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Abstract—The ability to jump is found widely among small ani-
mals such as frogs, grasshoppers, and fleas. They jump to overcome
large obstacles relative to their small sizes. Inspired by the animals’
jumping capability, a miniature jumping robot—Michigan State
University (MSU) Jumper—has been developed. In this paper, the
mechanical design, fabrication, and experimentation of the MSU
jumper are presented. The robot can achieve the following three
performances simultaneously, which distinguish it from the other
existing jumping robots. First, it can perform continuous steerable
jumping that is based on the self-righting and the steering capabil-
ities. Second, the robot only requires a single actuator to perform
all the functions. Third, the robot has a light weight (23.5 g) to
reduce the damage that results from the impact of landing. Ex-
perimental results show that, with a 75◦ take-off angle, the robot
can jump up to 87 cm in vertical height and 90 cm in horizontal
distance. The robot has a wide range of applications such as sen-
sor/communication networks, search and rescue, surveillance, and
environmental monitoring.

Index Terms—Biologically inspired robot, jumping robot, mech-
anism design, miniature robot, sensor network.

I. INTRODUCTION

W ITH the advancement of electronic and networking tech-

nology, it is possible to build small and inexpensive

wireless sensors that can form a wireless sensor network to

acquire useful information from the environment. In such a net-

work, only a limited number of sensors can be used; therefore,
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it is important to deploy them appropriately to obtain the best

data acquisition result [1]. Instead of deploying them manually,

one can equip the sensors with the locomotion ability so that

they can deploy themselves to form a mobile sensor network.

There are three reasons to employ jumping as a locomotion

method for mobile sensors. First, jumping enables a sensor to

overcome a large obstacle in comparison with its size. In fact,

the ratio between the jumping height and the sensor size can be

30 [2]. In contrast, wheeled locomotion on land cannot over-

come obstacles that are larger than the wheel diameter. For

example, the Mars rover, even with a special rocker-bogie sus-

pension system, can only overcome obstacles with sizes at most

1.5 times the wheel diameter [3]. Second, jumping provides the

best tradeoff between the locomotion efficacy (height per gait)

and the energy efficiency (energy per meter) among various

locomotion methods such as walking, running, or wheeled lo-

comotion [4]. Third, the wireless transmission range increases

when the sensor jumps into the air [5]. As shown in [6], when

one sensor is elevated 1 m above the ground, the communication

range is about six times the range when both sensors are placed

on the ground. For these reasons, we investigate how to equip

sensors with the jumping ability in this paper. Since mobile sen-

sors can be considered as robots, we will use the word “robot”

in the following discussions.

Researchers have built many robots with the jumping ability

in the past decade, and there exist several doctoral dissertations

for this topic [7]–[9]. All of the existing designs accomplish

jumping by an instant release of the energy that is stored in the

robot. As a result, we can classify all of the robots with the

jumping ability by their energy storage methods.

The most popular method to store energy is based on tradi-

tional springs such as compression, extension, or torsion springs.

The frogbot stores and releases the energy in an extension spring

through a geared six-bar mechanism [3]. The old surveillance

robot has a jumping mechanism similar to the frogbot [10],

while the new one switches to a torsion spring-actuated four-bar

mechanism [11]. The intermittent hopping robot also employs

a geared six-bar mechanism for jumping [12]. The mini-whegs

utilizes a slip gear system to store and release the energy in

an extension spring via a four-bar mechanism [13]. With tor-

sion springs, a jumping robot for Mars exploration is designed

with a novel cylindrical scissor mechanism [14]. The old Grillo

robot employs a motor-driven eccentric cam to charge a tor-

sion spring that actuates the rear legs [15]; the new prototype

switches to two extension harmonic-wire springs [16], [17]. The

wheel-based stair-climbing robot with a soft landing ability is

based on four compression springs [18]. The EPFL jumper V1
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can achieve a jumping height of about 1.4 m with torsion springs

charged and released by a motor-driven cam system [19]. This

robot is later improved to add the self-recovery capability [20]

and the jumping direction changing ability [21]. The multimodal

robot can jump up to 1.7 m based on two symmetrical extension

spring-actuated four-bar mechanisms [22]. Our first generation

jumping robot relies on compression springs [23], and the sec-

ond one employs torsion springs [24].

The elastic elements, or customized special springs, are the

second method for energy storage. The scout robot employs

a motor-driven winch to charge a single bending plate spring

and release it to directly strike the ground for jumping [25].

The compact jumping robot utilizes an elastic strip to form

closed elastica actuated by two revolute joints [26], [27]. The

MIT microbot charges the energy to two symmetrical carbon

fiber strips with dielectric elastomer actuators (DEA) [28], [29].

The Jollbot, with a spherical structure formed by several metal

semicircular hoops, deforms the spherical shape to store energy

[30]. A similar idea is utilized in the deformable robot, but

the hoop material is replaced by shape memory alloy (SMA)

[31], [32]. The flea robot also uses SMA to actuate a four-

bar mechanism for jumping [2]. The mesoscale jumping robot

employs the SMA as a special spring to implement the jumping

mechanism as well [33].

The third method to store energy for jumping is based on

compressed air. In this method, the robot carries an air tank

and a pneumatic cylinder. The sudden release of air in the

tank forces the cylinder to extend. The rescue robot [34], [35]

and the patrol robot [36] employ the cylinder’s extension to

strike the ground for jumping. Instead of striking the ground,

the quadruped Airhopper accomplishes jumping with several

cylinder-actuated four-bar mechanisms [37], [38]. With a biped

structure, the Mowgli robot—different from other pneumatic-

based jumping robots—uses several pneumatic artificial mus-

cles for jumping [39].

In addition to the aforementioned three methods, several other

approaches exist. The pendulum jumping machine generates

energy for jumping from the swing of arms [40]. The jumping

robot developed by the Sandia National Labs [41], and recently

improved by Boston Dynamics [42], uses the energy from hy-

drocarbon fuels and can achieve the largest jumping height to

date. The robot based on microelectromechanical technology

is the smallest jumping robot in the literature [43], [44]. The

voice coil actuator-based robot charges energy into an electrical

capacitor instead of a mechanical structure [45].

For the sensor network application, the design requirements

of our robot are different from existing robots. The detailed re-

quirements can be summarized in three aspects. First, to make

jumping a valid locomotion method, the robot should be able

to perform continuous steerable jumping. Toward this goal, the

robot should have multiple functions, which include jumping,

self-righting from the landing position, and changing the jump-

ing direction—steering. Second, we aim to accomplish the mul-

tiple functions with the minimum number of actuators. Min-

imum actuator design can reduce the robot’s weight, thereby

improving the robot’s jumping performance. Third, the robot’s

weight should be light. Specifically, the mass should be less

Fig. 1. MSU jumper: (a) prototype and (b) solid model.

Fig. 2. Jumping motion sequence with the corresponding motor rotation
directions.

than 30 g. With a light weight, each jump consumes less energy

for the same jumping height, which can increase the jumping

times due to the robot’s limited energy supply. Moreover, a

lightweight robot is less susceptible to the damage from the

impact of landing.

Initially, we chose good jumping performances to be a de-

sign priority instead of the minimum number of actuators. After

further investigation, however, we switched to minimizing the

number of actuators to be a priority because it would lead to bet-

ter jumping performances. Suppose the design for each mecha-

nism in the robot is fixed. Compared with the case of actuating

each mechanism with one motor, the robot’s weight decreases

if a single motor is employed to actuate all of the mechanisms.

As a result, the jumping performance improves.

The robot described in this paper—with the prototype and

solid model shown in Fig. 1—can fulfill the three design goals.

First, it can perform continuous steerable jumping with four

mechanisms for four functions. In fact, the robot can achieve

the motion sequence shown in the upper row of Fig. 2. After

the robot lands on the ground, it steers to the desired jumping

direction. Then, it charges the energy and performs the self-

righting at the same time. After the energy is fully charged,

the robot releases the energy and leaps into the air. Second,

a single motor is employed to achieve the motion sequence in

Fig. 2. The motor’s two direction rotations [clockwise (CW) and

counter clockwise (CCW)] actuate different functions as shown

in the bottom row of Fig. 2. Third, the goal of small weight is

accomplished with the robot having a mass of 23.5 g.

The most relevant research in existing jumping robots is the

frogbot [3] for celestial exploration. It can achieve continuous

steerable jumping with a single motor. Moreover, the robot has

impressive jumping performances: 90 cm in height and 200 cm

in distance. Nevertheless, the major difference between the
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(a) (b) (c)

Fig. 3. Jumping principle for spring-based jumping robots.

frogbot and our robot is the different targeting weight ranges.

The frogbot has a mass of 1300 g, while our robot is designed to

be less than 30 g. The smaller weight constrains the mechanism

design for each function; consequently, the designs for all of the

mechanisms are different. We will discuss such differences for

each mechanism in detail in Section III.

The EPFL jumper V3 is another close research [21]. It can

perform continuous steerable jumping with a small mass of

14.33 g. With the light weight, good jumping performances can

still be achieved: 62 cm in height and 46 cm in distance. The

major difference between our robot and the EPFL jumper V3

is that the minimum actuation strategy is pursued in our robot,

which leads to different designs for each mechanism that will

be discussed in Section III as well.

The major contribution of this paper is the design and devel-

opment of a new jumping robot that satisfies the three design

requirements: continuous steerable jumping, minimum actua-

tion, and light weight. Although some robots can fulfill two

of the three requirements, no robot can satisfy all of the three

requirements to the best of our knowledge.

The rest of this paper is organized as follows. We discuss the

mathematical model of the jumping process in Section II. After

that, we elaborate the mechanical design for the four mecha-

nisms in Section III. Then, we perform the optimal design to

obtain the best mechanism dimensions in Section IV. Finally,

we present the implementation details, experimental results, and

comparison with existing jumping robots in Section V.

II. MODELING OF THE JUMPING PROCESS

Animals with the jumping ability utilize the same jumping

principle. At first, their bodies accelerate upward while their

feet remain on the ground. Once the bodies reach some height,

they bring the feet to leave the ground, and the animals thrust into

the air [47]. With the same principle, a simplified robotic model

can be established as shown in Fig. 3(a). The robot contains

an upper part and a lower part connected by an energy storage

medium shown as a spring in the figure. In this section, the

theoretical jumping performance will be analyzed based on this

model.

With the simplified model, the jumping process can be divided

into two steps as shown in Fig. 3. The first step, spanning from

(a) to (b), starts once the energy that is stored in the spring is

released and ends before the robot leaves the ground. In this step,

the upper part first accelerates upward due to the spring force,

while the lower part remains stationary. Once the upper part

moves to a specific height, a perfect inelastic collision happens

between the two parts if the spring constant is large [23]. After

the collision, both parts have the same velocity, which is the

robot’s take-off velocity.

Let the mass for the upper and lower part be m2 and m1 ,

respectively. In the ideal case, all the energy E0 stored in the

spring is converted to the kinetic energy of the upper part. There-

fore, the speed of the upper part before the inelastic collision is

v2 =
√

2E0/m2 . Let the take-off velocity be v0 ; then we have

m2v2 = (m1 + m2)v0 by the conservation of momentum, and

v0 can be solved as

v0 =
m2

m1 + m2
v2 =

√
2m2E0

m1 + m2
. (1)

Thus, the kinetic energy at take-off is

E =
1

2
(m1 + m2)v

2
0 =

m2

m1 + m2
E0 =

1

r + 1
E0

where r = m1/m2 is the mass ratio between the lower and

upper part.

The second step, spanning from Fig. 3(b) to (c), begins when

the robot leaves the ground with the take-off speed v0 and ends

when it lands on the ground. The robot in the air will be subject

to the gravitational force and the air resistance. If the latter

is negligible, then the robot performs a projectile motion. We

establish a coordinate frame with the origin at the take-off point,

the x-axis along the horizontal direction, and the y-axis along

the vertical direction; then the robot’s trajectory is

x(t) = v0t cos θ, y(t) = v0t sin θ − 1

2
gt2 (2)

where θ is the take-off angle and g is the gravitational constant.

Based on the trajectory, the jumping height h and distance d can

be obtained as

h =
v2

0

2g
sin2 θ =

E0 sin2 θ

(1 + r)mg
(3)

d =
v2

0

g
sin 2θ =

2E0 sin 2θ

(1 + r)mg
(4)

where m = m1 + m2 is the robot’s total mass. From these equa-

tions, we see that in order to maximize the jumping height and

distance, the mass ratio r and the total mass m should be min-

imized, while the stored energy E0 should be maximized. In

addition, the jumping height and distance vary with the take-off

angle.

If the air resistance is not negligible, then an additional drag

force should be considered. The drag force for a rigid body mov-

ing with velocity v and frontal area A is Fdrag = CdρAv2/2,

where Cd is the drag coefficient related to the robot’s shape, and

ρ is the air density [48]. Therefore, the equation of motion for

the robot is

mẍ(t) +
1

2
CdρAx(t)ẋ(t)2 = 0 (5)

mÿ(t) +
1

2
CdρAy (t)ẏ(t)2 + mg = 0 (6)

where Ax(t) and Ay (t) are the frontal areas perpendicular to

the x- and y-axes, respectively. Ax(t) and Ay (t) vary with time
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Fig. 4. Theoretical jumping trajectories for different take-off angles.

since the robot may change its orientation in the air. The detailed

investigation of such a change, however, is quite complicated

because it depends on the robot’s unknown angular momentum

during take-off [49]. For simplicity, we assume that Ax(t) = Ax

and Ay (t) = Ay are constants, which will not affect the final

results much since the drag force is usually very small.

Given the initial condition as x(0) = 0, y(0) = 0, ẋ(0) =
v0 cos θ, and ẏ(0) = v0 sin θ, the robot’s trajectory is governed

by the solution to (5) and (6) as follows [7]:

x(t) =
1

M
ln(1 + v0Mt cos θ) (7)

y(t) =
1

N
ln[cos(

√

Ngt) + L sin(
√

Ngt)] (8)

where M = CdρAx/(2m), N = CdρAy/(2m), and L = v0

sin θ
√

N/g. The jumping performance with the air resistance

can be derived from x(t) and y(t) as [7]

h =
1

N
ln(

√

1 + L2) (9)

d =
1

M
ln

[

1 + v0 cos θ
M√
Ng

arccos

(

1 − L2

1 + L2

)]

(10)

Based on the previous analysis, theoretical jumping perfor-

mances without and with the air resistance can be obtained.

According to our previous design [46], the following parame-

ters are used for calculation: E0 = 0.3 J, m1 = 5 g, m2 = 15 g,

Cd = 1.58, ρ = 1.2 kg/m3 , and Ax = Ay = 2000 mm2 for

three different take-off angles: 75◦, 60◦, and 45◦. Cd is cho-

sen as the maximum value for the insect experiment in [50] to

obtain a conservative result. With the aforementioned parame-

ters, the theoretical jumping trajectories for the three take-off

angles are obtained and plotted in Fig. 4. The angle 75◦ is chosen

as the take-off angle for our robot because the jumping distance

and height at this angle are approximately the same. In this case,

the robot can overcome obstacles as large as possible without

sacrificing the horizontal locomotion ability.

The jumping model presented in this section will also be used

to derive the theoretical performance for the robot prototype to

compare with the experimental results in Section V.

Fig. 5. Jumping mechanism synthesis.

III. MECHANICAL DESIGN AND ANALYSIS

Four mechanisms realize the jumping motion sequence in

Fig. 2. First, the jumping mechanism transforms the stored en-

ergy into the robot’s kinetic energy for take-off. Second, the

energy mechanism charges the energy and releases it instantly.

Third, the self-righting mechanism can have the robot stand up

after it lands on the ground. Fourth, the steering mechanism

changes the robot’s jumping direction. The four mechanisms

will be described and analyzed in detail in this section.

A. Jumping Mechanism

For the jumping mechanism, we choose springs as the energy

storage medium since 1) they can be implemented with a small

weight; 2) they can be obtained easily at a low cost since they are

off-the-shelf components; and 3) good jumping performances

can be achieved [19], [22].

To accomplish jumping with springs, some robots directly

strike the ground using springs such as the scout robot [25] and

the MIT microbot [29]. This method, however, may lead to the

robot’s premature take-off from the ground before the energy

stored in springs is fully released. Other robots employ spring-

actuated four or six-bar mechanisms to achieve jumping such as

the EPFL jumper V1 [19] and the frogbot [3], which can solve

the premature take-off problem.

Various animals with the jumping ability—such as humans,

frogs, locusts, or fleas—achieve jumping by extending a pair of

legs. The vertical jumping can be modeled as shown on the left

of Fig. 5, where the leg is divided into three parts: the upper

leg (thigh), the lower leg (shank), and the foot [51]. We assume

that each pair of adjacent parts is connected by a revolute joint

since they can rotate relative to each other. Moreover, since both

feet stay on the ground before take-off, they can be considered

as one part. Therefore, jumping can be emulated by a planar

parallel mechanism with two feet as the fixed base, the body as

the moving platform, and the two legs as the kinematic chains

connecting the platform to the base. This mechanism, which is

shown on the right of Fig. 5, is chosen as the jumping mechanism

for our robot.

A detailed schematic for the jumping mechanism is shown

in Fig. 6(a). The mechanism is symmetric with respect to the

vertical line OO′. Six revolute joints are placed at A, B, C, D, E,

and F. We establish a coordinate frame with the X-axis along
−→
ED and the Y -axis along

−−→
OO′. Denote the link length as |AB| =

l1 , |BC| = |AF| = l2 , |CD| = |FE| = l3 , and |DE| = l4 . Denote

the vertical distance between AB and ED as y, the angle between−→
BA and

−→
AF as α, and the angle between

−→
DE and

−→
EF as β. Eight
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(a) (b)

Fig. 6. Schematic of the jumping mechanism. (a) Jumping mechanism.
(b) Static analysis for the right side part.

torsion springs with a spring constant k are placed at A, B, E,

and D—two springs for each place. This way, the springs can

be charged to store energy if a vertical downward force F is

applied at point O′, and the energy can be released once F is

removed.

The jumping mechanism is different from the one used in the

frogbot [3] in two aspects, although both belong to the category

of six-bar mechanisms. On one hand, a linear extension spring

is employed in the frogbot, while torsion springs are used in

our robot. On the other hand, different methods are utilized to

make the body only move vertically with respect to the foot.

The frogbot employs two pairs of gears at both the body and

the foot, while our robot relies on the symmetric placement of

torsion springs.

For the mechanism optimization in Section IV, we analyze

the statics for the required force F—which varies with distance

y—to charge the energy. Since the mechanism is symmetric

with respect to OO′, analysis for the right-side part is sufficient.

Fig. 6(b) shows the free body diagrams for links AB, BC, and

CD, where all forces are decomposed along the coordinate frame

axes. The component forces along the same axis, except F , have

the same quantity, although the directions may be opposite.

Denote the same quantity as Fx and Fy along the x-axis and

y-axis, respectively. From the figure, the static equations for the

three links are

F = 2Fy

τ1 = 2k
(π

2
− α

)

= Fx l2 sin α + Fy l2 cos α

τ2 = 2k
(π

2
− β

)

= −Fx l3 sin β + Fy l3 cos β

where τ1 and τ2 are the torques generated by the springs. From

the previous equations, F can be solved as

F =
2kl3(π − 2α) sin β + 2kl2(π − 2β) sin α

l2 l3 sin(α + β)
(11)

Note that α and β are the functions of y and point C’s vertical

coordinates yC . Point C is the intersection point of two circles

with centers at B : (l1/2, y) and D : (l4/2, 0); therefore, yC

(a) (b) (c)

Fig. 7. Energy mechanism. (a) Intermediate position during the charge of
energy. (b) Critical position. (c) Intermediate position during the release of
energy.

can be solved as

yC =
y

2
− y(l22 − l23 )

2e
+

ld
4e

√

[(l2 + l3)2 − e][e − (l2 − l3)2 ]

(12)

where e = l2d/4 + y2 with ld = l4 − l1 . In fact, there are two

intersection points for those two circles, but the point corre-

sponding to the configuration shown in Fig. 6(a) is unique.

Once yC is obtained, we can solve α and β as

α = arcsin
y − yC

l2
, β = arcsin

yC

l3
(13)

Substituting (12) and (13) into (11), we can express F to be a

function of y by eliminating α, β, and yC .

To facilitate the optimization in Section IV, let ymax and ymin

be the maximum and minimum value of y. The largest value for

ymax is
√

(l2 + l3)2 − l2d/4 when AF and FE, BC and CD are

collinear. However, we cannot achieve this value because it

corresponds to the singular configuration which we should stay

clear. Meanwhile, ymax should be as large as possible so that

the energy stored in the spring can be released thoroughly. To

simplify the design process, we empirically let

ymax = 0.95
√

(l2 + l3)2 − l2d/4 (14)

B. Energy Mechanism

For the jumping mechanism, another energy mechanism is

required to store energy and release it when necessary. Gener-

ally, this can be achieved in two ways. The first approach rotates

the motor in one direction to charge energy and in the other di-

rection to release energy. Examples include the scout robot [25]

and our second robot [24]. The second approach rotates the mo-

tor in a single direction for energy charge and release, leading

to a short cycle time. This can be achieved by a slip-gear sys-

tem [10], [13], an eccentric cam [15], [19], or a variable length

crank mechanism [30]. To obtain a short-cycle time, we propose

a new energy mechanism belonging to the second approach. The

key element in this mechanism is a one-way bearing.

Fig. 7 illustrates the energy mechanism. A rotation link is

connected to the output shaft of a speed reduction system via a

one-way bearing not shown in the figure. Because of the one-way
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Fig. 8. Statics for the energy mechanism.

bearing, the rotation link can only rotate in the counterclockwise

direction. A cable, which is guided by two pulleys, connects

the end of rotation link to the robot’s foot. If the rotation link

rotates from the bottom vertical initial position, the cable forces

the body to move toward the foot [see Fig. 7(a)]. The rotation

link’s top vertical position [see Fig. 7(b)] is a critical position

since the torque resulted from the cable will switch its direction.

Once the link passes this position, the energy is released, and

the body accelerates upward [see Fig. 7(c)]. The body and foot

in Fig. 7 are the same parts in the jumping mechanism shown in

Fig. 6(a), but the links are not shown for a clear view.

With such a mechanism, the force F in Fig. 6(a) can be

applied for energy charge. For the optimization in Section IV,

we perform the static analysis for the rotation link to relate this

force to the torque generated by the speed reduction system.

As shown in Fig. 8, la is the length of the rotation link, and lb
is the vertical distance from the end of the rotation link to the

pulley’s center. If the link is rotated to a new position shown

as the dashed line in the figure with a rotation angle φ ∈ [0, π],
then the required torque T is equal to the torque generated by

F with respect to pivot point O:

T =
Fla(la + lb) sin φ

√

l2a + (la + lb)2 − 2la(la + lb) cos φ
. (15)

For the optimization in Section IV, we also represent the vertical

distance y between the body and the foot shown in Fig. 6(a) as

y = ymax − (
√

l2a + (la + lb)2 − 2la(la + lb) cos φ − lb)
(16)

C. Self-Righting Mechanism

With the jumping and energy mechanisms, the robot can jump

if it initially stands on the ground with its foot. This case, how-

ever, seldom happens due to the landing impact. Therefore, a

self-righting mechanism is needed to make the robot recover

from possible landing postures.

In general, there are two methods for self-righting. The first

one is the passive recovery based on the center of gravity (CoG).

The robot will stand up if the CoG is sufficiently close to the foot.

Examples include the EPFL jumper V3 [21], the Jollbot [30],

and our first robot [23]. The second method, which is widely

used in animals, is the active recovery with actuated parts. For

instance, the beetles employ their legs for self-righting [52],

Fig. 9. Self-righting mechanism. (a) Initial position after the robot lands on
the ground. (b) Final position when the robot stands up.

Fig. 10. Details of the self-righting mechanism.

while the turtles utilize the head because of their short legs [53].

The active recovery is implemented in the frogbot [3] and the

new surveillance robot [11]. For our robot, we adopt the active

self-righting to achieve a small robot size.

Fig. 9 illustrates the working principle for our self-righting

mechanism. The robot has a rectangular shape with two surfaces

significantly larger than the other four. As a result, the robot will

contact the ground with one of these two large surfaces most

of the time after landing. Without loss of generality, we assume

a landing posture as shown in Fig. 9(a). Two self-righting legs

on the body are initially parallel to the two large surfaces. Once

actuated, they can rotate simultaneously in opposite directions.

After a certain amount of rotation, the robot can stand up for the

next jump. The final position when both legs are fully extended

is shown in Fig. 9(b).

The detailed mechanism is shown in Fig. 10, where the whole

mechanism is shown on the left and a partial enlargement is

shown on the right. Note that the foot is not shown for a clear

view. A revolute joint connects each leg to the body. A pin

(shown to be a solid circle in the enlargement) fixed to the left

leg can slide along a groove in the right leg. This way, if we

apply an upward force on the pin, both legs will rotate but in

opposite directions. A small torsion spring—with one end fixed

to the body and the other end attached to the left leg—will make

both legs return to their original positions if the upward force is

removed.

We apply the upward force in Fig. 10 using the same actuator

for energy charge. In fact, the body moves toward the foot during

the energy charge process. With this motion, if a protrusion is

attached to the foot and beneath the pin, the upward force will be

generated once the protrusion contacts the pin. If the energy is

released, the body will move away from the foot; consequently,

the upward force is removed when the body is a certain distance

away from the foot.
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(a) (b)

Fig. 11. Steering mechanism. (a) Front view. (b) Side view.

From the aforementioned discussions, the energy charge and

the self-righting can be performed simultaneously, which leads

to a short cycle time. Furthermore, all the motion can be accom-

plished with the motor’s one-directional rotation. Note that the

frogbot also employs a single motor for the energy charge and

the self-righting. The self-righting process, however, is divided

into two phases due to the shape of the robot [3].

D. Steering Mechanism

The final mechanism to realize the motion sequence in Fig. 2

is the steering mechanism, which can change the jumping di-

rection. A review of steering methods for jumping robot can

be found in [21]. Based on our robot’s rectangular shape, we

propose a steering method without extra actuators.

The steering mechanism is illustrated in Fig. 11. Two steering

gears are placed symmetrically about the motor gear. Both gears

are a certain distance away from the robot’s centerline. Since

the robot contacts the ground with one of its two large surfaces

after landing, one of the two steering gears will touch the ground.

Therefore, if the motor rotates, the robot will change its heading

direction.

The same motor for the other three mechanisms actuates the

steering mechanism. In fact, the steering mechanism is driven

by the motor’s one-directional rotation, while the other three

mechanisms are actuated by the other directional rotation. One

steering gear is also used in the speed reduction system for

energy charge. If the motor rotates in one direction, this gear

is used for energy charge. If the motor rotates in the other

direction, the rotation link in Fig. 7 will not rotate due to the

one-way bearing. In this case, this gear can steer the robot.

The steering mechanism is improved from our previous de-

sign in [46], where a single large gear at the end of speed reduc-

tion system is the steering gear. Because of its large diameter,

the gear can touch the ground no matter which large surface of

the robot contacts the ground. This method, although simpler,

has a slow steering speed due to the large gear’s small angular

velocity. The new design increases the speed because the two

steering gears are next to the motor gear, resulting in a large

angular velocity.

IV. DESIGN OPTIMIZATION

Based on the analysis in Section III, the mechanism dimen-

sions can be determined through optimization. In this section,

we optimize the jumping mechanism together with the energy

mechanism to obtain the smallest peak torque for energy charge.

TABLE I
LIST OF PARAMETERS FOR OPTIMIZATION

After that, the dimensions of the self-righting mechanism are

derived based on practical requirements. The steering mecha-

nism is not discussed because it is determined by the energy

mechanism.

A. Jumping Mechanism and Energy Mechanism

With the jumping and energy mechanisms, if the same energy

can be charged with a small peak value of torque T generated

by the speed reduction system, then the weight and size for

the robot can be reduced. Therefore, optimization is needed to

minimize the peak value of T .

In the following, we perform the optimal design in four steps:

identifying the optimization variables, formulating the objective

function, obtaining the constraints, and solving the constrained

optimization problem. For easy reference, the parameters used

in the optimization are listed in Table I.

To identify the optimization variables, we substitute the force

equation (11) into the torque equation (15)

T =
2kla(la + lb) sin φ[l3(π − 2α) sin β + l2(π − 2β) sin α]

l2 l3 sin(α + β)
√

l2a + (la + lb)2 − 2la(la + lb) cos φ
(17)

from which there are eight parameters: k, la , lb , α, β, l2 , l3 , and

φ. Since α and β can be written to be a function of y, l2 , l3 , and

ld by substituting (12) into (13), the true parameters are k, la ,

lb , y, l2 , l3 , ld , and φ.

Among the eight parameters, the variables will be only lb ,

l2 , l3 , ld , and φ because k, la , and y are either constants or

dependents on the variables. First, according to our previous

design [46], the torsion springs are chosen to have a constant

k = 58.98 N · mm/rad. Second, la can be obtained from l2 ,

l3 , and ld . In fact, from the geometrical relation of the energy

mechanism, we have la = (ymax − ymin)/2. If l2 , l3 , and ld are

given, then ymax can be derived using (14). With ymax known,

ymin can also be determined to ensure a desired initial energy

E0 can be stored in the springs. Third, once ymax and la are

known, y can also be derived through (16) based on lb and φ.

From the previous arguments, T is only a function of lb , l2 , l3 , ld ,

and φ, and we denote it as T (lb , l2 , l3 , ld , φ). The optimization

variables are only lb , l2 , l3 , and ld because φ will run from 0 to

π during each energy charge cycle.

The initial energy E0 is determined based on the simula-

tions in Section II. To achieve 1 m jumping height with a 75◦

take-off angle, the initial energy should be 0.3 J, but to leave
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enough margin, we let E0 = 0.4 J. In addition, the zero energy

configuration for the jumping mechanism corresponds to the

configuration when y = ymax . The α and β angles for such a

configuration depend on the link lengths and can be derived

using (12) and (13).

Having identified the optimization variables, we formulate

the objective function. Given lb , l2 , l3 , and ld , a torque curve

as φ running from 0 to π can be plotted. The goal is to find

the optimal lb , l2 , l3 , and ld such that the peak torque in the

curve is the minimum among all possible curves. Therefore, the

objective function is the peak torque in the curve:

g(lb , l2 , l3 , ld) = max
φ∈[0, π ]

T (lb , l2 , l3 , ld , φ). (18)

The next step is to obtain the constraints for the optimization

variables. The lengths of l2 and l3 should be large enough to

hold the torsion springs, but they cannot be too large due to the

size limit of the robot. Therefore, with practical considerations,

assume 15 mm ≤ l2 , l3 ≤ 20 mm. With similar implementa-

tion reasons, we can have other linear constraints for lb and ld ,

and the optimization can be formulated as

minimize g(lb , ld , l2 , l3)

subject to 7 ≤ lb ≤ 12, −5 ≤ ld ≤ 5

15 ≤ l2 ≤ 20, 15 ≤ l3 ≤ 20 (19)

where the omitted length unit is the millimeter.

To solve the constrained optimization problem, we apply

the numerical method because the analytical expression for

g(lb , ld , l2 , l3) cannot be obtained. The optimization is real-

ized by a dense discretization of φ and value evaluations at

the resulting points [54]. The constrained nonlinear multivari-

able function in the Optimization Toolbox of MATLAB is em-

ployed to find the optimal value. Since the method can only

obtain the local minimum, we choose various random initial

points to run the optimization. The smallest objective function

among these local minima is the optimal value, and the opti-

mal dimensions are lb = 7 mm, ld = 1.2 mm, l2 = 15 mm, and

l3 = 20 mm. The other parameters can be calculated accord-

ingly: ymax = 33.3 mm, ymin = 11.7 mm, and la = 10.8 mm.

To avoid interference between the two revolute joints at the

foot, let l1 = 18 mm; then, l4 = l1 + ld = 19.2 mm.

To investigate how the variables affect the objective function,

we plot the graphs showing the objective function and the vari-

ables. Since it is impossible to include the four variables into

one graph, we divide them into two groups: lb and ld ; l2 and

l3 . Fig. 12(a) shows how the objective function changes with

respect to lb and ld by fixing l2 and l3 to the optimal value. As

seen in the figure, the minimum value happens when lb is the

smallest and when ld is in the middle part. Fig. 12(b) shows

how the objective function varies with respect to l2 and l3 by

fixing lb and ld to the optimal value. In this figure, the minimum

value happens at the left corner. From these two figures, we see

that the optimal dimensions obtained from the optimization are

correct.

With the optimal design, we can obtain the torque curve with

respect to the angle φ as shown in Fig. 13. From the figure,

Fig. 12. Objective function varies with optimization variables: (a) variation of
g(lb , ld , l2 , l3 ) with fixed l2 and l3 and (b) variation of g(lb , ld , l2 , l3 ) with
fixed lb and ld .

Fig. 13. Torque profile with the optimal dimensions.

the torque profile is nonlinear with the peak value happening

at φ = 66◦. Furthermore, the torque is zero when the energy

is about to be released (φ = 180◦), which means the release of

the energy requires the minimal torque. With the small torque

during the release, the mechanism can reduce the probability of

premature take-off [3]; consequently, it is highly possible that

all the energy stored in the spring can be converted to the kinetic

energy for take-off.
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Fig. 14. Dimension design of the self-righting mechanism. (a) Mechanism
with initial and final positions for both self-righting legs. (b) Simplification of
the mechanism to determine the length for link AC.

B. Self-Righting Mechanism

The dimensions for the self-righting mechanism are critical

for successful recovery from possible landing postures. The

design variables include the leg length and the range of leg

rotation angle. The initial and final positions for both recovery

legs are shown in Fig. 14(a). The initial positions, AM and BN,

are parallel to the body, and the final positions, AM′ and BN′,
contact the ground with leg ends M ′ and N ′. The ranges of leg

rotation angle are denoted by µ and ν for the left and right leg,

respectively. O is the middle point for AB. Moreover, we have

AB ⊥ OD and ∠ODN′ = θ = 75◦, which is the robot take-off

angle. The relation between the leg length and the range of leg

rotation angle can be obtained using the law of sines in △AM′E
and △BN′F:

|AM′|
sin(π − θ)

=
|OD| + |AO| tan(π/2 − θ)

sin(µ − π + θ)
(20)

|BN′|
sin θ

=
|OD| − |BO| tan(π/2 − θ)

sin(ν − θ)
. (21)

From (20) and (21), if µ or ν is large, then the leg length AM′

or BN′ can be small. To simplify the design, we fix µ = 135◦

and ν = 105◦ to let µ − ∠ODM′ = ν − ∠ODN′ = 30◦. With µ
and ν fixed, |AM′| and |BN′| can be solved from (20) and (21)

given |AO| = |BO| and |OD|, which are determined from the

implementation.

The next step is to design the length of AC shown in Fig. 14(a)

to achieve the desired angle ranges. Without the body, the foot,

the part AM in the left leg, and the part BN in the right leg,

the mechanism can be simplified as shown in Fig. 14(b). In the

figure, C1 to C5 are different locations for the end point C of

link AC. C1 and C5 , symmetric with respect to AB, are the limit

position for link AC; therefore, ∠C1AC5 = µ = 135◦. C2 and

C4 , symmetric with respect to AB as well, are the tangent points

from point B to the circle formed by link AC. Since BC2 and BC4

are the limit positions for link BC, ∠C2BC4 = ν = 105◦. From

right-angled △ABC4 , we have |AC| = |AB| sin(ν/2). The pa-

rameters for the right leg can also be derived accordingly.

V. FABRICATION AND EXPERIMENTAL RESULTS

A. Fabrication and Development

The solid model for the robot is shown in Fig. 1(b), and

the individual mechanisms are shown from Fig. 15(a) to (d).

Some parts appear in multiple figures because they are used in

different mechanisms. We elaborate on the implementation for

each mechanism in this section.

For the jumping mechanism shown in Fig. 15(a), both the

left-hand (9287K77 from McMaster-Carr) and the right-hand

(9287K26 from McMaster-Carr) torsion springs are required.

We use a pin-hole structure to implement the revolute joints.

The torsion springs are held in place by the pins of the revolute

joints. The bottom of the foot is designed with a tilted angle 15◦

to provide the 75◦ take-off angle.

The major part of the energy mechanism, shown in Fig. 15(b),

is the motor-actuated gear train or speed reduction system. The

gear train has three stages consisting of a motor gear (eight

teeth), a compound gear (28/8 teeth), another compound gear

(28/9 teeth), and a spur gear (35 teeth). Therefore, the total speed

reduction ratio is 47.6. Based on this ratio and the required peak

torque (178 N · mm) in Fig. 13, the motor (GH810136V3 from

Gizmoszone) with a stall torque 8 N · mm is chosen. For this

motor, a sufficient margin has been left to overcome the friction

in the gear train. The one-way bearing (kit8637 from VXB

bearings) cannot be shown in Fig. 15(b) because it is inside the

rotation link.

Fig. 15(c) shows a section view of the self-righting mecha-

nism. The revolute joints connecting the two legs to the body

are achieved by the pin-hole structure as well. The pusher at-

tached to the foot—not shown in Fig. 15(c)—can provide the

upward force in Fig. 10. The small torsion spring (9287K12

from McMaster-Carr) is held in placed by the pin in the left

revolute joint.

The steering mechanism, shown in Fig. 15(d), comes from the

energy mechanism. All of the gears in the gear train of Fig. 15(b)

are shown in Fig. 15(d). Only the right steering gear does not

belong to the energy mechanism, and the left steering gear is

part of the gear train to charge energy.

We obtain the robot parts from three sources. First, some

parts are off-the-shelf components such as springs and bearings.

Second, most of the other parts are fabricated using the selective

laser sintering with the DuraForm HST material. It has a density

only 1.20 g/cm3 , yet it can be used for functional prototypes.

Third, the aluminum shafts in the gear train are manufactured

using traditional machining methods.

The robot is powered by a FullRiver 50 mAh LiPo battery with

an average 3.7 V output. Since the energy mechanism is placed

on the right side of the body, the battery—shown in Fig. 1(b)—is

placed on the left side to balance the robot’s weight.

For the robot, the mass and the initial stored energy are needed

to obtain the theoretical performances. The lower part of the

robot contains the components below the revolute joint con-

necting the lower link to the upper link, while the upper part

includes all of the other components above that joint. The mass

for each part is m1 = 5.4 g and m2 = 18.1 g. The initial energy

E0 is designed to be 0.4 J, but the true energy cannot be this
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Fig. 15. Solid model for each mechanism. (a) Jumping mechanism [principle shown in Fig. 6(a)]. (b) Energy mechanism (principle shown in Fig. 7).
(c) Self-righting mechanism (principle shown in Fig. 10). (d) Steering mechanism (principle shown in Fig. 11).

Fig. 16. Jumping experimental results: average trajectories for three sets of
experiments.

TABLE II
EXPERIMENTAL AND THEORETICAL JUMPING PERFORMANCES

much because the minimum distance ymin for y cannot be the

designed value due to the cable’s elasticity. Therefore, the true

ymin is measured to calculate the energy stored in the spring. In

fact, ymin = 14 mm, and the resulting E0 = 0.34 J.

B. Experimental Results

Jumping experiments are conducted to determine the jump-

ing performances. To eliminate the slippage during the robot’s

take-off, we place the robot on a high coefficient of friction

surface (fine-grained sand paper with a grit designation 320).

To obtain the performances, we also place the robot in front

of a board with small holes. The distance between neighboring

holes, either horizontal or vertical, is 1 in (2.54 cm). When the

robot jumps, a video is recorded by a Casio Exilim EX-FH25

high-speed camera with a frame rate 240 frames/s. After that,

the jumping height is obtained offline from the video by compar-

Fig. 17. Self-righting experimental result. Six individual frames extracted
from a self-righting video.

Fig. 18. Steering experimental result. Four individual frames extracted from
a steering video.

ing the robot’s highest position with the vertical holes, while the

jumping distance is obtained by comparing the landing position

with the horizontal holes. Detailed jumping experiments can be

found in the accompanying video attachment for this paper.

Five jumps are carried out to obtain the average jumping per-

formance. The average jumping trajectory for these five jumps

is plotted with the solid line in Fig. 16. Note that the robot jumps

from the right to the left, and only half of the trajectory is shown

due to the symmetry of the trajectory. The average performance

is listed in Table II, where the robot can jump 87.2 cm in height

and 89.8 cm in distance. The standard deviations for these jumps



612 IEEE TRANSACTIONS ON ROBOTICS, VOL. 29, NO. 3, JUNE 2013

TABLE III
COMPARISON WITH EXISTING ROBOTS WITH THE JUMPING ABILITY

are 2.2 and 4.0 cm for the height and distance, respectively. The

take-off velocity can also be obtained as 4.3 m/s. Therefore,

the jumping efficiency—defined as the ratio between the kinetic

energy before robot’s take-off E and the initial stored energy

E0—is 63.0%.

The sensor network application requires the robot to be able

to carry payloads for extra sensors. Therefore, experiments are

conducted to investigate the jumping performance with an extra

weight. The extra weight is placed on the opposite side of gear

train to balance the robot’s weight. The average performances

for five jumps are listed in Table II as well, and the average

trajectories are also shown in Fig. 16. For an extra 4 g mass,

the average jumping height and distance are 82.1 and 80.6 cm,

respectively. If an extra 8 g mass is added, then the average

jumping height and distance become 69.5 and 67.8 cm, re-

spectively. The small decreases in both the jumping height and

distance indicate that the robot can carry some payloads without

degrading its performance significantly.

The theoretical performances with the air resistance are also

listed in Table II. From the table, the experimental results are

worse than the theoretical calculations. The major reason for

such a discrepancy is the friction in the jumping mechanism. In

particular, the friction exists in all of the revolute joints since they

are built using the pin-hole structure. Because of the friction,

only part of the stored energy is converted to the kinetic energy

for take-off. Additionally, some energy is also transformed to

the robot’s rotation energy in the air. This energy loss, however,

is negligible because of the robot’s small moment of inertia and

angular velocity.

The self-righting experiments are also carried out. One of the

results is shown in Fig. 17, where six frames from a video record-

ing the self-righting process are presented. The robot needs 5 s

for self-righting as seen from the time under each picture. Since

the self-righting process is performed simultaneously with the

energy charge process, the cycle time does not increase. Addi-

tional results on an uneven plane (the top of a rock) can be found

in the accompanying video.

The steering experiments are performed on the ground as

well. Four frames from a video are shown in Fig. 18. In this ex-

periment, the robot changes its direction in the counterclockwise

direction. From the video, the robot can rotate 360◦ in about 10

s; therefore, the rotation speed is about 36◦/s, which is much

faster than the 2◦/s for our previous design [46]. Supplemental

steering experiments on an uneven plane (the top of a rock) are

also shown in the accompanying video.

C. Comparison With Other Robots

Comparisons with other jumping robots are listed in Table III.

Since robots with different energy storage methods have dif-

ferent characteristics, only the robots based on traditional and

customized springs are listed. Furthermore, some robots are not

included because they use wheels as the primary locomotion

method.

To make the comparison fair, appropriate indices should be

chosen. The mass, size, jumping height, and jumping distance

are usually selected for comparison [30]. In Table III, these four

indices are listed in column two, three, five, and six, respectively.

Note that the size is the maximum dimension among the length,

width, and height. For spring-based robots, the charge time—

shown in the fourth column in the table—is also an important

index since more energy can be stored with a longer charge time

provided the other conditions are the same. Since the jumping

height and distance vary with take-off angles, the normalized

jumping height with a 90◦ take-off angle is calculated from the

jumping height and distance using (3) and (4). This index is the

seventh column in the table. To compare the obstacle height that

the robot can overcome given its size and weight [9], the height

per mass and size is listed in the eighth column. It is obtained

from dividing the normalized jumping height by the mass and the

size. The subsequent three columns indicate whether the robot

has self-righting, steering, and onboard energy, respectively.

Finally, the type and the number of actuators are listed in the

last column.

Compared with the robots in Table III, the MSU jumper has

a good overall performance among those robots with the con-

tinuous steerable jumping ability. The overall performance is

indicated by the height per mass and size index (the eighth

column in Table III). Besides the good overall jumping perfor-

mance, the MSU jumper employs a single motor for continuous

steerable jumping. Except the frogbot and those robots with

different actuation methods, all of the other robots need extra
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motor to achieve either self-righting or steering, as indicated in

the last column of Table III.

Compared with the MSU jumper, the other jumping robots

have their own merits as well. First, the robots with wheels can

run faster if no obstacle exists [13], [25]. Second, the robots

with a sphere structure for self-righting can roll passively on the

ground. Moreover, the enclosed sphere protects the robot from

damage [20], [21], [30]. Third, some robots have the embedded

sensing, control, and communication system [3], [11]. With such

a system, the control, navigation, and motion planning can be

investigated for the jumping locomotion [55].

VI. CONCLUSION

To facilitate the locomotion for mobile sensors in environ-

ments with obstacles, this paper presents the mechanical design

of a miniature steerable jumping robot. Different from existing

designs, the robot can satisfy three design requirements: contin-

uous steerable jumping, minimum actuation, and light weight.

Moreover, optimal design is performed to obtain the best mech-

anism dimensions. Experimental results show that the robot has

a good overall jumping performance compared with existing

jumping robots. The jumping robot described in this paper can

be potentially used in mobile sensor networks for various appli-

cations. Furthermore, the design method presented in this paper

may also be applied to other miniature robot designs. Future

work will focus on the embedded control system to make the

robot an autonomous jumping sensor node.
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