friried applied
e sciences

Article

Design and Experimentation of Tensegrity Jumping Robots

Guoxin Tang, Qi Yang * and Binbin Lian

check for
updates

Citation: Tang, G.; Yang, Q.; Lian, B.
Design and Experimentation of
Tensegrity Jumping Robots. Appl. Sci.
2024, 14,3947. https://doi.org/
10.3390/app14093947

Academic Editor: Marco Troncossi

Received: 15 April 2024
Revised: 2 May 2024
Accepted: 3 May 2024
Published: 6 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Lab for Mechanism Theory and Equipment Design of Ministry of Education, Tianjin University,
Tianjin 300350, China
* Correspondence: yanggqi_email_617@tju.edu.cn

Abstract: Jumping robots possess the capability to surmount formidable obstacles and are well-suited
for navigating through complex terrain environments. However, most of the existing jumping robots
face challenges in achieving stable jumping and they also have low energy utilization efficiency, which
limits their practical applications. In this work, a two-module jumping robot based on tensegrity
structure is put forward. Firstly, the structural design and jumping mechanism of the robot are
elaborated in the article. Then, dynamic models, including the two modules’ simultaneous jumping
and step-up jumping process of the robot, are established utilizing the Lagrange dynamic modeling
method. On this basis, the effects of parameters, including the stiffness of elastic cables and the initial
tilt angle of the robot, on the jumping performance of the robot can be obtained. Finally, simulations
are carried out and a prototype is developed to verify the rationality of the tensegrity-based jumping
robot proposed in this work. The experiment results show that our jumping robot can achieve a
stable jumping process and the step-up jumping of each module of the prototype can have higher
energy efficiency than that of simultaneous jumping of each module, which enables the robot a better
jumping performance. This research serves as a valuable reference for the design and analysis of
jumping robots.

Keywords: tensegrity; jumping robot; step-up jumping

1. Introduction

In recent years, the rapid development of science and technology has ushered in an
unprecedented boom in robotics in a variety of fields [1-5]. Robots, as intelligent devices
capable of simulating and replacing humans in performing diverse tasks, have been widely
used in manufacturing, healthcare, military defense, and many other fields [6-10].

Most traditional mobile robots rely on wheels or leg structures for mobility but in
some specific conditions, these mobility methods are out of reach [11-13]. In complex
in conditions such as irregular terrain, steep mountains, or disaster sites, the mobility
of conventional robots is greatly limited due to rugged terrain and obstacles all over
the place [14-16]. Among them, jumping robots attracted many researchers due to their
excellent mobility and adaptability [17]. Jumping robots excel in complex environments due
to their unique locomotion. They are widely used in fields like space exploration, disaster
rescue, and military applications, which makes jumping robots an important development
direction for future robotics technology with a broad application outlook [18-20].

Jumping robots, a special type in the field of robotics, are endowed with high maneu-
verability and obstacle-crossing capabilities due to aerial jumping ability. Yan He and Zhu
Xingyue of Shanghai Jiao Tong University have recently developed a small lunar surface
jumping robot to study robotic jumps in lunar surface situations [21]. Ruide Yun, Zhiwei
Liu, and others at Beihang University have recently developed a millimeter-sized jumping
micro-robot to study the crawling and jumping of the robot [22,23]. However, research in
this area has been facing two major challenges. First, after completing a jump, jumping
robots often need to make tedious and complex postural adjustments to prepare for the
next jump, which greatly limits their ability to operate continuously [24]. Next, jumping
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robots are relatively inefficient in their energy utilization, which not only affects their
working hours but also limits their wide application in several fields [25]. To overcome
these challenges, we have innovatively introduced tensegrity into the design of jumping
robots. This structure was introduced to improve the stability of the jumps, to reduce
the complexity of the operations required for position adjustment, and to improve the
efficiency of energy utilization.

Tensegrity is a kind of building structure theory proposed by the American architect
Buckminster Fuller. This kind of structure mainly consists of pre-stressed tension cables
and gussets. Through reasonable arrangement, the whole structure reaches a state of
equilibrium under the action of external forces [26]. This structural system provides
excellent flexibility and deformation capacity through precise tension design. It can also
maintain the stability of the monolithic structure. Due to its unique mechanical properties
and excellent adaptability, tensegrity is widely used in many fields such as construction,
aerospace, and so on [27]. Traditional robotic motion is limited by rigid connections, which
can constrain performance in specific environments [28]. The tensegrity drives the robot
with a flexible tensile mechanism, adapting more freely to complex terrain. Compared to
traditional designs, tensegrity breaks new ground for jumping robots by increasing mobility
and energy efficiency compared to traditional designs [29,30]. In addition, adjusting the
tensile force makes it easy to change the robot’s shape and attitude for more flexible and
efficient movement, demonstrating excellent stability and adaptability. The tensegrity has
significant advantages of solid support and excellent elasticity [31]. When jumping robots
move, they can effectively absorb and disperse the ground reaction force to protect the
robot from damage. They can also achieve a smooth transition when landing to reduce
impact and noise and optimize performance [32,33].

Jumping robots have significant application potential in the field of scientific explo-
ration and survey. In planetary exploration, its unique jumping ability enables it to easily
cope with the complex terrain of planetary surfaces, thus realizing efficient movement. In
addition, they have high autonomy and adaptability, can work under extreme environ-
mental conditions, and synergize with other exploration equipment to form a planetary
exploration network [34]. In the field of exploration, field exploration work is often faced
with complex and variable terrain conditions. Traditional exploration equipment is limited
to moving in these terrains, while small tensile jumping robots, with their unique jumping
ability, can easily cross obstacles and realize efficient movement. These robots can carry a
variety of sensors and exploration equipment for surface and subsurface data acquisition
and analysis. By jumping and moving, the robots are able to cover a wider area, collect
more data, and improve the efficiency and accuracy of exploration [35].

In this article, we propose a modular tensegrity-based jumping robot, which can
achieve a stable jumping process. Based on that, dynamic models of the jumping robot
are established, which include dynamic modeling of the simultaneous jumping process
and step-up release process of the robot. Afterward, the effect of structural parameters
on the jumping performance of the robot is analyzed in detail. In particular, we find
that releasing each module of the robot sequentially is better than releasing modules of
the robot simultaneously in terms of jumping height and distance. Finally, simulation
and experimentation are conducted to demonstrate the jumping performance of the robot
proposed in this article.

The organization of this article is as follows. In Section 2, we cover the design of the
jumping robot based on tensegrity structure, which includes the structure design of the
jumping robot and the jumping mechanism of the robot. In Section 3, we delve into the
dynamic-based performance analysis of the jumping robot. Section 4 presents the results of
the experimental study. Finally, in Section 5, we draw our conclusions.

2. Jumping Robot Design
In this section, the structural design of a tensegrity jumping robot based on a tensegrity
structure is explored, which is the key to ensuring the robot’s stability, flexibility, and
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jumping performance. Excellent structural design can enhance the overall performance
and guarantee safety and reliability in practical applications.

2.1. Robot Structural Design

The tensegrity is unique in that it connects the components with a prestressing mecha-
nism to achieve both rigidity and flexibility. In the construction of the jumping robot, the
tensegrity jumping robot is firmly supported to ensure stability and reliability and at the
same time, it demonstrates excellent elasticity to optimize the power response and energy
conversion to enhance the jumping performance.

Based on the above design, we start with the basic tensegrity unit 2-Strut 4-Cable
as shown in Figure 1. One of the cables was converted into an elastic energy storage
mechanism by splicing it to the tensegrity module as shown in Figure 1b. By varying
the length of the flexible cords, we are able to control the shape change in the robot to
achieve the desired stretching and bending motions as shown in Figure 1c. This design
solution allows the deformation capability of the basic unit to be dependent on only two
actuators, enabling simplified and efficient operation. Based on the above design, two
identical modules are spliced axially to obtain the complete robot mechanism and the robot
can be deformed by elongation, compression, and bending, as shown in Figure 1d.

ad .
Node Elastic Energy Contraction  Contraction Extension
Storage Element

(@) (b

Deformation Defm‘(naatinn Deformation
c

(d)

Figure 1. Tensegrity jumping robot design process. (a) 2-Strut 4-Cable. (b) Basic unit of tensegrity.
(c) Tensegrity jumping robot basic unit. (d) Robot’s deformation forms.

2.2. Jumping Mechanism

Our designed robot is initially in the initial state shown in Figure 2. By manipulating
the drive motors, the robot continuously shortens the length of the rope, effectively increas-
ing the stored energy of the spring and gradually increasing the strain energy of the spring.
When the stored energy reaches an appropriate level, the overall structure is tensioned,
allowing the jumping robot to realize the compressed state. Immediately after that, the
stored energy is released by the trigger mechanism we designed, see Figure 2. The released
energy is converted into the kinetic energy of the robot, causing it to leap up, and the
robot returns to its initial state in the air. Through this mechanism, the tensegrity jumping
robot is able to realize a precisely controlled jumping action under specific conditions with
flexibility and adaptability.

Similarly, we can design the tensegrity jumping robot in such a way that during the
compression process, it produces a differentiated length of rope on both sides, thereby
creating a tilting effect on the robot’s body. Then, we release the stored energy by triggering
the device; the robot will quickly vacate with the kinetic energy above the incline to realize
the goal of jumping to the top of the incline.



Appl. Sci. 2024, 14, 3947

40f18

N Sh i /
\ Slide plate (with rack)
~ 7
~ -~

~

(b)

(d)
Figure 2. Three-dimensional models. (a) Initial state. (b) Compressed state. (c) Step-up state.
(d) Trigger device.

The design enables us to synergistically combine multiple basic units, which then
collaborate in the compression activity to form a monolithic structure. This can enable
the realization of a tensegrity jumping robot to store more energy and provide greater
propulsion for the robot to jump.

We refer to the step-up release of energy during rocket launching and the first release
of one module of energy to complete the first jump, obtaining the state shown in Figure 2c.
Subsequently, in the air phase, other module energies are released one by one to realize
multi-stage jumps. This step-up energy release breaks the traditional single mode and
allows the robot to show complex and diversified actions in jumping, such as adjusting
direction in the air, avoiding obstacles, or executing tasks.

3. Dynamic Modeling and Simulations Analysis
3.1. Dynamic Modeling
3.1.1. Dynamic Modeling of Two Modules’ Simultaneous Jump

Since our tensegrity jumping robot has a symmetrical layout, we can simplify the
configuration diagram of our robot as shown in Figure 3. The dimensions of the mechanism
of the tensegrity jumping robot remain unchanged after the equivalence. At the same
time, the mass and the moment of inertia of the mechanism after the equivalence show
a superposition property, i.e., their values are equal to the sum of the corresponding
parameters before the equivalence. We establish the plane rectangular coordinate system
O-XY in Figure 3 and set the midpoint of the rack A; 1A, ; as the origin. The X-axis is
horizontally to the right and the Y-axis is vertically up. The X-axis is horizontally to the
right and the Y-axis is vertically up.

Given that the main masses of the tensegrity jumping robot are concentrated on the
geometric centers of the racks Ly 1(A1,1A421), Lo3(A13423), and Lo 5(A1 5425), we focus the
masses mainly on these three key components to simplify the model and to highlight the
main influencing factors during the kinematic modeling. In addition, considering that the
friction between the sliding rope and each node has a relatively small effect on the overall
motion, we chose to ignore this factor during the modeling process to ensure the accuracy
and computational efficiency of the model.

It is worth noting that due to the uniqueness of the structural design of the tensegrity
jumping robot, the magnitude of the axial force exerted on each portion of the broken ropes
atnodes A5, A1 4, A2, and Ap 4 remains the same. This property makes the lengths of the
ropes on both sides of the above nodes equal, thus simplifying our analytical process. Thus,
the equal lengths of the ropes on both sides of the above node can be expressed by us as

KRk
Skt = se2 = sy + B k=1~ 4 (1)



Appl. Sci. 2024, 14, 3947 50f18

where s;; (i = 1~4 and j = 1~2) are the lengths between the critical points of the two phases,
respectively, and sg jis the length of the sliding rope in the initial state. ¢; (i = 1~4) denotes
the input angles of the four main drive motors and R; (i = 1~4) denotes the radii of the four
winding disks of the tensegrity jumping robot.

Figure 3. Diagram of the simultaneous jump.

Also from the geometric relations, we obtain

s11+1lp1+h1=0
s21+l1+hy1=0 (2
si1+h1+1lp=0

sg1+1lps+1s20 =10
s31+los+12=0 (3)
s4p+lo+1ps =0

According to Equations (2) and (3) we can obtain

2-24-20 2 2i-24-2i
0, ; = arccos -1 s11 Tlo1—551 a
AT

Zliilsgjilor] (Z -1 2) (4)
2i-274-2i' 2 12i-2 A-2i =1,
Sy 32" o515 “s30

0, ; = arccos . .
,1 i—1792—i
2545 13505

O3, =061, —02;(i = 1,2) )

where 61  represents the angle between rod A A1 1 and rod A 1475, 012 represents the
angle between rod Aj2A; 1 and rod A1 1Az, 05,1 represents the angle between rod Aj 4A; 5
and rod A; 541 5, and 60, > represents the angle between rod A 44, 5 and rod Ap5A1 5. 031 is
the angle between rod A1 A1 1 and rod Aj 1A and 03, is the angle between rod A 4A; 5
and rod Aj 543 4. Therefore, according to the cosine theorem, the lengths Iy, and [y 4 of the
racks Lo, and Ly 4 can be expressed, respectively, as

N|—

10/2 = (l%,l + Sil — 2[1]151,1 [le)] 93,1) (6)

N—

10,4 = (Siz + l§,2 — 254]213/2 [le)] 93,2) (7)
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As shown in Figure 3, the structure formed by the rods, springs, and four sections
of ropes in the tensegrity is taken as the basic unit for kinematic analysis and the several
closed loops contained in it can be expressed as follows

hai+loi+s3-i1=0
ho+lpiy1+s3-ip=0 .

. ¢ . 1i=1,2 8
I31+1lpit2+s5-;1=0 ( ) ®)
Izo+1yit3+s5-i20=0

According to Formula (8) and the geometric relationship in the figure, we can obtain
the angle of each rod and spring with the X-axis

2

Po+12.—s2 .
._ A1 —%-in _ g
0, = arccos 2l 0 4
12 412, —g2 .
i _ 1,2 7°0,i+1 3-i2 _ p/
Oiyp = arecos ===y 01 . 1 9
Byt o= i / (i=12) ®)
. _ 2 i —il
6;+4 = arccos Morlora 013
2 4+12. ,—s%
. _ 32 "°0,i+3 °5-i2 _ p/
Oire = arccos =i p 05

where we let 8] = 0. From the geometric relation, we know that 6; = 6/ (i = 1~7). From this,
we know that the center of mass positions X3, Y3, and X5, Yo of rack Lo 3, and rack
Lo, respectively, can be denoted as

Yoz = li-my
. 10
{ X0,3 = 0.510,1 + 11-1]2 ( )

{ Yos5 =ln + by (11)
X0,5 = 0.510,1 =+ 11'1]2 + 12'1]4

where the expressions of I3, I, 1, 112, 3, and 54 can be found in Appendix A.

Since a functional relationship between the motor’s rotational angle ¢; (i =1, 2, 3, 4)
exists, at the time ¢, we can learn that the velocities at the center-of-mass positions of racks
Lo 3 and racks Ly 5 can be expressed as

Uy, = ' Qg 12

{ Uxy3 = ' P1 (12)
vyys = Q1 +12:Qy 13

{ UXos = L-P1+5L-Pp (13)

where the expressions of Q1, Q, P1, and P, can be found in Appendix A.
The acceleration to the center of mass position of rack Ly 3 and rack Ly 5 at the same
time can be expressed as

ay,s = l1-(Q; + Hy)
{ X5 = ll'(P3 +11) (14)
{ ayys = I1-(Qs +H1) + lz'(Q4 + Hy) (15)
Xos5 = li"(P3+11) + I+ (Py + Ip)

where the expressions of Qs, Qu, P3, Py, H1, Hy, I, and I; can be found in Appendix A.
And the length variations Al and Aly 4 of rack Ly, and rack Ly 4 can be expressed as

Al =l — 18,21-(1' =1,2) (16)

where 18,2 denotes the original length of spring L and I{ , denotes the original length of
spring Lo 4.
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In our study, we conducted in-depth kinematic analysis to examine the mathematical
relationship between the input angle ¢; (i = 1, 2, 3, 4) of the four drive motors of the
tensioning mobile robot and the position, velocity, and acceleration of the center of mass of
the key rods. The establishment of this mathematical model not only provides us with the
possibility to accurately describe the robot attitude but also provides an important basis for
the subsequent motion plan and control strategy formulation of the robot. Through this
model, we are able to understand the motion characteristics of the robot under different
input angles more deeply, predict its trajectory and velocity changes, and then optimize its
performance and improve its work efficiency.

On the basis of robot kinematic modeling, we further carried out the dynamic modeling
of the tensegrity jumping robot. The construction of this model aims to deeply study the
dynamic characteristic parameters such as kinetic energy and potential energy of the robot
in the process of movement. From Equations (12) and (13), we can learn that the total
kinetic energy E of the system during the jumping process is

2
E= 0.52 Mo i1 (U%’o,ziﬂ + vg(orzm) (17)
1=
The potential energy of the system, on the other hand, can be expressed as
2 2
u=y. (m0,2i+18Y0,2i+1 + 0-5k2iAlo,2i> (18)
i=1

where U represents the total potential energy of the system, k, denotes the stiffness of the
spring Lo, and k4 denotes the stiffness of the spring Lo 4. Thus, the tensegrity jumping
robot Lagrangian quantity can be expressed as

2

L = El (0~5mo 2i41 (U%O wn T Vo +1) = 1M0,2i+18 Y0 2i41 — 0~5k2iAl§i)
4 2 , 2 (19)
=3 Z frun @@, — 0.5 Y koiAl5; — Y- mg0i118Y02i41
m=1n=1 i=1 i=1
where the expression of f;; can be found in Appendix A.
Then, its Lagrangian equation can be expressed as
doL oL _ v Wi dfii;
diag g = ,;1 ar $a, T ar i
= (20)
a4 afmn aAlz 02n+1 ;
“L L 0 Ot Z kom T35 + Z Moon 185, = 0(i =1~ 4)
=1n=

where @; € [0, p.] and ¢, is the limit driving angle of the robot. In particular, we can express
it as
Pe = fe(Xe, Ye) (21)

where X, and Y, are the coordinates of the center of mass of Ly 5 when the robot moves to
the limit position. We can define

2
1 4 2
Vi xio <42 Zs?,]) @)
i=1j=1

3.1.2. Dynamic Modeling of Two Modules’ Step-Up Jump

During the step-up process of the tensegrity jumping robot, we choose the module
below the robot to release energy in priority, so in the process of releasing energy in the
first module, we can accordingly establish the corresponding planar Cartesian coordinate
system the Planar Cartesian Coordinate System O-XY and set the mid-point of the rod A; ;
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A as the origin. The X-axis is horizontally to the right and the Y-axis is vertically up, as
shown in Figure 4.

Figure 4. Diagram of the step-up jump.

At this time, 6; (i = 1~4) can be seen in Equation (9), the center of mass position Yg 3
0 3 of Ly 3 can be seen in Equation (10) and the velocities UYo and UXO and accelerations
o, and axg, of the center of mass position of the rack Ly 3 can be seen in (12) and (14).

After the tlme At has elapsed, the tensegrity jumping robot makes a parabolic motion in
the air. At this time, we can obtain (i = 5~8) (refer to Equation (9)). At this time, the velocity
of the robot can be expressed as

— 0 0
UYys = Uy, T aY%At 23)
— o0 0
UXgs = Uxys T ”X0,3At
The displacement of the robot during this time period can be represented as
0 2
Xyys = Uy, ab + 0. SaY At 24)
0 2
XXo5 = U0 At +0. SaX At
At this point, the center of mass position of the rack Lj 3 can be represented as
Yoz = Y(()):’) + Xyg5
0 ; (25)
Xos = Xp3 + Xxps
At this point, the center of mass position of the rack L(; can be represented as
B X203+ Y33/ Y3553 (X35+Y33)
YO,l - X2.4+Y2
037703
X s (26)
X — Y33 Xo03 X35/ X5 3570 (X3 3+Y35)
01 = X352,

where the expressions of s, can be found in Appendix A.

Then, at this point, it is known that the velocity at the center of mass position of
rack Lo is the same as that of Ly3. The center of mass position of rack Lys can refer to
Equation (11). The velocity at the center of mass position of Ly 5 at this time can be referred
to as Equation (13). The kinetic energy and potential energy of the robot are

me(vyo +%,,) 27)

z 1
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koAl 3
u= 5+ Z Mo2i-18Y0,2i—1 (28)
At this point, it is known that the Lagrangian quantity is
4 4 o k4l42 3
=Y Y zune,, — - Y mo2i—18Yo2i-1 (29)
m=1n=1 i=1
where the expressions of z;; can be found in Appendix A.
Thus, the Lagrange equation is
d oL JL __ dz; l dzij -
g oy = Z “at Po, + 7t i
(30)

amﬂ 7— .
- 2 Zl = (Pm(Pn+k4aAl4+ Z mo 2 — 1g 02 1 :0(1:1 N4)

where @; € [0, ¢.] and the expression of ¢, are referred to in Equations (21) and (22).

3.2. Performance Analysis
3.2.1. Performance Analysis of Simultaneous Jumps

Based on the known Lagrangian equations, we can derive the jump case using pro-
gramming tools. With a stiffness of the elastic cable of [0, 40] N/mm and an initial tilt angle
of the robot body of [0, 18]°, we obtain Figure 5.

- = .‘\
£ 800(40’ ‘1'9 7941 £ 60 .
g > (40, 18, 59.75)
9
fn 600 5 %0
S 400 2
) © 2
£ 200 (16, 8, 80.84) =1
(=" " E.
£ o g0
= 40 5 40
30 % -
20 : @
10 = w >
= wn = wm
Stiffness/ 0 . Stiffness/ 0 .
N/mm Angles/ N/mm Angles/

(a)

(b) (c)

Figure 5. Dual module simultaneous jump. (a) Vertical jump height. (b) Horizontal jump distance.
(c) Schematic diagram of jumps at 8° and 16 N/mm.

According to Figure 5, we can conclude that under the same conditions, the jump
height of the robot increases significantly with the increase in stiffness. In particular, when
the stiffness is 40 N/mm and the inclination angle is 0, the jump height of the robot is
679.42 mm. Meanwhile, the lateral jump distance of the robot increases with the increase in
stiffness. When the stiffness is 40 N/mm and the inclination angle is 18°, the jump distance
of the robot is 59.75 mm. This is because the greater the stiffness of elastic cables of the
robot, the greater the potential energy stored by the robot, which enables the robot a higher
jumping performance. Also, as the tilt angle of the robot increases, the jump height of
the robot decreases but the lateral jump distance increases. This is due to the fact that the
larger the tilt angle, the more kinetic energy the robot shares in the transverse direction
and the less kinetic energy in the longitudinal direction. In this case, we select the jumping
schematic of the robot with a stiffness of 16 N/mm and a tilt angle of 18°, as shown in the
right section of Figure 5, where the robot’s jumping height is 80.84 mm and the jumping
distance is 3.83 mm. Therefore, to enhance the jumping performance of the robot effectively,
it is advisable to moderately augment the stiffness of the elastic cables.
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3.2.2. Performance Analysis of A Step-Up Jump

Using the same method, it is possible to obtain the jumping performance of the step-up
jumping process of the robot, as shown in Figure 6. We analyzed the jump performance
of the robot step-up release after four At time periods. In particular, the change ranges
of stiffness of the elastic cable and the initial tilt angle, which are consistent with those
observed during the simultaneous jumping process of the robot, are significant factors.

A g A :_E A '
tl—l.Os | = 900 t2—1.4S = 900 t4—2.2$ I
|§600 I\f“ooo |
e e |
Ig 300 | £ 300 |
R I
2157 2157 S % |
23 2= s 23 * =2 $ S 3
N Ssen o | -
Stiffness/ q Stiffness/ o Stiffness/ \ sl
Angles/"l N Angles/ N Angles/ | N Angles/ |
lg I g lg |
£ | € |E
Ié 100 & I;_? 100 |
2 s0 2 80 |
1§ o g !
£ 40 £ 40 I
I = 20 = 20
I %ﬂ 0 . I%‘ 0 |
1§ T | Ig ¥ |
= =
= - |
| ' l
Stiffness/ J o Stiffness/ v 4 o|
Angles/“' N/mm Angles/ | N/mm Angles/ N/mm \ , Angles/ I
- ___ ) AR

Single module jump
height curve

Figure 6. Dual module step-up jump. (a) Jump height and jump distance at four moments. (b) Choice
of jumping moments; (c) Schematic diagram of jumps at 8° and 16 N/mm.

According to Figure 6, we can see that the robot can achieve better jumping perfor-
mance if the release timing is chosen appropriately. In particular, the robot can achieve
greater energy utilization by releasing the energy of the second module when the kinetic
energy in the vertical direction is about to be zero, following the release of the first module,
specifically during the At3 period depicted in Figure 6. At this time, we obtained the
maximum jump height of 782.14 mm and the jump distance of 85.26 mm, which is better
than the performance of simultaneous jumping of the two modules (Figure 6). This is due
to the fact that step-up jumping can improve the efficiency of energy utilization and reduce
energy loss. Therefore, for a modular jumping robot, step-up jumping of each module can
enable the robot a better jumping performance.

3.3. Simulations Analysis

In this section, dynamic simulations of the robot are carried out to verify the feasibil-
ity of robot design and performance analysis. The simulation of simultaneous jumping
performance for different parameter cases was tested, as shown in Figure 7.
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Figure 7. Simultaneous jump simulation. (a) Vertical jump height. (b) Horizontal jump distance.

The maximum jump height obtained from our simulation is 612.40 mm and the
maximum jump distance is 53.94 mm. The comparison shows that the jumping performance
of the robot increases as the stiffness of the spring increases for the same case. This is due
to the fact that the higher the stiffness, the more energy the robot stores. The higher the
tilt angle of the robot, the jumping performance of the robot decreases but the distance
traveled to the side increases.

During the step-up jumping performed by the tensegrity jumping robot, it is theoreti-
cally known that differing sequences of energy release and the choice of specific energy
release moments will affect the jumping results of the robot. We tested several groups of
jumping performance of energy release methods with different stiffness cases. The two
jumping methods in each group had the same conditions except for the jumping mode.
As shown in Figure 8, the first way is to release the energy of the module below the robot
first and then release the energy of the module above the robot after the robot is airborne;
as shown in Figure 8, the second way is the opposite. Taking the release time of At as
an example, the simulation results are shown in Figure 8. It can be found that the energy
utilization of the first way is better than the second one. When the stiffness of elastic cable
is 28 N/m, the jumping height of the two ways are 276.15 mm and 297.36 mm, respectively.
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Figure 8. Release order and time. (a) Method 1; (b) Method 2; (c) Release order; (d) Release time.
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Secondly, the choice of energy release moment in the second module also affects the
robot’s jump result parameters. As shown in Figure 8, taking the first way for releasing the
energy as an example, eight moments are selected to analyze the efficiency of energy release
under different moment choices. We can see that the robot energy utilization efficiency
shows a trend of increasing and then decreasing as time moves backward. When the release
time is 0.5 s, the jumping height is 73.15 mm, and when the release time is 2.1 s, the jumping
height is 150.76 mm.

On the basis of the above analysis, we tested the jumping height and diagonal jumping
distance of the tensegrity jumping robot when the robot is tilted at different angles for
two-module step-up jumping within a certain stiffness range. Taking the release time of
1.6s and the first way for releasing the energy as an example, the jumping performance of
the robot is shown in Figure 9.

o
g g 4
£ 800 E p
= 5
2 600 2
20 g4
5 S
£ 400 '-E
o
= 200 & 2
. g
E =5
0 g0

S 40 S 40

30 = = 30 2

20 o :' 20 ° :'
10 - »n 10 . »
. @ wm . =] n
Stiffness/ 0 R Stiffness/ 0 o
N/mm Angles/ N/mm Angles/
(a) (b)

Figure 9. Step-up jumping simulation. (a) Vertical jump height. (b) Horizontal jump distance.

The maximum jump height obtained from our simulation is 712.16 mm and the
maximum jump distance is 63.67 mm. According to Figure 9, we can see that when other
conditions are the same, the larger the stiffness is, the robot’s jumping height and jumping
distance will increase. The larger the tilt angle is, the robot’s jumping performance in the
vertical direction will be reduced accordingly and the jumping distance in the horizontal
direction will be increased.

4. Experiment Verification
4.1. Prototype of the Robot

In order to validate the proposed kinematic modeling approach, we built a two-module
robot prototype for experimentation, as shown in Figure 10. The driving laws of the motors
and the values of all parameters of the prototype, including the stiffness coefficients and
the original lengths of the elastic cables, agree with the theoretical optimization results.
Each module consists of two elastic storage mechanisms and four elastic cables. Each
module consists of two elastic storage mechanisms and four elastic cables. The robot’s
individual module measures 8.0 cm x 10.4 cm X 13.4 cm and weighs 470 g. The robot
is designed for use in a variety of applications. The main structure of the robot is made
of 3D-printed photosensitive resin material. The control system of each module consists
of a controller (Model: STM32F103ZET6) and two motor drivers (Model: L298N), two
geared motors with large reduction ratios (Model: 25GA310), and two small geared motors
(Model: GM12-N20).

In order to ensure the smooth running of the experiment and to obtain accurate and
reliable data, it is crucial to build an appropriate experimental environment. We built the
experimental environment as shown in Figure 11; the specific parameters of the device
camera are the customized 48-megapixel sensor OV48C from Howell Technologies as the
main camera (f/1.9, 1/1.32”). Among other things, it is important to make sure that the lab
bench stays level and is not tilted. Before the experiment is formally carried out, the robot
model, power supply, measurement equipment, and so on should be thoroughly checked
to avoid accidents during the experiment.
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Figure 10. Prototype of the robot with two modules.
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Figure 11. Environment of the experiment.

4.2. Experimental Results

This experiment aims to evaluate the performance of the jumping robot in a real
environment and compare it with the simulation results. The objective is to verify the
accuracy of the theoretical model and provide practical data support for further optimiza-
tion of the robot. By analyzing the role of stiffness, it provides data support for design
optimization and, by comparing the simulation results under different stiffness, it provides
a comprehensive understanding of the role of stiffness in jumping robots and guides the
actual design and control optimization.

We tested the jumping performance of the prototype for stiffnesses ranging from
0 to 24 N/mm and tilt angles ranging from 0 to 18°, as shown in Figures 12 and 13. We
summarized the experimental data we obtained, as shown in Figure 14. When the robots
were released at the same time, we experimentally measured a maximum jump height of
229.32 mm and a maximum jump distance of 21.42 mm. When the step-ups were released,
we experimentally measured a maximum jump height of 270.59 mm and a maximum jump
distance of 23.86 mm. We choose the position Ats above to release the energy of the second
module. Moreover, it can be seen from the experimental results (Figures 12 and 13) that the
robot can achieve a stable jumping process on the two occasions, which benefits from the
stable tensegrity structure.
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Figure 14. Data from experiments. (a) Simultaneous jumping. (b) Step-up jumping.

For the experiments with simultaneous jumping, the maximum error between our
measured data and the simulated data is 9.1%, while the maximum difference between
the experimental data and the simulated data for step-up jumping is 13.2%. The overall
experimental results match the results of the simulation. A better jumping effect can be
obtained by increasing the stiffness and a larger lateral travel distance can be obtained
by tilting the fuselage. At maximum, the jumping performance of step-up jumping was
approximately 24% higher than the jumping height of simultaneous jumping. A higher
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energy utilization efficiency can be obtained by step-up jumping and a higher jumping
distance can be obtained under the same conditions.

5. Conclusions

Most of the existing jumping robots cannot achieve stable jumping and they also
have low energy utilization efficiency, which limits their practical applications. To this
end, a tensegrity-based jumping robot is proposed in this work, which is composed of
two identical modules. Dynamic models of the robot are established to overcome the
abovementioned problems. Simulations and experiments are conducted to verify the
rationality of the proposed robot.

(1) The design process of the tensegrity-based jumping robot is elaborated in the context
and the jumping mechanism of the robot is analyzed;

(2) Dynamic models of the robot are established, which include two modules’ simulta-
neous jumping and step-up jumping processes. Performance analysis for different
jumping processes is conducted and the interrelation between parameters and perfor-
mance is established;

(3) The simulation and experiment results show that our jumping robot can achieve a
stable jumping process and the step-up jumping of each module of the prototype
can have higher energy efficiency than that of simultaneous jumping of each module,
which enables the robot a better jumping performance.

In the field of jumping robot design, a general rule exists: the smaller and lighter the
size of the robot and the higher the output torque of the motors, the better its jumping
performance tends to be. However, the robots we have designed so far are limited by
the performance of the motors, resulting in their relatively large size and mass. This
undoubtedly affects the jumping performance of the robot to a certain extent, making it
difficult to reach the desired level. In order to further improve the jumping performance
of the robot, we plan to look for motors with smaller sizes and higher output torque in
our future research. Such motors will allow us to design a more compact robot with better
jumping ability.

A further extension to this work could include the design and control of a spatial
jumping robot based on the spatial tensegrity structure, such as a 3-strut and 9-cable
structure or a 4-strut and 12-cable structure, to endow the jumping robot with more
redundant jumping patterns, to make it possible to tilt jump in multiple directions. In
addition to this, we subsequently propose to build at least three modules of jumping robots
to obtain a better jumping effect.
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Appendix A
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Py=[Pi; Py; P31 05P]
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