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ANALYSIS AND DESIGN OF THE RECONFIGURATION MOTION
QUALITIES OF A DEFORMABLE ROBOT BASED ON A
METAMORPHIC MECHANISM

Summary

Traditional wheel-legged ground mobile robots can only partially deform during wheel-
leg switching, resulting in failure to achieve better environmental adaptability. Metamorphic
mechanisms can be introduced into car structure designs. A new type of wheel-legged ground
mobile robot, namely a deformable robot, is proposed in this study. Compared with traditional
wheel-legged ground mobile robots, the deformable robot is capable of global reconfiguration,
that is, when transitioning between the wheeled type (vehicle state) and the legged type
(humanoid state), the shape, structure, degrees of freedom, and position of the centre of mass
will change significantly. First, based on the characteristics of the wheel-legged compound
motion, a structural model of the deformable robot was proposed and designed, and its
reconfiguration motion was planned. Then, a kinematic model of the coupled reconfiguration
process of the deformable robot was established. A horizontal lifting model was created to keep
the front body level when lifting. The motion law of each active joint angle over time was
designed based on the requirements of the reconfiguration motion smoothness. The criterion of
reconfiguration stability was established and measures to improve it were proposed. Finally,
based on the simulation verification of the smoothness, horizontality, and stability of the
coupled reconfiguration of the system, a prototype of the deformable robot was developed, and
a coupled reconfiguration experiment was conducted on an actual road surface. The experiment
results show that the reconfiguration motion of the deformable robot between the vehicle state
and the humanoid state had good motion qualities.

Key words: deformable robot, kinematics analysis, reconfiguration motion, motion
qualities, experimental prototype

1. Introduction

As a type of ground mobile robot, wheel-legged robots have been widely used in military,
medical, service, space exploration, and anti-riot applications [1-7]. They combine the
advantages of wheeled mobile robots and legged walking robots to ensure high travel speed on
a flat surface, strong terrain adaptation, and obstacle-crossing capabilities [8-13].
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In terms of structural analysis, there are two types of wheel-legged robots that can achieve
wheel-leg mode switching. One is to achieve wheel-leg mode switching by locking the wheels,
which are installed at the end of the leg mechanism [14]. For example, Boston Dynamics
developed a “Handle” robot with extreme flexibility and adaptability [15]. The robot was
powered hydraulically and by a motor. Not only could it complete complex actions such as
jumping, but could also drive fast in wheeled mode. The State Key Laboratory of Robotics of
Harbin Institute of Technology designed a hydraulically driven biped wheel-legged WLR robot
[16]. The robot could achieve complex movements such as translation and squatting. However,
these two robots had a common defect: their two legs could not be separated. Therefore, they
could not complete actions such as walking. Another type of robot changes the installation
position of the wheels. These wheels are mounted on a fuselage or the connecting rod of the leg
mechanism. Wheel-leg mode switching is performed by making the wheels touch the ground
through the deformation of the mechanism. For example, the DRC-HUBO robot [17,18] was
developed by the Korea Advanced Institute of Science and Technology (KAIST). Its driving
wheels were added at the ankle and knee joints. The DRC-HUBO robot could not only walk
with legs, but also travel with wheels in a kneeling position. However, in the case of the wheeled
mode, the high position of the centre of mass made the robot unable to travel at a high speed.

The above robots were improved based on the structure of biped or multi-legged robots.
However, a new type of wheel-legged ground mobile robot—the deformable robot is proposed
in this paper. The wheel-legged robot introduces a metamorphic mechanism [19,20] into the
vehicle design, and combines the vehicle with a biped walking robot. Compared with the
traditional wheel-legged robots, the deformable robot proposed in this paper was designed
based on a vehicle structure. It can not only travel in the vehicle state at a high speed on a
structural road, but also stand and walk on an unstructured road when it is reconstructed into
the humanoid state.

In terms of research content, traditional research on wheel-legged robots is concerned
with motion analysis and control in either the wheeled or legged configurations. But little
research has been done on the motion between configurations. For example, Li et al. [21]
proposed a new jumping control method based on the TMS-DIP model for the stable jump of
the WLR-3P robot. The method was successfully applied to the jumping process of the WLR-
3P robot platform. Chen et al. studied a hybrid gait obstacle avoidance control strategy for a
six-wheel-legged robot (BIT-6NAZA). It could ensure the horizontal stability of attitude by
using a feedback controller when passing obstacles with different shapes [22]. The Ascento
robot [23] was designed by ETH Zurich. The robot adopted the control strategy of the model-
based linear quadratic regulator (LQR) to achieve balance and movement functions. It used a
feedforward control strategy based on feedback tracking to perform jump and falling recovery
functions. BIT developed the wheel-legged BHR-W robot [24] and proposed a layered
controller. This hierarchical controller divided the controllers into a whole-body joint controller
and a balanced motion controller to achieve the walking, jumping, roller-skating and other
actions of the robot.

The reconfiguration of a deformable robot has been fast and global. Because of the
speed of this reconfiguration, there has been a big impact on the robot. Therefore, it was
necessary to analyse and design the smoothness of the reconfiguration process. Due to global
reconfiguration, the shape, structure, degrees of freedom, position of the centre of mass and
support domain have changed greatly during the reconfiguration process. Especially when the
robot was reconstructed from the vehicle state to the humanoid state, the support domain
would become significantly smaller. These factors would lead to the instability of the
deformable robot during the reconfiguration process. It was necessary to analyse and improve
the stability of this process.
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In this paper, a new deformable robot was designed. The kinematic model of the
reconfiguration of the deformable robot was established by using the homogeneous coordinate
theory. On this basis, the joints turning angle motion laws were designed to improve the
smoothness of the deformable robot during the reconfiguration process. The horizontal lifting
motion model of the electric pusher and the lifting motor were established to ensure the
levelness of the front body during the reconfiguration. According to the requirements of
reconfiguration stability, the zero moment point (ZMP) theory was used to analyse the
reconfiguration stability. The metamorphic mechanism was introduced to improve the stability
of the deformable robot during the reconfiguration process. The research outlined above
effectively improved the motion quality of the reconfiguration of the deformable robot.

2. Structure and reconfiguration planning of a deformable robot

Fig. 1 shows the three-dimensional model of the deformable robot in the vehicle state
designed in this study. The four wheels on the front and rear bodies are electric wheels, which
integrate hub motors, transmission, and braking devices. When the deformable robot is in the
vehicle state, the leg mechanism is folded into the interior of the body. The robot has four-
wheel drive (4WD), and also has the functions of steering, braking, and deceleration. To make
the layout compact and reduce impact from the ground, McPherson suspension is used for both
the front and the rear body.

1. Metamorphic mechanism 2. Front body 3. Lifting mechanism 4. Rear body 5. Leg mechanism 6. Hip joint mechanism
7. Knee joint mechanism 8. Ankle joint mechanism.

Fig. 1 Three-dimensional model structure diagram of the deformable robot

The front and rear bodies are connected by a lifting mechanism, and the power sources
of the lifting mechanism are a lifting motor and an electric pusher. The lifting motor is fixed on
the rear body, and the V-shaped lifting rod is fixed on the output turntable of the lifting motor.
The V-shaped lifting rod is composed of upper and lower lifting rods. The lower lifting rod is
directly connected to the front body, and the upper lifting rod is indirectly connected to the front
body through the electric pusher. To ensure the stability of the coupled reconfiguration process
and the humanoid state when walking, a centre-of-mass position-adjusting mechanism was
designed. This mechanism has a cruciform arrangement and is placed horizontally above the
rear body. The slider of this mechanism can be controlled to move in a transverse and
longitudinal direction to change the position of the centre of mass of the whole vehicle. To
achieve a lightweight and space-saving design, batteries are used as the sliders.

The right-hand side of Fig. 1 shows a schematic diagram of the leg mechanism. It includes
a hip joint mechanism, knee joint mechanism, and ankle joint mechanism. The hip joint
mechanism can perform three-degree-of-freedom motion (yaw, roll, and pitch), the knee joint
mechanism can achieve single-degree-of-freedom motion (pitch), and the ankle joint
mechanism can achieve two-degree-of-freedom motion (pitch and roll). The leg mechanism is
connected to the rear body through the base plate of the hip joint mechanism.
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Under normal circumstances, the deformable robot runs on wheels in the vehicle state (as
shown in Fig. 2(a)). When reconstructing, the legs will be expanded under the driving of the
joint motors until the feet touch the ground. This state of the robot is called the support state (as
shown in Fig. 2(b)). After this, the front body is lifted horizontally under the driving of the
lifting motor and electric actuator, while the leg mechanism is further expanded until the vehicle
stands up. The form at this time is called the humanoid state, as shown in Fig. 2(c).

(a) Vehicle state of the (b) Support state of the (¢) Humanoid state of the
deformable robot deformable robot deformable robot

Fig. 2 Deformable robot configuration diagram
3. Kinematic modelling of the coupled reconfiguration and design of the motion target

3.1 Forward kinematic modelling

V-shaped
lifting rod

electric T R
pusher il ’ rear body
1 equivalent bar
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2 calf «————— M
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Fig. 3 Diagram of mechanism for the robot during Fig. 4 Schematic diagram of the joint motion of
the coupled reconfiguration process the deformable robot

The two legs of the deformable robot designed in this study are bilaterally symmetric and
have the same structure, so the mechanism on one side can be selected for analysis. In the
process of coupled reconfiguration, the leg mechanism can be simplified to a serial RRR
mechanism, and the lifting mechanism is simplified to a planar two-degree-of-freedom parallel
RRRPR mechanism. The sketch of the mechanism is shown in Fig. 3, where the arrow points
to the direction of movement of the prime mover.

The kinematic model of the deformable robot during the coupled reconfiguration process
is established by applying the theory of homogeneous coordinate transformation [25-30]. The
support state of the deformable robot is selected as the initial reference pose, and the base
coordinate system O, — X,YyZ,, whose origin is the centre of the closed convex polygon
support domain formed by two feet, is established on the ground where the supporting feet
make contact. The X-axis of the base coordinate system points to the travel direction of the
vehicle, the Y-axis points to the left of the travel direction of the vehicle, and the Z-axis is

82 TRANSACTIONS OF FAMENA XLVII-2 (2023)



Analysis and Design of the Reconfiguration Motion Qualities of a J. Liu, J. Xing, X. Ruan,
Deformable Robot Based on a Metamorphic Mechanism J. Song, D. Wu

perpendicular to the X-axis and points to the top of the robot. The coordinate system 0; —
X,Y,Z, of the calf is established at the ankle joint, and the X-axis points to the knee joint along
the calf. The Y-axis and Z-axis both follow the right-hand rule of coordinate systems. Similarly,
the coordinate systems of the thigh, the rear body equivalent rod, the upper lifting rod of the V-
shaped lifting rod, and the front body equivalent rod are established at the articulation points of
the knee joint, the hip joint, the lift joint, the lower lifting rod of the V-shaped lifting rod, and
the front body, respectively. The schematic diagram of the joint motion of the deformable robot
is shown in Fig. 4. In the figure, 8; (i = 1- 6) indicates the rotation angle of each component,
and [; (i = 0-6) indicates the length of each component.

The homogeneous transformation matrix of the adjacent coordinate systems are as
follows.
The coordinate system of the calf relative to the basic coordinate system is
cosf; 0 —sinf; O
0 1 0 0
sin6; 0 cos6; I
0 0 0 1

iT = (1)

In addition, the homogeneous transformation matrix between other adjacent coordinate
systems (the coordinate system of the thigh relative to the coordinate system of the calf, the
coordinate system of the rear body equivalent rod relative to the coordinate system of the thigh,
the lower rod coordinate system of the V-shaped lifting rod relative to the coordinate system of
the rear body equivalent rod, the coordinate system of the front body equivalent rod relative to
the lower rod coordinate system of the V-shaped lifting rod) can be expressed successively as

T (i = 2~5):

cosf; 0 —sin6; [;_4
i1 — 0 1 0 0
: sinf; 0 cos®; 0 @)
0 0 0 1

From Egs (1) to (2), the homogeneous transformation matrices of the coordinate system
of each component relative to the base coordinate system can be obtained, as follows:

OT = 0T x --- x 1T (i = 2-5). (3)

When the values of i are from 2 to 5, the homogeneous transformation matrices of the
thigh coordinate system, the rear body equivalent rod coordinate system, the lower rod
coordinate system of the V-shaped lifting rod, and the front body equivalent rod coordinate
system can be obtained in turn.

To facilitate the establishment of the model, the centre of mass of the calf, thigh, and
lower rod of the V-shaped lifting rod is considered to be at the geometric centre of the rod (the
centre of mass of the rod is at the midpoint of the rod), and the position vector of the centre of
mass ¢; of each rod in the basic coordinate system can be obtained as follows.

The centre of mass of the calf:

l l T
€= (022 +1) 0
The centre of mass of the thigh:
T
Cz = (12%+11C1,0,l2%+11c1 +lo) . (5)
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The centre of mass of the lower rod of the V-shaped lifting rod:
l"%+lzc2 + lLicy + 13¢5 i
C; = 0 . (6)
lo + l“% + 1,8, + 115y + 1353
The centre of mass of the upper rod of the V-shaped lifting rod:

: T
77% + e, + licq + 13¢5

C, = 0 . (7)
lo + 17% + Iys, + 115y + 1383
The position vector of the centre of mass of the rear body in the coordinate system O3 —
X3Y3Z5 is ¢, = [x,, 0, 2,]7, so the centre of mass of the rear body is as follows:

lyeo + licy + xp05 — 2,55
. - ( 0 ) ®)

ZyC3 + XpS3 + 1,8, + 1151 + 1

The position vector of the centre of mass of the front body (end mechanism of the system)
in the coordinate system Os — XsY:Z< is ¢, = [x,,0,2,]7, so the centre of mass of the front
body is as follows:

l4C4 + lzCz + llcl + l3C3 + xfCS - ZfSS
¢ = 0 . ©)
lo+ 1484 + 1355 + 1351 + Zpcg + [353 + XS5

Because both ends of the electric pusher are connected to the upper rod of the V-shaped
lifting rod and the front body equivalent rod, respectively, the position vectors of both ends of
the electric pusher can be solved by the homogeneous transformation matrix.

The position vector of the lower connection endpoint of the electric pusher is as follows:
Lici + L,y + 1305 + Lycy + Lscs
0
lo + 1151 + 1555 + 1353 + 1454 + l5Ss
1

(10)

The position vector of the upper connection endpoint of the electric pusher is:

licg + ey + 3¢5 + 10y
0
lo + 1151 + 1,5y + 1355 + 1ss)
1

(1)

The centre of mass of the electric pusher by Eqs (10)—(11) is:

l4_C4_+l5C5+l7Cl

licy + Loy + l3c5 + .
C. = 0 . (12)

l4S4+lsss+lss
lo+ 1Sy + IpS; + lgs3 + =72

The angle between the trajectory line of the lower rear body slider mass and the line
connecting the hip joint and the lift joint at the rear body is a constant value 1. Therefore, the
position vector of the centre-of-mass position-adjusting mechanism in the coordinate system
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03 — X3Y3Z5 is [cosn - sl,0,—sinn - sl]T, where sl represents the displacement of the slider.
The centre of mass of the metamorphic core slider mechanism is as follows:

lic; + ¢, +sinn - sl-s;+cosn-sl-cy
lo+1lis; + 1,5, —sinn-sl-c3+cosn-sl-s;

(13)

Based on Egs (4)—(12) and (13), it is known that the position vector of the centre of mass
of the vehicle in the basic coordinate systems during the coupled reconfiguration process is as
follows:

C=(m +Cmy,+Cmy+Cmg+Cymy +C,m; + Csmg
+Cymy) / (my + my + mg +my + mg + mg + my, + my), (14)

where s; = sin(6;), s, =sin(6; +6,), s; =sin(6, + 6, +65), s, =sin(6; + 0, + 05 +
0,), ss =sin(6; + 6, + 05+ 6, +065), s; =sin(6; +6, +6;+6,+86,), c; =cos(6,),
¢, =cos(6,+6,), c3=cos(6; +60,+63), c, =cos(6; +0,+65;+86,), cs =cos(6; +
0,+05;+0,+06:),c; =cos(6; +60,+6;+6,+0,).

3.2 Horizontal lifting motion design

To meet the horizontal lifting requirements, the front and rear bodies must always remain
horizontal. During the coupled reconfiguration process, the rotation angles of each joint to
maintain the rear body level meet the following requirement:

0,40, +0;=—. (15)

The horizontal state of the front body is ensured by the electric pusher and lifting motor.
When the lifting joint angle 6, becomes larger, the front body will rotate counter clockwise,
and in this time the electric pusher extends to push the front body to the horizontal position.
Therefore, the relationship between the stroke S of the electric pusher and the rotation angle 6,
of the lifting joint can be deduced.

First, the change of the electric pusher stroke S will cause a change of 85, where 65 is the
angle between the upper rod of the V-shaped lifting rod and the front body equivalent rod. The
homogeneous transformation matrix of the point where the electric pusher is connected with
the front body equivalent rod in the coordinate system 0, — X,Y,Z, is expressed as follows:

ls cosfs; 0 —sinfs 1\ /s ly + l5cosbs
ap| 0] 2 0 1 0 0 0]_ 0 1
1o sin; 0 «cosf; O 0 l5 sin 5 (16)
1 0 0 0 1 1 1

The homogeneous transformation matrix of the point where the electric pusher is
connected with the upper rod of the V-shaped lifting rod in the coordinate system O, — X,Y,Z,
is expressed as follows:

cosA 0 —sind 0\ /I, [, cos A
0 1 0 0l(o0 0

sinA 0 cosA 0]\ O [;sinA (17
0 0 0 1 1 1

Using the space distance formula between two points, the total length [, + S of the
electric pusher during the front body lifting process can be written as follows:

le +S =/(l4 + s cos s — I, cos 1)2 + (I sin O — I, sin 1)2. (18)
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Second, since the front body is kept in a horizontal position during the lifting process, the
relationship between 65 and the lifting joint angle 8, is as follows:

Os = a+ f — (04 — Oap). (19)

Fig. 5 shows the schematic diagram of the lifting mechanism, where A is the angle
between the upper and lower rods of the V-shaped lifting rod and is a constant value, [, is the
length of the upper rod of the V-shaped lifting rod, a is the angle between the lower rod of the
V-shaped lifting rod and the horizontal line, 6, is the initial angle of 8,, and f is the angle
between the front body equivalent rod and the horizontal line. Eqs (18) and (19) show that if
the front body needs to remain level during the lifting process, the relationship between the
stroke S of the electric pusher and the rotation angle 8, of the lifting joint should be as follows:

(20)

{16 +S == /(l4 + 5 cos Bs — I, cos 1)% + (I5 sin 5 — [, sin 2)?
0s = a+ B — (6, — 040)

Fig. 5 Structural diagram of the lifting mechanism

3.3 Motion smoothness design for coupled reconfiguration processes

During the coupled reconfiguration process, to avoid impact damage to the vehicle and
on-board equipment, the motion of each joint should meet smoothness and rapidity
requirements. Therefore, the motion law of the joint motor should restrict the position and the
velocity and acceleration. The angular displacement model ; (i = 1-5) of the rotating joint
with time 7 is chosen as a fifth-order polynomial [31]:

0; = ap + a;t + ayt? + azt3 + a,t* + ast®. (21)
In the case of the deformable robot, the operation process has the following requirements:

1) no abrupt changes in velocity and acceleration can occur at the start and end times of
the operation of each rotating joint;

2) the coupled reconfiguration must be completed within a specified time 7.

Accordingly, the following boundary conditions can be derived:

(6;(0)=0

gi(T) = AQL
6;(0) =0
0.(r) =0 (22)
6;(0) =0

\ Ql(T) =0

where 6; is the angle of each rotating joint, 6; is the angular velocity of each rotating joint, 6;
is the angular acceleration of each rotating joint, and A; is the turned angle of each rotating
joint within the reconfiguration time 7.
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By substituting Eq (21) into Eq (22), the following can be obtained:

( 8;(0) =a, =0
0;(1) = ag + a1 T + a, 7% + az73 + a,tt + ast® = A6,
6;(0)=a, =0
‘. l i 5 . (23)
0;(t) = a; + 2a,T + 3a37t° + 4a,7° + 5a57* =0
6;(0) = 2a, =0
\  0,(1) = 2a, + 6a5T + 12a,72 + 20a57> = 0
The values of ay- as can be obtained as follows:
. , \NT
(@ a1 a; az a, as)l = (O 0 0 10TA391 - 1STA46‘ 6?5‘) : (24)

By substituting Eq (24) into Eq (21), we obtain the angular displacement motion equation
of the rotating joint:
_ 10A39i 3 _ 15A49i 4 + 6A59i t5.
T T T

0;

(25)

The angular velocity motion equation of the rotating joint can be obtained by taking the
first derivative with respect to ¢:

; 30A86; 60A0; 30A0;
0; = ——t? ———t3+—=

73 T4 75

t*. (26)

The angular acceleration motion equation of the rotating joint can be obtained by taking
the second derivative with respect to #:

60A0; 180A0; 120A0;
: i t— . i tz + = i
T T T

b, = £3, 27)

The angular jerk motion equation of the rotating joint can be obtained by taking the third
derivative with respect to #:

60A0; 360A0; 360A0;
6 =-—F"————t+——t>
T T T

(28)

Equation (28) is a quadratic function, and the curve is smooth, which means that when
the joint motor is rotating according to Eq (25), the whole reconfiguration motion process,
including the start and end of the reconfiguration, will be smooth and without impact.

Based on the results in Sections 3.2 and 3.3, the rotation angles of each joint of the
deformable robot during the coupled reconfiguration should satisfy the following conditions:

le +S = /(4 + ls cos 05 — I, cos 1)2 + (I sin O — I, sin )2
0s = a+ B — (04 — 040)

3
61+92+63=%Tl— (29)
AB; 5A6; AB;
0; = o ed — ot 4 2o

3.4 Reconfiguration stability criterion of the deformable robot

The deformable robot undergoes global reconfiguration during wheel-leg switching. The
global nature of the reconfiguration is mainly reflected in significant changes before and after
the reconfiguration. In the case of global reconfiguration, stability should be considered, and it
is also an important index to evaluate the motion quality of the coupled reconfiguration.
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Reconfiguration motion is a complex, spatially coupled motion. In the process of
reconfiguration, each component of the robot is affected by gravity, driving forces, friction, and
inertial forces. In this study, the ZMP method was chosen as the criterion to judge stability. The
ZMP is a point on the ground [32], which is the intersection of the resultant direction of the
whole mechanism and the ground.

Assuming that the mass of each component of the deformable robot is m; and the
coordinates of the centre of mass of each component are (x;, y;, z;), the expression of ZMP can
be deduced by the d'Alembert principle as follows:

_ X miGitg)xi— Xin, mi¥iz
¥zup = S, miEit)

, (30)

y _ Y amiGi+g)yi— Y midiz;
ZMP T mi(Zi+g)

, (1)

where g is the acceleration of gravity, m; is the mass of each component i, x; , y;, and z; are
the coordinate values of the centre of mass of each component in the directions of the x, y and
z coordinate axes, respectively, and X; , J;, and Z; are the acceleration of the centre of mass of
each component in the directions of the x, y, and z coordinate axes, respectively.

4. Simulation analysis of the coupled reconfiguration motion

According to the design results in Section 3, the coupled reconfiguration motion of the
deformable robot is simulated by Matlab/Simulink. The smoothness of the reconfiguration
motion, the accuracy of the horizontal design, and the effectiveness of the metamorphic
mechanism to regulate the reconfiguration stability are verified.

4.1 Motion smoothness and horizontality simulation during the coupled reconfiguration of
the deformable robot
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Fig. 6 Diagram of each joint movement
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With the support state in Fig. 2(b) as the starting state, the deformable robot completed
the coupled reconfiguration from the support state to the humanoid state within T = 8 s according
to the reconfiguration planning. The initial angle, final angle, and rotation angle of each joint
are shown in Table 1.

Table 1 Parameters for each joint motion

Joint motor angle (deg)  Simulation time (s) Initial angle (deg) Angle range (deg)  Final angle (deg)

Ankle joint 64 8 20 70 90
Knee joint 8, 8 135 -135 0
Hip joint 03 8 -25 65 40

Lifting joint 6, 8 -162 85 =77

Fig. 6 shows the motion of each joint. During the coupled reconfiguration process, the
rotation angular velocities of the lifting joint, hip joint, knee joint, and ankle joint were
nonlinear and unequal. The angular velocity and the angular acceleration of each joint were
zero at the start and end of the coupled reconfiguration, and the angular velocity and
acceleration of each joint motor changed smoothly and continuously during the coupled
reconfiguration process, which was mainly to avoid the impact and shock of the system, thus
satisfying the design requirements of smoothness.
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Fig. 7 shows the variation of the electric pusher stroke S. The electric pusher extended
0.072 m during the coupled reconfiguration process, and the curve was continuous and smooth.
The second derivative of this stroke showed that the linear acceleration at the beginning and
end of the phase was zero. Fig. 8 shows the motion trajectory of the front body equivalent rod.
The angle between the front body equivalent rod and the horizontal line always remained
unchanged, and thus the front body could always stay horizontal under the action of the electric
pusher, which proved the correctness of the established horizontal lifting model.

As shown in Figs. 9 and 10, when each active joint operated with the fifth-order
polynomial function, the front body and the whole vehicle ran smoothly during the coupled
reconfiguration process. The positions of the centre of mass of the front body and the whole
vehicle increased in the Z-direction during the coupled reconfiguration, while the values in the
X-direction were consistently less, and the centre of mass shifted backward. Furthermore, the
differences between the maximum and minimum of the velocity, acceleration, and jerk of the
centre of mass of the front body and the whole vehicle in the X-direction were less than those
in the Z-direction, respectively.
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4.2 Motion stability simulation during the coupled reconfiguration of the deformable robot

In this paper, the support domain of the deformable robot is expressed as follows:

{ 0.086 < x < 0.086

017 <y<o017 Ost=8). (32)

Since the instability of the deformable robot during the coupled reconfiguration process
mainly manifested as tilting in the X-direction, only the change of the ZMP in the X-direction
is considered here. First, without considering the influence of the slider, the variation curve of
the ZMP in the X-direction can be obtained, as shown in Fig. 11(a).
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Table 2 Comparison of the stability margins under three working conditions

Stability margin(m) Maximum value Minimum value Average value
No slider 0.086 -0.019 0.041
Slider at rest 0.086 0.011 0.037
Slider movement 0.086 0.041 0.068

During the 8-s coupled reconfiguration, the ZMP of the deformable robot was 0.038 m at
the initial time, and then the ZMP kept moving in the negative X-direction as the coupled
reconfiguration continued. At 6.3 s, the ZMP of the deformable robot exceeded the support
domain, then the stability margin (defined as the distance between the ZMP and the near
boundary of the support domain) crossed 0 and gradually became more negative, as shown in
Table 2. The minimum stability margin was —0.019 m, indicating that the mechanism had
become unstable at this time.

To maintain stability at all times during the coupled reconfiguration process, a
controllable centre-of-mass position-adjusting mechanism was installed on the base plate of the
deformable robot. The position of the centre of mass of the deformable robot during the coupled
reconfiguration process can be changed by sliding two sliders (batteries) back and forth in the
X-direction, or left and right in the Y-direction. When the centre of mass of the slider remained
at the initial state position (SL = 0), the change of ZMP is shown in Fig. 11(b).
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Fig. 11 Xzyp curve of the whole vehicle under different conditions

During the 8-s coupled reconfiguration, the initial stability margin in the X-direction was
0.023 m. After that, the ZMP of the whole system kept moving toward the rear of the robot.
When it reached 8 s, as shown in Fig. 11(b) and Table 2, the minimum stability margin of the
whole system reached 0.011 m. Throughout the coupled reconfiguration process, the ZMP was
in the support domain, which indicated the stability of the deformable robot during the coupled
reconfiguration process. In addition, it can be seen that at the beginning and end of the coupled
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process, the deformable robot was close to the unstable state. Therefore, the following motion
was designed for the slider in the subsequent research:

ol = { —0.1(t < 4s)

0.1t — 0.5(4s < t < 8s) " (33)

As shown in Fig. 11(c), the ZMP was optimized when the slider was controlled to move
according to Eq (33). First, the ZMP was at the centre of the support domain at the start time.
The variation of the ZMP showed that the stability margin always maintained a large value
during the whole coupled reconfiguration, and the curve reached the minimum value of 0.041
at 6.2 s. As shown in Table 2, the minimum stability margin and the average stability margin
were larger than those without the slider or with the stationary slider, which indicated that the
reconfiguration stability of the deformable robot was significantly improved.

5. Prototype experiments of the coupled reconfiguration motion
5.1 Construction of the experimental platform

The experimental platform was mainly composed of a prototype of the deformable robot
and a measurement and control system. As shown in Fig. 12, the prototype of the deformable
robot included two legs, a front body, a rear body, a lifting mechanism, and a centre-of-mass
position-adjusting mechanism. The measurement and control system consisted of an upper
computer (PC), a lower computer for the controller (ECU), sensors (inertial measurement unit
(IMU), force sensing resistor (FSR), electrical actuators (joint stepper motor, lifting motor,
electric pusher, control motor of the slider), and a robot power supply. The upper computer was
used as the human—machine interface. It was used to run the LabVIEW software, set the
operation control parameters of the motors and other actuators, and display the movement
information of the deformable robot. The lower computer mainly received digital signals from
each sensor and performed the control of the underlying actuator. The communication between
the upper computer and the lower computer was achieved through the serial port. Fig. 13 shows
the schematic diagram of the control system of the deformable robot.

Controller '

Battery(center-of-mass —.’W‘
position-adjusting
Lifting joint motor
5% o~ Lithium ion STM32 IMU
Stepper motors and . - batter M
planetary gear Center of mass controller —————— FSR |
reducers @ Force sensing adjusting devic | Lifting joint
Inertial Resistor (FSR) motor
measurement B
Fig. 12 Deformable robot prototype Fig. 13 Schematic diagram of the control system

The IMU used an MPU6050 gyroscope module which could be used to measure the
changes of the centre of mass and pitch angle of the front body if mounted at the absolute centre
of mass of the front body. The FSRs were installed at four symmetric positions of the left front,
right front, left rear, and right rear of the sole to measure the pressure change of the CoP (centre
of pressure on the sole). For a deformable robot under dynamic balance, its feet are always in a
supporting state with the ground, and the ZMP is coincident with the CoP according to the
theory previously reported [33]. Therefore, the FSR could be used to detect the pressure changes
of the plantar during the coupled reconfiguration process in real time, and the value of the ZMP
could be obtained according to the calculation of the CoP [34].
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5.2 Experimental verification of the motion qualities of the deformable robot during coupled
reconfiguration

The motion of the electric pusher and rotation motor given by Eq. (33) was programmed
into the controller to control the operation of each active component. The experimental process
of the coupled reconfiguration is shown in Fig. 14, where @ is the support state and @ is the
humanoid state.

The pitch angle measured by the IMU in the experiments was used as the evaluation index
to judge whether the front body was horizontal, as shown in Fig. 15.

There was a small change in the pitch angle when the coupled reconfiguration started and
stopped, which was caused by the inertia of the body. The maximum range of the change did
not exceed 1.6°, and the reason for the change in the pitch angle of the front body was the jitter
caused by the elasticity of the lifting rod. However, the error variation was within a reasonable
range, which confirmed the effectiveness of the horizontal lifting model of the front body
established in Section 3.2. Meanwhile, closed-loop feedback control will be added to the motor
control in a subsequent study to reduce the elastic vibrations caused by the rod.

Fig. 14 Sequence diagram for the coupled reconfiguration of the deformable robot
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Fig. 15 Pitch angle curve of the front body Fig. 16 Acceleration of the centre of mass of the
front body from the simulation and experiment

The acceleration of the centre of mass of the front body in the X- and Z-directions
could also be measured by the IMU, which was used as the evaluation index of the coupled
reconfiguration smoothness design, as shown in Fig. 16. The acceleration of the centre of
mass of the front body in the X- and Z-directions changed stably with time during the
coupled reconfiguration process, and the curve measured by the experiments was basically
consistent with the trend of the simulation curve. Based on the mean square error (MSE)
formula, the deviation between the real and simulated values was quantified. The MSE in
the X-direction was MSE¢,, = 5.23 X 107>, and the mean square error in the Z-direction was
MSE¢,, = 1.42 X 107%, both of which were very small and close to zero. This showed the
accuracy of the kinematics model established above.

As shown in Fig. 16, the acceleration of the centre of mass of the front body in the positive
X-direction increased gradually from 0.002 m/s? at the beginning and reached a maximum value
of 0.051 m/s? at 0.9 s. It then decreased to 0 m/s* at 2 s, increased in the negative X-direction
to a maximum of 0.083 m/s” at 3.7 s, decreased to 0 m/s? at 5.5 s, and increased to a positive
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maximum value of 0.081 m/s* at 6.4 s. Finally, it steadily decreased to 0.019 m/s* at the end of
the reconfiguration. Similarly, the acceleration of the centre of mass of the front body in the
positive Z-direction first increased from 0.009 m/s2 to a maximum of 0.117 m/s?> from 0 to
1.6 s, then it decreased to 0 m/s? at 3.5 s, and then increased in the negative Z-direction and
reached a maximum of 0.118 m/s? at 5 s. At the end of the reconfiguration, it steadily decreased
to 0.026 m/s?. The acceleration variation showed that the angular displacement model of the
rotating joint could make the joint rotate with high flexibility, which allowed the front body to
run smoothly without impact during the coupled reconfiguration process. The measured value
of the acceleration exhibited a jittering phenomenon, which was caused by the zero drift and
noise interference of the sensor itself.

In the stability test of the coupled reconfiguration, for safety reasons (the deformable
robot could collapse when the leg was at the edge of the support domain), only an experiment
under the movement rule of the slider given by Eq. (33) (the slider moved in the X-direction)
was conducted, as shown in Fig. 17.

As shown in Fig. 18, the variation trend of the CoP curve was consistent with that of the
ZMP curve, and the CoP always remained in the stable region during the coupled
reconfiguration process. The deformable robot ran smoothly and did not tip over during the test.
This result was also consistent with the simulation conclusion that the coupled reconfiguration
process of the deformable robot remained stable. There was a certain error between the CoP
curve and the expected curve of the ZMP. This error was small, and the reason was mainly due
to the differences between the theoretical mathematical model and the robot prototype structure.
The CoP curve underwent small oscillations, which were caused by the noise interference of
the sensor, which is a normal phenomenon.

24
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-0.1
1 2 3 4 5 6 7 8
Time/s
Fig. 17 Schematic diagram of the slider Fig. 18 CoP (centre of pressure on the sole) trajectory
moving direction and ideal zero moment point (ZMP) trajectory

6. Conclusions

(1) A metamorphic mechanism for robots was studied, and a deformable robot could
globally transition between vehicle and humanoid states. Compared with the traditional wheel-
legged ground mobile robot, this mechanism could undergo global reconfiguration, that is, the
shape, structure, centre of mass, and degrees of freedom of the system could change
significantly before and after reconfiguration. Furthermore, this mechanism could achieve high
speeds when in the vehicle state.

(2) The reconfiguration planning of the deformable robot was carried out, and the
kinematic model of the coupled reconfiguration was established. According to the requirement
that the front and rear bodies should be kept level in the reconfiguration process, a horizontal
lifting motion model between the electric pusher and the lifting motor was established. The
rotation law of each rotating joint was designed to satisfy the smoothness requirements. The
stability criterion of the reconfiguration based on the ZMP was established.
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(3) The correctness of the front body horizontal model was verified. The influence of the
slider on the stability of the coupled reconfiguration was analysed. The smoothness and stability
of the reconfiguration were verified again by a mechanism prototype experiment. Simulations
and experiments showed that the designed deformable robot had a reasonable structure and
could smoothly and stably complete the coupled reconfiguration from the vehicle state to the
humanoid state.

(4) The reconfiguration motion of the deformable robot was analysed to improve the
reconfiguration motion qualities outlined in the paper. The following work will be done based
on the above research:

Based on the kinematic model of reconfiguration established in this paper, the
mathematical models of the reconfiguration stability criteria under different conditions will be
established. These conditions include reconfiguration on a horizontal road surface for different
reconfiguration times, slope parking reconfiguration, and reconfiguration during driving, etc.
The reconfiguration stability of the deformable robot under these conditions will be analysed.

In order to improve the stability of the reconfiguration under different conditions, and

to reduce the energy consumption of the reconfiguration, high-strength and low-density carbon
fiber materials can be adopted. A lightweight design will be made of the folding legs and other
key components of the deformable robot based on multi-objective optimization.

The stability control algorithm applied in the metamorphic mechanism will be designed
under the conditions of the driving reconfiguration or of walking. Therefore, the stability of the
system under severe conditions can be improved.
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