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Abstract
To improve themaneuverability and agility of jumping robots, several researchers have studied
steerable jumpingmechanisms. This steering ability enables robots to reach a particular target by
controlling their jumping direction. To this end, we propose a novel direction-changing concept for
miniature jumping robots. The proposed concept allows robots to be steerable while exertingminimal
effects on jumping performance. The key design principles were adopted from the froghopper’s
power-producing hind legs and themoment cancellation accomplished by synchronized leg
operation. These principles were applied via a pair of symmetrically positioned legs and conventional
gears, whichweremodeled on the froghopper’s anatomy. Each leg has its own thrusting energy, which
improves jumping performance by allowing themechanism to thrust itself with both power-
producing legs. Conventional gears were utilized to simultaneously operate the legs and cancel out the
moments that they induce, whichminimizes body spin. A prototype to verify the concept was built
and tested by varying the initial jumping posture. Three jumping postures (synchronous,
asynchronous, and single-legged)were tested to investigate how synchronization andmoment
cancelling affect jumping performance. The results show that synchronous jumping allows the
mechanism to change direction from –40° to 40°, with an improved take-off speed. The proposed
concept can only be steered in a limited range of directions, but it has potential for use inminiature
jumping robots that can change jumping directionwith aminimal drop in jumping performance.

1. Introduction

Jumping locomotion has been widely employed for
small-scale robots to overcome their size limitations.
The ability to jump high despite a small body size
allows these robots to overcome large obstacles and
distances. To achieve high jumping performance, a
variety of mechanisms have been applied, such as an
escapement mechanism using a cam or gear (Kovac
et al 2008, Li et al 2008), an active clutch (Woodward
and Sitti 2014), torque-reversal (Noh et al 2012, Koh
et al 2015), a one-way bearing (Zhao et al 2014), an
inchworm motor (Gerratt and Bergbreiter 2013), and
combustion (Tolley et al 2014, Bartlett et al 2015).
These mechanisms have shown great jumping perfor-
mance, but most of them focus on the jumping
locomotion itself.

To improve the maneuverability of milli-scale
jumping robots, several researchers have studied the
effect of adding a steering method. When steering is
added, small jumping robots are able to reach a target
by, for example, controlling their jump direction. Pre-
viously, Kovač et al (Kovač et al 2010) classified steer-
ing mechanisms into four working principles: using
wheels to rotate the whole body, shifting the center of
gravity, using a foot to rotate the whole body, and
using a rotating jumping mechanism inside of a cage.
Stoeter et al (Stoeter et al 2002) made a ‘Scout robot’
that maneuvers with a wheel and jumps with a winch.
This robot alters its location in the plane and jumps to
open upmovement in a three-dimensional (3D) space.
Zhao et al (Zhao et al 2014) presented a 23.5 g single-
motor-actuated steerable jumping robot. The robot
has two steering gears that can contact the ground after

RECEIVED

22March 2016

REVISED

15 June 2016

ACCEPTED FOR PUBLICATION

9August 2016

PUBLISHED

14 September 2016

© 2016 IOPPublishing Ltd

http://dx.doi.org/10.1088/1748-3190/11/5/056015
mailto:kjcho@snu.ac.kr
http://dx.doi.org/10.1088/1748-3190/11/5/056015
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-3190/11/5/056015&domain=pdf&date_stamp=2016-09-14
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-3190/11/5/056015&domain=pdf&date_stamp=2016-09-14
SNUBRL
밑줄

SNUBRL
밑줄

SNUBRL
밑줄



landing. The robot can change its jumping direction
by rotating the gear that touches the ground first. In
addition, the robot’s two legs rotate in opposite direc-
tions, for self-righting. Weiss et al (Weiss 2001) pro-
posed a 2.5 kg jumping robot using a piston-driven
combustion chamber. This robot can change the loca-
tion of its center of mass to control its jumping orien-
tation. Armour et al (Armour et al 2007) proposed the
‘Jollbot,’ which can upright itself, roll, and change
jump direction. A servomotor twists the robot’s sphe-
rical shell so that its center of gravity changes and the
main jumping axis leans. Burdick et al (Burdick and
Fiorini 2003) employed an active steering mechanism
using a ring gear at the foot of their robot that can
rotate the whole body around the vertical axis. In the
fully compressed position, a pinion gear driven by the
primary motor contacts the ring gear and controls the
steering angle. Kovač et al (Kovač et al 2010) proposed
a 14 g jumping robot that can upright itself and steer.
They installed a cage structure that allows the robot to
passively upright itself by exerting gravitational force
on the center of mass. Steering is accomplished by
rotating the robot’s body inside the cage using amotor
and a double-guided axis.

These mechanisms have all succeeded in changing
the jumping direction of a robot. In terms of jumping
performance, however, some jumping robots perform
poorly owing to the weight of the additional steering
structures. To resolve this issue, we propose a novel
concept for a direction-changing mechanism for min-
iature jumping robots, shown in figure 1. This mech-
anism not only enables a robot to change its jumping
direction but also improves its jumping performance.
The key design principles are adopted from two key
features of froghoppers’ jumping: power-producing
hind legs and moment cancellation accomplished by
synchronized jumping (Sutton andBurrows 2010).

Froghoppers change their jumping azimuth to
escape frompredators or tomove fromone position to
another. Interestingly, their azimuth control is accom-
plished in a manner that minimizes needless rotation
of the body andmaximizes take-off speed as well. Fro-
ghoppers have a pair of hind legs, each of which has its
own thrusting energy. By using two thrusting legs, fro-
ghoppers can achieve considerably high output power,
up to 35W g−1. At the same time, themoments gener-
ated by both legs cancel each other out through syn-
chronized leg operation, which reduces needless
rotation.

These principles are applied in the proposed
mechanism via a pair of symmetrically positioned legs
and conventional gears (Burrows and Sutton 2013).
Themechanism has a pair of symmetrically positioned
legs that perform jumping, and each leg has its own
thrusting energy. Thrusting the mechanism with two
power-producing legs improves jumping perfor-
mance. These two legs, however, should operate
simultaneously since an operational timing difference
would prevent the moments induced by the legs from
cancelling each other out, resulting in unnecessary
body spin. To avoid this, a pair of conventional gears is
installed at both of the mechanism’ legs to ensure syn-
chronized leg operation.

In the following sections, themechanics of the fro-
ghopper’s steerable jumping and the design concepts
derived from them are explained in detail. To analyze
the motion of the jumping mechanism, free body dia-
grams of the leg components are derived. Several
experiments on the effect of synchronous jumping,
asynchronous jumping, and single-legged jumping on
jumping performance are then described.

Figure 1. Froghopper-inspired direction-changingmechanismweighing 3.06 g, showing the initial positions for an upward jump
(top), a rightward jump (bottom left), and a leftward jump (bottom right).
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2.Design

2.1. Froghopper jumping
The froghopper, Philaenus spumarius, is well known
for its amazing jumping performance. The froghopper
takes off in 1.2 ms with a mean velocity of 2.8 m s−1

(Burrows 2003). This corresponds to an average
output power of 35W g−1, which ismuch greater than
that of locusts (0.45W g−1) (Bennet-Clark 1975) and
fleas (14W g−1) (Sutton and Burrows 2011). This
outperforming jump originates from a pair of hind
trochanteral depressor muscles connecting the thorax
to the trochanter. Before take-off, a pair of hind legs is
levated and locked by a lateral protrusion. When fully
levated, both legs start to depress, and the froghopper
jumps within 1 ms as shown in figure 2 (Sutton and
Burrows 2010).

Froghoppers control their jumping azimuth effi-
ciently by means of the following principles (Sutton
and Burrows 2010): prior alteration of tibiae orienta-
tion, moment cancellation generated by each hind leg,
and synchronized depression of both hind legs.

Froghoppers alter the orientation of their hind tibiae
to jump toward a desired direction. This orientation
corresponds to the jumping azimuth angle. Therefore,
the azimuth direction can be estimated based on the
initial posture.

When froghoppers take off, moments are gener-
ated by each hind leg. The left leg makes the body
rotate in the clockwise direction, and the right leg does
the opposite. These two generated moments in oppo-
site directions greatly reduce rotation of the jumping
body and increase useful kinetic energy. Moreover,
both hind legs depress almost equally. Sutton and Bur-
rows (Sutton and Burrows 2010) showed that both legs
are synchronized to within 32 μs. This synchronous
jump also enables efficient jumping by preventing the
body from spinning unnecessarily.

2.2. Jumpingmechanismdesign
Inspired by froghoppers, a novel concept for a direc-
tion control mechanism is proposed in this paper. The
mechanism has a body at the center with one jumping
leg located at each side, as shown in figure 3(a). Both

Figure 2.Take-off of the froghopper, Philaenus spumarius, viewed ventrally (5000 frames per second). The hind legs operate
simultaneously, and this enables cancellation ofmoments induced by the legs, resulting in reduced body spin (adapted from Sutton
et al 2010 J. Exp. Biol. 213 1409, with permission of Sutton) (Sutton andBurrows 2010).
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jumping legs can move independently, and each leg
has a linear spring to provide energy storage. A pair of
gears is installed on the leg to synchronize depression
of the legs during a jump. A triggering shape memory
alloy (SMA) coil spring actuator is installed on the only
right leg as shown in figure 3(a), but there is no
problem with synchronous operation of both legs
owing to the gears.

The proposed mechanism utilizes the torque
reversal catapult mechanism (Noh et al 2012). When
the linear spring in the right leg is pulled by the trigger
and passes through joint 1, the right jumping leg starts
to depress shortly afterward. At this moment, the gear
installed on the right leg triggers the gear on the left leg,
and jumping ensues. Both jumping legs are thus syn-
chronized to within 2.38 ms, considering that take-off
is filmed at 420 frames per second and both legs are
synchronized within 1 frame. This synchronous jump
continues until both jumping legs are fully depressed,
as shown infigure 3(c).

Figure 3(d) shows how themechanism changes the
jumping direction by altering the robot’s initial pos-
ture, just as real froghoppers do. The femorotibial

joints freely rotate so that the mechanism can easily
alter the initial orientation of the tibiae. Currently,
actuators for altering the posture are not installed on
the prototype since in this paper we focus on the feasi-
bility test of whether this concept can be applied to
miniature jumping robots.

3. Jumping direction analysis

To investigate how generated forces and moments
affect jumping direction, free body diagrams and the
corresponding equations are derived. The analysis
makes the following assumptions for purposes of
simplification:first, the torques generated by the linear
springs at both sides of the mechanism are equal, and
both legs operate synchronously. Second, the femor-
otibial joints have low stiffness and rotate freely.

The position of each tibia is directly related to the
jump direction since the distal end of the tibia contacts
the ground and receives the reaction force. The direc-
tion of this reaction force determines which way the
mechanism moves. Therefore, the relation between

Figure 3. Schematic of the jumpingmechanism (a) in the fully levated position, (b) in themiddle of jumping, and (c) in the fully
depressed position. (d) Schematic of the events involved in altering the initial posture.
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the reaction force exerted on the tibia and the initial
angle of the tibiamust be clarified.

As previously said, the mechanism changes jump
direction by altering its initial posture. To clarify the
relation between the initial posture and the jumping
direction, free body diagrams of the tibia, the femur,
and the body are derived as shown in figure 4. The
internal forces cancel each other out according to the
principle of action and reaction. The reaction force
from the ground remains, and it exerts on the tibia.

Figure 4(a) shows the free body diagram of the
tibia. The joint connecting the tibia and the femur has
quite low stiffness and can be regarded as a freely rotat-
ing joint. Therefore, the femorotibial joint does not
transmit the torque generated by the linear spring, and
consequently net torque drops to almost zero. To
satisfy this condition, the reaction force from the
ground needs to generate zero torque, as follows:

q q- » ( )L F L Fcos sin 0, 1G L G Ltibia tibiax y

where Ltibia is the length of the tibia, θL is the angle of
the left tibia, and F FandG Gx y

are the ground reaction
force in the x and y directions, respectively.

Accordingly, the following relation can be derived:

q = ( )
F

F
tan . 2L

G

G

x

y

Equation (2) tells us that the direction of the reac-
tion force is parallel to the direction of the tibia, just
like in the froghopper (Sutton and Burrows 2010).
That is, the direction of thrust force can be predicted
by the posture of the tibia, which is how the jumping
direction can be estimated. Given that an objectmoves
in the direction that is specified by a force vector, we
may accordingly predict jump direction by combining
the direction of two force vectors generated by both
tibiae:

q
q q

»
+
2

,L R
Jump direction

where qL and qR are the angles of the left and right
tibia, as indicated infigure 3(d).

In terms of the whole mechanism, only ground
reaction forces exert external force on themechanism.

Accordingly, the equation of rotating motion for the
whole body is as follows:

q = + - -̈ ( )I F L F L F L F L , 3G R x G R y G L x G R y, , , ,y x y x

where Lx and Ly are the lengths between the center of
mass and the contact point of the tibia and the ground,
and F FandG R G L, ,y y

are the ground reaction force of the
left and right leg in the y direction.

Since the overall shape of the mechanism is sym-
metrical, the moments generated by the reaction for-
ces cancel each other out in equation (3): the first and
second terms cause moment in a clockwise direction,
while the third and fourth terms cause moment in a
counter-clockwise direction. Consequently, the
mechanism can take off with reduced body spin.

4. Fabrication and assembly

The proposed mechanism was fabricated using smart
composite microstructures (Wood et al 2008) to make
a lightweight but robust mechanism. The mechanism
weighs 3.06 g, and themass budget is shown in table 1.
To strengthen the places where linear springs are
connected and stress is concentrated, carbon–epoxy
composite plates were used (figure 5(b)).

For energy storage, linear springs were employed.
The linear spring used has a spring constant of
459 Nm−1 and an original length of 9 mm. In the fully
levated position, the spring is stretched 14.4 mm and
stores the elastic energy of 6.67 mJ. 3D-printed (Objet
260, Stratasys Inc.) gears are used to synchronize

Figure 4. Free body diagrams (FBD) of the body and components. (a) FBDof tibia, femur, and body. (b) FBDofwholemechanism.

Table 1.Mass budget.

Components

Quantity

(ea.) Mass (g)
Ratio to overall

mass (%)

Gear 2 0.21 13.8

Body structure 1 0.85 30.0

Linear spring 2 0.19 12.5

Trigger SMA 1 0.19 6.25

Tibia 2 0.28 18.4

Femur 2 0.32 21.0

Total — 3.06 100
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operation of the jumping legs. To reduce mass, the
gears are designed as semicircles and are hollow. One
gear is installed at each femur in a position such that
the gearsmesh, as shown infigure 5(a).

5. Experimental results

5.1.Methods
Themain working principles that enable the proposed
concept are the two power-producing legs for improv-
ing jumping performance and moment cancellation
accomplished by synchronized leg operation. To
investigate what happens when whether these princi-
ples are properly working or not, three kinds of
jumping (synchronous, asynchronous, and single-
legged)were tested. First of all, a synchronous jumping
that satisfies both working principles was done to
confirm the proposed concept. To observe a case when
one power-producing leg is missing, single-legged
jumping was tested by fixing the left leg and only
operating the right leg. Asynchronous jumping was
tested to observe how an operation timing difference
affects jumping performance by setting up an activa-
tion time difference between the left and right legs.

To accomplish this, special timing gears were used
to ensure a consistent activation time difference, as
shown in figure 6. The single tooth on each of these
gears is positioned to ensure that the left leg deploys
after the right one at a consistent interval. When the
SMA actuator triggers the right leg, only the right gear
begins to rotate. After an interval of time, the tooth on
the right gear contacts the tooth on the left gear, and
the left leg is triggered. In the experiment, 14.2 ms of
time difference always occurred.

To investigate the relationship between jump
direction and the initial posture of the mechanism,
several jumping experiments were conducted by alter-
ing the initial posture. Details of the selected initial
postures are given in table 2. Three initial postures for
jumping leftward, upward, and rightward were selec-
ted to test the full range of jump directions. Three
jumps were done in each direction to check repeat-
ability. The initial angles of the legs were measured
prior to triggering the mechanism. Also, average
values were given for the right leg and the left leg to
allow actual jumping directions to be both predicted
and compared.

Jumps were done on a polymer pad (Dragon Skin;
Smooth-on, Inc., 1 mm thickness) to provide enough

Figure 5. (a) 3D-printed gears that enable a synchronous jump. (b)Linear springs for storing energy and an SMAactuator for
triggering. The linear springs and the SMAactuator are located inside the body at the locations indicated by the dashed lines.

Figure 6.Gears to control the activation time difference. The right leg operates first. (a)Gears for equal activation. (b)Gears for an
activation time difference of 14.2 ms.

6

Bioinspir. Biomim. 11 (2016) 056015 G-P Jung andK-J Cho



friction to prevent slippage during jumping. To trigger
the mechanism, the SMA actuator was activated via
joule heating by 1.2 A from the external power supply.
The jumping data was obtained with a high-speed
camera (420 frames per second), and video analysis
software (ProAnalyst; Excitex, Inc.) was used to ana-
lyze take-off velocity and take-off angular velocity for
various jumping directions.

5.2. Jumping direction
Figure 7(a) shows that the jump direction depends on
the average angle of the initial posture. The overall
jump direction spreads from −44° to 41°. Basically,
the jump direction corresponds to the sign of the
average angle. For example, the mechanism jumps
leftward when the average angle has negative value. If
we compare the average angle and the jump direction,
however, there is a slight difference between them.
This is because the angle of the tibia changes during
jumping, as shown in figure 8. The mechanism has a
long femur, and therefore the position of the

femorotibial joint changes a great deal. For example,
the angle of the left tibia varies from 1.83° to −12.15°
during depression of the leg, as shown infigure 8. Since
the angle of the tibia changes, the direction of the
ground reaction force also changes according to
equation (2). Therefore, the jumping direction can be
differed from the average angle of the initial posture.

To precisely check the relationship between jump
direction and the posture of the mechanism, and spe-
cifically whether the angle of the tibia predicts jump
direction, we measured the tibial angle 2.4 ms (1
frame) before take-off and compared the angle with
the jump direction. Figure 7(b) shows the average
angle just before take-off compared to jump direction.
Unlike the average angle of the initial tibia posture, the
tibial angle matches better with the jump direction,
especially for synchronous jumps.

Neither asynchronous nor single-legged jumping
have much effect on jump direction. In the single-leg-
ged case, there is about 11° of difference between jump
direction and average angle when the mechanism

Table 2. Initial posture of jumping legs.

Jump direction
Leftward Upward Rightward

Experiment no. 1 2 3 1 2 3 1 2 3

Synchronous jump

Initial angle of right leg (deg) −27.1 −26.8 −27.9 1.9 1.5 1.1 26.5 27.6 26.7

Initial angle of left leg (deg) −26.3 −27.2 −27.1 1.8 1.3 1.0 27.8 26.1 27.2

Avg. angle (deg) −26.7 −27.0 −27.5 1.9 1.4 1.0 27.2 26.8 26.9

Asynchronous jump

Initial angle of right leg (deg) −27.2 −26.3 −27.0 3.6 1.1 2.5 26.5 27.2 26.8

Initial angle of left leg (deg) −26.4 −27.9 −26.4 −0.4 −4.2 −3.8 26.1 26.1 27.1

Avg. angle (deg) −26.8 −27.1 −26.7 1.5 −1.5 −0.6 26.3 26.7 27.0

Single-legged jump

Initial angle of right leg (deg) −27.1 −27.8 −27.0 0.4 0.7 −1.42 27.7 27.2 27.4

Initial angle of left leg (deg) −26.3 −26.1 −26.7 2.3 1.7 3.98 26.4 26.7 26.3

Avg. angle (deg) −26.7 −26.9 −26.8 1.4 1.2 1.28 27.0 26.9 26.9

Figure 7.Relation between jumpdirection and (a) average angle of initial posture and (b) average angle before take-off. The dotted line
is a linear fuction of = =y ax a, where 1.
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jumps leftward, as shown in figure 7(b). Also, themax-
imum angle difference is about 9° in the asynchronous
jump when the mechanism jumps rightward. In other
directions, however, the jump direction does not
change much. When the mechanism jumps upward,
the jump directions of the three cases are not that dif-
ferent, although they all have a different rotating
posture.

5.3. Jumping performance
As previously said, the type of jump (synchronous,
asynchronous, or single-legged) does not really affect
the jump direction. It does, however, influence jump-
ing performance. Figures 10–12 show high-speed
images of synchronous, asynchronous, and single-
legged jumps, respectively. Overall, jumping direction
corresponds to the average angle of the jumping legs,

but there is a huge difference in translational and
angular speed between the types of jump.

Figure 9 shows the take-off speed and the take-off
angular speed for all three types of jump. The synchro-
nous jumps show the highest take-off speed in all
jumping directions. For example, when the mech-
anism jumps leftward, the synchronous jump has a
speed of 2.57 m s−1 whereas the asynchronous jump
has a speed of only 1.99 m s−1 and the single-legged
jump has an even lower speed of 1.27 m s−1.When the
mechanism jumps rightward, similar differences are
observed in general, but the asynchronous jump has a
much decreased speed of 1.31 m s−1, as shown in
figure 9(a).

The speed reduction in the asynchronous jump
and the single-legged jump occurs for the following
two reasons. First, asynchronous and single-legged

Figure 8.Close-up pictures of a synchronous upward jump. Zeroms is themoment of take-off. The angle between the tibia and the
ground changes during the jumping process owing to the relatively long length of the femur.

Figure 9. (a)Relation between take-off velocity and take-off average angle of initial posture. (a)Angular velocity versus average angle
of initial posture.
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jumps cannot fully use the initially stored energy. The
single-legged jump basically utilizes half of the initially
stored energy since it uses only one leg. In some asyn-
chronous jumps, the delayed leg operates in the air
since the first activated leg as already launched the
mechanism. Therefore, the amount of transferred
energy falls sharply, which causes speed to drop.
Figure 11(b) corresponds to this case: the right leg

operates first and propels the mechanism into the air,
then the left leg operates.

The second reason concerns the increase in take-
off angular speed, as shown in figure 9(b). Single-leg-
ged jumping has a take-off angular speed of
3.76 rev s−1 in the leftward direction, 2.78 rev s−1 in
the upward direction, and 2.36 rev s−1 in the right-
ward direction. The asynchronous jump shows an
angular speed of 5.05 rev s−1, 1.59 rev s−1, and

Figure 10. Synchronous jumping (a) upward, (b) rightward, and (c) leftward. Zeroms indicates themoment of take-off. The
synchronous cases take off with reduced body rotation for various jumping directions.
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3.11 rev s−1 in each direction. These values are much
higher than those of the synchronous jumps, which
tells us that some amount of energy is being trans-
ferred to body rotation, and that this phenomenon
worsens as the mechanism changes jump direction.
The synchronous jump, however, maintains low
angular velocity even though the jump direction chan-
ges, and it shows high translational take-off velocity.

6.Discussion

Living things in nature are often sources of ideas for
mechanical engineers who are seeking to design robots
that can operate in unstructured environments. Just
mimicking or copying biological mechanisms, how-
ever, is not important and is in fact almost impossible
since they are way too complex for that. Instead,
engineers need to consider living things as sources of

Figure 11.Asynchronous jumping (a)upward, (b) rightward, and (c) leftward. Zeroms indicates themoment of take-off. The
activation timing difference of 14.2 ms always occurs owing to the specially designed gears. The left leg operates later, which causes the
clockwise body spin.
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Figure 12. Single-legged jumping (a) upward, (b) rightward, and (c) leftward. Zeroms indicates themoment of take-off. The left leg is
fixed so that it does not affect the right leg’s jumping.

11

Bioinspir. Biomim. 11 (2016) 056015 G-P Jung andK-J Cho



inspiration from which they can abstract novel princi-
ples. However, not all the principles involved in a
particular biological mechanism need to be imple-
mented since they may not all be helpful to the
proposed concept. Only advantageous principles
should be implemented to attain the best engineering
solutions (Full 2005). That is how the authors
approached this study—novel principles of steerable
jumping were abstracted from the froghopper, and
their essentials were investigated and translated into a
mechanical engineering application

Most current jumping robots use independent
structures to change jumping directions, and these
tend to reduce jumping performance owing to the
weight that they add. In contrast, the proposed con-
cept does not incur a performance penalty because it is
based on three principles derived from the way fro-
ghoppers are able to change their jumping direction
without reduced jumping performance.

First, froghoppers use a pair of thrusting legs. It
might seem trivial, but using two thrusters is the most
important enabling technology for the froghopper.
This idea inspired us to add not an additional direc-
tion-changing structure but one more thrusting leg.
Two thrusting legs naturally boost the robot’s jumping
performance.

Second, froghoppers couple and synchronize their
legs to reduce unnecessary body spin (Burrows and
Sutton 2013). Froghoppers’ thrusting legs are syn-
chronized within 32 μs by means of gear-like struc-
tures on their trochanters. Similarly, gears are installed
on both femurs of the proposedmechanism so that the
robot’s legs can operate simultaneously. In the experi-
ments, this gearing method reduced unwanted
body spin.

Third, froghoppers use a passive triggering
method (Burrows 2006). Froghoppers engage the
femur with a protrusion from the coxa in the fully
levated position. When the force applied by the tro-
chanteral depressor muscle is sufficient to overcome
the resistance of the engagement, the hind legs sud-
denly and rapidly extend. This simple and effective
method obviates the need for additional actuators.
However, it is difficult to control the timing of this
passive triggering method. The proposed concept uses
a torque reversalmechanism to accomplish active trig-
gering (Noh et al 2012). The torque reversal mech-
anism uses a separate SMA coil spring actuator for
triggering. By activating the actuator, the mechanism
can jumpwith the correct timing.

7. Conclusion

In this paper, we proposed a novel direction-changing
concept and showed its potential use in miniature
jumping robots. The proposed concept enables a robot
to change jump direction with a minimal drop in
jumping performance. The key design principles were

inspired by the way froghoppers jump and consist of a
pair of power-producing legs and moment cancella-
tion via synchronized operation. To demonstrate the
mechanism, several jumping tests were done by
varying the initial posture, and the results show that
the mechanism is able to change direction during
synchronous jumping from−40° to 40° with reduced
body spin. Asynchronous and single-legged jumping
were also tested to investigate how the lack of moment
cancellation and synchronization affect jumping
performance.

The proposed concept has only a limited range of
changeable direction, but it still has the potential to
improve the maneuverability and performance of
miniature jumping robots. To apply this concept to a
real jumping robot, future work should investigate
using actuators to alter the initial posture and sensors
to detect the posture of both tibiae since jumping
direction is based on the average value of the posture
of both tibiae.

Considering that the robot starts from layered
manufacturing, low-profile actuators such as SMA
actuators (Jung et al 2013, Koh et al 2014) or tendon-
driven transmissions would suit the mechanism. One
important constraint is that at themoment of take-off,
the knee joints should freely rotate or have almost zero
stiffness so that jumping direction may be precisely
predicted based on the initial posture of the robot. If
an SMA coil spring actuator is employed to meet this
requirement, it needs to be designed so that a two-way
shape memory effect is possible. After changing the
initial angle by contracting the SMA coil spring, the
SMA actuator needs to easily recover the relaxed state
so as not to hinder operation of the knee joints during
jumping. By antagonistically locating two SMA coil
spring actuators with two-way shape memory effect,
flexion and extension of the knee joint will be possible.

The other issue is how to measure the posture of
both tibiae. Compass sensors could be appropriate for
detecting the current posture of the tibiae because they
can give information on the current azimuth of each
tibia. In addition, off-the-shelf compass sensors are
sub-milligram in weight and therefore would hardly
affect the robot’s mass. By using SMA coil spring
actuators and compass sensors, the initial posture of
the tibiae could be detected and the legs could be actu-
ated to jump in the desired direction.
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