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JumpRoACH: A Trajectory-Adjustable Integrated
Jumping–Crawling Robot

Gwang-Pil Jung , Carlos S. Casarez, Jongeun Lee, Sang-Min Baek, So-Jung Yim, Soo-Hwan Chae,
Ronald S. Fearing, and Kyu-Jin Cho

Abstract—In this paper, we present a milliscale-
integrated jumping–crawling robot that can adjust its launch
trajectory and upright itself. This multimodal robot shows
an enhanced performance of overcoming obstacles com-
pared with a robot with a single locomotion mode. To make
this possible, the robot uses a newly developed jumping
module with improved energy storing capacity and a height-
adjustable active clutch. The jumping module utilizes both
linear springs and torsional springs to maximize the energy-
storing capacity under the given limit of structural robust-
ness. To adjust the quantity of stored energy and release the
energy at any state, an active clutch mechanism based on
a single dc motor is developed, which enables the robot to
control both jump timing and height. Also, an active shell al-
lows the robot to upright itself after landing and to continue
jumping and crawling. The jumping module and the shell
are integrated with the lightweight VelociRoACH crawler. To
show the usability in real-world applications, the integrated
jumping–crawling robot is tested on the cluttered terrain. In
result, the robot reaches a target using jumping, crawling,
and self-righting.

Index Terms—Bioinspired robot, crawling robot, jumping
robot, multimodal robot, self-right.

I. INTRODUCTION

R ECENT studies on milliscale mobile robots have focused
on increasing their maneuverability by modifying from
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TABLE I
JUMPING–CRAWLING ROBOTS

single locomotion modes, such as crawling, climbing, and jump-
ing, to multimodal locomotion that integrates multiple motions.
Milliscale mobile robots with multiple motions have usually
been developed for two purposes: saving the cost of transport
(CoT) and expanding locomotion domain.

Integrated jumping and gliding is the representative multi-
modal locomotion for jump-gliding robots to reduce CoT [2]–
[6]. Jump-gliding robots can extend the travelling distance in the
horizontal direction for a given amount of stored energy. In case
of expanding locomotion domain, robots often use an integrated
jumping and crawling [7]–[12]. Such integrated locomotion can
be easily seen in tiny insects, such as froghoppers, grasshop-
pers, and locusts. In ordinary situations, they use four forelegs
to walk and crawl. When predators approach them, or they try
to reach places they cannot crawl, they utilize their relatively
long and thick hind legs.

To improve maneuverability like the insects mentioned above,
some researchers have proposed milliscale robots that integrate
jumping and crawling locomotion. Scout robot has two wheels
for rolling and a winch for jumping [7]. The robot uses spring
steel foot and jumps up to 30 cm. While the Scout robot has sep-
arate motions of jumping and rolling, the Mini-Whegs shows the
integrated running and jumping locomotion. The Mini-Whegs
overcomes a step by jumping up to 18 cm while also crawl-
ing [11]. Those robots have successfully shown the potential
to expand locomotion domain by integrating two locomotions.
Owing to the limited performance of jumping, as shown in
Table I, however, there is still room for utilizing benefits of the
integrated jumping–crawling locomotion.

To investigate the solution to increase energy-storing capac-
ity, we examine the properties of milliscale jumping robots de-
veloped up to date and their jumping performance, as shown
in Table II. Most jumping robots employ metal-based linear
springs or torsional springs that are easy to obtain off the shelf.
Unlike them, deformable robot [13] and closed elastica jump-
ing robot [14] used metal strap as the energy-storing material.
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TABLE II
PROPERTIES OF JUMPING ROBOTS

1 Energy density is calculated based on take-off velocity, jumping height, and distance.

Flea-inspired jumping robot [15] employed shape memory alloy
(SMA) spring actuators, which is known as high power-mass
density material [16], [17]. The MSU jumper [18] has changed
the energy-storing material from the steel torsional spring to the
carbon fiber strap since the carbon fiber strap is lightweight and
has large Young’s modulus. After changing the material, they
could increase the energy density of the robot from 9 to 14 J/kg.
In terms of energy density, 7-g jumping robot [19] achieved
17.4 J/kg and could jump up to 1.38 m with 6.98-g mass. In
case of small-scale hopping robots, they mostly employed se-
ries elastic actuation [20]–[22] and showed continuous jumping
ability rather than focusing on jumping height.

To adjust the amount of energy storage is as important as to
increase the energy-storing capacity, which enables the robot to
control take-off speed and the jumping height. Previously, a vari-
ety of releasing mechanisms are employed, such as escapement-
cam [19], one-way bearing [8], toothless gear [23], [24], latching
[25], [26], buckling [14], and sparker [27]. Those mechanisms
have provided simple and effective solutions of energy storing
and releasing but they always store the same amount of energy
storage, which results in equal jumping height. To solve this
issue, some of the jumping robots employed the concept of ac-
tive clutch, which is useful for adjusting the amount of stored
energy. Flea-inspired jumping robot employed two SMA coil
actuators [15]. One is for storing the energy and the other is for
triggering the jump. The deformable robot also used eight SMA
coil actuators to store the elastic energy into the circular metal
strap [13]. MultimoBat used one dc motor to store the energy by
winding the wire [2]. To release the stored energy, an additional
SMA wire actuator has been employed as an active clutch.

In this paper, we present an integrated jumping–crawling
robot called JumpRoACH in Fig. 1 that can adjust its moving
trajectory with improved jumping performance. Previously, we
have proposed an integrated jumping–crawling robot [28]. The
main difference between the previous version and the current

Fig. 1. JumpRoACH. (a) Jumping mode. (b) Crawling mode.

version is the energy-storing strategy. In the previous version,
large displacement of latex rubber has been utilized to max-
imally store the energy. One serious problem, however, was
the high peak loading force. The high peak loading force de-
teriorates structural robustness and shortens the lifespan of the
jumping module when loading and unloading are repeated.

To solve this issue, a novel method of maximizing energy-
storing capacity under given limit of structural robustness has
been proposed. This main idea is applied to the newly developed
jumping module and this jumping module is integrated with the
lightweight crawling robot, VelociRoACH [29]. As a result, the
robot can adjust moving trajectory by varying jumping height
from 1.0 to 1.5 m and crawling speed from 0 to 0.56 m/s.

This paper consists of following contents: In design section,
the idea of maximizing the jumper’s energy-storing capacity
is mainly described. The modeling section studies both statics
and dynamics of the jumper to analyze the fast motion. In the
experiment section, the performance of the jumping module and
the integrated JumpRoACH is examined.

II. DESIGN

The jumping module is designed to fulfill two main re-
quirements: First, the jumping module is required to have
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Fig. 2. Conceptual models of the proposed jumping mechanism in (a) the fully loaded state, (b) the released state, and (c) the one-third loaded
state. The mechanism can jump from both the fully loaded state and the one-third loaded state depending on the required jumping heights.

energy-storing capacity as much as 50.0 J/kg (27 J in 40.0-g
module) to enable the whole system to jump up to height of
1.5 m, assuming that the whole mass of the system is about
100.0 g. In milliscale jumping robots, the value of 50.0 J/kg
is quite a large amount since the 7-g jumping robot [19],
to our knowledge, has the largest energy-storing capacity of
about 17.4 J/kg. We previously proposed an integrated jumping–
crawling robot that weighs 59.4 g, jumps from 1.10 to 1.62 m,
and crawls at a speed of 0 to 0.62 m/s [28]. To store the energy as
much as possible, large displacement of latex rubber rather than
large spring constant is utilized. This method, however, leads to
the high peak loading force and tends to cause damage of the
jumping module when loading and unloading are repeated. To
solve this issue, a novel energy-storing strategy under limited
structural robustness will be addressed.

The second design requirement is to make an active clutch
that enables the jumping module to release the stored energy in
any state, regardless of the amount of energy stored. By doing so,
the jumping module can adjust the jumping speed. To make this
possible, an active clutch mechanism using a single dc motor
will be explained.

A. Structure of the Jumping Module

The jumping module has a fully foldable diamond-shaped
four-bar linkage to install the structure inside the crawler’s body.
The structure has two types of energy storages, such as torsional
springs and linear springs. The torsional springs are located at
the top and the bottom of the four-bar linkage. At the center
of the linkage, the linear springs are installed. As the structure
is compressed, both the linear springs and the torsional springs
deform, resulting in an increase of the amount of stored energy.
Fig. 2(a) and (c) shows the jumping module with the full load
of stored energy and one-third of its full capacity, respectively.
In Fig. 2(b), the stored energy is released when the structure is
decompressed.

Fig. 3 displays the entire jumping module. A wire is passing
through the center of the structure, and a pulley winds the wire
to fold the four-bar structure. At this time, the linear springs

Fig. 3. (Left) Jumping module. (Top right) Fully loaded stated state.
(Bottom right) Released state.

and the torsional springs store the elastic energy, as shown in
Fig. 3(b).

B. Combined Types of Energy Storages

In short, to employ strong springs provide large energy-
storing capacity. The jumping module, however, has a limit
of structural robustness. In other words, the module has a high
probability to fail when the strong springs are simply used. To
maximize the storable energy under the given limit of structural
robustness, the jumping module employs two different types of
energy storages in terms of force-displacement relationship, as
shown in Fig. 4. Fig. 4 shows the force-displacement curve of
the linear spring, torsional spring, and the optimally combined
case. In Fig. 4, the area under a curve stands for the amount of
storable energy. Therefore, to maximize the area is important to
boost the energy-storing capacity.
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Fig. 4. Loading force versus displacement depending on types of en-
ergy storing methods.

Fig. 5. Assembled rolling contact joint. The joint can be fully com-
pressed just like human’s knee.

In case of the linear spring, the loading force rapidly increases
to the peak and decreases to zero according to the change in
length of the moment arm. On the other hand, loading force of
the torsion spring shows a modest increase, since loading force
is simply proportional to the deformation of the spring. Based
on these facts, the area under the limit can be maximally used
when the two springs are appropriately combined, as shown in
Fig. 4 (optimal case).

C. Rolling Contact Joints

The jumping module is required to be installed inside the
crawler. Therefore, it is necessary to compress the module to the
maximum so as not to interfere with the movement of the crawl.
The extent to which the structure can be compressed is basically
dependent on the range of motion of the joint. It is difficult for the
structure to be completely compressed or decompressed when
the joint has little range of motion. For this reason, as shown
in Fig. 5, rolling and sliding joints have been developed like a
human knee and applied to the side joints. In Fig. 5, the joint can
be fully folded and unfolded. The joints are assembled using a
lateral wire and three crossed straps. Basically, the lateral wire
incorporates two linkages. The crossed strap prevents the joints
from deviating from the center, as shown in Fig. 5 [30].

Fig. 6. (a) and (b) Conceptual diagram of the active triggering mech-
anism using a single dc motor. (c) and (d) 3-D description of the clutch
mechanism.

Fig. 7. Conceptual model of the height-adjustable integrated crawling-
jumping robot, showing the state of the mechanism for (a) high jumps
and (b) low jumps.

D. Height-Adjustable Triggering Mechanism

To release the energy is as important as to store the energy.
To this end, an active clutch mechanism is proposed to enable
the jumping module to release the stored energy in any state and
accordingly to adjust the launching speed. The mechanism in
Fig. 6 has three gears, such as a motor gear, a winding pulley
gear, and a planet gear. The key working principle is energy
storing and releasing depending on the rotating direction of the
motor gear. When the motor gear rotates clockwise, the planet
gear contacts the winding pulley gear and it begins to wind the
wires, storing the energy. In case of counter-clockwise direction,
the planet gear moves away from the winding pulley gear and
the wound wire begins to loosen, resulting in the release of
the stored energy. Thanks to this active clutch mechanism, the
jumping module can release the energy at any state, as shown in
Fig. 2, which enables the module to control its jumping speed.

E. Integration of Jumping and Crawling Mechanism

In Fig. 7, the jumping module is incorporated with a
lightweight VelociRoACH crawler [29]. The crawler has an
empty space inside the body of 110 mm length × 20 mm width
× 30 mm depth. At this empty space, the jumping module is
installed. When installing the jumping module, it is required to
be positioned at the center to equally distribute the mass and to
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TABLE III
MASS BUDGET

Fig. 8. Self-righting procedure using an active shell.

minimize the needless rotating motion. In Table III, the mass
budget of the JumpRoACH is given.

The JumpRoACH adjusts the amount of the stored energy
depending on the target jumping speed. In case of high jump
shown in Fig. 7(a), the motor winds the wire until the jumper is
fully compressed and maximally store the energy. In case of a
low jump shown in Fig. 7(b), the motor slightly winds the wire
and the jumping module is less compressed.

The dsPIC33JF128MC706-based board is used to control the
JumpRoACH [31]. The board uses a wireless radio of 802.15.4
and two H-bridge motor drivers to control the crawling motors
(MK07-3.3, Didel). For the jumper, a dc motor having the high
gear ratio of 1000:1 (Pololu) is used to exert the high torque to
the winding pulley gear.

F. Self-Righting Shell

When the robot moves around, the robot often turns over after
jumping. To make the robot upright, an active shell structure
(shown first by [32]) is installed at the upper side of the crawler.
Fig. 8 shows how the shell operates. The shell consists of two
wings. The wings are connected through bevel gears to operate
them simultaneously. A small dc motor is installed at one side
and to open and close the wings. By using the shell structure,
the robot can stand upright no matter how it falls and continues
jumping–crawling locomotion.

Fig. 9. Dynamic model of the proposed mechanism. G5 and G6 indi-
cate the payload, such as a battery, electronics, and an actuator.

III. MODELING

In the previous section, to maximally use the area under the
structural force limit is important for storing the energy as much
as possible while ensuring structural safety. Therefore, to find
out, the best combination of linear springs and torsional springs
is required. To this end, we investigate the loading force through
a static model. The loading force required to compress the jump-
ing module is calculated based on the static model.

Dynamic analysis is also done based on the Lagrangian for-
mulation since the take-off process of the module finishes within
about 30 ms. Therefore, dynamic modeling is essentially re-
quired to investigate how the jumping module operates. Using
the dynamic model, the take-off velocity, time, and released
energy for jumping are given.

A. Loading Force Analysis

To choose the best combination of the linear springs and the
torsional springs, the loading force is analyzed based on the
static model, as shown in Fig. 9. In Fig. 9, the latex rubbers
are positioned symmetrically at the upper triangle and the lower
triangle. The torsional springs are located at the top and the
bottom of the model. The loading force F is obtained using the
moment equilibrium equation as follows:

rF sin θ′ = r1k1Δx1cosθ′ + ktΔθ1 (1)

where θ1 is the angle between the link 1 and 4, Δxi = ri

(sin θ′ − sin θ′initial), θ′ = θ1/2, θ′initial = θ1,initial/2, and
θ′initial and θ1,initial are the initial angles of θ′ and θ1

F =
8r1

2k1 (sin θ′ − sin θ′initial) cosθ′ + ktΔθ1

rsin θ′
(2)

where k1 is a constant of the linear spring, kt is a constant of the
torsional spring, r1 = 41 mm, r = 45 mm, and θ′initial = 20◦.
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B. Dynamics

The jumping module is modeled with five links and four
joints, as shown in Fig. 9. The model uses two generalized
coordinates (θ1 and θ0) and accordingly is a two-degree-of-
freedom system. Followings are the position of the links:

�G1 =

[
1
2r cos

(
θ0 − 1

2 θ1
)

1
2r sin

(
θ0 − 1

2 θ1
)

]
(3)

where Gi is the position vector of each link, r is the length of
each link

�G2 =

[
r cos

(
θ0 − 1

2 θ1
)

+ 1
2r cos

(
θ0 + 1

2 θ1
)

r sin
(
θ0 − 1

2 θ1
)

+ 1
2r sin

(
θ0 + 1

2 θ1
)
]

(4)

�G3 =

[
r cos

(
θ0 + 1

2 θ1
)

+ 1
2r cos

(
θ0 − 1

2 θ1
)

r sin
(
θ0 + 1

2 θ1
)

+ 1
2r cos

(
θ0 − 1

2 θ1
)

]
(5)

�G4 =

[
1
2r cos

(
θ0 + 1

2 θ1
)

1
2r sin

(
θ0 + 1

2 θ1
)
]

(6)

�G5 =

⎡
⎢⎢⎢⎣

r cos
(
θ0 − 1

2 θ1
)

+ r cos
(
θ0 + 1

2 θ1
)

−r5,y cosθ0 − r5,xsin θ0

r sin
(
θ0 − 1

2 θ1
)

+ r sin
(
θ0 + 1

2 θ1
)

+r5,y sin θ0 + r5,xcosθ0

⎤
⎥⎥⎥⎦ (7)

�G6 =

⎡
⎢⎢⎢⎢⎣

r cos
(
θ0 − 1

2 θ1
)

+ r cos
(
θ0 + 1

2 θ1
)

− r6,y cosθ0 + r6,xsin θ0

r sin
(
θ0 − 1

2 θ1
)

+ r sin
(
θ0 + 1

2 θ1
)

+r6,y sin θ0 − r6,xcosθ0

⎤
⎥⎥⎥⎥⎦ (8)

where r5,x , r5,y , r6,x , and r6,y are distances to the added masses
Based on the positions and the kinematic constraints, take-off

of the jumping module is numerically analyzed by a Lagrange
formulation. Following is the initial condition:

θ1 = 170◦ in fully stored state. (9)

The jumping module takes off when the vertical reaction
force, V(t) in (11), is zero

mrobotarobot, x =
6∑

i=1

miai,x (t) = −H (t) (10)

mrobotarobot,y =
6∑

i=1

miai,y (t) = V (t) −
6∑

i=1

mig (11)

where mi is the mass of each link, arobot is the acceleration of
the mass center, ai is the acceleration of each link, mrobot is the
total mass of the robot, and H(t) is the horizontal reaction force.
Also, the translational take-off velocity, (12), and the angular
velocity, (13), are given as follows:

mrobotvrobot =
6∑

i=1

mivi,f (12)

ωrobot =
6∑

i=1

miciωi,f /

6∑
i=1

mici (13)

Fig. 10. Stored energy in a linear spring versus stored energy in a
torsional spring under limited structural robustness of 40 N.

where ωrobot is the angular velocity, vrobot is the velocity of the
mass center, ωi,f is the angular velocity, ci is the position of a
mass center, and vi,f is the translational velocity of each link
just before takeoff.

IV. RESULTS

How to combine different types of energy storages is impor-
tant for the robot to maximally save the energy under the limit of
structural robustness. To investigate the influence of each energy
storage and find the best combination, several curves of loading
force depending on the displacement are derived and optimized
based on the modeling.

The determined combination of the linear springs and the
torsional springs are applied to the jumping module and the
module is tested to check the jumping ability. Also, to con-
firm the functionality of the clutch mechanism and to show the
height-adjustability of the jumping module, several jumps are
done by varying the amount of stored energy.

The optimized jumping module is combined into the crawl-
ing robot. To investigate trajectory adjustability, the integrated
jumping–crawling robot is tested by varying the jumping speed
and the crawling speed. In addition, the self-righting shell
is added to the robot to show the usability in real-world
applications.

A. Maximizing Storable Energy

The best combination of the linear springs and the tor-
sional springs is examined by only varying the spring constants
since the amount of deformation of the springs is fixed by the
geometry.

Fig. 10 shows the amount of storable energy when the limit of
the structural robustness is given as 40 N—all cases in Fig. 10
has the limit of 40 N. When the module employs a linear spring
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Fig. 11. Experimental results of loading force versus displacement.

only, the loading force rapidly increases to the peak and drops
toward zero. In this case, the module can store 1.38 J. When the
module uses a torsional spring only, the loading force steadily
increases to 40 N and the module stores the energy of 1.98 J. In
case of the optimized case, the jumping module can maximally
utilize the area under the limit and store the energy up to 2.31 J,
as shown in Fig. 10.

Based on the investigation, the spring constants of the linear
spring and the torsional spring are determined as 400 N/m and
0.6 Nm/rad, respectively. In this case, the jumping module is
designed to have force limit of 35 N, considering the safety
factor. To check the loading force profile, the force required
to load the energy is measured by varying the displacement,
as shown in Fig. 11. The torsional spring only case (spring
constant of 1.68 Nm/rad) shows a rapid increase of the loading
force at the beginning and rises up to the limit of the structural
robustness. In case of the optimized combination, the overall
trend of the loading force curve shows good agreement with
that of the modeling. As a result, the optimized jumping module
stores the energy of 1.75 J, whereas the torsional spring only
case stores 1.35 J.

The results are also confirmed through jumping experiments
and dynamic modeling. Fig. 13(a) and (b) shows high-speed
images and corresponding dynamic models. In Fig. 13(a), the
module store 1.35 J in torsional spring, whereas the optimized
module stores 1.75 J in both torsion and linear springs. In
Fig. 13(a), the module jumps within 14 ms with a launching
speed of 6.93 m/s and jumps to 2.4 m, as shown in Fig. 12(a).
The module actually uses 1.06 J, which is 78.7% of its initially
stored energy. On the other hand, the optimized jumping module
in Fig. 13(b) takes off within 15 ms with a speed of 7.86 m/s
and jumps to the height of 3.1 m, as shown in Fig. 12(b). The
optimized module uses 1.38 J in reality, which is 79.0% of the
initially stored energy.

The difference of the jumping performance can be explained
based on the ground reaction in Fig. 13(a) and (b) (left column).
Fundamentally, launching speed of a jumping module is deter-
mined by the transferred momentum given by the multiplication
of the reaction force and the time. If we look at the reaction force

Fig. 12. Maximum jumping height depending on types of energy stor-
ages such as (a) torsional spring only and (b) optimally combined case.
(b)–(d) Height-adjustable jumping. The module can adjust jumping height
from 0 to 3.1 m using the active clutch mechanism. The moudule has
initially stored energy of (b) 1.75 J, (c) 1.24 J, and (b) 0.75 J, each.

curve of both cases, the optimized case has a larger area under
the curve of the vertical reaction force. Therefore, the optimized
module jumps better than the module with the torsional spring
only.

B. Height-Adjustable Jumping

Ability to adjust the take-off speed and the jumping height
is essential for the integrated jumping–crawling robot to get the
desired launching trajectory. To check the height adjustability,
several jumps are implemented by varying the amount of stored
energy using the clutch mechanism.

Fig. 13(b)–(d) show high-speed images and corresponding
dynamic models. In Fig. 13(b), the module is fully compressed
and stores the energy of 1.75 J. The jumping module takes off
within 15 ms with a launching speed of 7.86 m/s and jumps
to 3.1 m, as shown in Fig. 12(b). The module in Fig. 13(c) is
compressed two-third of the fully compressed state and stores
the energy of 1.24 J. The module launches within 10 ms with
a take-off speed of 6.61 m/s and jumps to 2.2 m, as shown in
Fig. 12(c). The module actually uses 0.96 J, which is 78.3%
of its initially stored energy. Fig. 13(d) is compressed one-third
of the fully compressed state and stores the energy of 0.74 J.
The module launches within 7 ms with a take-off speed of 5.07
m/s and jumps to 1.3 m, as shown in Fig. 12(d). The module
actually uses 0.58 J, which is 78.2% of its initially stored energy.
In summary, the module jumps earlier when the module stores
less energy and launches with low speed.
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Fig. 13. Acceleration, ground reaction force, visualization of dynamic modeling, and high-speed (1000 fps) images of the jumping module. The
red arrow indicates the direction of the reaction force from the ground. (a) Jumping module with torsional springs only. (b)–(d) Height-adjustable
jumping with initially stored energy of (b) 1.75 J, (c) 1.24 J, and (b) 0.75 J, each.

The difference in take-off speeds can be also understood to
see the left column of Fig. 13(b), (c), and (d), which shows the
ground reaction force of each jump. As shown in the graphs, the
fully compressed case has the maximum area under the curve
and transfers the largest momentum to the jumping module.
As the quantity of stored energy decreases, the area under the

curve and the transferred momentum reduces. This results in the
decrease in take-off speed and jumping height.

C. Trajectory-Adjustable Jumping–Crawling

The JumpRoACH is tested to show trajectory-adjustability
by changing the take-off speed and the crawling speed.



JUNG et al.: JUMPRoACH: A TRAJECTORY-ADJUSTABLE INTEGRATED JUMPING–CRAWLING ROBOT 955

Fig. 14. (a) Integrated jumping–crawling to overcome an 0.72-m ob-
stacle. (b) Vertical and horizontal distance of the integrated jumping–
crawling robot. The time between dots is 0.168 s.

Fig. 14(a) indicates the robot that crawls 0.56 m/s and takes
off 5.39 m/s. Thanks to the integrated motion, the robot
jumps 1.5 m, crawls 0.76 m, and overcomes a 0.72-m high
obstacle.

Fig. 14(b) indicates the distance in horizontal and vertical
directions of three cases. All cases are repeated twice to check
the repeatability of the jumping trajectory and the correspond-
ing data are given in Table V. Overall, all cases show similar
jumping trajectories when the robot is set to have equal initial
energy and crawling speed.

In vertical jumping case, the robot is set to crawl at 0 m/s and
the jumping module has the initially stored energy of 1.75 J,
which is fully compressed state. The robot takes off with the
speed of around 5.5 m/s and jumps about 1.5 m toward nearly
vertical direction. In low jumping case, the robot has initial
energy of 1.22 J and is set to crawl at about 0.3 m/s. The robot
jumps to about 1.0 m with the take-off speed of around 4.5
m/s and moves about 0.4 m horizontally. In high jumping case,
the robot is set to crawl at about 0.55 m/s and has initially
stored energy of 1.75 J. The robot jumps to about 1.45 m with
the take-off speed of around 5.4 m/s and moves about 0.75 m
horizontally.

Fig. 15 shows the adjustable jumping range of the
JumpRoACH. The amount of stored energy can be adjusted until

Fig 15. (a) and (b) Adjustable range of the jumper. (c) Adjustable range
of storable energy. (d) Corresponding jumping range.

the jumper does not hinder the crawling locomotion. Fig. 15(a)
and (b) indicates the highest and the lowest jumping cases, re-
spectively. If the jumper unfolds more from the state shown in
Fig. 15(b), then the crawler’s legs begin to be in the air and
cannot crawl.

Fig. 15(c) and (d) shows the calculated stored energy based on
the static model and the corresponding jumping height, respec-
tively. As shown in the graphs, the JumpRoACH can adjust the
jumping height from 1.11 to 1.60 m, which corresponds to the
stored energy from 1.22 to 1.75 J. In case of crawling speed, the
JumpRoACH can adjust the speed from 0 to 0.56 m/s regardless
of the jumping height. Consequently, moving trajectories can
be made by combining the jumping speed from 4.64 to 5.60 m/s
and the crawling speed from 0 from 0.56 m/s.

To prove usability in real-world applications, the robot is
tested on the cluttered terrain, as shown in Fig. 16. The target
place is located at the height of 1.6 m. To reach the target, the
robot needs to jump twice. Therefore, the robot implements the
first jump, stands upright itself, and jumps again toward the
target. By doing so, the robot finally reaches the target place, as
shown in Fig. 16(e).

The operating time is dependent on scenarios since each mode
requires different amount of energy consumption. Crawling with
the maximum speed needs continuous current of 1.26 A (0.63 A
for each crawling motor). The loading of the jumper requires
continuous current of 0.84 A during 50 s, which is full loading
time. Considering that the battery used for the JumpRoACH is
150 mAh, the JumpRoACH crawls about 5 min when the robot
only runs. When the robot only jumps, about nine jumps are
done. If the robot needs to jump twice, as shown in Fig. 16, the
JumpRoACH crawls for about 4 min.
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Fig. 16. Reaching target place through integrated jumping–crawling and self-righting. The robot (a) overcomes an 0.90-m obstacle, (b) and
(c) stands upright itself, and (d) maneuvers toward the target. (e) Robot jumps again and finally, reaches the target.

TABLE IV
COMPARISON OF EXPERIMENT AND MODELING

∗Conversion efficiency is the ratio of initially stored energy to actual kinetic energy at take-off [1], [12].

TABLE V
EXPERIMENTAL DATA OF INTEGRATED JUMPING–CRAWLING

V. DISCUSSION

We discuss two issues in this section. First, the difference
between data from the experimental and the model is examined.
Second, the relation between the energy storing method and the
curve trend of the acceleration and the ground reaction force is
investigated.

Table IV compares the experimental and the modeling data.
Both sets of data show good agreement in overall trend but
slight differences in detail numbers. If we look at the conversion
efficiency, which means the ratio of the initially stored energy to
the actually used energy, the module uses less energy in actual
jumping. Because of less energy conversion, the real jumping
shows 2% to 3% of decreased performance in the take-off speed
and the jumping height. Probably, this error is originated from
a small degree of hysteresis in the energy storing elements such
as the latex rubber and the torsional springs. These elements
are modeled as ideal springs in the modeling and this results in
better performance compared with that of real experiments.

The left column of Fig. 13 shows curves of the accelera-
tion and the ground reaction force from dynamic modeling. The
graphs in Fig. 13, however, indicate different appearances de-
pending on the types of energy storages and the ratio of energy
storages. To begin with, the module with only torsion springs in
Fig. 13(a) shows the maximum value at the beginning and the
value gradually decreases to zero. On the other hand, the opti-
mized module in Fig. 13(b) shows a steady increase to the peak
and rapidly drops to zero. This is because of difference in types
of energy storages. In case of the torsional springs, the maxi-
mum normal force is exerted on the ground when the module
is fully compressed. In case of the linear springs, however, 0 N
of normal force is exerted on the ground when the module is in
the fully compressed position since the moment arm is zero. As
the jumping module starts to unfold, the moment arm increases
and accordingly the reaction force rises to peak, as shown in
Fig. 13(b).

Fig. 13(b)–(d) shows the curves of height-adjustable jumping
and each case has the initially stored energy of 1.75, 1.24, and
0.74 J, respectively. As the quantity of the initially stored energy
decreases, the shape of the curve becomes similar to that of the
module with torsion springs only. When the optimized jumping
module stores less energy, the module is less compressed. That
is, the moment arm of the torque induced by the linear spring
is not zero and accordingly, the module initially has a certain
amount of ground reaction force. Therefore, the initial value of
the ground reaction force gets larger as the module stores less
energy.

VI. CONCLUSION

In this paper, we proposed a trajectory-adjustable integrated
jumping–crawling robot called JumpRoACH. The key issue was
how to maximize the energy-storing capacity of the jumping
module in the confined space since the jumping module was
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required to be installed in a tiny space located inside the
crawler’s body. To resolve this issues, the jumping module
was designed to incorporate different types of energy-storing
components such as linear springs and torsional springs. By ap-
propriately combining those two types of springs, the jumping
module could maximally use the area under the limit of struc-
tural robustness. Therefore, the jumping module could achieve
the energy density of 30.9 J/g and enabled the JumpRoACH to
jump up to the height of 1.52 m.

Also, an active clutch mechanism was designed to store the
release the energy in any state. The clutch works based on a
single dc motor and operates by changing the direction of ro-
tation. Thanks to the clutch, the jumping module could adjust
both jumping height and timing. In addition, an active shell was
designed to upright the robot itself. Finally, the jumping mod-
ule, the active shell, and the lightweight VelociRoACH crawler
were integrated together as a single multimodal robot. Through
the several experiments, we have shown that the whole system
achieves different trajectories and have potential to be used in
real-world applications.
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