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Abstract: Jumping robots are interesting devices that offer several advantages in terms of navigation
about cluttered environments. However, they present unique challenges with respect to their design and
control. In this paper, we propose a design that uses four planar thrusters/propellers on a jumping robot.
Such a system provides better maneuverability due to agility provided by the propellers to guide the
motion. From energy consumption perspective, we use the gravity for free fall and a spring mechanism
to execute the jumping motion without loss of much energy on impact. The primary contribution of
this paper is developing a novel navigation and control method for such jumping robots to go to the
desired goal. In this paper, we present a projectile motion planning approach for the control of the
proposed system. We propose proportional (P) and proportional-derivative (PD) controllers that compute
the launch velocity required for the jumping drone after impact with the ground to follow a projectile
motion in each jump to reach the goal position. The jumping drone bounces after impact with the ground,
and the drone is then actuated for a certain time till it attains the required launch velocity after which
it is made to move freely under the influence of gravity. Such a system shows significant reduction of
energy consumption (by 81.35%) as compared to a normal drone navigating to the same goal location.

Simulation results validate the effectiveness of the proposed approach.
Copyright © 2023 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

Jumping robots are unique robots utilized for numerous appli-
cations such as search and rescue, surveillance, environmen-
tal monitoring, mobile sensor networks, and space exploration
(Zhao et al. (2012)). Jumping is mostly employed for overcom-
ing obstacles in a cluttered environment (Kovac et al. (2008)).
Extensive research has been carried out on jumping robots in
literature and various designs are proposed, for example, by the
authors in references Klemm et al. (2019); Yu and Iida (2013);
Grimes and Hurst (2012). Bio-inspired jumping robots are also
presented in Zhang et al. (2017, 2013). However, the major
focus in existing research is on the jumping mechanism design
and control. Though steerable jumping robots exist, very little
focus has been laid on maneuverability/agility and energy effi-
ciency. These two aspects in a jumping robot can be especially
relevant for certain applications such as space exploration. This
paper proposes a simple system of using propellers (such as
in drones) for guiding the jumping robots. Such design has
potential to improve maneuverability and lower energy con-
sumption. Using four rotors/thrusters in a planar configuration,
on a jumping robot, provides more motion flexibility to the
robot as the drone can make the robot roll, pitch or yaw unlike
other robots where navigation to a goal location requires series
of lateral and longitudinal jumps. Such a system can exploit
the features of a drone such as higher agility Kaufmann et al.
(2022). The following paragraph provides the state-of-the-art
on existing jumping robots.

The jumping robot presented in Kovac et al. (2008) can jump
more than 27 times its own size and can adjust its jumping

force and take-off angle. It consists of elastic elements in a four
bar linkage leg system. Similarly, Kovac et al. (2011) present a
hybrid jumping and gliding robot that can glide using folding or
rigid wings prolonging the jumps of jumping robot. This aspect
can easily be provided by the proposed design of jumping
quadrotor drone. Reference Yim and Fearing (2018) presents
the Salto-1P jumping robot which can jump over heights above
1m and can hop over 2m horizontally using the simple Raibert
controller. Thrusters and a tail are used to control the robots
orientation. A two-wheeled jumping robot Ascento is presented
in reference Klemm et al. (2019). Wheels of the robot enable
it to move rapidly on flat terrain, while jumping is performed
for overcoming obstacles. LQR controller has been utilized to
stabilize the robot. Reference Zhao et al. (2012) presents a
small steerable jumping robot actuated by a single motor. The
development and design of a long jumping Grillo Mini Robot
is presented in Scarfogliero et al. (2007). A torsional spring is
loaded by an actuated eccentric cam to move the rear legs of the
robot and a feedforward controller is employed.

In context to the proposed work, reference Zhu et al. (2022)
presents a similar concept termed as PogoDrone where a drone
is attached to a passive jumping mechanism. However this con-
cept is different from the proposed work in terms of control ap-
proach and motion planning. The PogoDrone Zhu et al. (2022)
has to land vertically on the ground keeping the orientation
of the drone to be 0. No such restriction is assumed in the
proposed work. It should be noted that, we assume the landing
mechanism to be such that the drone can bounce/land at any
orientation. Moreover, the PogoDrone Zhu et al. (2022) is not
energy efficient.
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The proposed system consists of use of a drone or quadrotor
attached to a jumping/bouncing mechanism which forms as a
simple jumping robot. Though any jumping mechanism can be
employed to provide jumping motion to the robot, we focus
on a ball/sphere like bouncing mechanism, where the drone’s
orientation can be nonzero during impact. First the robot is
made to fall freely on ground. The drone is required to follow
projectile motion in jump. After the impact with the ground
(impact phase), the drone is actuated for a certain amount of
time such that it attains the projectile velocity required to reach
a certain height and range in each jump. This initial velocity
for projectile motion is calculated during each jump by simple
proportional (P) and proportional-derivative (PD) controllers.
After the drone attains the velocity required to complete the
projectile motion, it is switched off (or allowed to run at idle
speed) and allowed to fall freely under the influence of grav-
ity. Intuitively this approach would save immense energy as
compared to a drone navigating to the same goal location. The
cycle of impact, drone flight and projectile phases repeats till
the robot reaches the goal location.

Though the controllers are simple, the idea of actuating the
drone for only for a short amount time and then allowing it to
fall freely under the influence of gravity, following a projectile
motion, makes up for the energy efficient jumping drone. Such

a design shows significant reduction in energy consumption
of 80% in simulations. The novel control approach, motion
planning for improved energy efficiency and the idea of the
proposed jumping quadrotor drone form the contributions of
this work.

2. PROBLEM FORMULATION

We consider the jumping drone is required to reach the goal
position on ground 7, = (Xg, Y, 7g = 0)". The primary objective
is planning and executing the motion of the jumping drone such
that minimum energy is consumed. In order to navigate the
drone to its goal location with less consumption of energy, the
control is provided just after each impact for ?4;;e;, amount of
time. After ¢y, time post each impact, the control is switched
off so that the drone moves freely following a projectile motion
due to gravity. The control objective in each impact is to help
the drone achieve a desired velocity in horizontal direction and
a desired speed in vertical direction so that it reaches a desired
height and covers a certain projectile range when control is
switched off which happens after 7, time after the impact.
Refer to Fig. 2. Let viy be the desired velocity, in i”* jump,
in XwYw plane to reach the goal location (x,,y,). The first
problem consists of computing vi, which will reduce with
relative position of the robot from the goal location e = r, — 7.
Where, r = (ry, ry, ;)" is the position of the jumping drone.
Thus,

vy = f(o) (1)
Now, let H; be the desired height to be attained by the robot in
first jump, H, be the desired height to be attained by the robot
in second jump and so on. The second problem is to compute
this desired jump/hop height which will reduce with relative
position of the robot from the goal location e at the beginning
of iy, jump. Thus,

H; = f(e,é) 2
Here i denotes the count of jumps. The vertical velocity is then
obtained as: v. = +/2gH;. The above gives us vertical (v!)
and horizontal components (v}, in Xy Yy plane) of the launch

velocity (vjmmch), also and the angle (@) of the desired projectile
motion. The next objective is that of controlling the drone to
attain the launch velocity for each jump.

3. DYNAMICS

This section briefly presents the dynamics of the jumping
quadrotor robot.

3.1 Drone Dynamics

The Quadrotor dynamics has been presented in detail in
Barawkar et al. (2017) and is indicated here briefly for com-
pleteness of the paper. The linear and rotational equations of
motion of the drone are,

0 0
mi = R 0 -10 3)
(F1+F2+F3+F4) mg
p L(Fy - F4) P p
Iq|= L(F3 - F1) -lq|x1|q 4)

2 M- M, +M 3 — My r r

where m and g are the mass of the jumping drone and the
acceleration due to gravity. F, F,, F3 and F4 are the rotor
thrust forces and M, M,, M3 and M, are the rotor moments
generated by the drone. L is the distance between the drone
and rotor centers. / is the moment of inertia of the drone. The
angular velocity components of the drone in the body frame are
p, q and r. The rotation matrix R from the body XpYpZp to the
world frame Xy YwZy is,

cycl — spsysO —copsy cprsl + spsycl
R = |cOsy + cyspsO copcy swsO — cyclse o)
—cos6 s¢ copco

where ¢, 6 and ¢ are the pitch, roll and yaw angles representing
the drone’s orientation. ¢(.) and s(.) represent the cosine and
sine terms of the respective angles.

3.2 Jumper Dynamics

The impact dynamics of jumping robot is modeled as Spring-
Mass-Damper system, which remains in effect till the robot
maintains contact with the ground. The robot is assumed to
have stiffness of K and damping of C. We assume an elastic
spherical enclosure (or ball) around the jumping drone as
shown in Fig. 2 acting as a spring-mass-damper system. We
assume the quadrotor is fixed at the center of the bouncing ball,
thus no torque is generated on the drone during impact. The
acceleration of the jumper #;, along vertical Zy axis is then
given by,

K C .
Fi.=—-g+—Al+—Al 6)
m m

where, Al is the corresponding deformation of the spring mass
damper system.

4. APPROACH

We now describe our approach for the objectives listed in
the Problem Formulation section. In order to navigate the
energy efficient jumping drone to its goal location, the drone’s
controller is engaged after each impact for A amount of time,
following which, the controller is switched off so that drone
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Drone powered flight

Fig. 2. Free body diagram of the drone.

moves freely following a projectile motion due to gravity. This
switching on and off technique of the jumping drone saves
immense energy. This section now deals with calculation of
Viaunen for the implementation of projectile motion during each
jump of the energy efficient jumping robot.

4.1 Free fall, Compression and Expansion

Initially the robot is made to fall freely from a certain height.
After impact the bouncing ball or the landing mechanism
undergoes deformation (compression and expansion) according
to the spring mass damper equation defined in ??.

4.2 Projectile Motion Planning

The desired velocity of the system required to reach the goal
location in Xy Yy plane v,, in each jump, is computed using a
simple proportional controller as follows,

Viy = kpyeuy (7
where k,,, is a proportional constant and e, is given as,

€xy = [xg Yg]T — Iy (8)

Quadrotor

Bouncing Ball
Unpowered projectile \

- . motion

Goal
{xg Y524}

Switching from
powered to
unpowered motion

T
where ry, = [rx ry] is the 2D position of the robot. Next, the
hop height during each jump is calculated as a function of the
error ey, as follows,

H; = kppllexyll + kaplli sl ©))
where, kp; and kg, are the PD gains for the hop height con-

troller. The desired vertical velocity v can now be calculated as
follows from projectile motion kinematics:

vi = \2gH; (10)
It should be noted that both v and H; reduce as the robot goes

near the goal location. The required launch velocity and the
projectile angle o' are now given as:

i il
Viaunch = [vxy vz] (11)
i -1 vl
o = tan ' 2= (12)
Viy

4.3 Drone Powered Flight Control

Next, we describe our approach to control the robot or drone so
that it achieves the launch velocity in 6¢ amount of time. The
drone control design is similar to that presented in Barawkar
et al. (2018) with few modification. A simple proportional
controller is utilized to implement velocity control to attain
yiamwh in each jump. The control law for the velocity control
is,

wdes _ i
r - kpl(vlaunch - V)

(13)

where k,; is the P gain and v is the current velocity of the jump-
ing drone. #¢* is the desired linear acceleration of the drone
with subscripts ‘x’, ‘y” and ‘7z’ denoting its 3D components. The
desired roll ¢?* and pitch 6 angles for the drone are then

computed as,

1
% = g(fff“ sinyr — F° cosyr) (14)

s)

1 .
0 = — (7 cos yr + ?f“ sinyr)
§
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where, ¥ denotes the desired yaw angle at the goal location.
Auwr is the change in rotor speeds required to produce acceler-
ation along the Zy, axis. It is,

waes
mi

(16)

kr = 2.2x107* is the motor constant of the drone and wj, is the
hovering speed given by,

_ [mg
©On =N ak,

The desired roll, pitch and Awp; are used to control the drone’s
position along Xy, Yy and Zy axes. It should be noted that
the desired yaw angle 4., is assumed to be zero throughout
this work. Deviations of angular speeds of the rotors from wy,
are used to navigate the drone along 3D axes. These deviations
are Awr, Awy, Awg and Awy. Awy, Awy and Aw,,; provide roll,
pitch and yaw to the drone. Awr provides motion along the Zy
axis. These deviations for the attitude control of the drone are
computed as,

A7)

Awy = kp (@™ = @) + kag(p™ = p) (18)
Awy = kp (0™ = 0) + kao(q™ — q) (19)
Awy = kpy (W =) + kg (r° = 1) (20)

p?s, g% and r%* denote the desired angular velocities of the
drone. k, and k; with suffices ¢, 6 and i for roll, pitch and yaw
angles, are the PD gains of the attitude controller of the drone.
The desired rotor speeds of the drone are then calculated as,

wg” 10 -1 1][w+Awr
(110 -1 Awy
Wl o 1 1| Aw @D
wiwl 1-10 -1 Awy
The individual rotor thrust forces and moments are,
Fl‘ ZkF(x)i2 (22)
M, = kyw? (23)

The constant k;, was taken as 5.4 x 107°.

Refer to Algorithm 1 for further details of this section. r,
denotes the vertical position component of the drone. / denotes
the length of the spring mass damper system and Al,,,, is the
maximum deformation of the bouncing ball. Case; and Case,
denote the free fall and compression phases of the system. g
denotes the time for which the drone is actuated during each
jump. € is the minimum threshold for the norm of the error e,,
up to which the robot will be activated. XF = F| + Fo+ F3+ F4
is the summation of the rotor thrust forces of the drone.

5. RESULTS

MATLAB was utilized to simulate the system. The jumping
drone is initially made to fall freely from a height of 3m. The
parameters use in simulation are,
re=[120]".m=1kg,.L=0.12m,1=0.25m k, = [2 2 4",
kpo = kpo = 100, kpy = 40, kgy = kqg = kgy = 20,
kp,h = kd,h = 0.1, kp,v = [06 0.4]T, Tlight = 0.75 secs,
Al = 0.08m, € = 0.2, K = 100N/m, C = 19N-sec/m.

Algorithm 1 Algorithm of Energy Efficient Jumping Drone

Require: r;, >> 1
1: Casey « 1,Case. < 1,launch « 1
2: if Casey = 1 and r, > [ then
3: P, — —g

> Free fall

4: Update position and orientation

5: else if Case, = 1 and r, < [ then > Compression
6: Poe— Tt <0

7: Update position and orientation

8: if r, <1 — Al then

9: Casey « 2,Case. < 2

10: end if

11: else

12: Update e,y and r,,

13: if r, <1 - Al,,, then > velocity direction change
14: I, ¢ =1y

15: end if

16: if r, < [ then > Expansion
17: 7 — [0 0 fj’Z]T

18: else ’

19: Pl [0 0 —g]
20: end if
21: if # = O then
22: Update vﬁcy, H;,viandv, .
23: end if
24: if [leyll > € and t < tf;g1, and launch = 1 then > Drone

flight phase
25 'r'.des < kpl(v;aunch N V)
26: Compute drone’s linear acceleration #, then
sF|
27: f<—R[OO— + 7
m

28: Compute drone’s angular acceleration (p, g, )"
29: Update position and orientation
30: else
31: launch = 0

32: Update position and orientation

33: end if

34: if |ley|l > € and launch < O then > Projectile phase
35: Update r according to projectile motion

36: end if

37: if |leyy|l > € and r; < [ then

38: Case, « 1,launch « 1

39: end if
40: Update time ¢
41: end if

Fig. 3 shows the position and orientation of the system. The
jumping drone shows effective waypoint navigation. Fig. 4
shows that the drone (when it is activated) tracks the desired
launch velocity. Fig. 5 shows the different phases of the robot
such as free fall, compression, expansion, drone flight and
projectile phases in vertical Z direction. Fig. 6 shows the three
dimensional plot of the system showing the trajectory of the
robot towards the goal location. Similar to Zhu et al. (2022)
we calculate the energy consumption E of the jumping drone
and a normal drone navigating to the same waypoint in the time
interval [0, /] as follows,

i A
E = f Fi(t)dt

(24)



Shraddha Barawkar et al. / IFAC PapersOnLine 56-3 (2023) 175-180 179

position orientation
T T T T T
e f2 2 - =
E E°
05 actal |4 = g4 -
- - —desired ]
0 | I -0.2 1 1 |
0 5 10 15 20 0 5 10 15 20
time (sec) time (sec)
PY ey -z — 04 T T T
°
= € 0.05 - -
E actual =
1 - £ o0
> — = —desired ]
0 | | | 8005 | [
0 5 10 15 20 0 5 10 15 20
time (sec) time (sec)
x10"%
5 T T T T T T
5 0
= 8
3 =
~ 3 -5 —
B
0 1 L 10 1 1 1
0 5 10 15 20 0 5 10 15 20

time (sec) time (sec)

Fig. 3. Position and orientation of the Jumping Drone.
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Fig. 4. Velocity of Jumping Drone during flight phase.

We use the above equation as performance metric to calculate
energy consumption since the current is proportional to the
propeller force. ¢, denotes the time taken by the robots to reach
the goal location. It was found that the energy consumption of
the jumping drone was 5.49kN while that of a normal drone
(without jumping mechanism) traveling to the same waypoint
was 29.43kN. This shows that there is 81.35% energy consump-
tion reduction using the proposed jumping quadrotor system as
compared to a flying drone. This reduction is significant and it
makes the system energy efficient.

6. CONCLUSION

In this paper, we propose a design of a jumping robot in
which propellers are used to actuate a part of the motion.
This paper primarily addresses the problem of navigation and
control of such a robot. A projectile motion planning approach
for the control of the proposed system is presented. Simple
proportional (P) and proportional-derivative (PD) controllers
are used to compute the projectile launch velocity required for
the jumping drone to reach the goal position in each jump. The
controller is designed in such a manner that the launch velocity
reduces with the distance of the jumping drone from the goal
location. Initially, the jumping drone is released to fall freely
from a certain height. After impact with ground, the jumping
drone is actuated for a certain time till it attains the required
projectile launch velocity. Such a system shows significant

6
I

s -Free fall |
Projectile

E Dronq flight
™ \
2 —

‘ Compression

i [\

time (sec)

Fig. 5. Trajectory of the system along Zy axis showing different
phases such as free fall (red), compression (black), drone
powered flight (blue) and unpowered projectile motion
(green).

improvement in reduction of energy consumption (by 81.35%)
as compared to a normal drone navigating to the same goal
location for a typical goal-point navigation case. Simulation
results validate the effectiveness of the proposed approach in
both navigation as well as energy conservation.
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