain. Lateral limb
extension reptiles, such as geckos and lizards, have excellent
motion stability, inspiring the design of creeping robotic
mechanisms.?*?*! Conversely, an upright leg posture proves
advantageous for tackling terrain challenges, such as obstacles.
Therefore, this study focuses on designing a robot structure
capable of assuming multiple sprawling postures, such as
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upright, prone, and adaptive posture transformations, to excel in
various environments.

Loss of stability, particularly when adopting a dorsal down-
ward posture after a fall or drop, poses significant risks, includ-
ing heightened survival challenges for animals, such as increased
vulnerability to predators and reduced chances of escape. For
robots, such instability can lead to operational interruptions,
necessitating avoidance of back landing and roll over to regain
a stable posture. Both animals!**~*! and robots?®*! can adjust
their posture mid-air and coordinate limb movements to facili-
tate quick recoveries. While it is difficult for animals to move in
an upward abdominal posture, robots can parameterize their per-
ception and control systems to passively adapt to the current
downward dorsal posture instead of striving to return to an initial
state. For instance, Saranli presented a popular hexapod robot,
the RHex,* with six semi-circular legged wheels, offering high
manoeuvrability in both dorsal back upward and downward pos-
tures. Similarly, Zhang presented a quasi-wheeled hexapod
robot, the Q-Whex*”) which combined the advantages of legs
and wheels and had the ability to move in a dorsal downward
posture. Other spoked-wheel robots are theoretically capable of
similar mobility.°!

Currently, robots can achieve adaptive morphology by adjust-
ing their extension through the shoulder joints, and some can
even operate in an inverted posture.***? These robots are
typically wheeled or spokes, benefiting from wheel symmetry
and continuous contact points that facilitate multi-posture loco-
motion. However, wheeled robots often encounter challenges
during posture transformation, as the wheels slide on the
ground, subject to the significant influence of the friction coeffi-
cient, necessitating substantial torque applied by the shoulder
joints.*Y In contrast, legged robots with discrete contact points
are more adaptable to complex environments, such as stable
obstacle traversal without vertical oscillations in the COM, and
they do not experience sliding or ground drag during posture
transformation.”) To the best of the authors’ knowledge, legged
robots have not yet demonstrated this ability to move in a dorsal
downward posture, and this limitation is primarily attributed to
the robot’s structural design.

Currently, the robot’s structural design primarily focused on
its leg structure. Classical leg topologies include the hip joints for
orientation adjustment and planar mechanisms for sagittal plane
motion.*’! Among these mechanisms, the open-link planar
mechanism is the most widely used, in which each joint is actu-
ated independently, offering enhanced flexibility but requiring
numerous actuators, complex control systems, and high energy
consumption, as typically found in robots like ANYmall®>*+*]
and HyQ.*® In contrast, closed-chain link planar mechanisms
have a limited number of actuators, which is a significant advan-
tage. Many link structures can guide the motion of a robot’s
legs using only one actuator, such as the Chebyshev linkage
walking mechanism,[*”! Theo Jansen mechanism,*® Klann
mechanism,*” and other mechanisms.”® The Hawken mecha-
nism, a specialised planar four-bar mechanism, uses a minimum
number of bars to achieve a shell curve featuring an approxi-
mately straight section and an arc section at the endpoint.
The approximately straight section is often used in a variety of
industrial scenarios.”’* Moreover, the Hawken mechanism
lends itself well to the design of robot leg structures, allowing
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the addition of extra rods, such as multiple parallelograms
and pantographs for trajectory inversion and amplification.”>~>%
This design facilitates the generation of approximately straight
trajectories for the support phase and curved trajectories for
the oscillating part in both quadrupedal and bipedal robots.

Most of the previously mentioned closed-chain link mecha-
nisms are limited to one-degree-of-freedom (DOF) structures,
which significantly limits their motion flexibility, thereby restrict-
ing their broader utility in legged robots. Extending planar
closed-chain mechanisms into three-dimensional space can
increase their flexibility. This extension can be achieved through
two primary methods. The first method is to design a multi-DOF
parallel mechanism®” or spatial closed-chain mechanism,®"
and the second method is to obtain a series-parallel hybrid mech-
anism by combining a planar closed-chain mechanism with a
shoulder joint. The latter approach offers a larger working space
than the former method and can also efficiently adjust the robot’s
sprawl posture to adapt to different motion requirements.*84%~*2

In this study, a novel 8-DOF quadrupedal robot was designed
without a dorsal-ventral distinction by integrating the Hawken
mechanism into the robot leg’s structure. This robot was
equipped with two postures, upright and prone, along with
the ability to swiftly transition between them. This design
allowed the robot to adapt to complex environments and even
instability falls, without necessitating additional drive mecha-
nisms or complex control systems. The remaining of the article
is organized as follows: Section 2 describes the robot’s function-
ality and structural design. In Section 3, the posture transforma-
tion principle of the robot is analysed, and the feasibility of the
transformation and its implementation are investigated. We
establish a hybrid control system, integrating direct control of
robot posture transition with neural mechanisms governing
motion regulation, encompassing gait and velocity regulation.
In Experimental Section, motion tests are conducted to verify
the rationality of the robot mechanism and correctness of the
posture transformation method. The robot’s gait and velocity reg-
ulation functions and its ability to crawl on inclined surfaces
(31 degrees on rough and 19 degrees on smooth surfaces) are
tested. Finally, preliminary application scenarios of the robot’s
versatility and the efficacy of its posture transformation capabili-
ties are demonstrated.

2. Robot Design

2.1. Robot Structure and Functional Overview

The cartographic diagram in Figure 1 shows a typical multiple-
motion scenarios for the robot.

It demonstrates how the robot seamlessly transitions between
different postures to facilitate movement. The prone posture
ensures stability during motion, while switching to the upright
posture enhances the robot’s adaptability, enabling it to navigate
obstacles and tight spaces effectively. Notably, the robot can
maintain mobility without the need for rolling over, even when
it finds itself in a downward dorsal posture. The photo of the
robot prototype in the figure shows the three typical postures
of the robot: prone, upright, and dorsal downward postures from
left to right.

© 2024 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 1. Robot adapts to multiple-motion scenarios through posture transformation. The figure is a cartoon illustration of the robot overcoming
obstacles and narrow spaces and crawling in a dorsoventral posture after falling.

The structure of the Hawken linkage, a core component of the
leg, is shown in Figure 2A-C. Using the crank OA as the driving
rod of the mechanism (f), the singular position can be avoided.
When the length of each rod satisfies Equation (1), the trajectory
of point D at the end is a closed curve consisting of approximately
straight lines and arcs.

lOB = 211
lBC = 2.511 (1)
lAD = 511
lAC = lCD

where the subscript capital letters O, A-D indicate the position of
the mechanism’s rotating hinge, as shown in Figure 2A.
The coordinates of point D in the localised coordinate system
can be expressed by Equation (2).
xp = by cos f+ Iap cos @ 2
yp = hsinf + Iap sing

where the values of ¢ are given in the Appendix.

A new rotational degree of freedom is introduced in the form
of a shoulder joint without increasing the number of rods. This
innovation retains the linear support phase trajectory of the robot
leg from the Hawken mechanism, while employing the shoulder
joint motors during the swing phase to drive leg motion without
requiring an additional scalar device for trajectory inversion. The
shoulder joint is fixed to the robot body using three installation
options, as shown in Figure 2A—C: the axis parallel to the robot’s
normal direction (PTN), the axis parallel to the robot’s lateral
direction (PTL), and the axis parallel to the robot’s forward
direction (PTF). Using the same range of the shoulder joint
(@: —90 to +90 degrees), the workspace of the leg is obtained
based on Equation (1) and (2) (with /; = 10 mm). Comparing
the foot workspaces of the three schemes, as shown in
Figure 2D-F, the PTF layout scheme has a large range of work-
able spaces, particularly in the y-o-z plane (coronal plane), as
shown in Figure 2F. The shoulder joint does not only facilitate
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substantial leg swing within the coronal plane but also corresponds
to distinct support angles of the robot leg at various shoulder joint
angles during the support phase. This versatility aligns with the
motion requirements of various postures of the robot, including
the prone posture with horizontally and laterally extended limbs,
the upright posture with limbs extending downward, and the dor-
sal downward posture with limbs extended upward.

Different initial angles of the shoulder joints of the robot cor-
respond to its various postures. The three postures of the robot
are shown in Figure 2G-I, with eight driving devices and two
active joints in each limb, namely legs (f) and shoulders ().
The axis of the shoulder joint is perpendicular to the plane of
the Hawken mechanism at distance d; and to the upper surface
of the body at distance d,. Figure 2J,K shows the process of the
posture transformation when the robot’s dorsal is upward and
downward, respectively. The former realises the transformation
between the prone and upright postures, whereas the latter real-
ises the continuation of the movement after the robot’s back ini-
tially contacts the ground. The robot’s posture transformation is
quantified by three parameters: the variation in limb support
angle (Ap), the change in centre of gravity height (AH), and
the shift in limb lateral reach length (AL). The key objective is
to achieve a stable posture transformation, particularly when
the robot is moving on the ground. In the next subsection, the
analysis of leg kinematics is explored in detail, and a fast and eas-
ily implementable posture transformation strategy is proposed.

2.2. Analysis of the Robot Leg Structure

The analysis of the leg mechanism’s locomotion trajectory forms
the basis for studying the principle of robot posture transformation
and provides control parameters for both robot motion and posture
transformation. The endpoint trajectory can be obtained from
Equation (1) and (2), as shown in Figure 3A (with /; = 10 mm),
and is primarily described by seven feature points (D;-Dy).
The position of the corresponding driving rod OA for each feature
point is shown in Figure 3C. These feature points divide the end
trajectory into four parts, which are shown in Figure 3B.

© 2024 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 2. Robot structure: A-C) three combined configurations of the Hawken mechanism and the shoulder joint; A) Shoulder joint axis parallel to the
robot’s normal direction (PTN); B) Shoulder joint axis parallel to the robot’s lateral direction (PTL); C) Shoulder joint axis parallel to the robot’s forward
direction (PTF); D) the workspace for the three leg configurations, with colours corresponding to Figure 1A-C; E) Top view of workspace with three leg
configurations; F) Side view of workspace with three leg configurations; G-I) the three sprawling postures of the robot: upright posture, prone posture,
and inverted sprawling posture, respectively; ) the transformation between prone and upright postures; and K) the posture transformation that enables

the robot to walk in a dorsal downward posture.

The trajectory of the D,—-Ds segment is an approximately
straight-line phase corresponding to the drive parameter § in
the range of 90°-270°. The trajectory of the Ds—D; segment
is the arc phase (f: from —56° to +56°). The D3-D, segment
trajectory (from 56° to 90°) and Ds—Ds segment trajectory (from
—90° to +56°) are associated with the transformation phase,
involving arcs and approximate straight lines. The length of
each rod is determined by the length of rod OA, and the geo-
metric characteristics of the endpoint trajectory can be further
quantified by parameter ;.

A coordinate system is established for the robot’s leg structure.
The x-axis aligns with the axis of the shoulder joint, oriented
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forward. The positive z-axis is the vertical direction of the robot,
and the y-axis follows the right-hand rule. The origin is located
directly above the leg joint of the Hawken mechanism at a dis-
tance d;. In the robot leg coordinate system (O-XYZ), the position
of the endpoint satisfies Equation (3).

Xp =1 cosf+ lap cos g
Yp = (i sinf + I4psing) cos @ + d; sinf (3)
Zp = (lysinf+ lspsing) sind — d; cos 0

where ¢ is the same symbol used in Equation (2).
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Figure 3. Analysis of Hawken linkage structure in robot leg component: A) The schematic diagram of Hawken linkage and trajectory of endpoint D;
B) The regional analysis on the end trajectory, and the curve in the block diagram is a partial enlarged view; C) The rotation angle of the driving rod
corresponding to each partition of the trajectory; D) Vertical coordinate values of wave crest D4 and wave trough Dy versus rod length I;. E) The rela-
tionship between rod length I, and the difference in vertical coordinates between crest D; and trough Ds; F) The length in the x-axis direction of the
straight trajectory versus rod length I;; and G-I) The workspace at the endpoint.

0 is the rotation angle of the shoulder joint motor, which
ranges from —90 to 90 degrees. When the value is zero, the
leg link is in a horizontal state; when it is greater than zero,
the link rotates upward, which corresponds to the swinging
phase of the robot’s legs or the upward posture of the robot’s
abdomen. When the value is less than 0 degree, the robot gradu-
ally switches from a prostrate position to an upright position.

As shown in Figure 3G-I, considering the robot’s actual
dimensions, we can determine the endpoint’s workspace using
Equation (3). This kinematic analysis of the leg mechanism, spe-
cifically the relationship between trajectory shape features and
rod length, serves as the foundation for investigating swift pos-
ture transformation in robots.

3. Study on Robot Posture Transformation

3.1. Principle of Robot Posture Transformation

For the Hawken linkage system, the characteristic points of the
endpoint trajectories (D,, Dy, and Dg) correspond to the mecha-
nism configurations and active bar rotation angles (), as shown
in Figure 4A. The straight trajectory corresponds to a leg joint
angle () between 90° and 270°; and the curved trajectory corre-
sponds to an angle range from —90° to 90°. The linear trajectory
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corresponds to the general motion of the robot, and the curved
trajectory is fully utilised in the posture transformation.

In a typical crawling motion, the Hawken mechanism’s end-
point D follows a reciprocating path along a straight line between
D, and Dy relative to point O. The shoulder joints are fixed dur-
ing the support phase, while they become active in lifting the foot
off the ground during the leg swing phase. The specific phase
distribution depends on the orientation of the Hawken mecha-
nism. In this study, the Hawken mechanism is symmetrically
mounted in the two limbs on the same side of the robot.
When the Hawken mechanism is oriented in the same direction
as the x-axis of the robot’s coordinate system, as shown in the left
front leg of Figure 4B and D2 to D¢ correspond to the support
phase, and Dg to D, correspond to the swing phase. In contrast,
for the left hind leg, D, to D¢ correspond to the swing phase, and
Dg to D, correspond to the support phase. Similarly, the opera-
tion principles are the same for the dorsal downward posture of
the robot.

For the posture-transformation motion, the legs are classified
into active and auxiliary roles based on their functions. The active
leg interacts with the ground to adjust the posture of the robot,
and the auxiliary leg cooperates with the robot’s motion to avoid
interference. Equivalently, the leg transitioning into the support
phase assumes the active role, and the leg transitioning into the

© 2024 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 4. Schematic of the robot posture transformation principle. A) Foot trajectory and drive angle characteristics corresponding to general locomotion
and posture transformation; B) General state of the robot; C) Dorsal downward state of the robot; D—E) Steps of posture transformation in the two states
of the robot, respectively; F-G) Schematic diagram describing the geometric relationship in the posture transformation process.

swing phase assumes the auxiliary role. For the same leg, it is
defined as the active leg in the support phase and transitions
to the auxiliary leg in its swing phase.

For the backup robot as shown in Figure 4B, the left front and
left hind limbs are the active and auxiliary ones, respectively. As
shown in Figure 4D, three typical states of the active leg (left fore-
limb) are successively represented in black, yellow, and green
during the posture transformation, corresponding to two steps
representing support phases I and II. Initially, the foot is posi-
tioned at point D,, and the length of the line connecting D, to the
centre of the shoulder joint is Ry, with an angle p, measured
between the line and the horizontal plane.

In the initial step, the active leg transitions into support
phase I. During this phase, the leg joint angle f is rotated from
90° to 0°. Similarly, the foot is gradually moved along the arcuate

Adv. Intell. Syst. 2024, 2300645 2300645 (6 of 20)

trajectory from D, to D, relative to the point O, and the length of
the line connecting D, to the centre of the shoulder joint is grad-
ually increased to R;. The angle between the line and the hori-
zontal plane is p;. Ry and R; can be obtained from Equation (4)
and (5), while po and p; satisfy Equation (6) and (7).

R=\/yp” +dy? (4)

Additionally, the maximum and minimum values of R can be
expressed as follows:

Ry = \/YD22+d12 5)
Ry = \/yp,> +di*
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d
p1 = cos™! (@) (7)

where yp, and yp, can be obtained by Equation (3) and (4).

The relationships between these four parameters are shown
schematically in Figure 4F. At this stage, the shoulder joint
rotates inward toward the body, with the driving parameter 6,
satisfying Equation (8). The lateral stability of the COM is
ensured by maintaining it within a height of AH, whose value
should satisfy Equation (9).

01 =p1—po (8)

AH = Rsinp; — Rysinp, 9)

In the second step, the leg enters the swing phase II, during
which the leg joint angle f is rotated from 0° to 90°, the foot is
gradually moved along the arcuate trajectory from D, to D, rela-
tive to the point O, and the length of the line connecting D, to the
centre of the shoulder joint is gradually increased to Ro. The
angle between the line and the horizontal plane is p,, which
should satisfy Equation (10). The shoulder joint continues to
rotate toward the inside of the body and the drive parameter
0, satisfies Equation (11), during which the height of the robot’s
COM remains constant but the lateral distance between the feet
decreases by AL satisfying Equation (13).

py =sin~! (@) (10)
0

0, =p1—p (11)

03 =p2—po (12)

AL = Rycosp, — Rcosp; (13)

The robot’s dorsal downward posture is first detected by its
IMU module, which then sends a feedback signal to the control
system to execute the posture transformation command. The
dorsal downward posture of the robot has a similar motion pat-
tern as that of the active leg; however, the corresponding param-
eters are different, as shown in Figure 4C,E,G.

In the first step, p}, pi, 0! and AH; are obtained from
Equation (14)—(17) respectively.

)
1 -1 22
po =sin" | == 14
b (RO (14
R 1
p% = COS*I (%) (15)
01 = pl — o (16)
AH; = Rsinp} — Ry sinp} (17)

In the second step, pi, 63, 6} and AL, are obtained from
Equation (18) and (19), respectively.
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p%::ﬁnfl(ﬁfﬁﬁﬁ> (18)
Ry

0} = p} — pl (19)
03 =p3 — 5 (20)
AL; = Rycospl — Reospl (21)

To ensure the feasibility of posture conversion, the size of the
robot d, must meet Equation (22), as follows:

d, < Min[ 2(Ro)” — (R)?, Ro} (22)

Next, the coordinated movement pattern of the auxiliary leg is
analysed. Additionally, a numerical simulation of the robot’s pos-
ture transformation process was performed.

Figure 5A shows the simulated robot model in three different
states during the posture transformation. The left front leg is the
active leg, and different colours have the same meaning as those
in Figure 4D. The right front leg was the auxiliary leg, and its
movement was divided into swing phase I and support phase
I1. Figure 5B shows both the trajectory positions and drive angles
of the active and assisting legs during posture transformation.

In swing phase I, the leg joint is swung from —90° to 90°
(clockwise), the auxiliary leg is swung forward, and the length
of the line connecting the foot to the centre of the shoulder joint
remains unchanged at R,. According to the previous section, the
active leg has lifted the trunk to a height of AH, as shown in
Figure 4D,F, allowing the shoulder joint of the auxiliary leg to
rotate toward the inner side of the body by 65, with a magnitude
that satisfies Equation (12), thereby reducing the lateral distance
by AL. In support phase II, the shoulder joint of the auxiliary leg
is fixed, and the leg joint is moved from 90° to —90° (counter-
clockwise).

During one of the above posture transformation gaits, the
prostrate angle increases to p,; the height of the COM increases
by AH, the lateral distance of the robot’s single leg decreases by
AL, and the lateral distance of the robot decreases by 2AL, as
shown in Figure 5C. No lateral shift of the COM occurs during
postural transformation, and there is no constraint or interfer-
ence between the contralateral leg systems.

The state parameter of the posture transformation process,
including the displacement of COM (AH), the lateral displace-
ment of the support leg (AL), the value of the prostrate angle
(P1, p2), and the shoulder joint angle (6;, 6,, and 6;), can be sim-
ulated numerically.

Figure 5D-F shows the variation of the above parameters as
the drive angle § changed during one posture transformation
cycle (l; is taken as 10 mm) in simulation. With the increase
of the drive angle f, all the above parameters tended to increase.
At f equal to 90°, the robot transformed the stance with the larg-
est magnitude, the COM was lifted by approximately 14.64 mm
(AH), and the lateral displacement of the unilateral support leg
was reduced by approximately 11.72 mm (AL). Additionally, the
distance between the two support legs of the whole robot was
reduced by approximately 24 mm, the prostrate angle was
increased by approximately 24.21° (6,), and the final prostrate
angle was approximately 50.77° (py).
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Figure 5. Analysis and simulation of robot posture transformation: A) Three states during robot posture transformation; B) Positions and leg joint angles
corresponding to the active and auxiliary legs; C) Schematic diagram describing the movement of active and assisted leg in the posture transformation
process; D) Changes in the height of COM and limb lateral distances during posture transformation of robots; E) The value of prostrate angle under
different supporting conditions; F) The value of prostrate angle change (i.e., driving angle @ of shoulder joint) under different support conditions;
G) Maximum amount of changes in the height of COM and limb lateral distances during posture transformation of robots with different rod lengths;
H) The maximum value of prostrate angle with different rod lengths; and |) The maximum amount of change in prostrate angle (i.e., driving angle 8 of

shoulder joint) with different rod lengths.

Figure 5G-I shows the maximum values of the above param-
eters corresponding to different rod lengths I; after a posture
transformation step (when g is 90°), at which point the robot
completed the posture transformation with the maximum ampli-
tude. As the rod length I, increased, the lift height of the COM
and the lateral distance reduction gradually increased, as shown
in Figure 5G, and the prostrate angle decreased, as shown in
Figure 5H. During the posture transformation, the shoulder
joint motor of the active leg exhibited a gradually increasing drive
angle in step I, and there was no difference in step I1, as shown in
Figure 5I. The shoulder joint drive angle of the auxiliary leg grad-
ually increased.

As shown in Figure 6A-C, the posture transformation when
the robot’s dorsum is acing downward resembles the previous
analysis but requires a feasibility analysis under dimensional
constraints. The distance from the centre of the shoulder joint
to the upper surface (dorsum) of the robot is denoted as d,
and the distance to the lower surface (abdomen) is denoted
d,. The feasible domain boundary for the dorsal downward pos-
ture transformation is the desired maximum value of d,.

Figure 6D shows the first step of the analysis with the param-
eter d, fixed while the rod length dimension [; and rotation angle

Adv. Intell. Syst. 2024, 2300645 2300645 (8 of 20)

f serve as independent variables. The results show that as the rod
length increased, the desirable range of d, also increased.
Conversely, as the robot posture transformation amplitude (char-
acterized by f approaching 0°) increased, the desirable range of
d, decreased. Therefore, the parameter d, only needs to satisfy
the feasibility requirements in the case of =0, enabling the
robot to realise the posture transformation.

Based on the first step of the analysis, when setting f to 0°, the
feasible domain of posture transformation constrained by the rod
length l; and parameter d; can be determined, as shown in
Figure 6E. The parameter d2 can be determined based on these
two parameters (f and I;). In this study, the three parameters I,
dy, dy of the robot were set to 10, 20, and 30 mm, respectively,
which satisfied the feasibility of posture transformation.

The state parameters of the posture transformation process,
including the displacement of the COM (AH,), the lateral dis-
placement of the support leg (AL,), the value of the prostrate
angle (pl, pl), and the shoulder joint angle (61, 63, and 6})
can be simulated numerically.

Figure 6F-H shows the variation of the above parameters
as the drive angle g changed during one posture change cycle
(h is taken as 10 mm) in simulation. With the increase of the
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Figure 6. Analysis and simulation of dorsal downward robot posture transformation: A) Three states during robot posture transformation; B) Positions
and leg joint angles corresponding to the active and auxiliary legs; C) Schematic diagram describing the movement of active and assisted leg in the
posture transformation process; D) Feasible domains for dorsal downward robot posture transformation with constraints on rod length (I;) and leg joint
angle range (f); E) Feasible domains for dorsal downward robot posture transformation with constraints on dorsal-facing robotic rod length (I;) and
shoulder joint position(d;); F) Changes in the height of COM and limb lateral distances during posture transformation of robots; G) Values of prostrate
angles under different supporting conditions; H) Values of prostrate angle changes (i.e., driving angle 6 of shoulder joint) under different support
conditions; 1) Maximum amount of changes in the height of COM and limb lateral distances during posture transformation of robots with different
rod lengths; J) Maximum value of the prostrate angle with different rod lengths; and K) Maximum amount of change in prostrate angle (i.e., driving angle

0 of shoulder joint) with different rod lengths.

drive angle f, all the above parameters tended to increase.
At p equal to 90°, the robot transformed the stance with the
largest magnitude, the COM was lifted by approximately
11.23mm (AH,), the lateral displacement of the unilateral
support leg was reduced by approximately 15.85mm (AL),
the distance between the two support legs of the whole
robot was reduced by ~24mm, the prostrate angle was
increased by ~25.05° (03), and the final prostrate angle was
~67.22° (pY).

Adv. Intell. Syst. 2024, 2300645 2300645 (9 of 20)

Figure 6I-K shows the maximum values of the above param-
eters corresponding to different rod lengths I; after a posture
transformation step (when g is 90°), at which point the robot
completed the posture transformation with the maximum ampli-
tude. As the rod length I, increased, the lift height of the COM
and the lateral distance reduction gradually increased, as shown
in Figure 6I, and the prostrate angle decreased, as shown in
Figure 6]. During posture transformation, the shoulder joint
motor of the active leg exhibited a gradually increasing drive
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angle in step I and a decreasing drive angle in step II, as shown in
Figure 6K. The shoulder joint drive angle of the auxiliary leg
gradually increased.

3.2. Robot Posture Transformation Gait Planning

The steps for the robot single-leg posture transformation were
described in the previous section. For prone robots, two gaits
are used to achieve posture transformation: a triangular gait
and a diagonal trot gait (Figure 7). For the convenience of repre-
sentation and ease of understanding, the robot posture transfor-
mation in the figure is analysed at the maximum amplitude,
involving the inward retraction of the legs ALy,,, and maximum
COM lifting height A Hy,,.,. Foot colours (black, green, and blue)
represent the position status of the support point positions dur-
ing the posture transformation, whereas red colour represents
the leg that is about to swing in the next step.

3.2.1. Tripod Gait

The robot follows the sequence LH-LF-RH-RF. At t = 0, the robot
is initially in state I; the right forelimb and left hind limb are at
the front end of the trajectory, and the left forelimb and right
hind limb are at the end of the trajectory. In step 1, the robot’s
left front and right hind limbs swing forward to the forefront of
the trajectory, and the robot is in state II. The robot does not
move during this process. In step 2, the four limbs are in support
phase II (the first step of posture transformation described in the
previous section). The endpoints move backward along the arc,
pushing the trunk forward by 0.5Ad, while the shoulder joint

www.advintellsyst.com

servos lift the COM by AH,,,, at which time the robot is in
state I11, and all four foot support points are blue, corresponding
to the blue points on the curve trajectory in the lower right cor-
ner. In step 3, while swinging the left hind limb forward by
0.5Ad, the robot takes a AL,,, step toward the side close to
the body, and the remaining three legs remain stationary, as
shown in state IV. In step 4, while swinging the left forelimb
forward by 0.5Ad, the robot takes a AL,,, step toward the side
close to the body, and the remaining three legs remain stationary,
as shown in state V. Similarly, the right hind and forelimbs
swing successively after steps 5 and 6, respectively, with the robot
posture as shown in states VI and VII. In step 7, the left forelimb
and right hind limb of the robot swing backwards to the end of
their respective trajectories, and the robot is in state VIII. In state
VIII, the robot can continue to perform posture transformation
or crawl during the trot gait.

3.2.2. Trot Gait

The robot requires only two steps to complete the posture trans-
formation, and the initial state remains state I. In step 1, the right
forelimb and left hind limb are in support phase, and their tra-
jectory is curved, supporting the body to move forward by 0.5Ad
with a COM lift of A Hy,,,. At the same time, the left forelimb and
the right hind limb are in the swing phase, swinging forward by
Ad while stepping to the side close to the body at ALmax, and the
robot is shown in state II. In step 2, the left forelimb and right
hind limb swing backward, driving the robot forward by Ad,
while the right forelimb and left hind limb enter the swing phase,
swinging forward by 0.5Ad while stepping to the side close to the
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. . y The leg to be
Tripod gait lﬂ y swung in the
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Figure 7. Description of robot posture transformation gait: blue area indicates that the robot performs posture transformation with tripod gait; orange
area indicates that the robot performs posture transformation with trot gait.
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body with AL, and the robot is still in trot gait as shown in
state VII.

In the aforementioned gait analysis, the robot performs the
posture transformation at the maximum magnitude, which is
reflected in the maximum increase in the COM height, change
in the crawling angle, and reduction in the lateral dimensions of
the robot. The robot is also allowed not to perform a posture
transformation at the maximum magnitude.

3.3. Design of Joint Driver Functions

The design of the joint drive function refers to the determination
of shoulder and leg joint angles during the locomotion gait cycle
of the robot.

The robot’s locomotion consists of general locomotion and
posture transformation. For the general motion, the robot is
set to move with a maximum stride. Considering the left front
leg of the robot as an example, the initial position of the support
phase in the prostrate state is at D, in Figure 4A,B, the support
phase duration is Ts, the leg joint motor drive parameter swing
angle is fying, the maximum value of this angle is 180°. At this
time, the endpoint reaches Dg, the shoulder joint motor remains
at the initial angle. After the end of the support phase, it enters
the swing phase, the duration of which is T. When Ts and Ty
are equal, the robot crawls with a diagonal gait. The leg joint
motor reverses the rotation to the initial position of the device,
that is, the endpoint returns to D,; simultaneously, the shoulder
joint motor drives the leg device to rotate in the direction away
from the body and swings to the maximum 6,,,, at the moment
of Tyw/2, and then reverses the rotation to the initial position at
the moment of Ty. To achieve the foot touchdown without
impact, the leg joint (f) and shoulder joint (#) drive functions
in the swing phase satisfy Equation (23) and (24), respectively.
During the support phase, the leg joint rotates in reverse and
the shoulder joint is fixed.

t 1 . 2mt
ﬁ = ﬁswing |:Tswmg - ESII’I <T5Wing>:| (23)
Tswing
where

t 1 4t
(t) = ——sin
fE Tswing 4n Tswing
swing

T
Tswing_t): L 0§x<T
2 1,

For general motion, Piswing 1s set to 180° and 6,,,, is set to 30°.

swing

@<X<T
7 =

Notably, these parameters can be adjusted based on specific
requirements for stride length and step height using the kine-
matic inverse solution.

In the case of posture transformation motion, the leg joints
continue to satisfy Equation (23). However, for active legs,
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Table 1. Joint driver function supplement.

General Posture transformation
locomotion
Active leg Auxiliary leg
Step | Step Il Step | Step Il
Pswing () 180 90 90 180 180
Omax () 30 - - - -
0 ) - 0 80 0, & 0 05 & 0 0

Pswing is set to 90°. Step [ is in the support phase where the motor
rotates in reverse, and step II is in the swing phase where the leg
joint rotates in the forward direction. The shoulder joint satisfies
Equation (8) in step I (¢,) and Equation (11) in step II (#,). For the
auxiliary legs, flsying is set to 180°. Step I is in the swing phase
where the motor rotates in the forward direction, and step II
is in the support phase where the leg joint rotates in reverse.
The shoulder joint satisfies Equation (12) in step I (63) and
remains fixed in step II.

There is no difference between the leg joints when the posture
transition occurs in the dorsal down and dorsal up states. The
shoulder joint of active leg in the two steps are 6] (step I) and
0} (step 1I), which satisfy the Equation (16) and (19), respectively.
The auxiliary leg satisfies Equation (20) during the swing phase
and remains fixed during the support phase. All the aforemen-
tioned parameters are presented in Table 1.

As shown in Figure 8 A-C, the period of the posture transfor-
mation process was 2 s. The leg joint of the active leg swung at
90° during the support phase, the shoulder joint swung to 14.42°,
the leg joint swung at 90° during the swing phase, and the shoul-
der joint swung to 24.21°, as shown in Figure 8D. The leg joint of
the auxiliary leg swung by 180° in the swing phase, the shoulder
joint swung to 24.21°, the leg joint swung by 180° in the support
phase, and the shoulder joint remained immobile, as shown in
Figure 8F. The end trajectories of the active and auxiliary legs
in one cycle and their positions in the workspace are shown in
Figure 8E,G.

The dorsal downward posture is shown in Figure 8H-J. The
leg joint of the active leg swung at 90° during the support phase,
the shoulder joint swung to 9.06°, the leg joint swung at 90° dur-
ing the swing phase, and the shoulder joint swung to 25.05°, as
shown in Figure 8K. The leg joint of the auxiliary leg swung by
180° in the swing phase, the shoulder joint swung by 25.05°, the
leg joint swung by 180° in the support phase, and the shoulder
joint remained immobile, as shown in Figure 8M. The end tra-
jectories of the active and auxiliary legs in one cycle and their
positions in the workspace are shown in Figure 8L,N.

3.4. CPG-Based Neural Coordination Strategy

A hierarchical modular neural control is constructed. Illustrated
in Figure 9A, the architecture comprises three layers: the high-
level controller (including user inputs), followed by the central
pattern generator (CPG) module and the CPG post-processing
module. Within the CPG module, two discrete recurrent
neurons generate a periodic oscillating basic rhythmic signal.
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Figure 8. Joint drive functions for robot posture transformation and foot trajectories in space (blue and red curves correspond to the stance and swing
phases, respectively): A-C) Three successive states of the robot during posture transformation; D) Shoulder (§) and leg joint (6) driving functions for the
active leg; E) Trajectory of active leg during posture transformation; F) Shoulder (8) and leg joint (6) driving functions for the auxiliary leg; G) Trajectory of
the auxiliary leg during posture transformation; H—J) Three successive states of the dorsal down robot during posture transformation; K) Shoulder (f) and
leg joint (0) driving functions for the active leg; L) Trajectory of active leg during posture transformation; M) Shoulder () and leg joint (6) driving
functions for the auxiliary leg; and N) Trajectory of the auxiliary leg during posture transformation.

Moreover, the Modulation Index (MI) serves as a crucial fre-
quency regulator, facilitating continuous adjustments in gait fre-
quency and pattern. PCPG1 and PCPG2 serve as pivotal signals
directing the robot’s hip and knee joints, respectively. These
PCPG signals undergo a delay, denoted as DL, before being con-
verted into angle signals through linear mapping, thereafter,
being directed to S1 and S2 to actuate the servos spanning
SV1-SV8. These servos, in turn, orchestrate the robot’s motion.
Notably, the height bias parameter (HBP), a crucial component,
which controls the robot to achieve reconfigurable lateral exten-
sion, all under the purview of the high-level control layer.

By systematically aligning the robot limbs with the PCPG sig-
nals of Figure 9B and their subsequent transformation, the robot
exhibits the capacity to seamlessly transition between diverse
gaits. When MI = 0.025, the robot is in amble gait and switches

Adv. Intell. Syst. 2024, 2300645 2300645 (12 of 20)

to trot gait at MI=0.085, based on our previous work.?
Through iterative cycles spanning 0 to 600, each cycle engenders
a distinct set of CPG signals, synchronized with four sets of
PCPG signals. By orchestrating the temporal intervals between
iterations, facilitated by a delay function, precise control over the
velocity of the generated PCPG signals is achieved, thereby
directly influencing the robot’s locomotive speed.

As the control input of the CPG, the high-level controller
(including user inputs) will control the CPG oscillation frequency
parameter MI. Leveraging the continuous variation characteristic
of CPG gaits, the high-level controller can achieve continuous
switching between the robot’s trot and ambling gaits by changing
the value of MI. When the robot needs to perform posture trans-
formations, the high-level controller can override the CPG and
directly control the joints. After the transformation is completed,
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with DL.

it will continue to control the movement through the CPG by
changing the operating parameters of the CPG.

4, Conclusion

A quadrupedal robot with morphological adaptive tuning and a
posture transformation strategy was proposed. Morphological
adaptation is reflected in the robot’s ability to actively adjust
its extended posture to adapt to complex environments, and in
its passive adaptation to unsteady fall scenarios by moving in
a dorsal downward posture. The key to morphological adaptabil-
ity lies in the design of the robot’s leg structure and the pose
transition method. The former integrates the Hawken mecha-
nism into the leg structure to realise the basic kinematic function
that provides the basis for pose transformation, and the latter
realises stable lateral extension pose transformation of the robot.
The structural design principles of the robot and correctness of
the posture transformation method were demonstrated through
a prototype motion experiment. The morphological adaptations
of the robot were evaluated, including its ability to move in a dor-
sal downward posture after falling from a high platform and an
inclined surface, and its ability in traversing obstacles and con-
fined spaces.

5. Experimental Section

Leg Motion Performance Test: General Motion Test: The robot leg motion
tests are categorised into general and posture-transformation motion
tests. These trials were recorded using four high-speed cameras
(300 fps, Prime 17 W; OptiTrack Ltd., Corvallis, OR, USA). Four markers
were placed on the feet of the robot and four markers were placed at the
four corners of the robot torso, as shown in Figure 10E. During the test,
the robot was securely fixed on a protrusion to ensure that the limbs
remained fully suspended. Additionally, a coordinate system was estab-
lished on the robot’s legs, as shown in Figure 10A. The leg trajectories

Adv. Intell. Syst. 2024, 2300645 2300645 (13 of 20)

were verified during general motion tests, and the correctness of the drive
function was verified by measuring the velocity and acceleration.

The diagonal gait motion period of the robot was set to 2's, and the
two driving parameters  and 6 satisfied Equation (3), as shown in
Figure 10B-D. In Figure 10B, the blue and red curves represent the right
forelimb and right hind limb leg joint driving functions, respectively. In
Figure 10C, the blue and red curves represent the driving functions of
the right forelimb and right hind limb shoulder joints, respectively.

The theoretical and robot prototype test results were in good agree-
ment. The theoretical and prototype test trajectories of the foot are shown
in Figure 10F. The forward speed of one leg was approximately 4cms™",
the maximum swing phase was approximately 1.5 cm, and the lateral swing
range was approximately 0.7 cm, which was further adjusted using the con-
trol parameters. The robot foot velocity and acceleration with respect to
time are shown in Figure 10G,H, respectively. Notably, the velocity remains
continuous and free from any abrupt impacts as the foot contacts the
ground. When crawling in a trotting gait, the robot’s centre of gravity rarely
aligned perfectly with the line formed by the support feet, hence resulting
non-zero acceleration values as the foot contacts the ground.

Leg Motion Performance Test: Posture Transformation Motion Test in the
Simulation: The motion of the feet on the same side was measured in the
ADAMS software when the robot transitioned from a prostrate to an
upright state. Figure TTA-C shows the three states of the posture trans-
formation process. Figure 11A shows the initial state, where the forelimb
was in the support phase, and the hind limb was in the swing phase until
the state transitioned into the configuration as shown in Figure 11B.
Subsequently, the forelimb was in the swing phase and the hind limb
was in the support phase until the state transitioned into the configuration
as shown in Figure 11C. The forelimb was the active limb, the hind limb
was the auxiliary limb, and the joint drive function is shown in Figure 8D,F.
The displacement of the foot is shown in the figure; the blue curve rep-
resents the trajectory of the active limb, and the red curve represents the
trajectory of the cooperative limb. After the posture transformation, the
robot foot was lifted by approximately 15 mm in the z-direction, and
the distance in the y-direction was reduced by approximately 14 mm, which
is close to the theoretical value. Figure 11G,H shows the swinging veloci-
ties of the two feet of the robot during the posture transformation.

The motions of the two feet on the same side were measured as the
robot moved from a dorsal touchdown state to a dorsal down-walking
state, as shown in Figure 12. The three successive states of the posture-
transformation process are shown in Figure 12A-C. The displacement of
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Figure 10. Drive parameter design and robot validation: A) Robot has two degrees of freedom in a single leg, respectively # and 6; B,C) Zero-shock driving
functions for f§ and 6, respectively. The blue curves are the driving function of the left front and right hind legs; The red curves are the driving function of
the right front leg and left hind leg; D) Sequence diagram of the trot gait of the robot; E) Robot motion experiment system including four motion capture
cameras and robot with eight labelled mark points; F) Theoretical and experimental trajectories of the robotic foot; G) Theoretical and experimental curves
of velocities in the swing phase of the foot; and H) Theoretical and experimental curves of acceleration in the swing phase of the foot.
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Figure 11. Posture transformation motion testing; A-C) are the three successive states of the robot’s posture transformation process. Blue colour
represents marking points on the front foot; red colour represents marking points on the hind foot; D—F) Foot trajectory during posture transformation;
G) Velocity of front foot during robot posture transformation; and H) Velocity of hind foot during robot posture transformation.
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Figure 12. Posture transformation motion testing with dorsal down: A-C) the three successive states of posture transformation process when the robot’s
dorsal downward back is down. In Figure 11A, the back is in contact with the ground. Blue colour represents marking points on the hind foot; red colour
represents marking points on the front foot; D—F) Foot trajectory during posture transformation; G) Velocity of front foot during robot posture trans-
formation; and H) Velocity of hind foot during robot posture transformation.

the foot is shown in Figure 12D-F, the blue curve represents the trajectory
of the active limb, the red curve represents the trajectory of the cooperative
limb, and the joint drive function is shown in Figure 8K,M. After the pos-
ture transformation, the robot foot was lifted by approximately 18 mm in
the z-direction, and the distance in the y-direction was reduced by approxi-
mately 7 mm, which is close to the theoretical value. Figure 12G,H shows
the swinging velocities of the two feet of the robot during the posture
transformation.

Contact Reaction Force Test During Posture Transformation: In order to
accentuate the effectiveness of the proposed posture transformation, an
examination of the contact reaction force exerted by the active leg during
transformation was performed and contrasted against the method of
direct limb retraction. The contact force testing apparatus, as depicted
in Figure 13A, comprised a 6-dimensional force sensor, a NI
CompactDAQ, and a computer. A flat plate, where the robot’s active legs
were placed, was mounted above the sensor, whereas the remaining three
legs were positioned on a separate flat plate, thereby not interfering with
the sensor. To ensure uniform frictional co-efficient, both flat plates were
lined with 120-grit sandpaper. The governing principles of the two posture
transformation methods are illustrated in Figure 13B, with the blue plot
representing the method proposed in this study, and the red plot repre-
senting the direct limb retraction method proposed in other studies.[*'!

The activation of the contact force test system precipitated the com-
mencement of the experiment. Initially, a robot initially was positioned
in a prone posture within the test region. It then executed a posture trans-
formation manoeuvre, employing the first transformation method, to tran-
sition into an upright posture. In a separate test, the shoulder joints were
directly responsible for actuating the limbs into convergence, facilitating
the robot’s transition from a prone to identical upright posture. Each
experimental iteration was performed five times, with the data captured
and recorded. The contact forces correlated with both posture transforma-
tion methods are demonstrated in Figure 13C,D, respectively.

Adv. Intell. Syst. 2024, 2300645 2300645 (15 of 20)

A statistical analysis was conducted on the peak contact reaction forces.
This analysis compared the lateral contact force F,, the compound contact
force F,_, in the lateral and normal directions, as well as the combined
contact force Fy—y—; in the lateral, normal, and tangential directions, as
represented in Figure 13E. The posture transformation method introduced
in this study exhibits a diminished contact force in comparison to the
direct limb retraction method, thereby diminishing shoulder joint output,
and lowering energy use.

Robot Motion Performance Test: General Motion and Posture
Transformation Test: Motion tests of the robot were conducted, including
the robot crawling in a posture with its back facing upward, as shown in
Figure 14C, and crawling in a posture with its dorsal facing downward, as
shown in Figure 14D.

In the experiment, the robot followed a sequence of movements
that involved advancing in a prone posture for two steps, initiating
a posture transformation, and then continuing to move in an upright
posture for four cycles. The displacements and velocities at the
geometric centre point of the robot’s body are shown in Figure 14AE,
respectively.

The movement of the robot in a dorsal downward posture is shown in
Figure 14D, featuring the initial phase where the shoulder joints of the
limbs initiated swinging, and all four feet made initial ground contact.
Subsequently, the robot lifted its body off the ground through posture
transformation, after which it moved for four cycles. The displacements
and velocities at the geometric centre point of the robot’s body are shown
in Figure 14B,F, respectively.

Robot Motion Performance Test: Gait Transition and Velocity Regulation of
the Robot: The function of gait and speed regulation based on neural con-
trol systems has been tested. The figure demonstrates that the robot
directly switches gaits by adjusting the parameter MI, which is taken to
be 0.025 and 0.085 corresponding to the amble and tort gaits, respectively,
as shown in Figure 15A.
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Figure 13. Contact reaction force test: A) Depicting the contact force testing system; B) Providing a schematic of the robot’s postural transformation
principle—the blue plot represents the primary method proposed in this article, while the red plot signifies the method of direct limb retraction;
C) Demonstrating typical contact reaction forces for the posture transformation method proposed herein; D) Illustrating typical contact reaction forces
associated with the secondary posture transformation method; and E) Showcasing a comparative analysis of contact reaction forces amidst both postural
transformation methods.
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Figure 14. Robot prototype locomotion testing: A) Displacement versus time for the robot moving in a back-up posture; B) Displacement versus time for
the robot moving in a dorsoventrally posture; C) Locomotion sequence of the robot in back-up posture with a Prostrate posture, b Posture transform in
progress, ¢ Completion of posture transform, d Robot moves in an upright posture; D) Locomotion sequence of the robot in dorsoventral posture with a
dorsoventral posture, b Posture transform in progress, c Completion of posture transform, d Robot moves in dorsoventral posture; E) Velocity versus time
for the robot moving in a back-up posture; and F) Velocity versus time for the robot moving in a dorsoventrally posture.
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Figure 15. Robot gait and velocity transitions assessments. A) Schematic representation of the robot’s amble and trot gaits; B) Kinematic test results of
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robotic gait transitions; C) The robot accelerates and decelerates sequentially in an amble gait; D) The robot accelerates and decelerates sequentially in a
fast trot gait. Supporting Information Video 2 provides visual documentation of the conducted tests. (The Supporting Information movie Movie s2 and

Movie s3 show the robot’s motion regulation capacity).

Figure 16. Robot attaching as well as crawling on inclined surfaces. A) The static attachment tests were conducted on a 50-degree tilted rough surface,
with detail drawings a, b, ¢, and d showing the platform tilt angle, the sole deformation characteristics, structure of the sole, and rough surface attributes,
respectively; B) Robot static attachment experiment on a 50-degree inclined smooth surface, with detail drawings a, b, ¢, and d showing platform incli-
nation angle, contact morphology of sole, contact area post-binarization, and contact area post-tangential loading, respectively; C) Robot crawling on a

rough surface with an inclination angle of 31 degrees; D) Robot crawling on a smooth surface with an inclination angle of 31 degrees. (The Supporting

Information movie Movie s4 shows the robot’s ability to crawl on inclined surfaces).

Adv. Intell. Syst. 2024, 2300645
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Utilizing a motion behaviour capture system, we conducted tests on the
robot’s gait-switching process, with motion displacement and velocity pro-
files elucidated in Figure 15B. Remarkably, the robot achieved dynamic gait
switching within a mere 0.62 s. Velocity modulation of the robot is show-
cased in Figure 15C,D, wherein the former exhibits sequential acceleration
and deceleration phases within an amble gait, while the latter demon-
strates analogous dynamics within a fast trot gait. Notably, to enhance
clarity regarding velocity changes during locomotion, the solid line repre-
sents actual displacement changes, while the dotted curve represents a
fitted displacement curve, facilitating visualization of velocity variations
(as depicted by the short line). After completing the gait transformation,
the tort gait moves faster, while the amble gait is more stable in the lateral
direction. Additionally, the presence of a lateral deflection angle during
robot motion engenders lateral acceleration and deceleration, with velocity
changes trailing those in the forward direction.

www.advintellsyst.com

Robot Motion Performance Test: Robot Attachment and Crawling on
Inclined Surfaces: The robot is stable in the limb lateral extension posture,
and its ability to attach and move on inclined surfaces was tested after the
installation of customised elastic foot sole.

Figure 16A illustrates the robotic attachment test on a rough
inclined surface, where the robot can maintain static adhesion on a
50-degree slope. The rough surface comprises a layer of sand grains
with a diameter of 0.5mm (35 mesh) evenly spread. The foot of
robot, as depicted, consists of four distributed toes, each toe having
a width of 3mm and an end size of 0.5 mm. During traversal on the
rough inclined surface, the toes undergo deformation according to
the varying direction of gravity, with the upper toes mainly pulling
against the substrate and the lower toes acting as a support.
Figure 16C shows that the robot can crawl on a rough sloping surface
at about 31degrees, and the robot’s attachment effect is further

Figure 17. Locomotion sequence of the robot. (See attached video): A) Robot falls from high platform; B) Robot falls from inclined plane; C) Robot
crosses an obstacle; and D) Robot passes through narrow space; E-G) Robot traverses unstructured terrain (dense shrubbery, artificially confined space,
exposed tree root). (The Supporting Information movie Movie s1 shows the robot’s posture transformation capabilities and typical application scenarios).

Adv. Intell. Syst. 2024, 2300645 2300645 (18 of 20)

© 2024 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

85U0|7 SUOWILLOD SAITea1D 3ol |dde ay) Ag peussnob ae SsjoiLe YO ‘8sN Jo SN 10} AkeiqiT 8UIIUO A8]1/ UO (SUONIPUOD-PUe-SWLSIW00" A3 | Aelq 1 BulUo//SdNyY) SUONIPUOD pue SWie | 81 89S *[202/70/62] Uo Akiqiauluo A8|IM ‘younz H13 Aq 5r900£202 AS1e/Z00T 0T/I0p/woo A3 | Areiq 1 puluo//sdny wolj pspeojumoq ‘0 ‘/9Sk0r9Z


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

improved when faced with a substrate with larger gaps as well as larger
particle sizes (rougher substrate).

The coefficient of friction of the smooth surface is small, and the foot
cannot be mechanically indented with the substrate, by attaching the sticky
material, the robot can attach on the 54 degrees inclined surface as shown
in Figure 16B. A camera on the back of the substrate records the contact
area of the foot, and the image is binarised to obtain the number of bright
spot pixels as N and the number of pixels occupied by the standard-length
dimension | (cm) in the frame as n, so that the actual contact area can be
calculated S = N(L)2cm?.

Robotic distributed paw features possess a distributed adhesion
function similar to that of gecko toes.” The robot has similar contact
features for each toe when it is in the horizontal plane, and when
it is subjected to tangential loading, the paws deform accordingly, and
its contact state is shown in Figure 16B. The robot can crawl on a smooth
sloping surface at about 19 degrees (Figure 16D). Due to the small size
and curved shape of the foot base, we did not use the gecko-inspired adhe-
sive material but 3M double-sided tape in the test. Increasing the size of
the foot and using a higher repetition rate adhesive material will further
improve the robot’s ability to adhere and crawl on the smooth inclined
surface.

Robot Motion Performance Test: Robot Application Scene Demonstration:
The robot’s structural design and posture-transformation methods
contribute significantly to its adaptability in complex environments.
Figure 17A,B shows the robot falling from a high platform and an inclined
plane, respectively, demonstrating its capability to perform dorsal down-
ward motion effectively. Figure 17C shows the robot crossing an obstacle
with a height of 2 cm, which was previously not feasible in its prone state
before the posture transformation. Figure 17D shows that the robot could
pass through a narrow space with a width of 12 cm after its posture trans-
formation. Our robots can also adapt to several types of unstructured ter-
rain, such as dense shrubs, exposed tree roots, and confined space, as
represented in Figure 17E-G.
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Supporting Information is available from the Wiley Online Library or from
the author.
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