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Abstract

The accessible environment and locomotion performance of a robot are governed by the scale of the robot. The operating
time and speed can be increased as the scale of the robot increases. However, the size of the robot does limit the accessible
environment: the robot cannot pass through a space smaller than its size. Therefore, to explore an environment containing gaps,
holes, and crevices, a small-scale robot is required. In this paper, we propose a sub-10cm, sub-100 g scale jumping—crawling
robot. The proposed robot consists of crawling, jumping, and self-righting mechanisms. The combination of crawling and
jumping allowed the robot to overcome obstacles of various sizes. To reduce the weight and size of the robot, we employed a
smart composite microstructures (SCM) design method and utilized a shape memory alloy (SMA) actuator. All the mechanisms
and electronic components were compactly integrated into a single robot. The robot can crawl with the maximum speed of
3.94 cm/s (0.4 BL/s), and jump 19 cm which is 2.2 times its body height.

Keywords jumping—crawling robot - Mechanism design - Mobile robot - Multi-modal locomotion

1 Introduction

Locomotive robots have been developed for tasks such as
surveillance, reconnaissance, and search and rescue in envi-
ronments that are difficult and dangerous for humans to
access. To explore the unrevealed task environment, a loco-
motive robot should deal with various types and sizes of
obstacles. Therefore, robots with specific locomotive modes
that can overcome particular obstacles have been developed,
such as crawling robots [1-6], jumping robots [7-10], and
climbing robots [11-14]. In addition, to improve locomotion
performance, a wide range of research has been conducted,
from biology [15-17] to engineering [1-14]. Furthermore,
multi-modal robots, which integrate various locomotive
mechanisms into a single body have been developed, such as
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jumping—crawling robots [18-23], jumping—gliding robots
[24-27], and climbing-flying robots [28, 29]. By selectively
performing suitable locomotion, a robot can overcome vari-
ous types of obstacles; therefore, the accessible environment
of the robot is expanded.

The accessible environment and locomotion performance
of the robot are governed by its scale [30]. In dynamically
similar locomotion, locomotion velocity is proportional to
the square root of the characteristic length. Moreover, the
mass-specific cost of transport is negatively correlated with
body mass [15]. Consequently, the operating time and speed
can be increased as the scale of the robot increases. However,
the size of the robot does limit the accessible environment:
the robot cannot pass through a space smaller than its size.
Therefore, to explore an environment containing gaps, holes,
and crevices, a small-scale robot is required. In addition,
the lightweightness and stowability of the small-scale robot
improve its transportability when multiple robots are carried
to the task environment in swarm robotic applications. Espe-
cially, handheld-sized robots have the potential to be utilized
in places where people are. Not only for open spaces, but
these robots can also traverse through confined spaces, such
as small gaps under a shelf, narrow gaps between walls and
furniture, and small holes like inside of the pipeline. Besides
the locomotive functionality of the robot, portability makes
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Fig. 1 Opverall design of the proposed sub-10cm, sub-100 g jumping—
crawling robot

the robot to be easily carried and operated by individuals
[31].

Smaller robot encounters relatively rough terrain as the
relative size of the obstacles to the robot become larger [32].
In this regard, jumping—crawling is one promising terres-
trial locomotion strategy for small-scale robots because the
combination of crawling and jumping allows robots to over-
come obstacles of various sizes. The robot crawls to traverse
the ground consisting of slight bumps while maintaining its
stability. Additionally, the robot can jump over large obsta-
cles that it cannot crawl through. However, the development
of a small-scale jumping—crawling robot is challenging in
integrating various mechanisms into a single robot within
a constrained size and weight. A jumping—crawling robot
requires a crawling mechanism, jumping mechanism, and

self-righting mechanism to upright its posture when the robot
is turned over. Furthermore, a controller and batteries should
be included to untether them for practical use. In the aspect
of performance, the crawling legs and jumping legs become
shorter as the robot’s size is reduced. The shortened crawling
leg decreases the stride length, which in turn reduces crawl-
ing speed. Additionally, the shortened jumping leg decreases
the push-off distance and duration, which in turn reduces the
output work for jumping. Also, for each mechanism, other
mechanisms act as burdens, resulting in performance degra-
dation of the multi-modal robot compared to the robot with
a single mechanism.

In this paper, we propose a sub-10cm, sub-100g scale
jumping—crawling robot, as shown in Fig. 1. The robot con-
sists of a crawling mechanism (Fig. 2a), jumping mechanism
(Fig.2b), and self-righting mechanism (Fig.2c). The robot
can crawl through the gap with the size of the robot’s frontal
area, it can jump over obstacles higher than the robot’s height,
and the robot can recover to its upright posture using the self-
righting mechanism. To reduce the weight and size of the
mechanism, we employed the smart composite microstruc-
tures (SCM) design method [33] to the crawling mechanism
and self-righting mechanism, and also utilized a shape mem-
ory alloy (SMA) to the triggering actuator of the jumping
mechanism. Each mechanism is designed to avoid inter-
ference between parts within a limited size; hence, all the
mechanisms and electronic parts are integrated into a sin-
gle body. The size of the robot is (length) 9.8 cm x (width)
9cm x (height) 8.8 cm and has a mass of 95.7 g including
the controller and batteries. Table 1 shows that the pro-
posed robot has the most compact form factor compared to
previously developed robots. The list includes only unteth-
ered jumping—crawling robots with leg/wheg-based crawling
mechanisms that are also capable of self-righting. Although
the unavoidable scale effect reduces the locomotion perfor-
mance of the proposed robot, its compactness enables the
robot to pass through the smallest gap among the listed

(a) (b)

(c)

Fig. 2 Mechanism-wise composition of the robot. a highlights the crawling mechanism, b highlights the jumping mechanism, ¢ highlights the

self-righting mechanism
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Table 1 Size and mass comparison of DC motor-driven jumping—crawling robots with leg/wheg-based crawling, jumping, self-righting, and

untethered

Robot Size Mass
Length (cm) Width (cm) Height (cm) Volume (cm?) (2)

Mini-Whegs 9j [18] 10.4 N/A N/A N/A 191.4

JumpRoACH (including shell) [19] 19 11 8 1672 99

Agile jumping—crawling robot (including shell) [20] 16 11.5 8 2208 105

Proposed robot 9.8 9 8.8 776 95.7

robots. Additionally, the compact size enhances stowabil-
ity and transportation efficiency when deploying multiple
robots. This robot can crawl with the maximum speed of
3.94 cm/s (0.4 BL/s) and jump 19 cm which is 2.2 times its
body height.

2 Design

The robot consists of the crawling, jumping, and self-
righting mechanisms. These mechanisms are designed to be
integrated into sub-10cm, sub-100g. The mechanism wise
detailed approaches to meet this constraint are provided in
the following sections.

2.1 Crawling mechanism

The hexapedal crawling mechanism requires two features-
passive stability induced by tripod gait and discrete contact of
the foot with the ground induced by the swing and stance gait
cycle of the foot-to traverse through the bumpy field while
maintaining its stability. In addition to the above-mentioned
features, there are several requirements for fulfilling our
design considerations. The crawling mechanism should be
smaller than 10 cm, and it should be light to reduce the burden
on jumping performance. In addition, the crawling mecha-
nism requires two motors for steering.

We utilized the SCM design and fabrication method for the
body of the crawling mechanism to make the complex crawl-
ing linkage structure compact and lightweight (Fig. 3a). Also,
we designed a tripod coupler link pair to actuate the six legs
using two geared motors while guaranteeing a mechanically
constrained tripod gait (Fig. 3b, c). We employed a crawling
linkage design from [1] and miniaturized it within a 10cm
size constraint; the mechanism is composed of parallel four-
bar linkages and SCM universal jointed legs.

To embody the tripod gait, the tripod coupler link couples
three legs, a front leg and a rear leg on the same side and a
middle leg on the opposite side, making them work in phase.
The leg set is connected to the crank of the geared motor by
the tripod coupler link (Fig.3c). As shown in Figs.2b and
3c because the two tripod coupler links cross each other and

Tripod

SCM crawling coupler links

mechanism

(a) (b)

Motor for red tripod —
Motor for blue tripod

(c)

Fig.3 Detailed composition of the crawling mechanism. a The crawl-
ing mechanism is based on the SCM design. The red-colored parts in b
are the tripod coupler links. b, ¢ show the connections between the legs
and motors using tripod coupler links

the jumping mechanism is placed on the ventral side of the
crawling mechanism, the tripod coupler links are designed to
avoid interference between themselves and with the jumping
mechanism.

2.2 Jumping mechanism

Our purpose is to design a jumping mechanism that is small
enough to fit into the ventral cavity of the crawling mech-
anism. The jumping of a robot usually requires relatively
higher power than the output of the equipped motor. There-
fore, the mechanism requires the combined use of an energy
storage component and an actuator, such as a spring and
a motor, to amplify the output power. In addition, to jump
at the desired timing, the mechanism requires a trigger-
ing method. Regarding these requirements, we developed a
jumping mechanism composed of spring-embedded jump-
ing linkage and an actuator package for energy loading and
triggering (Fig.4a).

@ Springer
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Actuator package

Crown gears set

Spool and string DC motor

Motor mount

Jumping linkage
Latex band

Torsional springs

(a)

Motor mount

Passive spring ] /Linear guide

(c) (d)

Fig. 4 Detailed composition of the jumping mechanism. a Overall
components of the jumping mechanism b Top view of the jumping
mechanism. The passive spring and SMA generate the movement of the
motor mount along the linear guide. The passive spring pulls the motor
mount leftward and the SMA pulls rightward. ¢ Energy-loaded state of
the jumping mechanism. In this state, the crown gears are engaged. d
Energy-released state of the jumping mechanism. To trigger the jump-
ing, the crown gears are disengaged

2.2.1 Jumping linkage

The jumping linkage is a rhombus-shaped four-bar linkage
with rolling contact joints. We used one latex band and four
steel torsional springs as elastic energy storage elements. The
latex band is horizontally anchored to four links. When the
linkage is vertically compressed, the distances between the
spring anchoring points increase. Therefore, the latex band is
stretched, and the elastic energy is stored. Torsional springs

@ Springer

are located at the two joints at the bottom of the four-bar link-
age. One end of the torsional spring is fixed to the bottom
link of the linkage and the other end is fixed to the bottom
plate. As the four-bar linkage is vertically compressed, the
angle between the link and the bottom plate decreases, result-
ing in the energy storage of the torsional springs, as shown
in Fig.4c. To jump over the obstacle in a parabolic trajec-
tory, the jumping linkage is fixed to the robot body with an
inclination of 75 ° (Figs.2b and 4d).

2.2.2 Actuation package design

To store energy in the spring, the motor gradually deforms
it, and to release the energy, the triggering method promptly
breaks the connection between the motor and spring. For
these functions, we designed an actuator package composed
of an energy-loading mechanism and triggering mechanism.
We selected a geared DC motor as an energy loading actuator
because it is suitable for continuous driving. Unlike the load-
ing actuation, the triggering occurs intermittently; therefore,
we utilized the SMA actuator, which is light and compact but
inefficient in continuous actuation, as a triggering actuator.
The energy-loading mechanism is composed of a geared DC
motor, motor mount, clutching crown gear pair, and spool.
One crown gear is fixed to the motor shaft and the other crown
gear is fixed to the spool. The motor is fixed to the motor
mount, and the motor mount can move along the linear guide.
In this assembled configuration, the movement of the motor
mount controls the engagement between crown gears (Fig. 4c
and d). The triggering mechanism is in charge of controlling
this movement. The triggering mechanism is composed of a
passive spring and two SMA actuators. The passive spring
maintains the engagement of the crown gears, whereas the
contraction of the SMA actuator disengages the crown gears.
When crown gears are engaged, the motor torque is trans-
mitted to the spool, which winds a string tied to the bottom
plate of the jumping linkage. The winding of the string com-
presses the jumping linkage vertically and stores energy in
the springs. When the crown gears are disengaged, the jump-
ing linkage and motor are disconnected, thereby triggering
the jumping.

To select the geared DC motor, the motor torque required
for energy loading was calculated. A lumped model was built
as shown in Fig.5, and the parameters related to the model
are listed in Table 2. First, the spring potential energy Vj is
calculated: it is the summation of the linear spring potential
energy Viinear and torsional spring potential energy Viorsion-
The length of the linear spring s(6) with respect to the gen-
eralized coordinate 6 is used to derive the Viipear. So 1S the
initial length of the spring.

$(0) = 2(ds +2(I — 52) sin 0) +
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dn

-DP, A

Fig. 5 Model of the jumping mechanism. Yellow indicates a linear
spring, and blue indicates torsional springs

d d
2512 + (72 +1sin6)? — 2s1(?2 isin)sing) (1)

1
Viinear = k(s (0) = 50)° 2)
k,6?
Viorsion = 4 X ) 3)
Vk = Vlinear + Vtorsion (4)

With the quasi-static assumption, the partial derivative of this
potential energy with respect to the length of the string & can
be treated as the required tension of the string for energy
loading, Floading. From the geometry of the linkage, Eq. (5)
which relates the 6 with the 4 is derived and applied to the
differentiation process.

6(h) = cos—l(ﬁ) 5
N 21
—aVi

Floading = ——— 6

loading h (6)

As a result, the required motor torque for energy loading
Tjoading Was calculated and represented with respect to the 6

using Eq. (5). The result is illustrated in Fig. 6.

Tioading = Tpulley Floading (7

As shown in Fig. 6, the maximum required torque is 29.1
mNm, therefore, we selected a geared DC motor with a higher
torque output.

To select the passive spring and SMA actuators, we built
two static models, as shown in Fig. 7. The parameters related
to the model are listed in Table 2. The first model (Fig.7¢)
was used to calculate the required force of the passive spring
to firmly maintain crown gear engagement during energy
loading. We analyzed this static model when the two gears
were fully engaged. While loading energy, the reaction force
between the crown gears tries to push the motor mount back-
ward, and this backward movement can disengage the crown
gears. To avoid this movement, the passive spring should
apply the antagonistic force to the motor mount. Therefore,
we calculated the minimum spring force which makes the
x-direction component of the net force applied to the motor-
connected crown gear less than zero (Fig. 7c). The equations
describing this procedure are as follows:

X Fy = FysinOcrown — Fps. cos Ocrown — J1 <0 (®)
z:Fy = N; — F; cos Ocrown — p.s. Sin Ocrown = 0 9)
T
F=—2 (10)
Tcrown
Ji =N (11)

Fp.s. is the passive spring force, F; is the spring restoring
force acting on the crown gear, NV, is the normal reaction
force, fj is the friction force between the two crown gears,
and 7, is the maximum required motor torque from Fig. (6).
The required passive spring force is

Fp.s. > T (SIN Ocrown — U C(.)S Ocrown) (12)
Terown (€OS Ocrown + 1 SIN Ocrown)

Substituting the parameter values into Eq. (12), the calculated
minimum required passive spring force was 0.204 N. The
passive spring was selected as

Fps. = kps.(li —1lo) =0.846 N (13)

to generate a higher force than the calculated minimum.
The second model (Fig.7d) was used to calculate the
required force of the SMA actuator for triggering. To trigger
jumping, the SMA actuator should pull the motor mount and
disengage the crown gears. We analyzed this static model
when the two gears were about to disengage. The contrac-
tion force of the SMA actuator should overcome the friction
force between the engaged crown gears and the force applied
by the passive spring. Therefore, we calculated the minimum
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Table 2 List of parameters for jumping model

Parameters  Description Value
Jumping linkage

1 Length of the jumping linkage 22.7 mm

r Radius of the bottom round plate Smm
of jumping linkage

d; Distance from center of bottom 5.65 mm
round plate to center of two
bottom joints

dr Distance between two bottom 6mm
joints

dy Vertical distance between the 2.7 mm
center of top two joints to link 5

dy, Horizontal distance between the 14.4 mm
center of top two joints to link 5

K Distance between from the side 4.6 mm
joint to the nearest spring
anchoring point

$2 Distance between from the side 8.3 mm
joint to the farthest spring
anchoring point

S0 Initial length of the linear spring 28.3 mm

m; Mass of the link i (i =1, 2, 3,4) 1.63 g

ms Mass of t he link 5 89.18 g

I Moment of the inertia of the link i 69.4 g mm?
i=1,23,4)

Is Moment of inertia of the link 5 78776 g mm?>

¢ Angle between the ground and the 75°
jumping linkage

ki Spring constant of the linear spring ~ 0.1054 N/mm

k; Spring constant of the torsional 0.635 N mm/deg
spring

Actuator package

Tpulley Radius of the spool on which the 3mm
wire is wound

Terown Radius at midpoint of crown gear 4.9 mm
tooth

Bcrown Base angle of the isosceles 20.22°
trapezoid assumed as crown gear
teeth

1% Static friction coefficient between 0.293
two crown gears

Selected passive spring

kp.s Spring constant of the selected 0.1 N/mm
passive spring

ly Initial length of the selected 10mm
passive spring

l; Length of the passive spring when 17.42 mm
two crown gears fully engage

Al Minimum length required for two 1.04 mm

crown gears to disengage

@ Springer
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Fig.7 a The passive spring (blue) maintains the engagement between
two crown gears. b The contraction of the SMA (red) pulls the motor
mound rightward and disengages the crown gears. The passive spring
Model for selecting ¢ passive spring and d SMA actuator. The teeth of
the crown gears are assumed as trapezoid The applied forces for a, b
are indicated in ¢ and (d), respectively
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SMA force which makes the x-direction component of the
net force applied to the motor-connected crown gear become
larger than zero (Fig. 7d). The equations describing this pro-
cedure are as follows:

X Fy = FysinOcrown — Fp s.e. €08 Ocrown

—Jfr + Fr.s. €08 Ocrown = 0 (14)
X Fy = Ny — F; co8Ocrown —
Fp.s.e. sin Ocrown + Fr.s. $in Ocrown = 0 (15)
s

Fr=—1 (16)
Fcrown
Jr = ui; (17)
Fp.s.e. = kp.si(li + Al =) (18)

The required SMA contracting force is

Frs. > Fpse.
¢ (8in Ocrown — M COS Ocrown)

Terown (€OS Ocrown + 4 S1N Ocrown)

(19)

Fpse. is the passive spring force, F; ;. is the SMA con-
tracting force, F; is the spring restoring force acting on the
crown gear, N; is the normal reaction force, f; is the friction
force between the two crown gears, and ¢ is the last value
of Fig. (6), 0.0147 Nm. Substituting the parameter values
into Eq. (19), the calculated minimum required SMA con-
tracting force was 0.842 N. Also, to disengage the crown
gears, the SMA actuator should contract more than 1.04
mm. From these force and displacement requirements, we
designed spring-type SMA actuators with a spring diameter
of 2mm using a wire diameter of 0.38 mm by referring [34].

2.2.3 Jumping dynamics

The jumping dynamics was analyzed to estimate the jump-
ing height and distance of the designed mechanism using
Lagrangian mechanics. Based on Fig. 5, position P; and rota-
tion angle R; of each link are expressed with the generalized
coordinate 6.

[ djcos¢ + (%2) sin ¢ + (%) cos(¢p — )
P = . d I (20)
|7 +dising — () cos¢ + (5) sin(p — 6)
b _ [ dicos¢ — (%)sing + (L) cos(¢ +0) 2
T lr+dising + (@) cos ¢ + (L) sin(@ +6)
dicos¢ + (d—z) sin ¢+
Py — [ cos(¢p - 0) + §;OS(¢ +6) 22)
r+dpsing — (5)cosp+
| Isin(¢ — ) + Lsin(p +0)

dycos¢ — (%) sin ¢+
Lcos(¢p + 0) + 5 cos(¢p — 0)

Pi=1 14 sing + (%) cos p+ 3)
Isin(¢ + 0) + & sin(¢ — )
Ps =
[ dicos¢ + 21 cos cosp + d, cos ¢ + dj, sin ¢ i| 24)
|7 +dysing + 2l cos 0 sin ¢ + d, sin ¢ — dj cos ¢
"Ry ¢—0
Ry ¢+06
Ry|=|¢+0 (25)
R4 ¢ —0
L Rs ¢
The Lagrangian equation is
L=T-V (26)
oL d oL
—_——— = 27
a0  dr 90

where the kinetic energy 7" and the potential energy V are
1 > 1 5 2
TZEZI:'""”P"” +52;1iRi (28)
1= 1=

5
1 1
V=4x Ektez + Ski(s(0) - s0°+ Y _migPiy  (29)

i=1

For s(0) refer to Eq. (1). We set the value of the & when the
robot started to push off as an initial condition and zero as
the initial time rate of the 6.

o] _ [74.2°
ks o

By solving (MATLAB, ODEA45 solver) this initial value
problem, the & with respect to the time ¢, 6(¢), is calculated.
Substituting the result to Eqgs. (20)—(24) and with the time
derivatives, the position, velocity, and acceleration of each
link can be obtained. The take-off occurs when the vertical
reaction force V (1) becomes zero, so the take-off time ¢y can
be calculated.

5 5
D _miFiy(0) = V@) =) mig (31
i=1 i=1
Vitp) =0 (32)

where P, y is the acceleration of link 7 in the y-direction,
and g is the gravitational acceleration. The take-off velocity
v and take-off angle ¥y can be obtained by calculating the
velocity of CoM at the take-off time.
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5 s
Uf.x =Zm,-P'i’x(tf)/Zm,- (33)
i=1 i=1
5 5
viy = miPiy(tp)) Y m (34)
i=l1 i=1
v =l 0, (35)
_ =1,V .y
Yy =tan" (=) (36)
Uf‘x

The calculated take-off velocity was 2.247 m/s with a take-
off angle of 75°. Assuming the ideal ballistic jumping, the
jumping height H and distance D can be calculated as fol-
lows:

2 gin2
H— VT sint Yy (37)
28
2 .
D— 2ugsinyrycos (38)
8

The robot can jump with a height of 24 cm and a distance of
25.8 cm.

2.3 Self-righting mechanism

The robot overturns after jumping because the extended
jumping linkage protrudes ventrally. Therefore, a self-
righting mechanism is necessary for the post-jumping oper-
ation, and we employed a wing opening mechanism for
self-righting (Fig. 8). When the robot is flipped, it opens its
wings, and the flipped body is lifted and recovers its upright
posture. Subsequently, the robot folds its wings to avoid col-
lisions.

The self-righting mechanism is composed of two wings,
the Sarrus linkage, and the leadscrew actuator. For a com-
pact and light design, the Sarrus linkage is designed using
the SCM method. The wings are separately attached to the
rotating links of the linkage, the leadscrew nut is attached
to one of the translating plates of the linkage, and the other
plate is grounded with the robot body. The linear motion of
the nut controls the wing opening and folding (Fig. 8b—d).

To successfully upright the flipped robot, the wings should
be opened enough to let the center of mass (CoM) pass over
the critical point between the robot and the ground that lies
in the plane xzo in Fig.9a, and the motor torque should be
sufficient to lift the weight of the robot. The opening angle
of the wing is determined by the ratio of the length of the two
sides of the Sarrus linkage and the actuation displacement.
Therefore, we calculated the kinematics of the Sarrus linkage
and the position of the CoM to validate the proper selection
of the design parameters. We built a simplified model of the
self-righting process as shown in Fig. 9. The robot is initially
flipped over as Fig. 9a. As the linear actuation of the Sarrus

@ Springer

SCM Sarrus linkage

SCM Sarrus linkage

C motor

Fig.8 Detailed composition of the self-righting mechanism. a Frontal
view of the closed wings. b Hind view of the closed wings. ¢ Hind
view of the opened wings. d Sequences of motion of the Sarrus linkage
while wing opening. Actuation of the motor moves the lead screw nut
leftward and it opens the wings

linkage occurs like Fig. 9b, the linkage is lifted from the
ground, so it makes the CoM to rotate about xg-axis. The
amount of rotation is ;. We assumed the robot and its wings
were symmetric along the sagittal plane of the robot. The
kinematics of the Sarrus linkage with respect to the linear
displacement of the actuator was calculated with the Denavit-
Hartenberg (DH) parameters listed in Table 3. [; is the length
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4 Joint 4

S

020
" Joint 3
- 4N

¢
Joint 2

Actuation
placement, t

(b)

Fig.9 Model for self-righting mechanism. a The robot is flipped over
and the wings are in contact with the ground. b Simplified model for
calculating the kinematics of Sarrus linkage. The joints and axes for
DH parameters are highlighted in blue

Table 3 DH parameters for the a a1 di 6

self-righting linkage
1 o 0 0 m/2
2 nw/4 0 0 -6
30 Iy 0 nm—-6
4 0 I 0 m/2-65

of the shorter side of the Sarrus linkage, /5 is the length of the
longer side, 7 is the actuation displacement, and 0;,6,,03 are
the corner angles of the triangle formed by the three joints in
the Sarrus linkage, as shown in Fig. 9b.

One of the links on the side of the Sarrus linkage, contain-
ing joint 2 and joint 3, is attached to the wing. In the flipped
posture, the inner edge of this link always remains in contact
with the ground. Therefore, the origin of joint 3 represented
in coordinate O should be zero.

To3 =To1 112123 (39)
T033,4) =0 (40)

where the transform matrix for the adjacent coordinate frame
T;_1,; is defined as Eq. (41).

Tio1i =
cos 6; —sin6; 0 aj_q
sin6; cosa; 1 cosb; cosa;_1 —sino; 1 —d; sina; 1
sinf; sino; 1 cosé;sina; 1 cosa;_1 d;cosa;_q
0 0 0 1
(41)
Simplifying Eq. (40) results in Eq. (42).
2
tano| = % tan 0, 42)

where

L+bh—02+05%—1>2
lecos_l((l+2 ) +h Ly (43)
2+ —1)

We can calculate the rotating angle of the Sarrus linkage
relative to the ground «; with respect to the actuation dis-
placement ¢ by Eqgs. (42)—(43).

The Sarrus linkage was attached to the robot frame at the
angle of §, and we assumed the symmetry of the robot with
respect to the sagittal plane (Fig. 9a). Therefore, the location
of the CoM while actuating the Sarrus linkage in coordinate
O can be calculated by rotating the initial position of the
CoM about the x( axis by an angle of § + «.

Po,com =
1 0 0 0
0 cos(§ + ay) —sin(é + ap) YCoM 44)
0 sin(§ + a1) cos(§ + ayp) ZCoM

Then, we need to verify that the available actuation displace-
ment, which is 16 mm for the current design, can make the
CoM pass across the critical point on the z( axis. We cal-
culated the required actuation displacement #yfer When the
y-coordinate of the CoM became yofser With a margin of 2cm
from the critical point for safe design. Figure 10a illustrates
the y-coordinate of the CoM with respect to the actuation dis-
placement by substituting the parameter values (/1 = 8 mm, />
=16mm, § = 14.5°, ycom = 45 mm, zcom = 30 mm, yoffset =
—20mm). The required actuation displacement #,ffser When
the CoM reaches the yoffser, Which is less than the maximum
actuation displacement. This implies that the current Sarrus
linkage can flip over the robot body. Figure 10b shows the
trajectory of the CoM for for < foffset-

To calculate the required motor torque to lift the flipped
robot, we calculated the gravitational potential energy V),
and its partial derivative with respect to the actuation dis-
placement ¢. With the quasi-static assumption, this partial
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Fig.10 a The y-coordinate of the CoM with respect to the actuation dis-
placement. b The position of CoM while the actuation. The y-coordinate
of the CoM becomes negative, which means that the CoM can pass over

derivative can be regarded as the required force for linear
actuation. Then, the required motor torque can be converted
with this force and the parameters of the lead screw where L
is the screw lead, 7 is the efficiency, and m is the total mass
of the robot (L =0.5 mm, n=0.2, m =95.7 g).

Trighting = 7 (45)

Vp = mgPy,com (46)
As shown in Fig. 10c, the maximum required torque is 3.8
mNm, so we chose a DC motor with a higher torque output.

2.4 Integration

The crawling, jumping, and self-righting mechanisms are
integrated into a single body. To arrange as compactly
as possible without interfering with the range of motion
of each mechanism, the jumping mechanism is placed on
the medioventral side of the crawling mechanism, and the
self-righting mechanism is placed above the crawling and
jumping mechanisms. The size of the robot is (length) 9.8
cm x (width) 9cm x (height) 8.8 cm when the wings and
the jumping linkage are folded. The mass of the entire robot
including the controller and batteries is 95.7 g, and the mass
budget of each component is described in Table 4.

The SCM designed mechanisms were fabricated with a
PET of 400 um thickness as facets and ripstop fabric of 150
um thickness as flexures. The rest of the parts were 3D-
printed. The crawling motors are MKO07-10 from Didel, and
a custom-made 64:1 gearbox (one pinion and three stages
of 4:1 compound gear, G312 and G348, Didel) was applied.
The jumping motor was a 298:1 micrometal gearmotor from
Pololu. The SMA actuator uses a diameter of 0.38 mm, 70
°C Flexinol Actuator Wire from DYNALLOY Inc, and it is
annealed at 350 °C for 1 h. The self-righting motor was an
LCP06-A03V-0700 from D&J WITH Co., Ltd. The custom-
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the pivot point to the ground. ¢ The gravitational potential energy and
required motor torque with respect to the actuation displacement

Table 4 Mass budget of components

Component Mass (g) Portion(%)
Crawling mechanism 31.6 33
Jumping mechanism 28.85 30.1
Self-righting mechanism 11.91 12.4
Controller 16.26 17
Batteries 7.08 74

Total 95.7 100

made leadscrew is composed of an M3 plastic bolt and nut.
CurieNano (DFRobot) was used as a controller, and three
dual H-bridge DC motor drivers (HR8833, DFRobot) were
used to control the motors and SMA actuators. Two 3.7 V,
100 mAh LiPo batteries were used. For remote control, we
used BLE communication with the Blynk application.

3 Result

Experiments were conducted to examine the performance of
each mechanism. Crawling speed, jumping height and dis-
tance, and self-righting duration were evaluated. In addition,
we measured the energy consumption of each function. All
experimental results were calculated by averaging five trials.
Also, demonstrations were performed to show the advantages
and usability of the proposed small-scale jumping—crawling
robot.

3.1 Crawling

A crawling performance experiment was conducted to mea-
sure the crawling speed. The experiment was conducted on a
flat foam board track. Crawling speed was calculated by mea-
suring the time required for the robot to crawl at 180 cm. From
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Fig. 11 Jumping performance of the robot. a Comparison of experi-
mental and dynamic model result. The robot jumps 19 cm in height and
21 cm in distance. b Snapshot of one case of jumping motion

these five trials, we obtained the average crawling speed. The
crawling speed of this robot was 3.94 cm/s, which is 0.4 BL/s.

3.2 Jumping

A jumping performance experiment was conducted to mea-
sure the jumping height and distance of the robot. The robot
was placed on flat ground, and the jumping motion was
recorded. The jumping height and distance were measured,
as illustrated in Fig. 11. The robot can jump 19 cm in height,
which is 2.2 times the body height, and 21 cm in distance,
which is 2.1 times the body length.

m
A

e

59 sec

79 sec 98 sec
Fig.12 Self-righting of the robot. The snapshot of self-righting process
of one case is illustrated with timestamp. Self-righting takes 52.5s and
wing folding takes 50.1s
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Fig. 13 Comparison of power and time consumption and required
energy for performing each function

3.3 Self-righting

The self-righting performance was conducted to measure the
time taken by the robot to upright its posture. We placed
the robot in a flipped-over posture on the foam board and
recorded self-righting. It took 52.5s to self-right with wing
opening, and 50.1s to fold the wing again, for a total of
102.65s (Fig. 12).

3.4 Energy consumption

The energy consumption for crawling, jumping, and self-
righting was measured to estimate the operating time or
repeatable count for each function. We applied 3.7 V using a
power supply and measured the current for one cycle of each
motion, and then calculated the average current. Crawling
needs 1.19 A for maximum speed. To compare the energy
consumption with the jumping, we calculated the energy
while it crawls the same distance for jumping, which takes
5.4 s for 21 cm. For jumping, the energy loading requires
0.384 A during 2.44 s and the triggering with the SMA actu-
ator requires 2.41 A during 0.5 s, so one jump consumes
7.974 J with 2.95 s. We also measured the temperature of the
SMA actuator with the thermal camera when energy release

@ Springer
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Fig. 14 Demonstration on the mockup track. a—b The robot crawls through the pipeline. c—e The robot jumps over the pipe. f The robot folds the
extruded jumping linkage. g The robot self-rights its posture. h The robot crawls again

Fig. 15 Demonstration in the laboratory. a—c The robot crawls through under the shelf. d—f The robot jumps up to the shelf. g The robot folds the
extruded jumping linkage. h, i The robot self-rights its posture. j The robot crawls again

occurred, and the temperature changed from 31.3 to 48.06
°C. Self-righting takes 0.022 A with 52.5 s for upright its
posture by opening the wing and 0.017 A with 50.1 s for
wing folding, so it requires 7.72 J during 102.6 s. Figure 13
illustrates the results of required power and time, and resul-
tant energy consumption for each function.

Assuming using the battery capacity of 200 mAh only for
each function, we calculated the operating time for crawl-
ing and repeatable count for jumping and self-righting. This
robot can crawl for approximately 10 min with a distance of
2364 cm, jump 334 times, and self-right 354 times. However,
the robot should perform self-righting after jumping to reop-
erate other functions because the protrusion of the jumping
linkage causes a flipped posture. Therefore, we also calcu-
lated the repeatable count for performing both jumping and
self-righting in a row, which was 172 times.

3.5 Demonstration

Multi-modal demonstrations were conducted to show the
potential use of the proposed small-scale jumping—crawling

@ Springer

robot. The robot can crawl in the open field or inside small
gaps, and when the robot encounters an obstacle, it can jump
over the obstacles about double its height. In addition, when
the robot overturns after jumping, it folds the jumping linkage
and opens the wings to self-right. Then, it can crawl again.
We demonstrated two environments: one is a mockup track,
the other is an actual laboratory. In Fig. 14, we constructed
the mockup track with acrylic pipes with the width of 95 cm
and height of 88 cm. The robot crawls through the pipeline
and jumps over the other pipe to travel beyond the pipe. As
shown in Fig. 15, the demonstration was performed in the
laboratory. There is a shelf with an 8cm height gap from
the floor. To go inside the shelf, the robot should overcome
the hurdle of 13.5 cm. The robot crawls under the shelf and
jumps up to go inside the shelf.

4 Conclusion

In this paper, we proposed a sub-10cm, sub-100 g jumping—
crawling robot. To meet the weight and size limits, SCM-
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based linkage structures were implemented into the crawling
and self-righting mechanisms. Also, a compact actuator
package was designed for energy loading and triggering of
the jumping mechanism. Based on the analytical model, the
DC motor and SMA actuators in the actuator package were
selected carefully. In addition to all locomotive mechanisms,
electronic components, controller and batteries, were inte-
grated into the robot for untethered operation. As a result,
the robot can crawl 3.94 cm/s (0.4 BL/s), jump 19cm (2.2
BH) height and 21 cm (2.1 BL) far. To show the applicability
of the proposed small-scale robot, two demonstrations were
performed. The robot can crawl through the confined space
and jump over obstacles. Also, the robot can upright its pos-
ture from the overturn to continue operating after jumping.
We believe that the robot with the proposed scale can be eas-
ily carried and operated by individuals in places where people
are, and it can be adopted for the swarm robotic applications.

5 Supplementary information

This paper includes a supplementary video.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11370-023-00497-
z.
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