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Abstract: Aimed at the current major problems of “slipping, misstep and misplace” in the robot
stair climbing process and at reaching the goals of being “flexible, adaptive and stable” in multiple
scenarios, a two-wheeled robot with a “4R+2P” pattern that can independently climb different
structures of stairs is proposed, and a gait pattern for stair climbing through a four-step cycle of
“approaching, lifting, putting and retraction” based on this pattern is proposed. Relevant kinematic
and dynamic models are established to study the constraint relation. In the experiment, the robot goes
up and down different stairs. The simulation and experimental results showed that the two-wheeled
robot with a “4R+2P” configuration fundamentally realized up—down stair climbing, adaptive

steering and multiscene functions.

Keywords: two-wheeled robot; stairs climbing; approaching; lifting; putting and retraction; constraint
relation; multiscene

1. Introduction

Stabilizing stair climbing is a very challenging problem for robots. Most robots cannot
move normally in environments including stairs and narrow passages. The stair structure
severely restricts the application of robots in unstructured environments such as multifloor
buildings. Therefore, it is necessary to improve the structural design and moving algorithm
of robots to solve these problems.

There are many types of mobile robots [1,2], including mono-walking mechanisms and
composite walking mechanisms [3,4], and mono-walking mechanisms include
wheeled [5,6], foot [7,8] and tracked [9,10]. A mobile robot with a wheeled walking
mechanism has a simple structure and flexible control. Among them, a planetary wheeled
walking mechanism [11,12] makes it easier to achieve stair climbing functions than other
wheeled walking mechanisms. A planetary wheeled walking mechanism [13] uses the
external force in the walking process to realize the switch from a horizontal walking to an
obstacle crossing mode, but a planetary wheeled walking mechanism also has the shortcom-
ings of sliding and uncertain obstacle crossing height. The foot-type walking mechanism is
represented by bionic multilegged robots such as Big Dog and Spot Mini [14], developed
by Boston Dynamics; MIT Cheetah [15,16], developed by the Massachusetts Institute of
Technology; ANYmal [17], developed by the Zurich Federal Institute of Technology. For
continuous stair environments of different sizes, multilegged robots [18] tend to “misstep”
because of their single-gait trajectory stepping on the vertical plane or the edge of the stair.
As a common robot walking mechanism, tracked robots have the advantages of easy to
realize in situ steering, low grounding pressure and strong adaptability to multiple envi-
ronments. However, when the friction between the two sides of the track is inconsistent,
a “slipping” phenomenon will occur due to the lateral deviation and, finally, tilting will
occur, which is particularly prominent in stair environments.
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Multiple mono-walking mechanisms are combined together to form a composite
walking mechanism. The composite walking mechanism is mainly composed of a foot—
track composite [19,20] and a wheel-foot composite. Although the foot-track composite
walking mechanism can better achieve obstacles, such as climbing stairs and large-angle
slopes, it still retains the shortcomings of easy “sliding” of the tracked chassis and also
increases the complexity of the control system. In the wheel-foot composite walking
mechanism [21,22], the structure of the two-wheel-foot composite walking mechanism is
simple and small. Compared with the multi-wheel-foot composite walking mechanism,
the two-wheel-foot composite walking mechanism can decompose the continuous and
complex multilevel stair climbing action into multiple discrete single-level stair climbing
actions, that is, “reset” after completing the obstacle climbing action of the before-level stair,
thus avoiding the problem of “misstep and misplace”.

In order to solve the above problems, this paper presents a four-gait, two-wheeled
stair climbing robot by “approaching, lifting, putting and retraction”, which has three
characteristics, namely:

(1) The “flexible” ability of autonomously switching the gait of flat walking and
stair climbing;

(2) The ability to adapt to climbing different stairs;

(3) The ability of self-stability during the stair climbing process.

In this paper, the first chapter describes the motion concept of the robot proposed in
this paper. The second chapter describes the dynamics and kinematics of the proposed
robot configuration, analyzes the critical conditions and establishes the constraint equation.
In the third chapter, the simulation of robot climbing motion verifies the reliability of the
model. The fourth chapter verifies and analyzes the climbing effect of this configuration
through experiments. The fifth chapter summarizes the research conclusions of this paper.

2. The Design of Stair Climbing Robots with Two Wheels and a “4R+2P” Pattern

The structural model of the robot is shown in Figure 1. The main structure of the robot
is composed of the frame, the left and right symmetrical telescopic cantilever and the wheel.
The lower end of the telescopic cantilever is connected to the frame by the motor, which is
used to control the attitude of the frame to maintain horizontal stability while the robot is
moving. The upper end of the telescopic cantilever is equipped with a main drive motor
to drive the wheel movement. The telescopic mechanism is installed inside the telescopic
cantilever and forms a translation joint. In summary, the frame, the left and right telescopic
cantilever and the left and right wheels constitute the two-wheel “4R+2P” configuration of
the two-wheeled climbing stair robot using a combination of four rotation joints and two
translation joints.

Wheel

Main drive motor

o ./ u

Figure 1. The “4R+2P” structure model of the robot.

As shown in Figure 2, the stair climbing gait of this “4R+2P” configuration consists of
four steps: “approaching, lifting, putting and retraction”, as follows:
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Figure 2. Gait diagram of climbing stairs by “approaching, lifting, putting and retraction”:

(a) the robot approaches stairs; (b) the cantilever lifts the frame; (c) the robot extends its cantilever
and sets its frame on the stairs; (d) the robot’s wheels are lifted onto the steps of the frame and the
robot enters into an “approaching” gait again.

(1) When the robot runs on the ground and prepares to climb the stairs, the telescopic
cantilever retracts its initial position. The robot’s left and right drive motors output a
smaller drive torque that causes the robot to move forward and the wheels to lean against
the steps while aligning the body of the robot against the positive stairs to complete the
first gait: “approaching”;

(2) Since the two wheels of the robot make contact with the stairs and block the rotation
under the action of friction force, the output torque of the main drive motor continues to
increase, and the telescopic cantilevers are lifted to the preset position under the action of
the anti-driving torque to complete the second gait: “lifting”;

(3) In the process of “lifting”, when the inclination sensor installed on the cantilever
detects that the vertical inclination 6 reaches the preset value 8* after the cantilever lifting,
the cantilevers extend forward to the longest position, and the frame is placed on the stairs
smoothly to complete the third gait: “putting”;

(4) The main drive motor stops working, and the flip motors installed on both sides
of the frame began to work. The left and right wheels of the robot are lifted up the stairs.
After the wheels on both sides are lifted up the stairs, the cantilevers retract back to their
initial position and complete the fourth gait: “retraction”.

Steps (1) to (4) are repeated such that the robot can completely climb a multilevel set
of stairs.

This configuration takes advantage of the characteristics of the robot’s pendulum
structure to adjust its own center of gravity and automatically switch the advance state
in two different states of flat ground and stair climbing. It decomposes a continuous
multistage stair climbing process into a single-stage stair climbing process consisting of
four gaits of “approaching, lifting, putting and retraction”. Each step is carried out by the
four gaits of “approaching, lifting, putting and retraction”, and after the “retraction” gait
of the previous step is completed, the “approaching” gait of the next step is automatically
switched to avoid the problems of “slipping, misstep and misplace”, thereby realizing the
stable and autonomous stair climbing process of the robot.

3. Motion Modeling and Critical Constraint Condition Analysis

The kinematic model and dynamic model of the robot are established using the D-H
method and Lagrange equation method, respectively. The critical states of the robot’s skid-
ding and tilting are analyzed, and the corresponding constraint equations are established.
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3.1. D-H Modeling

As shown in Figure 3, each link of the robot is abstracted as a set of coordinate systems,
1,2,3 ... 6, the three-dimensional space poses a transformation matrix, from coordinate
system 0 to coordinate system 5, which is set as the D-H modeling method. The four
parameters (i.e., 4, &, d, and 6) between the joints of the two-wheeled stair climbing robot
are shown in Table 1, and these parameters are used to calculate the gait kinematics of the
robot when climbing stairs. The definition and parameters of each joint coordinate system
are as follows:

Figure 3. D-H model diagram of the two-wheeled stair climbing robot with a “4R+2P” pattern.

Table 1. D-H model parameters.

i a; o; d; 0;
1 0 0 dq 61
2 0 /2 dy 0
3 0 /2 0 05
4 0 0 dy 0,
5 0 —n/2 ds 0
6 0 /2 dg b6

(1) Since the prerequisite for the robot to climb stairs is the wheel blocking, the
unilateral wheel (the right wheel is selected here) is set as the benchmark connecting rod ip;

(2) The rotation joint, 71, is formed between the right wheel and the main drive motor
on this side, and the axial direction of the main drive motor is the direction of the Z; axis;

(3) The translation joint, 7y, is formed between the upper and lower telescopic can-
tilevers on the right side, and the telescopic direction is the direction of the Z, axis;

(4) The rotation joint, i3, is formed between the right flip motor and the telescopic
cantilever on this side, and the axial direction of this flip motor is the direction of Z3 axis;

(5) The rotary joint, i4, is formed between the left flip motor and the frame, and the
axial direction of this flip motor is the direction of the Z4 axis;

(6) The moving joint, is, is formed between the left upper and lower telescopic can-
tilevers, and its expansion direction is the direction of the Z5 axis;

(7) The rotation joint, 74, is formed between the main drive motor and the telescopic
cantilever, and the axis of the main drive motor is the direction of the Z¢ axis;

(8) The X-axis is on the common normal between the Z-axis of joint i-1 and joint i, and
the direction of the X-axis and Y-axis are determined by the right-handed rule;

(9) a; represents the displacement of joint i relative to the X-axis direction of the joint i-1
coordinate system; a; represents the torsion angle of joint i relative to the X-axis direction of
the joint i-1 coordinate system; d; represents the displacement of joint i relative to the Z-axis
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direction of joint i-1 coordinate system; 8; represents the torsion angle of joint i relative to
the Z-axis direction of the joint i-1 coordinate system.

During the “lifting” gait of the robot when climbing stairs, since the left and right
wheels of the robot are not moving, the pose transformation matrix from the left wheel
coordinate system 0 to the right wheel coordinate system 6 can be defined as:

O

)ﬂ

I
o~ oo

0
0

2d; +dy M
1

S O O
O O = O

Let the left wheel pose matrix be a unit matrix, then the right wheel pose is:
EdT =01 )

Because the position and orientation of the robot frame can be converted from the
position and orientation of the left wheel and the right wheel, respectively, in the process of
climbing stairs, so that the position and orientation conversion matrix of the left wheel to
the frame and the right wheel to the frame of the robot are equal, the inverse kinematics
solution of each joint in the process of climbing stairs can be obtained.

Ir=9T1T3T
cO1c03 — 5601503  —cO1503 4+ 501563 0 sbidy

S61c03 + cO1505 —sB1s03 + ch1c3 0 —cbidy (3)
o 0 0 1 dq
0 0 0 1

§T= (37) T (3rar3r) -

0400 — 564566 sO4c0¢ + €450 0  —sbgds @)
—04806 + 504c0¢  —504506 — cO4chs O cOeds
a 0 0 1 —dy—dy
0 0 0 1

Equations (3) and (4) are the positive kinematics solutions in the “lifting” step of the
two-wheeled pendulum stair climbing machine. In the expression, ¢ represents the cos
function, and s represents the sin function. For the robot system, the attitude of the frame
should always maintain a level; that is, the direction chord matrix of coordinate system 3 is
always a unit matrix, and there is:

EST =EJTST = EP ©)

0 1

The inverse kinematics solution of the robot’s “lifting” step can be obtained by com-
bining (3) and (5):

dy = ds

65 = —6;

0y = 6 ©)
66 = —6;

3.2. Dynamic Modeling

During the process when the robot climbs a set of stairs, the degree of freedom of
the robot system is set as m, the constraint is complete and the active force is the gravity
of each robot joint and each connecting rod. Ignoring the friction in the system motion,
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the independent generalized coordinates of the robot system are defined, and the system
dynamics model is constructed as follows:

K= 3mo?(q,q)
{ P = mgh(q) @

Establishment of the Lagrange Equation:

L=K-P ®)
d (dL oL __ - 8
E(a*qi)—afm*Qi,lfl,Z,?’"'m

In Equation (8), Q; is the mutually independent generalized force corresponding to the
generalized coordinates of the robot system, that is, the driving force for each joint of the
robot system to be sought. After both the left and right wheels of the robot make contact
with the stairs and block, the left and right telescopic cantilevers synchronously move to
lift the frame. Therefore, in the “lifting” gait, the joints and connecting rods of the robot
are left and right symmetrical mid-range structures. Ignoring the constraint force of the
robot climbing a set of stairs across the wheels’ axis direction, a two-dimensional simplified
model of the climbing stair process of the robot is constructed as shown in Figure 4.

The resultant torque, T, of the main drive motors on both sides, the resultant force,
F, of the telescopic cantilevers on both sides and the resultant torque, T3, of the flip motors
on both sides are as follows:

N TCANE
AT A
= [mz (l% + l% + d% + 2l1dy + 21413¢65 + 2[3d2C93) + mllﬂ é1,
m213593&2 + my (Z% + Ll + l3d2C93) ég +2my(l + 13693)911.124-

l3C93d293 + 2m2(d2 — 1113593 — 13d2593)91 — m2l3C93d2—
m213d259393 + m1g11591 — ng[(ll + d2)391 + 135(91 + 93)]

pd (o) o
2 dt adz ddy ©)

=My [dz — I3s65 (91 + 63):| —myp(ly + dp + 13¢03)0, — myl3c6360103

—myl3cl3 (91 + 93) + mpgctq

p_d(oL) oL
P Tdt\ gp, ) 90
=my [(l% + Ll + d213C93> 01 — I3s63dy + 1593 + (l] + d2)1359391+
+13C93915.12 + (11 + dz)l?,segélé?, + Z3C93dzé3 - d21389391 — l3C93d2—
8l3s (61 + 63)]

Substituting the mass, length displacement, velocity, acceleration and other parameters
of each link in the robot’s system into Equation (9), the driving torque and driving force
required by each joint in the climbing stairs process of the robot can be obtained.



Machines 2022, 10, 631

7 of 19

‘Li

-
/;l Fa m
( ! "“;L "

“'\(‘":
(N 4
Staircase
0] X

Figure 4. Two-dimensional simplified model of the robot climbing stairs.

3.3. Critical Condition
3.3.1. Critical Slip Analysis and Constraint Equation

The prerequisite for the robot to complete the “approaching” action is that the robot
remains steady on the stairs, and the wheels do not skid while climbing the stairs. The
force analysis of the robot in the “lifting” gait is shown in Figure 5. The weight of the frame
is G1, and the weight of the wheel is G,. M, is the driving torque output by the main drive
motor, M is the anti-driving torque borne by the cantilever. The critical condition of wheel
sliding is that the contact point C between the wheel and the stairs and the contact point
D between the wheel and the ground have reached the critical sliding state. The friction
forces of C and D are the maximum static friction force, namely:

fc =FEnc-#s, fo = Fnp - Hs (10)

which is the maximum static friction coefficient between the wheel and the stairs. In this
action, the output torque of the main drive motor of the robot is the largest when and only
when the telescopic cantilevers are fully horizontally extended to their longest, and then:

L= Lyax, 0° =90° (11
M/
Lmax
M4 B
A |
G, . G, &
fe b
C
T Fro
~ D
} o
Staircase

Figure 5. Force analysis of the robot climbing.
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Substituting the above critical conditions and according to the equilibrium conditions:

Fnc - cosO+ fc-sinf+ Fyp = Gy + Gy
Fnc -sinf = fc-cosf + fp (12)
fC'R—l-fD'R:Gl'LMAx-SiI‘IIX

Insert: G L
1 MAX
=— Ky = 1
G+ Gy’ 2 R (13)

The eccentricity ratio, K, is defined as:

Ki

Gy Lyax
K=K - Kh=—"2 . 14
1rh2 G+ Gy R (14)
Q = H/R is defined as the maximum height-diameter ratio of stair climbing, and the
constraint equation to avoid sliding is:

VA +)20-@+4K-V20-@ - (Q-K- V20~ )
e 2(Q-K-v2Q - @)

Through an analysis of the above results, the function image is shown in Figure 6. It
can be seen from the figure that appropriately reducing the eccentricity ratio, K, is conducive
to reducing the minimum static friction coefficient required by the robot to complete the
stair climbing. In addition, a smaller eccentricity can be selected to achieve a larger climbing
height-diameter ratio under the condition of a smaller static friction coefficient. The sliding
friction coefficient between the common rubber tire and the concrete or dry tile ground is
0.6-1. Considering that the static friction coefficient between the common rubber tire and
the ground is greater than the sliding friction coefficient, the interval A in the figure can be
used as an optional interval for the design of the structural parameters of the robot.

(15)

us

1. 695
1.579
1.463
1. 347

1.231

1. 115

0. 9990
0. 8830
0. 7670
0.6510

0. 5350

=
S a2
-

%

Figure 6. Relationship between the minimum static friction coefficient and the maximum climbing
stair aspect ratio and eccentricity ratio.

3.3.2. Critical Overturning Analysis and Constraint Equation

In the “retraction” gait, when the flip motor drives the telescopic cantilever and the
first overturned wheel connected to it, according to Newton’s third law, the frame will
also be subjected to an equal and reverse overturning moment. In this process, the frame
can only rely on its own gravity to maintain stability, if the centroid design of the frame is
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unreasonable, it will be overturned by the overturning torque before the wheel is flipped
up to the steps, which will affect the stair climbing process of the robot.

In the mechanical model shown in Figure 7, the frame is regarded as a simple cuboid,
and the coordinate system is established with the point closest to the telescopic cantilever
at the bottom of the frame as the origin O (i.e., 0, 0 and 0). Moreover, 4 is the horizontal
length from the center point E (i.e., 0, Yr and Zg) of the tilting motor to the tail of the frame,
and h is the vertical height from the center point E of the tilting motor to the bottom of
the frame.

Figure 7. A simplified model of the mechanics in the case of the robot overturning.

The tensile force of the telescopic cantilever on the frame is Fr, the supporting force
of stair tread on the frame is Fyr, the action point is F (i.e., 0, Yr and Zr), the centroid of
the frame is G (i.e., xg, y¢ and zg), and the gravity is G;. The output torque of the motor is
ME*. Ignoring the torque in other directions of the frame, the overturning torque, Mg, can
be simplified as:

Mg = —Mg = (Mg,0,0) = (22 “Lyax - SinﬂéE,O,O) (16)

The frame can be placed steadily on the stairs, and the tail of the frame should not
exceed the stair tread size, namely:

d < Lyax -sinag — R-sinf

N = arccos(l - HTH) (17)

The overturning torque of the frame is greatest at the moment when the one-sided
wheel is lifted off the ground by the flip motor. Therefore, the condition to prevent the
frame from overturning is the combined force moment (Mp)x < 0 in the x-direction of the
frame, at which time:

G

Fe=0, Yr =0, (MO)X:<2

Lyax -sinag — Gy '}/G> <0 (18)

By combining Equations (17) and (18), the constraint equation of avoiding overturning
while the robot climbs a set of stairs can be obtained as follows:

2(h+H 2
G, Lax 22 — (458

Gy — Zyc

(19)

The cantilever condition for the robot to climb stairs is:

R+d§LMAX§R+LB—p (20)



Machines 2022, 10, 631

10 of 19

where Lyax is the length of the cantilever fully extended, R is the radius of the wheel, Lp is the width
of the stair tread, and p is the distance from the installation position of the flip motor to the vertical
plane before the frame.

Since the main drive motor is in a stop working state, when the turning motor turns the wheel
to the step, the collision between the wheel and the step will lead to adaptive rotation, which ensures
that the wheel will only be turned to the step where the frame is located when it is turned up.
Therefore, Ly4x only needs to satisfy that the frame can be stably placed on the step without falling
or collision with the vertical plane of the next stair.

The standard step height of stairs is generally 150~170 mm, and the step width is approximately
300 mm; thus, the maximum step height H = 170 mm was taken. According to the two-wheeled stair
climbing robot [23], developed by T. Chen et al. at the University of Auckland, the height-to-diameter
ratio was 0.29, and for the two-wheeled inverted pendulum climbing robot [15,24], developed by
Takeshi Takaki et al. at Hiroshima University in Japan, the height-to-diameter ratio was 0.51. We
expected a height-to-diameter ratio of 0.7. Therefore, the wheel radius, R = (170/0.7) /2 = 243 mm,
and the maximum length of telescopic cantilever, Lyjax = (300 + 486)/2 = 393 mm, were taken. The
above parameters were substituted into Equation (19), and /& and yg were taken as independent
variables. The function’s image is shown in Figure 8. In order to reduce the peak load torque of the
main drive motor in the “lifting” action, it was necessary to reduce the mass of the frame end as
much as possible to reduce the eccentricity ratio, K; that is, G1/G; should be as small as possible. The
graph shows that the relative mass ratio G1/G; of the frame should be reduced under the condition
of ensuring the maximum climbing stair height and wheel radius of the robot remain unchanged.
In addition to reducing the maximum elongation of the telescopic cantilevers, Lyj4x, it can also be
realized by reducing the installation height of the flip motors, &, or increasing the distance between
the frame centroid and the tail of the frame, y.

\,‘g%

Figure 8. Relationship between minimum mass distribution requirements and frame centroid y; and
installation height h of flip motor.

4. Gait Simulation of Robot Climbing Stairs

Based on the previous modeling analysis, a stair climbing dynamics simulation analysis of the
robot was carried out by Solidworks 3D virtual prototype modeling and ADAMS software. The
simulation of the virtual prototype was divided into six modules: left and right wheels; left and
right telescopic cantilevers; the frame; stairs. The height of the single staircase was 170 mm, and the
width was 300 mm. The radius of the wheels were 250 mm, and the maximum cantilever length was
350 mm. The simulation prototype model is shown in Figure 9.
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Figure 9. Simulation model of the prototype.

In the simulation, a speed loop was formed by adjusting the torque output of the main drive
through the speed information feedback by the encoder of the main drive motor; the frame fed back
the vertical angle information through an angle sensor installed inside it and drove the left and right
turning motors to form a vertical loop, such that the frame’s posture remained horizontal. Inclination
sensors, installed on the left and right cantilevers, detected the vertical inclination of the cantilever
and provided feedback so that the motion control of the left and right main drive motors changed
from a speed loop to an angle loop while the wheels were blocked.

4.1. Gait Simulation of Robot “Lifting and Putting” Climbing Stairs

Figure 10 is the process diagram of “approaching, lifting, putting and retraction” in stair
climbing gait simulation. When the robot reached the stair steps, the two wheels were blocked,
the frame was lifted to a certain height (approximately 100°) by the cantilever and the cantilevers
extended to put the frame on the stairs.

Figure 10. Gait simulation process diagram of “lifting and putting” during stair climbing:
(a) the cantilevers drive the frame lifting due to the main drive motors’ blockage; (b) the frame
is lifted to a certain angle and gradually lowered as the eccentricity increases.

When the robot cantilevers are lifted to a position of approximately 100°, the elongation of the
telescopic cantilevers will make the eccentricity of the frame increase rapidly, and the response of the
control system cannot be corrected in time. The main drive motors still maintain the maximum torque
output of the original lifting frame, and the output torque of the original lifting frame of the main
drive motors will not be sufficient to “lift” the frame in this state, which eventually makes the frame
collide with the stair step surface and makes the stair climbing fail. In order to solve this “lifting”
problem, the “excess input Ts” is added to the input function of the cantilever angle ring; that is, in
the process of cantilever elongation, the target angle value of the cantilever angle ring should also
be appropriately increased, so that the control system can increase the torque output of the main
drive motor.

As shown in Figure 11, the blue line represents the output torque of the input function of the
cantilever without Ts, and the red line represents the output torque of the input function of the
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cantilever with Ts. Obviously, the output torque of the cantilever continues to grow linearly after
3.5 s of cantilever begins to stretch after the input function of the cantilever angle ring is added to
the “excess input Ts”. Thus, the frame obtains a continuous linear growth of the “lifting” torque
during the cantilever elongation to reduce the impact of the frame and the stairs. In Figure 12, the red
and blue lines are the frame centroid acceleration with and without Ts. The peak value of the frame
centroid acceleration after adding T is only half before, which achieves the purpose of reducing the
impact received by the frame during stairs climbing.

stair_climbing_TWR_MODEL

20,000.0
—.T_arm_L.Element_Torque.Mag ‘
- --.T_arm_L.Element_Torque.Mag ‘
15,000.0
£ With Ts ;
£ IS
£ 10,000.0 — |
: e sian Without Ts
3 S
2 s
5,000.0 s T
00 S
0.0 1.0 20 3.0 4.0 50 6.0

Time (sec)

Figure 11. Output torque of the cantilever angle ring before and after adding Ts.
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Figure 12. The acceleration of the frame centroid before and after adding Ts.

4.2. Gait Simulation of Robot “Retraction and Approaching” Climbing Stairs

As shown in Figure 13, the main drive motors stop working after the robot frame is placed
on the step. The left and right motors drive the left and right cantilevers to flip each side wheel to
the step where the frame is located. When the wheel is placed on the ground, the angle sensor on
the cantilever reaches the angle threshold of the retractable cantilever, and the retractable cantilever
retracts and raises the frame. In 0-2 s, the robot flips the right cantilever to the target position of the
next step, and in 24 s, the robot flips the left cantilever to the target position of the next step. When
the telescopic cantilevers on both sides are in place, the steering gear starts to work and retract the
telescopic cantilevers on both sides at the same time. In the fifth second, the bottom of the frame is
separated from the bottom of the stair, and the main drive motors on both sides start to enter the
speed loop control at the same time to ensure that the robot can maintain a forward movement trend.
Turnover motors on both sides of the frame also began to enter the vertical loop control, so that the
frame remained upright to complete the reset action until the robot leaned on the back stairs.
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Figure 13. “Retraction and approaching” stair climbing gait simulation process diagram:
(a) the two wheels are turned over to the steps of the frame; (b) the cantilevers drive the wheel
back and the robot touches the next stair.

The wheel speed loop control is very important in the “retraction and approaching” gaits. Since
the step width of the stair is small, the robot needs to retain a forward force of the body to maintain its
own stability in the reset process. As shown in Figure 14, the red line is the vertical inclination change
curve of the left telescopic cantilever, and the blue line is the vertical inclination change curve of the
right telescopic cantilever. After adding “speed loop control”, the curve shows an upward trend,
indicating that the main drive motor maintains a certain forward driving force under the “retraction”
gait. If the speed loop control is removed, the robot is prone to fall from the stairs due to uneven
ground or torque oscillation generated during the adjustment of body posture.

stair_climbing_TWR_rec
850 1 N —Value of state variable "stair_climbing_TWR_rec.VARIABLE_5'
75.0+ A - - -Value of state variable stair_climbing_TWR_rec.VARIABLE_3'
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— 550+
5 1
o 4501
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1 Speed logp control
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Figure 14. Variation of the vertical inclination angle of the left and right telescopic cantilevers in the
gait of “retraction and approaching” climbing stairs.

5. Climbing Test of Robot Prototype

Through the analysis and design of the above two critical constraints, the robot prototype is
shown in Figure 15. The main body was composed of left and right wheels, left and right telescopic
cantilevers and a frame. The overall size was 500 x 950 x 500 mm. The wheels were 500 x 54 mm
mountain bike wheel. The main body and frame of the telescopic cantilever were carbon fiber
materials. The weight of the frame was 9.88 kg. The weight of the cantilever and the side wheel was
2.46 kg. The specific parameters and experimental performance of the robot are shown in Table 2.
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Figure 15. Prototype model.
Table 2. Robot parameters and experimental performance.
. m; (Frame) 9.88 kg
Quality my (Except for the frame) 492 kg
si Frame 500 x 190 x 200 mm
e Whole 950 x 500 x 500 mm
d (Length from center to tail 75 mm
The mounting position of the of frame)
flip motor h (Height from center to 55 mm
bottom of frame)
. . Minimum 150 mm
Length of telescopic cantilever Maximum 350 mm
Dimensions of stairs in H (height) 165 mm
experiments Lg (Width) 300 mm
Wheel radius 250 mm
Peak output torque of the cantilever steering gear 75kg x cm
Speed 0-20 km/h
Electricity (lithium battery) 48V

The telescopic control of the left and right cantilevers of the robot was realized by the steering
gear driving the slider-crank mechanism. The cantilevers kept self-locking when moving, and
changes in the longest position and the shortest position when climbing stairs. The steering gear had
light-weight and large output torque, which can reduce the self-weight of the telescopic cantilever.
At the same time, its driving mode was simple and reliable, and its output angle loop control could
ensure the accuracy of the longest position and the shortest position of the telescopic cantilevers.

Both the left and right main drive motors and the left and right flip motors of the robot
adopted the DC brushless deceleration motor. It adopted the high-performance FOC drive and
CAN bus communication mode, and had the functions of position loop, speed loop and motor
operation parameter reading. It had the advantages of high control precision, light weight and large
output torque.

5.1. Common Stair Climbing Test of Prototype

Figure 16 is the experimental process of robot climbing stairs, showing the four gaits of robot
climbing stairs. Every time the robot completed the climbing of the first stair, it performed an
“approaching” action on the next stair to complete the reset, and finally realized the automatic cycle
for climbing stairs. When all the stair steps were climbed, since there is no obstacle in front of the
robot, it continued to move forward.
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Figure 16. Robot climbing test process: (a) the robot approaches stairs; (b) the robot’s cantilevers lifts
the frame; (c) the robot extends its cantilevers and puts its frame on the stairs; (d) the robot’s wheels
are lifted onto the steps of the frame and the robot enters an “approaching” gait again.

In the prototype climbing experiment, we measured the experimental data of the vertical
inclination angle of the left and right cantilevers and the current of the left and right main driving
motors in the climbing process of the robot under the condition of two rounds of blocked rotation.
The left main driving motor was motor 1, and the right main driving motor was motor 2. The
measurement results of each data are shown in Figures 17 and 18. Among them, “a, b, ¢, and d” were
separated by black solid lines, representing the four stages of the robot climbing gait “lifting, putting
retraction and approaching”, respectively. The interval b1 and b2 are two subintervals separated by
the blue line of the interval b, and b1 denotes the process of cantilever stretching to the longest in the

gait released by the robot. b2 Represents the process in which the frame is lowered at the longest
cantilever in the gait of the robot.
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Figure 17. Cantilever vertical inclination curve of robot stair climbing test: (a) the robot climbs the
stairs for 57 s; (b) the amplification diagram of part A in figure (a).
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Figure 18. Current variation curves of the main drive motor for when the robot climbed the stairs:

(a) the robot climbs the stairs for 57 s; (b) the amplification diagram of part B in Figure (a).

From Figures 19 and 20, it can be seen that in the interval a, after the wheels were blocked, the
current of the main drive motor continued to increase, and the cantilever drove the frame to rise to
approximately 100°. At this time, the robot completed the gait of “lifting”. In the range of b1, that
is, the control range of T's in the simulation, the cantilever of the robot lifted to the set angle, the
cantilever actuator drove the cantilever to slip and elongate and the current of the left and right main
drive motor continued to increase, which ensured that the frame did not fall when the cantilever
actuator drove the cantilever to elongate. In the b2 interval, the current of the main drive motor
decreases rapidly, and at this time, the frame is placed on the step due to the effect of the heavy
torque to complete the robot’ s “putting” gait. In the interval c, the cantilever angle decreases rapidly,
and the frame is placed on the step. The left and right flip motors at both ends of the frame drove the
cantilever to quickly flip the left and right wheels to the step position where the frame was located
and shrunk the cantilever, and the frame was reset. At this time, the robot completed the gait of
“retraction”. In the interval d, the cantilever always maintained a certain inclination, which ensured
that the robot had a forward driving force, so that each robot completed the climbing of the first stair,
always maintained the state of forward walking and ensured that the robot did not fall after climbing
the stair. Here, corresponding to the “speed loop control” in the simulation, the robot completed the
“approaching” gait. Then, the robot continued this cycle gait to climb the stairs.

Figure 19. Spiral stair climbing test of robot: (a) the robot approaches and automatically aligns the
rotating stairs; (b) the robot’s cantilevers lifting frame; (c) the robot extends its cantilevers and puts
its frame on the stairs; (d) the robot wheels are successively lifted to the steps of the frame, and the
robot enters the gait of “approaching” again.
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Figure 20. Experiment of the robot descending stairs: (a) the robot moves forward; (b) the body is
tilted and slips down to the steps; (c) after the body is adjusted and stabilized, the robot continues to
go downstairs.

5.2. Robot Spiral Stairs Climbing Tests

In the robot climbing experiment, in order to detect the stability of the control system, the
navigation system of the robot and the laser radar and other external environment detection sensors
were disabled. Only at the beginning, the operator sent out the walking instructions, and the whole
process of climbing the stairs was completed by the motion control system of the robot.

As shown in Figure 19, the robot relied on its own preset stair climbing gait to climb rotating
stairs. With two rounds of advantages, the robot automatically corrected and corrected the stairs,
and then relied on the four-step cycle of climbing the stairs by “approaching, lifting, putting and
retraction”. Every time the robot completed climbing the previous level of stairs, it performed the
“approaching” action on the next stair to complete the reset, and, finally, realized the automatic cycle
of climbing the stairs. If there were no obstacles ahead of the robot, it moved on after climbing
all stairs.

5.3. Robot Downstairs Test

Figure 20 shows the test process of the robot autonomously descending stairs. The navigation
system lets the robot move slowly along the given direction. When the robot starts to fall down the
stairs, the wheels roll to the next stairs first, but the body still maintains its position under the action
of inertia, so that the overall centroid of the robot is still located on the current stairs, which ensures
the stability of the robot going downstairs. During this process, the robot’s posture will look down
first, so that the laser radar can detect whether there are obstacles hindering the robot’s movement in
the process of downstairs. When it is confirmed to be safe ahead, the robot will continue to complete
the downstairs process.

6. Conclusions

An ADMAS dynamic simulation of the robot was established to verify the feasibility of the
designed configuration and its stairs climbing gaits based on modeling and critical constraint analysis.
According to the designed configuration, we conducted a stair climbing experiment with the robot
prototype. The simulation and experimental results show that the robot provides a new configuration
of a two-wheeled, four-gait stair climbing pattern, effectively avoiding the current problems of
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“slipping, misstep and misplace” and presenting excellent stair climbing performances of “flexible,
adaptive and stable” in multiple scenarios. The innovations of this robot are as follows:

1. This robot provides an innovative idea for stably climbing stairs based on the “4P+2R”
configuration and a four-step cycle of “approaching, lifting, putting and retraction”;

2. The constraint conditions of slipping and overturning in the process of climbing stairs were
established, and the two major problems of the impact of the frame under the “release” gait and the
fall of the robot under the “retracted” gait were solved;

3. This new configuration can be applied to various structured stairs including rotating stairs,
and it has the advantages of rapid steering in situ, auto-alignment of stairs, nonslipping, nonstepping
empty, light structure and up—down stability;

Videos related to the experiment can be found in the Supplementary Materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/machines10080631/s1.
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