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Abstract
This paper discusses a leg design for a tracing type jump-
ing robot driven by an actuator with an extremely high
output/weight. We found that there is a close relation-
ship between the jump ratio(= h/l) and the leg length.
Through analysis and simulation, we found that there
exists the optimum design specification where the jump
motion becomes maximum. After explaining an design
orientation by considering joint torque and mechanical
parameters, experiments are shown to verify the basic
idea.
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1 Introduction

There have been many works discussing legged robots.
Legged robots can be classified into two groups; static
based locomotion where the center of gravity is always
ensured within the support polygon constructed by the
supporting legs, and dynamic based locomotion where
the center of gravity is allowed to be away from the sup-
port polygon. Jumping robot can be categorized into
the latter one. While various jumping robots have been
proposed so far, accumulated energy using either spring
or pneumatic actuator is utilized for most of them. This
is because there have been no powerful actuator ensur-
ing an enough jump height. With the increase of actua-
tion technique, it has become possible to see the chance
that a motor based robot can jump since the effect to
gravitational force is reduced. For a given actuator, how
much size is appropriate for achieving a jump? How to
design a robot for achieving the maximum jump height?

To answer these questions, we consider a simple model
where the robot is composed of one actuator and two
legs, as shown in Fig.1. The open-close motion of both
legs is controlled by one actuator. As a result, this robot
realizes the jumping motion by tracing the surface of the
ground by both tips of leg. For such a simple model, we
obtain the analytical result of the jumping height ratio
defined by the height normalized by the leg length. Al-
though the result is available only under a couple of lim-
ited assumptions, it includes really useful information
for determining the specification of a jumping robot.
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Fig. 1: Model for tracing type jumping robot.

Through above analysis, we show an interesting obser-
vation is that there exists the optimum design where the
jump ratio becomes maximum. For a given specification
of actuator, we explain how to determine the robot spec-
ification leading to the optimum design. Along the pro-
posed approach, we design a jumping robot which can
achieve the maximum jump ratio. Finally, We develop
the jumping robot with optimum design and show that
experiments strongly support our design. Nice quali-
tative coincidences are observed between analysis and
experiments.

2 Related Works

While there are many works discussing walking
machine[1][2], most of them supposed that at least one
leg makes contact on the ground. On the other hand,
there exists a phase where all legs are away from the
ground in jumping robots[3]. Raibert et al.[4] have de-
veloped one-legged hopping machine driven by a pneu-
matic actuator. Okubo et al.[5][6] have proposed a
jumping machine with small output actuator where they
utilized self-energizing spring system. The jump ratio
which we utilize as the index of evaluation can be re-
garded as “Jumping height index” proposed in [5] by
replacing the maximum distance that body can move
with the leg length. Tsukagoshi et al.[7] have developed
the jumping & rolling inspector as a rescue robot and
discussed the control of the jumping height and energy



saving by using a pneumatic actuator. Arikawa and
Mita[8] have developed the design of multi-DOF jump-
ing robot. They have discussed planning parameters of
robot motions for achieving jumping and somersault.

3 Design of Jumping Robots

3.1 Model for Analysis

Let us consider the two-legged model as shown in Fig.1,
where h, l, mb, τ0, ωmax, and g are the maximum height
of jump, the length of leg, mass of body, torque of ac-
tuator, the maximum angular velocity of actuator, and
the gravitational acceleration, respectively. We suppose
that the actuator operates with constant torque τ0 with
respect to angular velocity. While a regular DC servo
motor has a decreasing characteristics with respect to
angular velocity, there are a couple of AC servo motors
approximately supporting this characteristics by sup-
plying current depending upon the angular velocity. We
also suppose that the actuator has the limitation of an-
gular velocity with its maximum value of ωmax and each
leg is controlled by a single motor. We ignore the effect
of the friction between the tip of leg and the ground,
since we regard it as a secondary factor for reducing the
jumping height.

In this work, we utilize jump ratio Jc to evaluate the
height of jump as follows;

Jc =
h

l
(1)

Physical meaning of Jc is that it expresses the maxi-
mum height which the robot can jump in units of its leg
length.

3.2 Optimum Design on Leg Length

We now consider an extremely simple model as shown
in Fig.1, where we assume that two rigid links without
mass are connected to an actuator with the mass of mb

and the robot motion is symmetry with respect to the
z-axis. Suppose that the robot is jumping as shown
in Fig.1 where the link angle is θ with respect to the
horizontal line. Let the joint torque τ0 is given until
θ > θb.

The work where the torque executes during 0 ≤ θ ≤ θb

is given as follows;

W =
∫ 2θb

0

τ0dθ (2)

= 2τ0θb (3)

Since W is fully transmitted to the potential energy
when the robot reaches the highest position by jumping
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Fig. 2: Relationship among l, llim, and Jc.

motion, we can obtain the jump ratio with the function
of τ0 as follows;

Jc =
2θbτ0

mbgl
(4)

Eq.(4) is the closed form solution exhibiting the rela-
tionship between Jc and mechanical parameters, where
both legs maintain contact with the ground during
0 ≤ θ ≤ θb. Now, we would note that the leg can-
not rotate with more than ωmax. The above constraint
for angular velocity leads to the following inequality.

θ̇max ≤ ωmax (5)

The maximum angular velocity of joint θ̇max is achieved
at the moment of θ = θb and the energy balance at this
moment is given as follows;

1
2

(
θ̇maxl cos θb

)2

+ mbgl sin θb = 2τ0θb (6)

From eq.(6), we can obtain θ̇max as follows;

θ̇max = θ̇
∣∣∣
θ=θb

(7)

　 =
1

l cos θb

√
2

(
2τ0θb

mb
− gl sin θb

)
(8)

Now, we would focus on the leg length from the view-
point of the design for robots. Substituting eq.(8) into
ineq.(5) yields,

l ≥ llim (9)

where

llim =
−q +

√
q2 + 4mbτ0θbp2

mbp2
(10)

p = ωmax cos θb (11)
q = mbg sin θb (12)



Table 1: Specification of the lightweight high-speed
motor

motor type AC
max torque [Nm] 1.71
max speed [r/min] 300

time response to a step input [msec] 30
weight [g] 59.6

(a) (b)

Fig. 3: The lightweight high-speed motor and the de-
veloped jumping robot.

In the case where l < llim, eq.(4) is not guaranteed since
each tip of the leg cannot trace the ground and is away
from it. Fig.2 shows the relationship among l, llim, and
Jc. While we can suppose that jump ratio decrease less
than the that of eq.(4), we would note that llim may
be the optimum leg length when the specification of
actuator is given.

4 Experiments

Table.1 shows the specification of the lightweight pow-
erful motor (Harmonic Drive Systems, Inc.)[9][10]. This
motor has the maximum torque of 1.71[Nm], the max-
imum rotational speed of 300[r/min] and the mass of
59.6[g]. Fig.3(a) and (b) show an overview of the motor
and a photo of the developed robot, respectively. Fig.4
shows an overview of the developed robot where one leg
is connected to the axis of the motor and the other one
is fixed to the outer case of the motor.

Fig.5 shows the map showing experimental results with
respect to l. The circles shown in Fig.5 are points ob-
tained by experiments. For reference, the results ob-
tained by eq.(4) and eq.(10) are also provided in Fig.5,
where θb = 0.5. A really interesting observation is
that we can find the maximum jump ratio between
l = 200[mm] and 300[mm] for analysis, which supports
the idea of this work. Fig.6 and Fig.7 show series of
photos during a jump motion of the robot with the leg
length of 100[mm] and 200[mm], respectively. The robot
with the length of 200[mm] achieved a big jump with 550
[mm] with Jc = 2.75.

(a) Side View

(b) Top View

100 00[mm]

Fig. 4: An overview of the developed robot.
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Fig. 5: Experimental results.

5 Concluding Remarks

We discussed the design of tracing type jumping robots
by focusing on the leg length. The main results are as
follows:

(1) Jump ratio was chosen as the evaluation index for
designing a jumping robot.

(2) We obtained the relationship between the jump ra-
tio and the leg length by using a simple model.

(3) It was shown experimentally that there exists the
optimum design point leading to the maximum
jump ratio.

One of features for using motors for a jumping robot
is that we can expect the capability of grasping as well
as jumping. Fig.8 shows an example where the robot is
capturing an object suspended in air after jumping up.
We believe that a kind of dexterity can be anticipated
through an AC motor based jumping robot.

This work is supported by CREST of Japan Science
and Technology (JST). We are very thankful for the
support. Also, we would like to express sincere thanks
for Mr. Masahiro Yuya for his experiments.
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Fig. 6: A series of photos during a jumping motion(l =
100[mm]).
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Fig. 7: A series of photos during a jumping motion(l =
200[mm]).
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Fig. 8: A series of photos during a jumping and grasp-
ing motion.


