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Abstract 

 

A Milli-Scale Jumping Trajectory 

Adjustable Mechanism and Its 

Application to Jumping-Crawling 

Robot 
 

Gwang-Pil Jung 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

Recently, researchers have been concerned on integrated locomotion 

modes over a single locomotion, which is called multi-modal locomotion. This 

multi-modal locomotion in milli-scale robots have been developed in a way that 

reduces cost of transport (CoT) or expands movable domain. In this paper, we 

propose a trajectory-adjustable integrated jumping-crawling robot to increase 

obstacle overcoming ability of the crawler. To this end, a novel jumping module 

is developed in two directions: large energy storing capacity and height-

adjustable active trigger. To increase energy storing capacity, combination of a 

linear type and torsional type energy storages have been employed. This 

combined energy storage enables the jumping module to store the elastic energy 

as much as possible with limited loading force. Also, knee-like rolling joints 

are applied to utilize large displacement of the elastic material. To release the 
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stored energy at any state, an active trigger based on a single DC motor is newly 

proposed, which enables the robot to control take-off speed of jumping. The 

developed jumping module is integrated with a lightweight crawler, Dash. The 

integrated jumping-crawling robot weighs 59.4 g and controls moving 

trajectory by adjusting crawling and take-off speed.  

 

Keywords: Multi-modal locomotion, Jumping-crawling robot, Jumping 

robot, Roll and slide joint, Knee-like joint, Active trigger, Height-adjustable 

jumping, Self-righting 
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Chapter 1. Introduction 

 

1.1 Motivation 

1.1.1 Multi-Modal Locomotion 

Recent research on mobile milli-scale robots has focused on increasing their 

maneuverability by changing from single locomotion modes such as jumping, 

crawling, and climbing to forms of locomotion that integrate multiple 

movements (termed multi-modal locomotion). Milli-scale robots with multi-

modal locomotion have been developed for two applications: reducing the cost 

of transport (CoT) and expanding locomotion domain. 

Robots developed to reduce CoT combine jumping and gliding, “jump-

gliding”. [20-24]. Jumpgliding enables these robots to travel an extended 

horizontal distance for a given amount of stored energy. These robots can also 

achieve various trajectories and land on the ground gently.  

1.1.2 Integrated Jumping-Crawling 

Robots developed to expand locomotion domain often use an integrated 

crawling and jumping locomotion method [24], [2, 10, 15, 19, 25]. The same 

integrated crawling-jumping locomotion can easily be seen in small insects 

such as locusts, grasshoppers and froghoppers. During ordinary locomotion, 

these insects mainly use their four fore-legs to walk and crawl. But to escape 

from predators and to reach places where they cannot crawl, they use their 

relatively long and thick hind legs. 
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1.2 Challenges in Trajectory-Controlled Jumping-

Crawling 

1.2.1 Energy-Storing Capacity 

Integrated jumping-crawling robots tends to be complex and heavy since 

totally different functional components are combined. Generally, integrated 

jumping-crawling robots have two sets of legs. One is for crawling leg and the 

other is for jumping. These two legs look similar in that both have a shape of 

leg but in terms of exerted stress inside the structure, there exists huge 

difference. During jumping, the robot goes through high acceleration up to 

dozens of gravitational acceleration. Therefore the jumping legs experiences 

high compression force much larger than the robot’s mass. Because of this 

reason, integrated jumping-crawling robots tends to simply combine jumping 

module and crawling module [2], [6], [10]. Simple addition of jumping and 

crawling module, however, causes the whole system to be heavy. To maintain 

appropriate jumping height, the jumping module is required to have much 

increased amount of stored-energy.  

Figure 1.1 shows milli-scale jumping robots developed up to date and Table 

1.1 shows their jumping performance. MSU jumper developed by Zhao et al. 

[16] jumps up to 1.44 m, which is the highest jumping height among current 

milli-scale jumping robots. This value is enough for a jumping robot itself but 

this jumping height will steeply decrease when the jumping module is 
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combined with an additional crawling module. Then, how can we increase 

jumping performance to maintain appropriated jumping height? 

 

   
(a)                       (b) 

  
       (c)                             (d) 

   
(e)                  (f)                    (h) 

  
(i)                        (j) 

Figure 1.1 Milli-scale jumping robots. (a) 7g jumping robot (b) FLEA 

(c) Grillo (d) MSU jumper 1 (e) MSU jumper 2 (f) Deformable robot 

(h) Minimalist jumping robot (i) Closed elastic (j) proposed mechanism. 



 

4 

 

 

TABLE 1.1 PERFORMANCE OF MILLI-SCALE JUMPING ROBOTS 

Robots 
Size 

(cm) 

Mass 

(g) 

Jumping 

height (m) 

Jumping 

distance (m) 

Take-off 

velocity (m/s) 

Deformable 

robot [4] 
9 5 0.18 0 - 

7g jumping 

robot [8] 
5 6.98 1.38 0.79 5.9 

Flea [9] 2 1.1 0.64 0.7 4.2 

Grillo (2008) 

[11] 
3 10 - - 3.6 

Grillo (2012) 

[13] 
5 22 0.10 20 1.7 

MSU Jumper 1 

[15] 
6.5 23.5 0.87 0.89 4.3 

MSU Jumper 2 

[16] 
9 25 1.44 0.59 - 

Closed Elastica 

[17] 
11 18 0.15 0.95  

Mnimalist 

Jumping Robot 

[5] 

15 1300 0.9 2 - 

Proposed 

mechanism 
10 36.8 3 0 7.71 
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To investigate solution to increase energy-storing capacity, we examine the 

energy storage related properties of the jumping robots. Table 1.2 shows the 

energy-storing material, actual used energy, and energy density. Most of 

jumping robots employ metal-based linear springs and torsional spring which 

are easy to obtain off the shelf. Except for them, deformable robot [4] and 

closed elastic jumping robot [17] used metal strap as the energy-storing 

material. They stored elastic energy by bending the metal strap. Flea-inspired 

jumping robot [9] employed shape memory alloy (SMA) spring actuator which 

is known as high power-mass density material [28], [29]. MSU jumper [16] 

have changed the energy-storing material from the steel torsional spring to the 

carbon fiber strap since the carbon fiber strap has large Young’s modulus and 

light weight. After changing the material, they could increase energy density 

from 0.009 J/g to 0.014 J/g. In terms of energy density, 7 g jumping robot [8] 

achieved 0.017 J/g and could jump up to 1.38 m with 6.98 g mass. 7 g jumping 

robot used steel torsional spring as an energy-storing material. 

In Table 1.2, most of current milli-scale jumping robots have energy density 

of 0.001 J/g - 0.017 J/g. If we can increase this energy density, then the 

performance of a jumping module can be much better. To increase the energy 

density of the jumping module, we tried to find a solution by changing the 

energy-storing material. In section 2.1, materials such as spring steel, composite, 

rubber, wood and nylon will be discussed and considered as an energy-storing 

material.  
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TABLE 1.2 ENERGY-SROING PROPETIES OF MILLI-SCALE JUMPING ROBOTS 

Robots 
Energy-storing 

material 

Actual used 

energy1 (J) 

Energy 

density2 (J/g) 

Deformable 

robot [4] 
metal strap 0.009 0.002 

7g jumping 

robot [8] 
steel torsional spring 0.121 0.017 

Flea [9] SMA spring 0.010 0.009 

Grillo (2008) 

[11] 
steel linear spring 0.065 0.006 

Grillo (2012) 

[13] 
steel linear spring 0.032 0.001 

MSU Jumper 1 

[15] 
steel torsional spring 0.217 0.009 

MSU Jumper 2 

[16] 
carbon strap 0.356 0.014 

Closed Elastica 

[17] 
metal strap 0.093 0.005 

Mnimalist 

Jumping Robot 

[5] 

steel linear spring 15.023 0.012 

Proposed 

mechanism 
latex rubber 1.092 0.030 

1Actually used energy is calculated base on take-off velocity, jumping height and 

distance.  
2 Energy density is calculated as a value of actuatl used energy divided by mass. 
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1.2.2 Controlling Jumping Height 

To release the stored energy is as important as storing the energy. To this end, 

a variety of releasing mechanism is developed and employed. Fig. 1.2 shows 

various concepts of releasing mechanisms. Majority of releasing mechanisms 

are based on escapement-cam mechanisms. 7 g jumping robot [8] used a single 

DC motor and a cam. By rotating the cam with the DC motor, the robot could 

store and release the energy as shown in Fig. 1.2 (h). MSU jumper [16] 

employed a one-way bearing shown in Fig. 1.2 (b). When the bar pulling the 

wire passes half of rotation, the pulled wire suddenly loosened and the energy 

is released. Grillo [11], [13] used a toothless gear shown in Fig. 1.2. (e). Enery 

is stored when the gear engages another gear connected with the jumping leg. 

After engagin peoriod, the fast releasing of the spring occurs. Jollobot [19] 

shown in Fig. 1.2 (d) employed face cam and slider roller. In storing phase, the 

roller moves folling round part of face cam and release the energy in linear part. 

Minimalist jumping robot [5] used latching mechanism with a single motor. 

When the robot wants to jump, the motor induces an additional amount of 

compression of the six-bar structure to mate wedge and release the energy. A 

jumping robot with elastic metal strap in Fig. 1.2. (f) used snap-through 

buckling phenomenon. The right end of the metal strap has limited range of 

motion and by rotating left end of the metal strap with a motor, the strap 

suddenly implement snap-through, releasing the elastic energy.  

Some of jumping robots emplyed the concept of active clutch, which is useful 

for controlling jump timing. TAUB [26] used actively controlled the hook by 
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pulling the wire connted to the hook as shown in Fig. 1.2. (a). The robot could 

control the jump timing by reversly rotating the motor used to both storing and 

releasing. Flea-inspired jumping robot [9], [12], [14] employed two SMA 

spring actuators shown in Fig. 1.2. (i). One is for storing the energy and the 

other is for triggering jump. When the triggering SMA actuator is activated, the 

direction of torque is suddenly changed and starts to jump. MultimoBat used 

one DC motor to store the energy by winding the wire [20]. To release the 

stored energy, a SMA wire actuator has been employed as an active clutch as 

shown in Fig. 1.2 (c). When the SMA wire is activated, the reel is decoupled 

and allowe to relase the stored energy. Jumping soft robot [27] used a spaker to 

ignite combined butane and hydrogen peroxide. With this explosion, the robot 

could jump without time delay.  

Like wise, a variety of releasing mechanisms are proposed and implemented 

throung real robotic mechanism. The releasing mechanisms withou clutch have 

possibility of time delay when the jump commend is given. On the other hand, 

the releasing mechanisms with active clutch can operate jumping without time 

delay but some of them requires additional actuators.  

In terms of height adjustability, deformable robot [4], Flea-inspired jumping 

robot [9] and MultimoBat [20] have only potential to control jumping height 

since they may adjust the amount of stored energy. However, none of them have 

proved their ability to control the jumping height yet.  
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            (a)                             (b) 

       
   (c)                             (d) 

      
(e)                           (f)  

        
(h)                            (i) 

Figure 1.2 Trigger mechanisms in jumping robots. (a) TAUB, hook and 

wire (b) MSU jumper, one-way bearing (c) MultimoBat, SMA wire 

used active clutch (d) Jollobot, cam and slide (e) Grillo, toothless gear 

(f) Closed elastic, snap-through buckling (h) 7 g jumping robot, 

escapement-cam (i) FELA, torque reversal using SMA spring actuator 
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TABLE 1.3 TRIGGERING MECHANISM OF JUMPING ROBOTS 

Robots 
Triggering 

mechanism 
Actuators 

Height-

adjutability 

Possibility of 

delay in 

trigger 

Deformable robot 

[4] 
SMA springs 

8 SMA 

springs 
maybe, yes yes 

7g jumping robot 

[8] 

Escapement-

cam 
1 DC motor no yes 

Flea-inspired 

jumping robot [9], 

[12], [14]  

Torque 

reversal 
2 SMA spring maybe, yes no 

Grillo [11], [13],  Toothless gear 1 DC motor no yes 

MSU Jumper 1 

[15] 

MSU Jumper 2 

[16] 

One-way 

bearing 
1 DC motor no yes 

Closed Elastica 

[17], [18] 

Snap-through 

of buckling 

strap 

1 servo motor no yes 

Jollbot [19] 
Escapement-

cam 
1 servo motor no yes 

Scout [2] [6] Winch motor 1 DC motor no no 

MiniWheg [10] Toothless gear 1 DC motor no yes 

TAUB [26] 
Hook 

releasing 
1 DC motor no no 

MultioBat [20] 
SMA wire 

clutch 

1 SMA wire, 1 

DC motor 
maybe, yes no 

Mnimalist 

Jumping Robot 

[5] 

Latch 

mechanism 
1 DC motor no yes 

Jumping Soft 

Robot [27] 
Explosion 1 sparker no no 

Proposed 

mechanism 

Gear 

detachment 
1 DC motor yes no 
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1.2.3 Controlling Jumping Direction 

To improve the maneuverability of milliscale jumping robots, several 

researcher 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. Stoeter et al. [30] 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 up movement in 3-dimensional (3D) space. 

Burdick et al. [5] employed an active steering mechanism using a ring gear at 

the foot 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. Armour et al. [19] proposed the 

“Jollbot,” which can upright itself, roll, and change jump direction. A 

servomotor twists the robot’s spherical shell so that its center of gravity changes 

and the main jumping axis leans. Kovac et al. [31] proposed a 14-g jumping 

robot that can upright itself and steer. They installed a cage structure so that the 

robot can 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 a motor and a double-guided axis. Zhao et al. [5] presented a 23.5-g 

single-motor-actuated steerable jumping robot. The robot has two steering 

gears that can contact the ground after landing. One of two gears contacts the 

ground after landing and changes the jumping direction by rotating the gear in 

contact with the ground. In addition, the robot has two legs rotating in opposite 

directions, for self-righting. 
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In nature, insects also change their jumping azimuth and elevation to escape 

from predators or to move from one position to another. It is interesting that in 

some cases, azimuth and elevation control are accomplished in a manner that 

minimizes needless rotation of the body. For example, locusts [32] control their 

jumping elevation with their hind legs so that the force generated by the hind 

tibiae is exerted along a line from the distal end of the tibia to the proximal end 

of the femur, which is always parallel to the center of mass acceleration. Unlike 

locusts, froghoppers [33] control jumping azimuth by aligning the timing of 

hind leg movements  and by cancelling the moments generated by both hind 

legs. Thus, locusts and froghoppers efficiently control elevation and azimuth 

by reducing unnecessary body rotation. 

In this paper, we propose a froghopper-inspired direction control mechanism 

for miniature jumping robots. This mechanism enables us to employ dual 

energy storage for both legs, achieving direction control with less body rotation. 

The key principles are cancellation of the moments generated by a pair of hind 

legs and synchronized leg operation. Those two principles are employed in the 

proposed mechanism using a pair of jumping legs and conventional gears, like 

a real froghopper [34] . 

1.2.4 Integration 

Milli-scale robots that use both crawling and jumping locomotions have been 

developed. Fig. 1.3 shows the milli-scale integrated jumping-crawling robots 

and Table 1.4 shows the performance of these robots. Stoeter et al. [10] 
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proposed a Scout robot that has two wheels for rolling and a winch for jumping 

into three-dimensional (3D) space. The robot can jump up to 30 cm and climb 

up stairs by using its spring steel foot. While the Scout robot employs separate 

jumping and rolling motions, the Mini-WhegsTM robot developed by 

Lambrecht et al. [2] uses integrated running and jumping motions. The robot 

overcomes obstacles by jumping up to 18 cm (1.76 J/kg) while also crawling. 

These robots have successfully suggested the feasibility of expanding reachable 

domain by integrating crawling and jumping. In terms of trajectory 

controllability, these robots can adjust only x-direction velocity due to the lack 

of height-adjustable jumping mechanism. If the integrated jumping-crawling 

robot can control both x and y direction velocity, application area of the robots 

will be much extended. 

 

 

 

 
 

TABLE 1.4 PERFORMANCE OF MILLI-SCALE JUMPING-CRAWLING ROBOTS 

Robots 
Size 

(cm) 

Mass 

(g) 

Jumping 

Height 

(m) 

Simultaneous 

action 

Trajectory 

controllability 

Scout 

[2] [6] 
11.5 200 0.3 no x-direction 

MiniWheg 

[10] 
10.4 191.4 0.18 yes x-direction 

Proposed robot 10 59.4 1.7 yes 
yes (x and y 

direction) 
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1.3 Objective and contribution 

1.3.1 Research Objective 

In this thesis, we propose a robot that can control its trajectory by adjusting 

both its crawling speed and its jumping take-off speed. The robot consists of a 

height-adjustable and powerful jumping mechanism that is integrated with the 

lightweight six-legged Dash crawler (Dash Robotics Inc.). The whole robot 

weighs 59.4 g and is shown in Fig. 1.4. Because the robot can jump from 1.1 m 

to 1.62 m and crawl at a speed of 0 m/s to 0.62 m/s, it can follow various 

trajectories of movement. 

 

  
(a) 

  
 (b) 

Figure 1.3 Milli-scale integrated jumping-crawling robot. (a) Scout and 

its jumping in air. (b) MiniWheg 9J and its obstacle overcoming. 
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1.3.2 Contribution 

The main contribution of this thesis is providing a high-performance height-

adjustable jumping module design for a trajectory-adjustable integrated 

jumping-crawling robot. The main accomplishments of this thesis are: 

 Development of a jumping structure that can have high energy density using 

knee-inspired rolling joint.   

 Development of a height-adjustable energy releasing mechanism based on a 

single actuator. 

 Verification of height-adjustability of jumping module and its application to 

an integrated jumping-crawling locomotion. 

 

 
(a) 

 
(b) 

Figure 1.4 The 59.4g integrated jumping-crawling robot in (a) the fully 

loaded stated and (b) the released state. 
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Chapter 2.  

Jumping Module Design 

 

The jumping module is developed to satisfy two design requirements. First, 

the jumping module needs to have an energy-storing capacity of more than 46.7 

J/kg (1.4 J in 30.0 g module) to allow the whole system to jump to height of 

2m, assuming that the mass of the whole system is about 60.0g.  

The value of 46.7 J/kg is quite large amount in milli-scale jumping robots. 

To our knowledge, a 7 g jumping robot [8] has energy-storing capacity of about 

21.85 J/kg, which is the largest amount of stored energy among current milli-

scale robots.  

To increase energy-storing capacity, our approach begins with the basics. Fig. 

2.1 shows two structures that have a force limit of kx, where k is the spring 

constant and x is the displacement. The structure in Fig. 2.1 (a) stores the energy 

of 3kx2/2 while the structure in Fig. 2.1 (b) stores kx2/2. This suggests that large 

displacement rather than large spring constant can increase energy-storing 

capacity. To implement this basic principle, we employ a hyperelastic material 

to utilize large strain of the material. We also employed a fully compressible 

linkage shown in Fig. 2.1 (a) and a knee-like joint to easily lengthen the material 

(shown in Fig. 6).  
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The second design requirement is that the jumping module should be able to 

actively release the stored energy, irrespective of the quantity of energy stored, 

to control the take-off speed of jumping. To this end, a novel active triggering 

mechanism based on a single DC motor is designed. 

 

2.1 Increasing Energy-Storing Capacity 

2.1.1 Energy Storing Material 

Spring steel has been widely employed for energy-storing components due to 

its easy accessibility. However, according to [3], spring steel is not a very 

efficient energy-storing material because of its high density. Instead of spring 

steel, we employ rubber material in the jumping module since it has an 

 

 

Fig. 2.1 Storable energy depends on the spring constant and 

displacement, assuming that both structures have the same force limit, 

𝑭 = 𝒌𝒙. 
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outstanding energy density compared to other materials [3]. However, rubber 

generally shows large hysteresis in its force-displacement curve. Table 2 shows 

the properties of five possible materials. Polyurethane has high energy density 

but also a high loss factor [1]. In contrast, latex has relatively low energy 

density and modulus but can be stretched by more than 250% and has small 

hysteresis in its force-displacement curve [1], as shown in Fig. 3. Latex 

therefore fit our design requirement to maximize energy-storing capacity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 2.1 POSSIBLE MATERIAL FOR EFFICIENT LIGHT SPRINGS [3] 

Materials 
𝐌𝐥 = 𝝈𝒇

𝟐/𝝆𝑬 

(kJ/kg) 
Comment 

Ti alloys 4-12 Better than steel; corrosion-resistant; expensive 

CFRP 6-10 Better than steel; expensive 

GFRP 1.0-1.8 
Better than spring steel; less expensive than 

CFRP 

Spring 

steel 
3-7 Poor, because of high density 

Wood 0.3-0.7 On a weight basis, wood makes good springs 

Nylon 1.5-2.5 As good as steel, but with a high loss factor 

Rubber 20-50 
Outstanding; 20 times better than spring steel but 

with high loss factor 
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2.1.2 Energy Storing Structure 

The structure of the jumping module utilizes a simple diamond-shaped four-

bar linkage to lengthen the latex as shown in Fig. 2.3. As the structure is 

TABLE 2.2 MATERIAL PROPETIES [1] 

Materials 

Young’s 

Modulus 

(GPa) 

Energy 

/Vol 

(mJ/mm3) 

Energy 

/Mass (J/kg) 

Dissipation 

factor at 1kHz 

Silicon 190 0.66 280 - 

Resilin 0.002 2.25 2100 - 

PDMS 0.00075 3.3 3400 - 

Polyurethane 0.0076 95 76000 0.034 

Latex 0.0001 5 4000 0.005 

 

 

 
 

Fig. 2.2. Experimental results of stretching latex. The specimen is 5.5 

mm wide, 25 mm long, and 0.85 mm thick. 
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compressed, the latex stretches and the amount of stored energy increases. Fig. 

2.3 (a) shows the mechanism with a full load of stored energy, and Fig. 2.3 (c) 

shows it at one-third of its full capacity. The stored energy is released by 

decompressing the structure, as shown in Fig. 2.3 (b).  

 

 

 

 

Fig. 2.3. 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 
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Fig. 2.4 (c) shows the 3D CAD model of the entire jumping module. A pair 

of wires is attached at both sides, and a pulley winds the wires to compress the 

structure. At this occurs, the routed latex rubber stretches and stores energy, as 

shown in Fig. 2.4 (d). Fig. 2.5 shows the second version of the jumping module 

that has combined energy storages. 

 

 

(a)                         (b) 

 

(c)                 (d) 

Fig. 2.4. (a) The jumping module in (a) the state of fully stored energy 

and (b) the released state. (c) 3D CAD model of the entire jumping 

module. (d) Latex rubber routing. 
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2.2 Knee-Inspired Joints 

The degree to which the jumping structure can be compressed basically 

depends on the range of motion of its joints. If the joints have little range of 

motion, then the structure cannot be fully compressed or decompressed. To 

solve this issue, we developed a rolling and sliding joint inspired by the human 

knee, as shown in Fig. 2.6 [35-38].  

 

Fig. 2.5. (left) The jumping module ver. 2. (top right) the state of fully 

stored energy and (right bottom) the released state.  
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The joint shown in Fig. 2.6 (a) can be fully folded and unfolded, just like the 

human knee. The joint consists of three crossed flexures and a lateral wire. The 

lateral wire basically connects two linkages. The crossed flexure enables the 

joint to be robust to compressive force. A joint without a flexure tends to deviate 

from the center when compressive force is exerted as shown in Fig. 2.6 (c). The 

crossed flexure, however, prevents the joint from deviating, as can be seen in 

Fig. 2.6 (b). 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2.6. Knee-inspired roll and slide joint. (a) From the flat state to 

the fully folded state.  Joints in compressive force of 35N (b) with 

cross flexures and (c) without cross flexures. 
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2.3 Height-Adjustable Triggering Mechanism 

The second design requirement is active release of stored energy to control 

take-off speed of jumping. The mechanism in Fig. 2.7 (a) consists of a winding 

pulley gear, a planet gear and a motor gear. The planet gear rotates around the 

motor gear and contacts and detaches from the winding pulley gear depending 

on rotational direction of the motor gear. When the motor rotates clockwise, the 

planet gear contacts the winding pulley gear and starts to wind the wires. When 

the motor rotates counter-clockwise, the planet gear detaches from the winding 

pulley gear, and the winding pulley gear is released. With this active triggering 

mechanism, the jumping module can be released at any state which enables 

control of the take-off speed of jumping. 
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Fig. 2.7 (a) shows the process of winding. The planet gear approaches to the 

winding gear as the motor gear rotates clockwise. As soon as the planet gear 

touches the winding gear, the winding gear starts to rotate. Yellow dots in Fig. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2.7. (a), (b) Conceptual diagram of the active triggering mechanism 

using a single DC motor. (c), (d) Magnified 3D CAD view of the 

triggering mechanism. 
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2.7 indicate which direction the gears rotate. After completing the energy-

storing process, the winding gear can be locked without operation of the motor. 

This enables the jumping mechanism to maintain energy-loaded state without 

additional energy consumption. However, this self-locking occurs when 

following condition is satisfied: 

Tmotor stall torque   <   Trelease torque         (1) 

Fig. 2.7 (b) shows the self-locking state of the trigger mechanism. The winding 

gear tries to be released and exerts torque on the planet gear in clockwise 

direction. At the same time, the motor gear exerts a force on the planet gear and 

generate the torque in counter-clockwise direction. In this situation, all of three 

gears maintain equilibrium state, if the stall torque of the motor is higher than 

the releasing torque generated by winding gear. 

Fig. 2.8 (a) shows the process of releasing. The motor gear rotates counter-

clockwise direction to separate the planet gear from the winding gear. When 

the planet gear is separated, the winding gear starts to release the stored energy. 

Yellow dots in Fig. 10 indicate which direction the gears rotate. 

However, the planet gear may not be separated from the winding gear. Fig. 

2.8 (b) shows the free body diagram of the planet gear. In Fig. 2.8 (b), the 

tangential force from the winding gear, FPW,t, acts as the normal force. This 



 

27 

 

 

 

 

 

 

 

(a) 

 

(b) 

 

Fig. 2.8. (a) Winding process. Yellow dots inidicate how the gears 

rotate. (b) Self-locking of the trigger mechanism 
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normal force generates the friction that prevents the planet gear from being 

separated from the winding gear. If this friction force gets high, the planet gear 

cannot be separated when the motor gear rotates counter-clockwise direction. 

The friction force is given as follows: 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇𝐹𝑃𝑊𝑐𝑜𝑠𝛼0     (2) 

where Ffriction is friction force between the winding gear and the planet gear, 

FPW is the reaction force from the winding gear, μ is the friction coefficent, and 

α0 is the pressure angle between the winding gear and the planet gear.  

To easily separate the planet gear from the winding gear, therefore, sum of 

the tangential force from the motor gear, FPM,t, and the normal force, FPW,n, from 

the winding gear should be larger than the friction force, Ffriction, as shown in 

Fig. 2.8 (b):  

𝑭𝒓𝒊𝒄𝒕𝒊𝒐𝒏 𝒊𝒏𝒅𝒖𝒄𝒆𝒅 𝒃𝒚 𝑭𝑷𝑾,𝒕   <      𝑭𝑷𝑾,𝒏 +  𝑭𝑷𝑴,𝒕  (3) 

This can be rewritten as follows: 

𝝁𝑭𝑷𝑾𝒄𝒐𝒔𝜶𝟎   <      𝝁𝑭𝑷𝑾𝒔𝒊𝒏𝜶𝟎 +  𝑭𝑷𝑴𝒄𝒐𝒔𝜶𝟎
′      (4) 

where FPW,t is the tangential force from the winding gear, FPW,t is the normal 

force from the winding gear, FPM,t is the tangential force from the motor gear,  

FPM,n is the normal force from the motor gear, and α0  ́ is the pressure angle 

between the planet gear and the motor gear. 

To saytisfy eq. (4), analysis on the friction force is requried. Especially, this 

friction force is deeply related with the pressure angle of the gears. In the 

optimization section, the pressure angle of the winding gear is analyzed and the 



 

29 

 

appropriate value will be determined. 

 

 

 

 

(a) 

 

(b) 

 

Fig. 2.9. (a) Releasing process. Yellow dots inidicate how the gears 

rotate. (b) Free body diagram of the planet gear  
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2.4 Jumping Direction Control Mechanism 

2.4.1 Mechanics of Direction Control in Insects 

The froghopper is well known for its amazing jumping performance. The 

froghopper, Philaenus spumarius, takes off in 1 ms with a mean velocity of 2.8 

m/s. This corresponds to an average output power of 100 mW, which is much 

greater than that of locusts and fleas [39]. 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 [33, 34, 40-43]  

 Froghoppers control their jumping azimuth efficiently by means of the 

following principles [33]: prior alteration of tibiae orientation, 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 generated 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 opposite directions greatly reduce 

rotation of the jumping body and increase useful kinetic energy. Moreover, both 

hind legs depress almost equally. Sutton et al. [33],  showed that both legs are 

synchronized to within 32 ㎲. This synchronous jump also enables efficient 
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jumping by preventing the body from spinning unnecessarily. 

 

 

Fig. 2.10. Direction changing mechanism of froghoppers. The 

moments generated from the ground reaction forces cancle out each 

other. 
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Fig. 2.11. Process of jumping with direction changing legs.  
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2.4.2 Direction Changing Mechanism Design 

Inspired by froghoppers, a direction control mechanism is proposed in this 

paper. Fig. 2.11 shows a schematic of the proposed mechanism. The mechanism 

has two jumping legs at both sides that can move independently. To achieve 

high jumping performance, each leg has its own energy storage, but only one 

trigger is installed, as shown in Fig. 2.11. In Fig. 2.11, a pair of gears is installed 

on both legs to synchronize depression of the legs during a jump, as shown in 

 

(a) 

 

(b) 

 

(c) 

Fig. 2.12. (a) Jumping rightward (b) Jumping upward (c) Jumping 

leftward  
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Fig. 2.11.  

The proposed mechanism utilizes the torque reversal catapult (TRC) 

mechanism [44], and linear springs are used to store energy. When the linear 

spring in the right leg is pulled by the trigger and passes through the rotation 

center, the right jumping leg starts to depress shortly afterward. At this moment, 

the gear installed on the right leg triggers the other gear. Both jumping legs are 

thus synchronized in a very short time. This synchronous jump continues  

until both jumping legs are fully depressed, as shown in fig. 2.11. 

Fig. 2.12 shows how the mechanism changes the jumping direction. The 

femoro-tibial joints freely rotate so that the mechanism easily alters the initial 

orientation of the tibiae. As shown in Fig. 2.12, the mechanism can change the 

jumping azimuth by altering initial posture, just as real froghoppers do. 

 

2.5 Integration 

The jumping module is integrated with a lightweight Dash crawler. The 

crawler has a vacant space inside its body of 100 mm length x 20 mm width x 

35 mm depth. The jumping module is installed inside the crawler as shown in 

Fig. 2.13.  

The jump-crawler’s stored elastic energy is adjusted according to the target 

take-off speed of jumping. When the robot needs to jump high, the motor fully 

winds the pulley wires to store more elastic energy, as shown in Fig. 2.13 (a). 
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When the robot needs to make a low jump, the motor winds the wires less, and 

the jumping module is only partially compressed, as shown in Fig. 2.13 (b). 

When the module is compressed to less than 35 mm, the jumping structure does 

not touch the ground at all, and the robot can crawl as normal. 

The diamond structure of the jumping module is located at the center of the 

robot, which distributes the mass distribution to reduce rotational motion when 

the robot jumps. The mass budget of whole system is given in Table 3.1. 

The robot is controlled by the dsPIC33JF128MC706-based board [45]. The 

board uses an 802.15.4 wireless radio and two H-bridge motor controller. The 

crawler uses two 7 mm-diameter, 3.3 Ω brushed DC motors (Didel MK07-3.3) 

and is controlled by changing the PWM ratio. The jumping module uses a DC 

motor (Pololu 1000:1 gear ratio) and a simple direction control is applied to 

store and release the energy. 
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(a) 

 

(b) 

 

(c) 

Fig. 2.13. (a), (b) Bottom view and (c) side view of the integrated 

jumping-crawling robot 



 

37 

 

 

 

 

 

 

 

 

 

 

 

TABLE 3.1 MASS BUDGET 

Components Mass (g) 

Jumper transmission 4.8 

Carbon rods (8 ea) 2.0 

Joints (8 ea) 4.0 

Wire, joint rubber 2.2 

Jumper motor 11.0 

Latex rubber for energy storage (2 ea) 2.2 

Control board 6.9 

Li-Po Battery 5.3 

Crawler body 16.0 

Crawler transmission 5.0 

Total 59.4 
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Chapter 3.  

Modeling and Optimization 

 

3.1 Loading Force Analysis 

3.1.1 Mechanism with Linear Spring 

To investigate how much force is required to load the proposed jumping 

mechanism, we create a static model. Using this model, the required loading 

force according to the shape of the jumping module is calculated. Depending on 

routing of latex rubber, however, the loading force profile and the quantity of 

stored energy varies. In loading force profile, to minimize the peak. To reduce 

the peak loading force while maintaining the quantity of stored energy, routing 

of latex rubber is optimized. 

To select the actuator to load the mechanism, a static loading force analysis 

is performed. Fig. 3.1 shows the model of the proposed mechanism. The model 

represents the routed latex rubber as six symmetrically positioned springs in the 

upper triangle and the lower triangle, as shown in Fig. 3.1. The three springs in 

each triangle have the spring constant of k1, k2 and k3, which are determined by 

tensile tests. The loading force, F, can be calculated based on the moment 

equilibrium equation as follows: 

𝑟𝐹𝑠𝑖𝑛𝜃′ = 𝑟1𝑘1𝛥𝑥1𝑐𝑜𝑠𝜃′ + 𝑟2𝑘2𝛥𝑥2𝑐𝑜𝑠𝜃′ + 𝑟3𝑘3𝛥𝑥3𝑐𝑜𝑠𝜃′     (5) 
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where 𝛥𝑥𝑖 = 𝑟𝑖(𝑠𝑖𝑛𝜃′ − 𝑠𝑖𝑛𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
′ ), 𝜃′ = 𝜃1/2 and 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙

′ = 𝜃1,𝑖𝑛𝑖𝑡𝑖𝑎𝑙/2 

𝐹 =  8(𝑟1
2𝑘1 + 𝑟2

2𝑘2 + 𝑟3
2𝑘3)(𝑠𝑖𝑛𝜃′ − 𝑠𝑖𝑛𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙

′ )𝑐𝑜𝑠𝜃′ 1

𝑟𝑠𝑖𝑛𝜃′  (6) 

𝐸 =  2(
1

2
𝑘1∆𝑥1

2 +
1

2
𝑘2∆𝑥2

2 +
1

2
𝑘3∆𝑥3

2)       (7) 

where 𝑟𝑖 is the rubber attachment point, 𝑘1 = 172.86𝑁/𝑚 , 𝑘2 = 200.14𝑁/

𝑚, 𝑘3 = 216.5𝑁/𝑚 and 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
′ = 20˚. 

To investigate peak loading force depending on various rubber routing, the 

peak force and the corresponding stored energy is calculated by varying r1, r2 

and r3, based on eq. (6) and eq. (7). Since the latex rubber has limited length, 

following geometric constraint needs to be satisfied:  

 

Fig. 3.1. Static model of the proposed mechanism. F indicates force to 

load the mechanism by stretching latex rubber. 
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𝑑1 + 𝑑2 + 𝑑3 + (𝑟1 − 𝑟3) = 𝐿      (9) 

where 𝑑𝑖 = 2𝑟𝑖𝑠𝑖𝑛𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
′ , and L is original length of the latex rubber. 

In addition, r1, r2 and r3 has to satisfy following constraint due to 

manufacturing and installment: 

36 mm ≤ 𝑟1 ≤40 mm, 32 mm ≤ 𝑟3 ≤36 mm, 

28 mm ≤ 𝑟3 ≤ 32 𝑚𝑚 (10) 

Fig. 3.2 shows the peak loading force and the corresponding stored energy 

depending on r1 and r2. In Fig. 3.2 (a), the loading force increases up to 90 N 

as the length of r1 and r2 increases. At the same time, the stored energy also 

increase as the length of r1 and r2 gets longer. This is estimated that stretchable 

length increases as the attachment point of the rubber gets far from the point O 

in Fig. 3.1. Fig. 3.3 shows the peak loading force and the corresponding stored 

energy depending on r1 and r3. In Fig. 4.3 (a), the loading force increases up to 

90 N as the length of r1 and r3 increases. The stored energy also increases by 

the same token. 

Based on the analysis above, values of r1, r2 and r3 are determined as follows: 

𝑟1 = 41𝑚𝑚,  𝑟2 = 36𝑚𝑚, 𝑟3 = 31𝑚𝑚 (11) 

With these values, the relation between the loading force and the angle, θ1, is 

plotted in Fig. 3.4. In this figure, the peak loading force is 77.03 N and the stored 

energy is 1.39 J in the fully loaded state. Given that the stall torque of the DC 

motor is 0.9 Nm, the radius of the pulley should not exceed 11.6 mm as follows: 
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𝑃𝑢𝑙𝑙𝑒𝑦_𝑟𝑎𝑑𝑖𝑢𝑠𝑚𝑎𝑥 = τ/𝐹𝑝𝑒𝑎𝑘 = 0.9Nm/77.03N = 11.6 mm     (12) 

 The pulley used in the mechanism has a radius of 2 mm and produces enough 

force for loading.  
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(a) 

 

(b) 

Fig. 3.2. (a) Peak loading force and (b) stored energy depending on r1 

and r2. 
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(a) 

 

 

 

(b) 

 

Fig. 3.3. (a) Stored energy and (b) Peak loading force depending on r1 

and r3. 
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3.1.2 Mechanism with Combined Linear and Torsional Spring 

In jumping robots, to maximally store the elastic energy is important in that 

the jumping height can be increased. Due to the limited output force of actuators, 

however, it is not easy to increase storable energy. One method is to maximally 

utilize the area located under the limited actuator force.  

Fig. 3. 5 show the loading force profile depending on the different types of 

energy storages, a linear spring and a torsional spring. Both cases has same 

actuator force limit of 40 N but their storable energy is different. According to 

Table 3.1, the torsion only case stores 1.98 J but the linear only case stores the 

energy of 1.38 J. Although they have same limit in loading force, they can store 

different amount of elastic energy. 

 

Fig. 3.4. Loading force vs. angle. Note that black diamonds indicate 

corresponding shape of the jumping module 
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In case of linear spring storage, the loading force stiffly increases at the 

beginning since it has short moment arm. So, the linear spring case shows the 

peak at the beginning and drops to zero at the end. On the other hand, the torsion 

spring case shows the gradual increase of loading force as shown in Fig. 3.5 

and has the maximum value at the end. Likewise, those two types of energy 

storages show totally different loading force profile.  

 

 

 

 

 

 

 

 

 

 

TABLE 3.1 COMPARISON OF STORING ENERGY TYPES 

 Linear only Torsion only 

Peak Force limit 40 N 40 N 

Stored Energy 1.38 J 1.98 J 
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(a) 

 

(b) 

Fig. 3.5. Loading force vs. displacement. (a) A mechanism with an 

energy storage of a linear spring and (b) a torsional spring. 
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Fig. 3. 6 shows our concept of energy storing method to maximally utilize 

the area under the limited actuator force. When the linear spring and torsion 

spring is appropriately mixed, the optimized loading force (blue line) can be 

determined and storable energy can be maximized without changing actuator. 

 

Fig. 3.6. Loading force vs. displacement depending of types of energy 

storing method. 
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Fig. 3.7 shows the total storable energy when the actuator force is limited 

under 40 N. Also, the graph shows how much energy is stored in the linear 

spring and the torsional spring each. When only linear spring is used, only 1.38 

J of energy can be stored while 1.98 J of energy is stored in torsion spring only 

case. In optimal case, elastic energy of 2.31 J can be stored. At this time, the 

torsion spring stores energy of 1.9 J and the linear spring stores 0.31 J of elastic 

energy. The portion of the linear and the torsion spring are about 82% and 18%, 

respectively. 

 

 

Fig. 3.7. Stored energy in a linear spring vs. Stored Energy in a 

torsional spring under limited actuator force of 40 N. 
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Fig. 3. 8 shows the experimental results of the combined case and the torsional 

spring only case. Compared to Fig. 3.7, the loading force profile shows similar 

shape in both case but the force limit is determined as 35 N. 

 

3.2 Reducing Delay in Triggering Mechanism 

3.2.1 Friction Force Analysis 

In chapter 2.3, a height-adjustable energy releasing mechanism is proposed. 

This mechanism stores energy when the motor rotates clockwise direction. 

After storing a certain amount of energy, the mechanism is locked itself due to 

high stall torque of the motor. The stored energy can be released when the motor 

rotates counter-clockwise direction. At this moment, however, the planet gear 

may not be detached from the winding gear due to friction force between these 

 

Fig. 3.8. Experimental results of loading force vs. displacement. 
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two gears.  

Fig. 3.5 shows the free body diagrams of the winding gear, planet gear and 

motor gear. In Fig. 3.5. (b), forces from the winding gear and the motor gear 

exert on the planet gear. At this moment, the tangential force from the winding 

gear generates friction force that prevents the planet gear from being detached. 

The equation of motion is given as follows: 

∑𝐹𝑥 = 𝐹𝑃𝑀,𝑡 + 𝐹𝑃𝑊,𝑛 − 𝜇𝐹𝑃𝑊,𝑡 (13) 

∑𝐹𝑦 = 𝐹𝑃𝑀,𝑛 + 𝐹𝑃𝑊,𝑡 (14) 

According to Eq. (13), the sum of FPM,t and FPW,n should be at least same with 

the value of μFPW,t to be easily separated from the winding gear. The friction 

force, μFPW,t, is deeply related with the pressure angle of a gear since the 

magnitude and direction of forces between the gears varies depending on the 

shape of gear tooth. To investigate the relation between friction force and the 

pressure angle of gear, we re-design the tooth shape of the winding gear so that 

the force relation satisfies eq. (13) [46-55].  
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3.2.2 Minimum Pressure Angle 

Pressure angle is the angle between the tooth face and the gear wheel tangent. 

Depending on the pressure angle of the gear, therefore, shape of gear tooth 

varies as shown in Fig. 3.6. Fig. 3.6 shows the gears having 0˚, 20˚, 40˚, and 

60˚ of pressure angle. As the pressure angle increases, the gear tooth tends to 

 

(a) 

 

(b)                    (c) 

Fig. 3.9. Free body diagram of (a) the winding gear (b) planet gear (c) 

motor gear 
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be sharp. When a gear has pressure angle smaller than a certain value, undercut 

starts to occur because of manufacturing process of gear – undercut is shown in 

Fig. 3.6 (a). This undercut of the gear tooth induces physical interlocking 

between teeth as shown in Fig. 3.7 (a). Due to this interlocking, large friction 

force occurs between the winding gear and the planet gear, which prevent the 

planet gear from being seperated. 

 

  

(a)                  (b)  

 

(c)                  (d) 

Fig. 3.10. Gears with different pressure angle. (a) pressure angle of 0˚ 

(b) pressure angle of 20˚ (c) pressure angle of 40˚ (d) pressure angle 

of 60˚ 
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Fig. 3.7 shows the how interlocking occurs in case of the gear with small 

pressure angle. The gear with small pressure angle has undercut in gear tooth 

and this undercut physically locks each other and the friction force skyrocketing. 

In contrast, a gear with large pressure angle does not have undercut as shown 

in Fig. 3.7 (b) and therefore, physical interlocing hardly happens. So, thge first 

condition for removing delay in energy releasing mechanism is to remove 

undercut of the winding gear. To design a gear tooth that does not have undercut, 

the relation of intial angle of involute gear, θis, and pressure angle, α0 , can be 

utilized, as shown in Fig. 3.8: 

𝜃𝑖𝑠 =
𝑠𝑖𝑛𝛼0

𝑐𝑜𝑠𝛼0
+

2{𝐶(1−𝑠𝑖𝑛𝛼0)+𝑋−𝐷}

𝑍𝑐𝑜𝑠𝛼0𝑠𝑖𝑛𝛼0
    (15) 

 

 

    

(a)                                         (b) 

Fig. 3.11. (a) Inter-locking induced by undercut of tooth in small 

pressure angle and (b) large pressure angle. Note that inter-locking does 

not occur in large pressure angle 
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where α0 is pressure angle, θis is initial angle of involute curve, X is addendum 

modification coefficient, C is hob tip fillet radius coefficient, D is addendum 

of hob, and Z is number of tooth. 

In Eq. (15), the intial angle of involute gear, θis, under zero physically means 

that the gear tooth has undercut shape. Based on Eq. (15), the minimum 

pressure angle can be calculated and is given as 21˚ when the gear has teeth 

number of 17. 

After satisfying the first condition, the second condition is to satisfy the 

following inequality: 

𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝐹𝑃𝑊,𝑡    <      𝐹𝑃𝑊,𝑛 +  𝐹𝑃𝑀.𝑡   (16) 

where FPW,t, FPW,n, and FPM,t are indiated in Fig. 3.5.  

Eq. (16) can be rewritten as follows, including pressure angle parameters: 

 

Fig. 3.12. Gear tooth drawing 
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𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛    ≤     𝜇𝐹𝑃𝑊𝑠𝑖𝑛𝛼0 +  𝐹𝑃𝑀𝑐𝑜𝑠𝛼0
′    (17) 

where 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇𝐹𝑃𝑊𝑐𝑜𝑠𝛼0, 𝛼0 is the pressure angle between the winding 

gear and the planet gear, and 𝛼0
′  is the pressure angle between the planet gear 

and the motor gear. 

According to the Eq. (17), the minimum pressure angle between the winding 

gear and the planet gear is given as follows: 

𝑐𝑜𝑠𝛼0,   𝑚𝑖𝑛 =  
1

𝜇𝐹𝑃𝑊
(𝜇𝐹𝑃𝑊𝑠𝑖𝑛𝛼0 + 𝐹𝑃𝑀𝑐𝑜𝑠𝛼0

′ )   (18) 
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3.3 Jumping Direction Analysis 

 

To investigate how generated forces and moments affect jumping direction, 

free body diagrams and the corresponding equations of motion are derived. The 

proposed mechanism is analyzed in terms of the whole body and the tibia. This 

analysis makes the following assumptions for purposes of simplification: First, 

the torques generated by linear springs at both sides are equal. Second, both 

hind legs are synchronized. 

 
(a) 

 
(b) 

Fig. 3.13. (a) Concept of the direction changing mechanism and (b) the 

free body diagram of a tibia and a femur. 
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In the body part, how the mechanism jumps and changes the azimuth 

direction with reduced body spin will be studied. To this end, we will focus on 

the forces generated from the points where the legs contact the ground.  

The position of the tibia is directly related to the jump direction since the 

distal end of the tibia contacts the ground and receives the reaction force. The 

direction of this reaction force determines which way the mechanism moves. 

Therefore, the relation between the reaction force exerted on the tibia and the 

initial angle of the tibia must 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 Fig. 3.13. 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.  

Fig. 3.13 (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 freely 

rotating joint. Therefore, the femoro-tibial 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: 

𝐿𝑡𝑖𝑏𝑖𝑎𝐹𝐺𝑥
cos 𝜃𝐿 − 𝐿𝑡𝑖𝑏𝑖𝑎𝐹𝐺𝑦

sin 𝜃𝐿 ≈ 0     (19) 

Accordingly, the following relation can be derived: 
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tan 𝜃𝐿 =
𝐹𝐺𝑥

𝐹𝐺𝑦

      (20) 

Eq. (20) tells us that the direction of the reaction force is parallel to the 

direction of the tibia. 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. 
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Chapter 4.  

Dynamic Model and Experimental Results 

 

The jumping dynamics is analyzed based on the Lagrangian formulation [7], 

[56]. The process of jumping is completed within only 30 ms. Therefore, 

dynamics should be considered to precisely examine how the mechanism works. 

Based on the dynamic model, the take-off time, velocity, and energy used for 

jumping can be calculated. 

 

 

 

 

Fig. 4.1. Dynamic model of the proposed mechanism. G5 and G6 

indicate the payload such as a battery, electronics, and an actuator. 



 

60 

 

The jumping module is designed to satisfy two design requirements: Large 

energy-storing capacity and height-adjustable triggering. To examine the 

functionality of the jumping module, we test jumping by varying the quantity 

of stored energy in the jumping module and integrated jumping-crawling by 

adjusting different take-off and crawling speeds.   

 

4.1 Dynamics  

4.1.1 Dynamic Modeling 

The model consists of five rigid links and four rotational joint. To analyze 

the dynamics, two variables (𝜃1 and 𝜃0) are used to indicate the position of 

each link. The model is a one-degree-of-freedom system and has a generalized 

coordinate of the body angle, 𝜃1. The position of the links is given as follows: 

�⃗�1 = [

1

2
𝑟 cos 𝜃0

1

2
𝑟 cos 𝜃0

]           (21)                               

�⃗�2 = [
𝑟 cos 𝜃0 +

1

2
𝑟 cos (𝜃0 + 𝜃1)

𝑟 sin𝜃0 +
1

2
𝑟 sin (𝜃0 + 𝜃1)

]      (22)   

�⃗�3 = [
𝑟 cos (𝜃0 + 𝜃1) +

1

2
𝑟 cos 𝜃0

𝑟 sin (𝜃0 + 𝜃1) +
1

2
𝑟 cos 𝜃0

]     (23)      

�⃗�4 = [

1

2
𝑟 cos (𝜃0 + 𝜃1)

1

2
𝑟 sin (𝜃0 + 𝜃1)

]              (24)                
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�⃗�5 =

[
 
 
 
 
 
 𝑟 cos𝜃0 +

1

2
𝑟 cos(𝜃0 + 𝜃1) −                                          

                     𝑟5,𝑦 cos (𝜃0 +
1

2
𝜃1) − 𝑟5,𝑥sin (𝜃0 +

1

2
𝜃1)

𝑟 sin 𝜃0 +
1

2
𝑟 sin(𝜃0 + 𝜃1) +                                           

                     𝑟5,𝑦 sin (𝜃0 +
1

2
𝜃1) + 𝑟5,𝑥cos (𝜃0 +

1

2
𝜃1) ]

 
 
 
 
 
 

     (25)   

 �⃗�6 =

[
 
 
 
 
 
 𝑟 cos 𝜃0 +

1

2
𝑟 cos(𝜃0 + 𝜃1) −                                         

                    𝑟6,𝑦 cos (𝜃0 +
1

2
𝜃1) + 𝑟6,𝑥sin (𝜃0 +

1

2
𝜃1)

𝑟 sin𝜃0 +
1

2
𝑟 sin(𝜃0 + 𝜃1) +                                          

                    𝑟6,𝑦 sin (𝜃0 +
1

2
𝜃1) − 𝑟6,𝑥cos (𝜃0 +

1

2
𝜃1) ]

 
 
 
 
 
 

     (26) 

where Gi is the position of links, r is the length of each link of the diamond-

shaped body, r5,x, r5,y, r6,x, and r6,y are the distance to added masses. 

𝜃1 is the angle of the diamond. 𝜃1 and 𝜃0 have the following relationship: 

𝜃0 = (180° − 𝜃1)/2             (27) 

With the positions and the kinematic constraints, the dynamics of the 

jumping module are numerically solved by a Lagrange formulation. The initial 

conditions are set as follows: 

𝜃1 = 170°  at fully stored state    (28) 

Take-off of the jumping mechanism occur when the vertical reaction force, 

V(t) in (13), is zero. 

 𝑚𝑟𝑜𝑏𝑜𝑡𝑎𝑟𝑜𝑏𝑜𝑡,𝑥 = ∑ 𝑚𝑖𝑎𝑖,𝑥(𝑡) =  −𝐻(𝑡)6
𝑖=1           (29) 

 𝑚𝑟𝑜𝑏𝑜𝑡𝑎𝑟𝑜𝑏𝑜𝑡,𝑦 = ∑ 𝑚𝑖𝑎𝑖,𝑦(𝑡) =  𝑉(𝑡)6
𝑖=1 − ∑ 𝑚𝑖𝑔

6
𝑖=1     (30) 

where mrobot is the total mass of the robot, arobot is the acceleration of the 

robot’s center of mass, ai is the acceleration of each link, and H is the horizontal 

reaction force on the ground. Also, the take-off translational velocity, (14), and 
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the angular velocity, (15), are determined as follows: 

 𝑚𝑟𝑜𝑏𝑜𝑡𝑣𝑟𝑜𝑏𝑜𝑡,𝑥 = ∑ 𝑚𝑖𝑣𝑖,𝑓
6
𝑖=1      (31) 

 𝑚𝑟𝑜𝑏𝑜𝑡𝑤𝑟𝑜𝑏𝑜𝑡,𝑥 = ∑ 𝑚𝑖𝑤𝑖,𝑓
6
𝑖=1           (32) 

where vrobot is the velocity of the robot’s center of mass and wrobot is the 

angular velocity of the robot. vi,f is the translational velocity, and wi,f  is the 

angular velocity of each link just before takeoff. 

 

4.1.2 Simulated Results  

  Fig. 4.3 and Fig. 4.4 shows the simulated results of jumping mechanism with 

linear spring only. In Fig. 4.2, the jumping module stores the elastic energy of 

1.39 J. It takes off within 23.8 ms with the take-off velocity of 7.81 m/s as 

shown in Fig. 4.2 (c). The take-off velocity is calculated when the ground 

reaction force in Fig. 4.2 (b) (bottom) is zero. The maximum acceleration of the 

jumping module with 1.39 J is about 600 m/s2, which is more than 60 times of 

gravitational acceleration.  

Fig. 4.3 shows the simulated results of the jumping module with the stored 

energy of 0.49 J. It take off in 7.8 ms and takes off with the velocity of 4.57 m/s 

as shown in Fig. 4.3 (c). The maximum acceleration is about 600 m/s2 and the 

maximum reaction force is given as 28 N. 

Fig. 4.5 shows the high speed images and corresponding visualized 

simulation of the jumping module with combined types of energy storage. The 

module with only torsion springs has stored energy of 1.39 J. It take off in 14 
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ms and takes off with the velocity of 6.98 m/s. The module with the combined 

energy storages has stored energy of 1.81 J and takes off within 13.9 ms with 

8.09 m/s. 
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(a) 

 

(b) 

Fig. 4.2. (a) High-speed (5000 fps) image of the jumping module with 

1.39 J of the stored energy and visualizatin of dynamic modeling of 

its movements. (b) High-speed (5000 fps) image of the jumping 

module with 0.49 J of the stored energy and visualizatin of dynamic 

modeling of its movements. The red arrow indicates the direction of 

reaction force from the ground.  
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(a) 

 

(b) 

Fig. 4.3. (a) Acceleration and (b) take-off velcocity of the jumping 

module. with 1.39 J of the stored energy 
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(a) 

 

(b) 

Fig. 4.4. (a) Acceleration and (b) take-off velcocity of the jumping 

module with 0.49 J of the stored energy. 
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(a) 

 

(b) 

Fig. 4.5. (a) High-speed (2000 fps) image of the jumping module with 

combined energy storages and visualizatin of dynamic modeling of its 

movements. (b) High-speed (2000 fps) image of the jumping module 

with torsion springs and visualizatin of dynamic modeling of its 

movements. The red arrow indicates the direction of reaction force 

from the ground.  
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4.2 Jumping Experiment 

4.2.1 Performance of Linear Spring Energy Storage 

The jumping module is tested with fully stored initial energy to investigate 

the best performance. Elastic energy of 1.39 J is initially stored in the jumping 

module and released using wireless control. Whole jumping process is analyzed 

using high-speed camera images (5000 fps) shown in Fig. 5.2 (a). The fully 

loaded jumping module could jump up to 2.9 m with the take-off velocity of 

7.71 m/s. The module jumped within 22.4 and the actual used energy was 1.1 J, 

which is 79 % of the initially stored energy. 

To verify height-adjustable jumping, the experiments are done by varying 

the quantity of stored energy. Fig. 4.2 and Fig. 4.3 shows high-speed images and 

corresponding dynamic models of jumping at two different initial states. In Fig. 

4.2 (a) the module initially has 1.39 J of elastic energy, and in Fig. 4.3 (a) it has 

0.49 J.  

In Fig. 4.2 (a), the jumping module takes off within 22.4 ms with a speed of 

7.71 m/s and jumps to 2.9 m. The module actually uses 1.1 J, which is 79% of 

its initially stored energy. The jumping module in Fig. 4.3 (a) initially stores 

0.49 J and uses 0.39 J which is 79% of its initially stored energy. The module 

takes off within 8.4 ms with a speed of 4.49 m/s and jumps up to 1.1 m. 

Table 2 compares data from the experiment and the model. Both sets of data 

shows similar values but have slight differences in the conversion efficiency, 

which is the ratio of the initially stored energy to the actual used energy. This 
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error may come from a small degree of hysteresis in the latex rubber since the 

latex is modeled as a perfect linear spring for simplicity.  

 

4.2.2 Performance of Combined Energy Storages 

The jumping module is tested with fully stored initial energy to investigate 

the best performance. Elastic energy of 1.39 J is initially stored in the jumping 

module and released using wireless control. Whole jumping process is analyzed 

using high-speed camera images (2000 fps) shown in Fig. 4.5 (a). The torsion-

spring-only jumping module could jump up to 2.4 m with the take-off velocity 

of 6.98 m/s. The module jumped within 15.0 and the actual used energy was 

0.92 J, which is 66.3 % of the initially stored energy. 

To verify the effect of combined types of energy storages, the experiments 

are done by adding a linear spring. Fig. 4.5 (b) shows high-speed images and 

TABLE 4.1 COMPARISON OF EXPERIMENT AND MODELING 

- 
High jumps Low jumps 

Model Experiment Model Experiment 

Take-off time 

(ms) 
23.8 22.4 7.8 8.4 

Take-off speed 

(m/s) 
7.81 7.71 4.57 4.49 

Initially stored 

energy (J) 
1.39 1.39 0.49 0.49 

Actual used 

energy (J) 
1.16 1.1 0.40 0.39 

Conversion 

efficiency (%)* 
83 79 82 79 

Jumping height 

(m) 
- 2.9 - 1.1 

*Conversion efficiency is the ratio of initially stored energy to actual kinetic 

energy at take-off [5], [7]. 
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corresponding dynamic models of jumping. In Fig. 4.5 (a) the module initially 

has 1.39 J of elastic energy, and in Fig. 4.5 (a) it has 1.81 J.  

In Fig. 4.5 (a), the jumping module takes off within 14.0 ms with a speed of 

8.09 m/s and jumps to 3.1 m. The module actually uses 1.81 J, which is 67.2% 

of its initially stored energy. The jumping module in Fig. 4.5 (b) initially stores 

1.39 J and uses 0.92 J which is 66.3% of its initially stored energy. The module 

takes off within 15.0 ms with a speed of 6.98 m/s and jumps up to 2.4 m. 

Table 4.3 compares data from the experiment and the model. Both sets of data 

shows similar values but have slight differences in the conversion efficiency, 

which is the ratio of the initially stored energy to the actual used energy. This 

error may come from a small degree of hysteresis in the latex rubber since the 

latex is modeled as a perfect linear spring for simplicity.  

 

 

TABLE 4.2 JUMPING PERFORMANCE OF COMBINED ENERGY STORAGES 

 Torsion spring only Combined 

Stored Energy (J) 1.39 1.81 

Stored Energy in 

torsion spring (J) 
1.39 1.39 

Stored Energy in 

linear spring (J) 
- 0.42 

Take-off speed (m/s) 6.9 7.83 

 



 

71 

 

 

TABLE 4.3 COMPARISON OF EXPERIMENT AND MODELING 

- 
Torsion spring only Combined 

Model Experiment Model Experiment 

Take-off time 

(ms) 
13.9 15.0 12.6 14.0 

Take-off speed 

(m/s) 
6.98 6.9 8.09 7.83 

Initially stored 

energy (J) 
1.39 1.39 1.81 1.81 

Actual used 

energy (J) 
0.97 0.92 1.28 1.22 

Conversion 

efficiency (%)* 
69.7 66.3 70.9 67.2 

Jumping height 

(m) 
- 2.4 - 3.1 

*Conversion efficiency is the ratio of initially stored energy to actual kinetic 

energy at take-off [5], [7]. 
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(a)       (b) 

Fig 4.6. Jumping performance of (a) the mechanism with torsion 

springs only and (b) combined energy storages 
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4.2.3 Jumping Direction Control 

The proposed froghopper-inspired jumping mechanism changes its direction 

by altering the robot’s initial posture. In the motion analysis section, we have 

shown that the direction of the ground reaction force is parallel to the direction 

of the tibia. Given that an object moves in the direction that is specified by a 

force vector, we may predict jump direction by combining the direction of two 

force vectors generated by both tibiae: 

𝜃𝐽𝑢𝑚𝑝 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ≈
𝜃𝑡𝑖𝑏𝑖𝑎,𝐿 +  𝜃𝑡𝑖𝑏𝑖𝑎,𝑅

2
 

, where 𝜃𝑡𝑖𝑏𝑖𝑎,𝐿 and 𝜃𝑡𝑖𝑏𝑖𝑎,𝑅  are the angles of each tibia, as indicated in Fig. 

3.13 (a). 

To investigate the relationship between jump direction and the initial posture 

of the mechanism, several jumping experiments were conducted by altering the 

initial posture. The jumping data was obtained with a high-speed camera (1000 

fps), and video analysis software (ProAnalyst) was used to analyze take-off 

velocity and take-off angular velocity for various jumping directions. 

Table 4.4 shows the tibia posture and the actual jumping direction. In case of 

the proposed mechanism, the average value of the left and the right tibia shows 

the similar value of the actuation jumping direction. This tells us that the 

direction of jumping can be controlled by controlling the posture of both tibae. 

Fig. 4.7 shows the high speed images of direction changeable jumping 

mechanism. As shown in Fig. 4.7, jumping direction can be differed depending 

on the initial posture of the mechanism. 
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4.3 Integrated Jumping-Crawling Experiment 

The integrated jumping-crawling robot is tested by varying crawling speed 

and take-off speed. Fig. 4.4 (a) shows the robot with crawling speed of 0.63 m/s 

and take-off speed of 4.52 m/s. This combined motion enables the robot to jump 

1.1 m and overcome 80 cm high obstacle. 

Fig. 4.4 (b) shows the horizontal and vertical distances achieved in three 

different cases. In case 3, when the robot has a crawling speed of 0 m/s and a 

take-off speed of 5.60 m/s, it jumps nearly vertically. In case 1 and 2, the robot 

moves with almost equal crawling speed but different take-off speeds. In case 1 

the robot’s jumping module has 0.98 J of initially stored energy and jumps to 

1.1 m. In case 2, the fully loaded jumping module has 1.39 J of stored energy, 

and jumps to 1.65 m. In the horizontal direction, in cases 1 and 2 the robot 

crawled 48 cm and 60 cm, respectively. The robot has an average horizontal 

moving speed in cases 1 and 2 of 0.57 m/s and 0.59 m/s, respectively, which 

means that crawling speed and take-off speed are independently controlled. 

TABLE 4.4 TIBIA POSTURE AND ACTUAL JUMPING DIRECTION 

 
Left tibia 

(deg.) 

Right tibia 

(deg.) 

Avg. angle 

(deg.) 

Actual jumping 

angle (deg.) 

Proposed 

mechanism 

0 63 31.5 30 

-62 1 -30.5 -28 

-10 10 0 0 

Added mass - - - 20 
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(a)       

 

 (b) 

 

Fig 4.7. High speed images (1000 fps) of direction changing mechanism 

(a) Leftward (b) Upward (c) Rightward 
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(a) 

 

(b) 

Fig 4.8. (a) Integrated jumping-crawling to overcome an 80-cm 

obstacle. (b)Vertical and horizontal distance of the integrated 

jumping-crawling robot. Numbers in the figure key are crawling speed 

and take-off speed. The time between dots is 0.168s. 
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Chapter 5.  

Conclusion 

 

In this paper, we propose a trajectory-controlled integrated jumping-crawling 

robot. To this end, a novel jumping module is developed with a large energy-

storing capacity and a height-adjustable active trigger. To increase the energy-

storing capacity, the jumping module incorporates latex rubber and knee-like 

joints. These components enables the jumping module to utilize large 

displacement of material, which is our strategy for maximizing energy-storing 

capacity. Also, a novel active trigger is designed to release the stored energy at 

any state. The trigger uses only a single DC motor and works by controlling the 

direction of rotation. With this trigger, the jumping module can control its 

jumping height.  

The direction changing mechanism is inspired by froghoppers. Froghoppers 

mechanically change their direction by altering the initial angle of both tibiae 

before jumping. Additionally, froghoppers cancel out the moment generated 

from both legs and synchronize the operation to reduce body spin. Our 

mechanism, inspired by the froghopper’s biological design, changes direction 

from –30 degrees to 30 degrees without noticeable body spin. We implemented 

several jumping tests to understand how moment cancelling and 

synchronization affect jumping performance. The results show that jump 
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direction is predictable. 

The developed jumping module is integrated with a lightweight Dash crawler. 

The whole system weighs 59.4 g and achieves different trajectories by 

controlling crawling speed and take-off speed. 
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국문 초록 

 

복합거동 로봇을 위한 궤적제어가 

가능한 소형 도약 메커니즘 
 

 

    최근 생체모사 로봇 분야에서는 단일 거동을 모사하는 것을 넘

어, 두 개 이상의 거동이 가능한 로봇에 대한 연구가 활발히 이루어

지고 있다. 복합거동 로봇은 점프 글러이더와 같이 cost of transport 

를 줄이는 방향 또는 각기 다른 거동의 합체를 통해 이동 가능한 

영역자체를 넓히는 방향으로 진행되고 있다. 본 논문에서는 거동 특

성이 완전히 다른 점핑(jumping)과 크롤(crawling) 의 합체를 통해 활

동 가능 영역을 넓히고자 한다. 이를 달성하기 위해 고성능의 높이 

조절이 가능한 새로운 소형 도약 메커니즘을 제안하였다. 제안된 메

커니즘은 기존의 도약 메커니즘보다 향상된 에너지 밀도를 가질 뿐

만 아니라 높이와 방향 제어가 가능하다.  

에너지 저장 밀도를 향상 시키기 위해 선형 스프링 (linear spring) 

과 비틀림 스프링 (torsion spring)을 조합하였다. 스프링의 타입에 따

라 에너지 충전시의 로딩 힘 (loading force) 곡선이 상이한 형태를 보

인다. 선형 스프링은 모멘트 암 길이의 영향으로 초반에 높은 힘을 

보이며, 비틀림 스프링은 점차 증가하여 가장 압축 되었을 때 최대

의 로딩 힘을 가진다. 상이한 로딩 힘 곡선을 가지는 두 개의 스프
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링을 잘 조합하면, 구동기의 제한된 힘 내에서 최대의 에너지 저장

이 가능해진다. 또한, 단 한 개의 구동기를 이용하여 에너지 충전 

및 원하는 시점에 항시 에너지 방출이 가능케 하였다. DC 모터의 회

전 방향에 따라 에너지가 충전 또는 방전이 되게 하였으며, 하나의 

트래블링 기어 (travelling gear)를 통해 클러치 개념을 실현하였다. 앞

서 언급한 이론 및 설계를 조합하여 궤적제어가 가능한 복합거동 

로봇을 제안하였다. 크롤링 속도와 도약 속도를 조합하여 다양한 형

태의 궤적으로 로봇이 진행가능함을 실험을 통해 증명하였다.  

뿐만 아니라, 소형 도약 메커니즘의 활용성을 높이기 위해 방향 

전환 제어가 가능한 메커니즘을 제안하였다. 본 메커니즘은 거품벌

레 (froghopper)의 방향전환에서 영감을 얻은 것이다. 거품벌레는 대

칭으로 배치된 두 다리를 통해 도약을 하게 된다. 이때, 두 다리를 

동시에 동작하여 발생된 모멘트가 서로 상쇄된다. 따라서 회전을 최

소화 하면서 원하는 방향으로의 도약이 가능해진다. 뿐만 아니라, 

반력의 방향이 항상 정강이의 자세와 일치하도록 설계하여, 도약 방

향의 예측 및 제어가 가능하도록 하였다. 

궤적제어가 가능한 소형의 고성능 도약 메커니즘은 소형 로봇개

발의 기반 기술로 사용될 수 있을 것으로 생각되며, 미래의 군사

용 정보 획득, 재해 지역 탐사에 활용 가능할 것이다.  
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주요어: 생체모사 로봇, 도약 로봇, 복합거동, 방향 전환 메커니즘, 

모멘트 상쇄 메커니즘, 높이 조절 메커니즘, 최대 에너지 저장 방법 
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Abstract 

 

A Milli-Scale Jumping Trajectory 

Adjustable Mechanism and Its 

Application to Jumping-Crawling 

Robot 
 

Gwang-Pil Jung 

Department of Mechanical and Aerospace Engineering 
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Recently, researchers have been concerned on integrated locomotion 

modes over a single locomotion, which is called multi-modal locomotion. This 

multi-modal locomotion in milli-scale robots have been developed in a way that 

reduces cost of transport (CoT) or expands movable domain. In this paper, we 

propose a trajectory-adjustable integrated jumping-crawling robot to increase 

obstacle overcoming ability of the crawler. To this end, a novel jumping module 

is developed in two directions: large energy storing capacity and height-

adjustable active trigger. To increase energy storing capacity, combination of a 

linear type and torsional type energy storages have been employed. This 

combined energy storage enables the jumping module to store the elastic energy 

as much as possible with limited loading force. Also, knee-like rolling joints 

are applied to utilize large displacement of the elastic material. To release the 
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stored energy at any state, an active trigger based on a single DC motor is newly 

proposed, which enables the robot to control take-off speed of jumping. The 

developed jumping module is integrated with a lightweight crawler, Dash. The 

integrated jumping-crawling robot weighs 59.4 g and controls moving 

trajectory by adjusting crawling and take-off speed.  
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Chapter 1. Introduction 

 

1.1 Motivation 

1.1.1 Multi-Modal Locomotion 

Recent research on mobile milli-scale robots has focused on increasing their 

maneuverability by changing from single locomotion modes such as jumping, 

crawling, and climbing to forms of locomotion that integrate multiple 

movements (termed multi-modal locomotion). Milli-scale robots with multi-

modal locomotion have been developed for two applications: reducing the cost 

of transport (CoT) and expanding locomotion domain. 

Robots developed to reduce CoT combine jumping and gliding, “jump-

gliding”. [20-24]. Jumpgliding enables these robots to travel an extended 

horizontal distance for a given amount of stored energy. These robots can also 

achieve various trajectories and land on the ground gently.  

1.1.2 Integrated Jumping-Crawling 

Robots developed to expand locomotion domain often use an integrated 

crawling and jumping locomotion method [24], [2, 10, 15, 19, 25]. The same 

integrated crawling-jumping locomotion can easily be seen in small insects 

such as locusts, grasshoppers and froghoppers. During ordinary locomotion, 

these insects mainly use their four fore-legs to walk and crawl. But to escape 

from predators and to reach places where they cannot crawl, they use their 

relatively long and thick hind legs. 
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1.2 Challenges in Trajectory-Controlled Jumping-

Crawling 

1.2.1 Energy-Storing Capacity 

Integrated jumping-crawling robots tends to be complex and heavy since 

totally different functional components are combined. Generally, integrated 

jumping-crawling robots have two sets of legs. One is for crawling leg and the 

other is for jumping. These two legs look similar in that both have a shape of 

leg but in terms of exerted stress inside the structure, there exists huge 

difference. During jumping, the robot goes through high acceleration up to 

dozens of gravitational acceleration. Therefore the jumping legs experiences 

high compression force much larger than the robot’s mass. Because of this 

reason, integrated jumping-crawling robots tends to simply combine jumping 

module and crawling module [2], [6], [10]. Simple addition of jumping and 

crawling module, however, causes the whole system to be heavy. To maintain 

appropriate jumping height, the jumping module is required to have much 

increased amount of stored-energy.  

Figure 1.1 shows milli-scale jumping robots developed up to date and Table 

1.1 shows their jumping performance. MSU jumper developed by Zhao et al. 

[16] jumps up to 1.44 m, which is the highest jumping height among current 

milli-scale jumping robots. This value is enough for a jumping robot itself but 

this jumping height will steeply decrease when the jumping module is 
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combined with an additional crawling module. Then, how can we increase 

jumping performance to maintain appropriated jumping height? 

 

   
(a)                       (b) 

  
       (c)                             (d) 

   
(e)                  (f)                    (h) 

  
(i)                        (j) 

Figure 1.1 Milli-scale jumping robots. (a) 7g jumping robot (b) FLEA 

(c) Grillo (d) MSU jumper 1 (e) MSU jumper 2 (f) Deformable robot 

(h) Minimalist jumping robot (i) Closed elastic (j) proposed mechanism. 
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TABLE 1.1 PERFORMANCE OF MILLI-SCALE JUMPING ROBOTS 

Robots 
Size 

(cm) 

Mass 

(g) 

Jumping 

height (m) 

Jumping 

distance (m) 

Take-off 

velocity (m/s) 

Deformable 

robot [4] 
9 5 0.18 0 - 

7g jumping 

robot [8] 
5 6.98 1.38 0.79 5.9 

Flea [9] 2 1.1 0.64 0.7 4.2 

Grillo (2008) 

[11] 
3 10 - - 3.6 

Grillo (2012) 

[13] 
5 22 0.10 20 1.7 

MSU Jumper 1 

[15] 
6.5 23.5 0.87 0.89 4.3 

MSU Jumper 2 

[16] 
9 25 1.44 0.59 - 

Closed Elastica 

[17] 
11 18 0.15 0.95  

Mnimalist 

Jumping Robot 

[5] 

15 1300 0.9 2 - 

Proposed 

mechanism 
10 36.8 3 0 7.71 
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To investigate solution to increase energy-storing capacity, we examine the 

energy storage related properties of the jumping robots. Table 1.2 shows the 

energy-storing material, actual used energy, and energy density. Most of 

jumping robots employ metal-based linear springs and torsional spring which 

are easy to obtain off the shelf. Except for them, deformable robot [4] and 

closed elastic jumping robot [17] used metal strap as the energy-storing 

material. They stored elastic energy by bending the metal strap. Flea-inspired 

jumping robot [9] employed shape memory alloy (SMA) spring actuator which 

is known as high power-mass density material [28], [29]. MSU jumper [16] 

have changed the energy-storing material from the steel torsional spring to the 

carbon fiber strap since the carbon fiber strap has large Young’s modulus and 

light weight. After changing the material, they could increase energy density 

from 0.009 J/g to 0.014 J/g. In terms of energy density, 7 g jumping robot [8] 

achieved 0.017 J/g and could jump up to 1.38 m with 6.98 g mass. 7 g jumping 

robot used steel torsional spring as an energy-storing material. 

In Table 1.2, most of current milli-scale jumping robots have energy density 

of 0.001 J/g - 0.017 J/g. If we can increase this energy density, then the 

performance of a jumping module can be much better. To increase the energy 

density of the jumping module, we tried to find a solution by changing the 

energy-storing material. In section 2.1, materials such as spring steel, composite, 

rubber, wood and nylon will be discussed and considered as an energy-storing 

material.  
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TABLE 1.2 ENERGY-SROING PROPETIES OF MILLI-SCALE JUMPING ROBOTS 

Robots 
Energy-storing 

material 

Actual used 

energy1 (J) 

Energy 

density2 (J/g) 

Deformable 

robot [4] 
metal strap 0.009 0.002 

7g jumping 

robot [8] 
steel torsional spring 0.121 0.017 

Flea [9] SMA spring 0.010 0.009 

Grillo (2008) 

[11] 
steel linear spring 0.065 0.006 

Grillo (2012) 

[13] 
steel linear spring 0.032 0.001 

MSU Jumper 1 

[15] 
steel torsional spring 0.217 0.009 

MSU Jumper 2 

[16] 
carbon strap 0.356 0.014 

Closed Elastica 

[17] 
metal strap 0.093 0.005 

Mnimalist 

Jumping Robot 

[5] 

steel linear spring 15.023 0.012 

Proposed 

mechanism 
latex rubber 1.092 0.030 

1Actually used energy is calculated base on take-off velocity, jumping height and 

distance.  
2 Energy density is calculated as a value of actuatl used energy divided by mass. 
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1.2.2 Controlling Jumping Height 

To release the stored energy is as important as storing the energy. To this end, 

a variety of releasing mechanism is developed and employed. Fig. 1.2 shows 

various concepts of releasing mechanisms. Majority of releasing mechanisms 

are based on escapement-cam mechanisms. 7 g jumping robot [8] used a single 

DC motor and a cam. By rotating the cam with the DC motor, the robot could 

store and release the energy as shown in Fig. 1.2 (h). MSU jumper [16] 

employed a one-way bearing shown in Fig. 1.2 (b). When the bar pulling the 

wire passes half of rotation, the pulled wire suddenly loosened and the energy 

is released. Grillo [11], [13] used a toothless gear shown in Fig. 1.2. (e). Enery 

is stored when the gear engages another gear connected with the jumping leg. 

After engagin peoriod, the fast releasing of the spring occurs. Jollobot [19] 

shown in Fig. 1.2 (d) employed face cam and slider roller. In storing phase, the 

roller moves folling round part of face cam and release the energy in linear part. 

Minimalist jumping robot [5] used latching mechanism with a single motor. 

When the robot wants to jump, the motor induces an additional amount of 

compression of the six-bar structure to mate wedge and release the energy. A 

jumping robot with elastic metal strap in Fig. 1.2. (f) used snap-through 

buckling phenomenon. The right end of the metal strap has limited range of 

motion and by rotating left end of the metal strap with a motor, the strap 

suddenly implement snap-through, releasing the elastic energy.  

Some of jumping robots emplyed the concept of active clutch, which is useful 

for controlling jump timing. TAUB [26] used actively controlled the hook by 
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pulling the wire connted to the hook as shown in Fig. 1.2. (a). The robot could 

control the jump timing by reversly rotating the motor used to both storing and 

releasing. Flea-inspired jumping robot [9], [12], [14] employed two SMA 

spring actuators shown in Fig. 1.2. (i). One is for storing the energy and the 

other is for triggering jump. When the triggering SMA actuator is activated, the 

direction of torque is suddenly changed and starts to jump. MultimoBat used 

one DC motor to store the energy by winding the wire [20]. To release the 

stored energy, a SMA wire actuator has been employed as an active clutch as 

shown in Fig. 1.2 (c). When the SMA wire is activated, the reel is decoupled 

and allowe to relase the stored energy. Jumping soft robot [27] used a spaker to 

ignite combined butane and hydrogen peroxide. With this explosion, the robot 

could jump without time delay.  

Like wise, a variety of releasing mechanisms are proposed and implemented 

throung real robotic mechanism. The releasing mechanisms withou clutch have 

possibility of time delay when the jump commend is given. On the other hand, 

the releasing mechanisms with active clutch can operate jumping without time 

delay but some of them requires additional actuators.  

In terms of height adjustability, deformable robot [4], Flea-inspired jumping 

robot [9] and MultimoBat [20] have only potential to control jumping height 

since they may adjust the amount of stored energy. However, none of them have 

proved their ability to control the jumping height yet.  
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            (a)                             (b) 

       
   (c)                             (d) 

      
(e)                           (f)  

        
(h)                            (i) 

Figure 1.2 Trigger mechanisms in jumping robots. (a) TAUB, hook and 

wire (b) MSU jumper, one-way bearing (c) MultimoBat, SMA wire 

used active clutch (d) Jollobot, cam and slide (e) Grillo, toothless gear 

(f) Closed elastic, snap-through buckling (h) 7 g jumping robot, 

escapement-cam (i) FELA, torque reversal using SMA spring actuator 
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TABLE 1.3 TRIGGERING MECHANISM OF JUMPING ROBOTS 

Robots 
Triggering 

mechanism 
Actuators 

Height-

adjutability 

Possibility of 

delay in 

trigger 

Deformable robot 

[4] 
SMA springs 

8 SMA 

springs 
maybe, yes yes 

7g jumping robot 

[8] 

Escapement-

cam 
1 DC motor no yes 

Flea-inspired 

jumping robot [9], 

[12], [14]  

Torque 

reversal 
2 SMA spring maybe, yes no 

Grillo [11], [13],  Toothless gear 1 DC motor no yes 

MSU Jumper 1 

[15] 

MSU Jumper 2 

[16] 

One-way 

bearing 
1 DC motor no yes 

Closed Elastica 

[17], [18] 

Snap-through 

of buckling 

strap 

1 servo motor no yes 

Jollbot [19] 
Escapement-

cam 
1 servo motor no yes 

Scout [2] [6] Winch motor 1 DC motor no no 

MiniWheg [10] Toothless gear 1 DC motor no yes 

TAUB [26] 
Hook 

releasing 
1 DC motor no no 

MultioBat [20] 
SMA wire 

clutch 

1 SMA wire, 1 

DC motor 
maybe, yes no 

Mnimalist 

Jumping Robot 

[5] 

Latch 

mechanism 
1 DC motor no yes 

Jumping Soft 

Robot [27] 
Explosion 1 sparker no no 

Proposed 

mechanism 

Gear 

detachment 
1 DC motor yes no 

 



 

11 

 

1.2.3 Controlling Jumping Direction 

To improve the maneuverability of milliscale jumping robots, several 

researcher 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. Stoeter et al. [30] 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 up movement in 3-dimensional (3D) space. 

Burdick et al. [5] employed an active steering mechanism using a ring gear at 

the foot 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. Armour et al. [19] proposed the 

“Jollbot,” which can upright itself, roll, and change jump direction. A 

servomotor twists the robot’s spherical shell so that its center of gravity changes 

and the main jumping axis leans. Kovac et al. [31] proposed a 14-g jumping 

robot that can upright itself and steer. They installed a cage structure so that the 

robot can 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 a motor and a double-guided axis. Zhao et al. [5] presented a 23.5-g 

single-motor-actuated steerable jumping robot. The robot has two steering 

gears that can contact the ground after landing. One of two gears contacts the 

ground after landing and changes the jumping direction by rotating the gear in 

contact with the ground. In addition, the robot has two legs rotating in opposite 

directions, for self-righting. 
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In nature, insects also change their jumping azimuth and elevation to escape 

from predators or to move from one position to another. It is interesting that in 

some cases, azimuth and elevation control are accomplished in a manner that 

minimizes needless rotation of the body. For example, locusts [32] control their 

jumping elevation with their hind legs so that the force generated by the hind 

tibiae is exerted along a line from the distal end of the tibia to the proximal end 

of the femur, which is always parallel to the center of mass acceleration. Unlike 

locusts, froghoppers [33] control jumping azimuth by aligning the timing of 

hind leg movements  and by cancelling the moments generated by both hind 

legs. Thus, locusts and froghoppers efficiently control elevation and azimuth 

by reducing unnecessary body rotation. 

In this paper, we propose a froghopper-inspired direction control mechanism 

for miniature jumping robots. This mechanism enables us to employ dual 

energy storage for both legs, achieving direction control with less body rotation. 

The key principles are cancellation of the moments generated by a pair of hind 

legs and synchronized leg operation. Those two principles are employed in the 

proposed mechanism using a pair of jumping legs and conventional gears, like 

a real froghopper [34] . 

1.2.4 Integration 

Milli-scale robots that use both crawling and jumping locomotions have been 

developed. Fig. 1.3 shows the milli-scale integrated jumping-crawling robots 

and Table 1.4 shows the performance of these robots. Stoeter et al. [10] 
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proposed a Scout robot that has two wheels for rolling and a winch for jumping 

into three-dimensional (3D) space. The robot can jump up to 30 cm and climb 

up stairs by using its spring steel foot. While the Scout robot employs separate 

jumping and rolling motions, the Mini-WhegsTM robot developed by 

Lambrecht et al. [2] uses integrated running and jumping motions. The robot 

overcomes obstacles by jumping up to 18 cm (1.76 J/kg) while also crawling. 

These robots have successfully suggested the feasibility of expanding reachable 

domain by integrating crawling and jumping. In terms of trajectory 

controllability, these robots can adjust only x-direction velocity due to the lack 

of height-adjustable jumping mechanism. If the integrated jumping-crawling 

robot can control both x and y direction velocity, application area of the robots 

will be much extended. 

 

 

 

 
 

TABLE 1.4 PERFORMANCE OF MILLI-SCALE JUMPING-CRAWLING ROBOTS 

Robots 
Size 

(cm) 

Mass 

(g) 

Jumping 

Height 

(m) 

Simultaneous 

action 

Trajectory 

controllability 

Scout 

[2] [6] 
11.5 200 0.3 no x-direction 

MiniWheg 

[10] 
10.4 191.4 0.18 yes x-direction 

Proposed robot 10 59.4 1.7 yes 
yes (x and y 

direction) 
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1.3 Objective and contribution 

1.3.1 Research Objective 

In this thesis, we propose a robot that can control its trajectory by adjusting 

both its crawling speed and its jumping take-off speed. The robot consists of a 

height-adjustable and powerful jumping mechanism that is integrated with the 

lightweight six-legged Dash crawler (Dash Robotics Inc.). The whole robot 

weighs 59.4 g and is shown in Fig. 1.4. Because the robot can jump from 1.1 m 

to 1.62 m and crawl at a speed of 0 m/s to 0.62 m/s, it can follow various 

trajectories of movement. 

 

  
(a) 

  
 (b) 

Figure 1.3 Milli-scale integrated jumping-crawling robot. (a) Scout and 

its jumping in air. (b) MiniWheg 9J and its obstacle overcoming. 
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1.3.2 Contribution 

The main contribution of this thesis is providing a high-performance height-

adjustable jumping module design for a trajectory-adjustable integrated 

jumping-crawling robot. The main accomplishments of this thesis are: 

 Development of a jumping structure that can have high energy density using 

knee-inspired rolling joint.   

 Development of a height-adjustable energy releasing mechanism based on a 

single actuator. 

 Verification of height-adjustability of jumping module and its application to 

an integrated jumping-crawling locomotion. 

 

 
(a) 

 
(b) 

Figure 1.4 The 59.4g integrated jumping-crawling robot in (a) the fully 

loaded stated and (b) the released state. 
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Chapter 2.  

Jumping Module Design 

 

The jumping module is developed to satisfy two design requirements. First, 

the jumping module needs to have an energy-storing capacity of more than 46.7 

J/kg (1.4 J in 30.0 g module) to allow the whole system to jump to height of 

2m, assuming that the mass of the whole system is about 60.0g.  

The value of 46.7 J/kg is quite large amount in milli-scale jumping robots. 

To our knowledge, a 7 g jumping robot [8] has energy-storing capacity of about 

21.85 J/kg, which is the largest amount of stored energy among current milli-

scale robots.  

To increase energy-storing capacity, our approach begins with the basics. Fig. 

2.1 shows two structures that have a force limit of kx, where k is the spring 

constant and x is the displacement. The structure in Fig. 2.1 (a) stores the energy 

of 3kx2/2 while the structure in Fig. 2.1 (b) stores kx2/2. This suggests that large 

displacement rather than large spring constant can increase energy-storing 

capacity. To implement this basic principle, we employ a hyperelastic material 

to utilize large strain of the material. We also employed a fully compressible 

linkage shown in Fig. 2.1 (a) and a knee-like joint to easily lengthen the material 

(shown in Fig. 6).  
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The second design requirement is that the jumping module should be able to 

actively release the stored energy, irrespective of the quantity of energy stored, 

to control the take-off speed of jumping. To this end, a novel active triggering 

mechanism based on a single DC motor is designed. 

 

2.1 Increasing Energy-Storing Capacity 

2.1.1 Energy Storing Material 

Spring steel has been widely employed for energy-storing components due to 

its easy accessibility. However, according to [3], spring steel is not a very 

efficient energy-storing material because of its high density. Instead of spring 

steel, we employ rubber material in the jumping module since it has an 

 

 

Fig. 2.1 Storable energy depends on the spring constant and 

displacement, assuming that both structures have the same force limit, 

𝑭 = 𝒌𝒙. 
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outstanding energy density compared to other materials [3]. However, rubber 

generally shows large hysteresis in its force-displacement curve. Table 2 shows 

the properties of five possible materials. Polyurethane has high energy density 

but also a high loss factor [1]. In contrast, latex has relatively low energy 

density and modulus but can be stretched by more than 250% and has small 

hysteresis in its force-displacement curve [1], as shown in Fig. 3. Latex 

therefore fit our design requirement to maximize energy-storing capacity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 2.1 POSSIBLE MATERIAL FOR EFFICIENT LIGHT SPRINGS [3] 

Materials 
𝐌𝐥 = 𝝈𝒇

𝟐/𝝆𝑬 

(kJ/kg) 
Comment 

Ti alloys 4-12 Better than steel; corrosion-resistant; expensive 

CFRP 6-10 Better than steel; expensive 

GFRP 1.0-1.8 
Better than spring steel; less expensive than 

CFRP 

Spring 

steel 
3-7 Poor, because of high density 

Wood 0.3-0.7 On a weight basis, wood makes good springs 

Nylon 1.5-2.5 As good as steel, but with a high loss factor 

Rubber 20-50 
Outstanding; 20 times better than spring steel but 

with high loss factor 
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2.1.2 Energy Storing Structure 

The structure of the jumping module utilizes a simple diamond-shaped four-

bar linkage to lengthen the latex as shown in Fig. 2.3. As the structure is 

TABLE 2.2 MATERIAL PROPETIES [1] 

Materials 

Young’s 

Modulus 

(GPa) 

Energy 

/Vol 

(mJ/mm3) 

Energy 

/Mass (J/kg) 

Dissipation 

factor at 1kHz 

Silicon 190 0.66 280 - 

Resilin 0.002 2.25 2100 - 

PDMS 0.00075 3.3 3400 - 

Polyurethane 0.0076 95 76000 0.034 

Latex 0.0001 5 4000 0.005 

 

 

 
 

Fig. 2.2. Experimental results of stretching latex. The specimen is 5.5 

mm wide, 25 mm long, and 0.85 mm thick. 
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compressed, the latex stretches and the amount of stored energy increases. Fig. 

2.3 (a) shows the mechanism with a full load of stored energy, and Fig. 2.3 (c) 

shows it at one-third of its full capacity. The stored energy is released by 

decompressing the structure, as shown in Fig. 2.3 (b).  

 

 

 

 

Fig. 2.3. 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 
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Fig. 2.4 (c) shows the 3D CAD model of the entire jumping module. A pair 

of wires is attached at both sides, and a pulley winds the wires to compress the 

structure. At this occurs, the routed latex rubber stretches and stores energy, as 

shown in Fig. 2.4 (d). Fig. 2.5 shows the second version of the jumping module 

that has combined energy storages. 

 

 

(a)                         (b) 

 

(c)                 (d) 

Fig. 2.4. (a) The jumping module in (a) the state of fully stored energy 

and (b) the released state. (c) 3D CAD model of the entire jumping 

module. (d) Latex rubber routing. 
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2.2 Knee-Inspired Joints 

The degree to which the jumping structure can be compressed basically 

depends on the range of motion of its joints. If the joints have little range of 

motion, then the structure cannot be fully compressed or decompressed. To 

solve this issue, we developed a rolling and sliding joint inspired by the human 

knee, as shown in Fig. 2.6 [35-38].  

 

Fig. 2.5. (left) The jumping module ver. 2. (top right) the state of fully 

stored energy and (right bottom) the released state.  
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The joint shown in Fig. 2.6 (a) can be fully folded and unfolded, just like the 

human knee. The joint consists of three crossed flexures and a lateral wire. The 

lateral wire basically connects two linkages. The crossed flexure enables the 

joint to be robust to compressive force. A joint without a flexure tends to deviate 

from the center when compressive force is exerted as shown in Fig. 2.6 (c). The 

crossed flexure, however, prevents the joint from deviating, as can be seen in 

Fig. 2.6 (b). 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2.6. Knee-inspired roll and slide joint. (a) From the flat state to 

the fully folded state.  Joints in compressive force of 35N (b) with 

cross flexures and (c) without cross flexures. 
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2.3 Height-Adjustable Triggering Mechanism 

The second design requirement is active release of stored energy to control 

take-off speed of jumping. The mechanism in Fig. 2.7 (a) consists of a winding 

pulley gear, a planet gear and a motor gear. The planet gear rotates around the 

motor gear and contacts and detaches from the winding pulley gear depending 

on rotational direction of the motor gear. When the motor rotates clockwise, the 

planet gear contacts the winding pulley gear and starts to wind the wires. When 

the motor rotates counter-clockwise, the planet gear detaches from the winding 

pulley gear, and the winding pulley gear is released. With this active triggering 

mechanism, the jumping module can be released at any state which enables 

control of the take-off speed of jumping. 
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Fig. 2.7 (a) shows the process of winding. The planet gear approaches to the 

winding gear as the motor gear rotates clockwise. As soon as the planet gear 

touches the winding gear, the winding gear starts to rotate. Yellow dots in Fig. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2.7. (a), (b) Conceptual diagram of the active triggering mechanism 

using a single DC motor. (c), (d) Magnified 3D CAD view of the 

triggering mechanism. 
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2.7 indicate which direction the gears rotate. After completing the energy-

storing process, the winding gear can be locked without operation of the motor. 

This enables the jumping mechanism to maintain energy-loaded state without 

additional energy consumption. However, this self-locking occurs when 

following condition is satisfied: 

Tmotor stall torque   <   Trelease torque         (1) 

Fig. 2.7 (b) shows the self-locking state of the trigger mechanism. The winding 

gear tries to be released and exerts torque on the planet gear in clockwise 

direction. At the same time, the motor gear exerts a force on the planet gear and 

generate the torque in counter-clockwise direction. In this situation, all of three 

gears maintain equilibrium state, if the stall torque of the motor is higher than 

the releasing torque generated by winding gear. 

Fig. 2.8 (a) shows the process of releasing. The motor gear rotates counter-

clockwise direction to separate the planet gear from the winding gear. When 

the planet gear is separated, the winding gear starts to release the stored energy. 

Yellow dots in Fig. 10 indicate which direction the gears rotate. 

However, the planet gear may not be separated from the winding gear. Fig. 

2.8 (b) shows the free body diagram of the planet gear. In Fig. 2.8 (b), the 

tangential force from the winding gear, FPW,t, acts as the normal force. This 
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(a) 

 

(b) 

 

Fig. 2.8. (a) Winding process. Yellow dots inidicate how the gears 

rotate. (b) Self-locking of the trigger mechanism 
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normal force generates the friction that prevents the planet gear from being 

separated from the winding gear. If this friction force gets high, the planet gear 

cannot be separated when the motor gear rotates counter-clockwise direction. 

The friction force is given as follows: 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇𝐹𝑃𝑊𝑐𝑜𝑠𝛼0     (2) 

where Ffriction is friction force between the winding gear and the planet gear, 

FPW is the reaction force from the winding gear, μ is the friction coefficent, and 

α0 is the pressure angle between the winding gear and the planet gear.  

To easily separate the planet gear from the winding gear, therefore, sum of 

the tangential force from the motor gear, FPM,t, and the normal force, FPW,n, from 

the winding gear should be larger than the friction force, Ffriction, as shown in 

Fig. 2.8 (b):  

𝑭𝒓𝒊𝒄𝒕𝒊𝒐𝒏 𝒊𝒏𝒅𝒖𝒄𝒆𝒅 𝒃𝒚 𝑭𝑷𝑾,𝒕   <      𝑭𝑷𝑾,𝒏 +  𝑭𝑷𝑴,𝒕  (3) 

This can be rewritten as follows: 

𝝁𝑭𝑷𝑾𝒄𝒐𝒔𝜶𝟎   <      𝝁𝑭𝑷𝑾𝒔𝒊𝒏𝜶𝟎 +  𝑭𝑷𝑴𝒄𝒐𝒔𝜶𝟎
′      (4) 

where FPW,t is the tangential force from the winding gear, FPW,t is the normal 

force from the winding gear, FPM,t is the tangential force from the motor gear,  

FPM,n is the normal force from the motor gear, and α0  ́ is the pressure angle 

between the planet gear and the motor gear. 

To saytisfy eq. (4), analysis on the friction force is requried. Especially, this 

friction force is deeply related with the pressure angle of the gears. In the 

optimization section, the pressure angle of the winding gear is analyzed and the 
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appropriate value will be determined. 

 

 

 

 

(a) 

 

(b) 

 

Fig. 2.9. (a) Releasing process. Yellow dots inidicate how the gears 

rotate. (b) Free body diagram of the planet gear  
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2.4 Jumping Direction Control Mechanism 

2.4.1 Mechanics of Direction Control in Insects 

The froghopper is well known for its amazing jumping performance. The 

froghopper, Philaenus spumarius, takes off in 1 ms with a mean velocity of 2.8 

m/s. This corresponds to an average output power of 100 mW, which is much 

greater than that of locusts and fleas [39]. 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 [33, 34, 40-43]  

 Froghoppers control their jumping azimuth efficiently by means of the 

following principles [33]: prior alteration of tibiae orientation, 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 generated 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 opposite directions greatly reduce 

rotation of the jumping body and increase useful kinetic energy. Moreover, both 

hind legs depress almost equally. Sutton et al. [33],  showed that both legs are 

synchronized to within 32 ㎲. This synchronous jump also enables efficient 
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jumping by preventing the body from spinning unnecessarily. 

 

 

Fig. 2.10. Direction changing mechanism of froghoppers. The 

moments generated from the ground reaction forces cancle out each 

other. 
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Fig. 2.11. Process of jumping with direction changing legs.  
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2.4.2 Direction Changing Mechanism Design 

Inspired by froghoppers, a direction control mechanism is proposed in this 

paper. Fig. 2.11 shows a schematic of the proposed mechanism. The mechanism 

has two jumping legs at both sides that can move independently. To achieve 

high jumping performance, each leg has its own energy storage, but only one 

trigger is installed, as shown in Fig. 2.11. In Fig. 2.11, a pair of gears is installed 

on both legs to synchronize depression of the legs during a jump, as shown in 

 

(a) 

 

(b) 

 

(c) 

Fig. 2.12. (a) Jumping rightward (b) Jumping upward (c) Jumping 

leftward  
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Fig. 2.11.  

The proposed mechanism utilizes the torque reversal catapult (TRC) 

mechanism [44], and linear springs are used to store energy. When the linear 

spring in the right leg is pulled by the trigger and passes through the rotation 

center, the right jumping leg starts to depress shortly afterward. At this moment, 

the gear installed on the right leg triggers the other gear. Both jumping legs are 

thus synchronized in a very short time. This synchronous jump continues  

until both jumping legs are fully depressed, as shown in fig. 2.11. 

Fig. 2.12 shows how the mechanism changes the jumping direction. The 

femoro-tibial joints freely rotate so that the mechanism easily alters the initial 

orientation of the tibiae. As shown in Fig. 2.12, the mechanism can change the 

jumping azimuth by altering initial posture, just as real froghoppers do. 

 

2.5 Integration 

The jumping module is integrated with a lightweight Dash crawler. The 

crawler has a vacant space inside its body of 100 mm length x 20 mm width x 

35 mm depth. The jumping module is installed inside the crawler as shown in 

Fig. 2.13.  

The jump-crawler’s stored elastic energy is adjusted according to the target 

take-off speed of jumping. When the robot needs to jump high, the motor fully 

winds the pulley wires to store more elastic energy, as shown in Fig. 2.13 (a). 
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When the robot needs to make a low jump, the motor winds the wires less, and 

the jumping module is only partially compressed, as shown in Fig. 2.13 (b). 

When the module is compressed to less than 35 mm, the jumping structure does 

not touch the ground at all, and the robot can crawl as normal. 

The diamond structure of the jumping module is located at the center of the 

robot, which distributes the mass distribution to reduce rotational motion when 

the robot jumps. The mass budget of whole system is given in Table 3.1. 

The robot is controlled by the dsPIC33JF128MC706-based board [45]. The 

board uses an 802.15.4 wireless radio and two H-bridge motor controller. The 

crawler uses two 7 mm-diameter, 3.3 Ω brushed DC motors (Didel MK07-3.3) 

and is controlled by changing the PWM ratio. The jumping module uses a DC 

motor (Pololu 1000:1 gear ratio) and a simple direction control is applied to 

store and release the energy. 
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(a) 

 

(b) 

 

(c) 

Fig. 2.13. (a), (b) Bottom view and (c) side view of the integrated 

jumping-crawling robot 
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TABLE 3.1 MASS BUDGET 

Components Mass (g) 

Jumper transmission 4.8 

Carbon rods (8 ea) 2.0 

Joints (8 ea) 4.0 

Wire, joint rubber 2.2 

Jumper motor 11.0 

Latex rubber for energy storage (2 ea) 2.2 

Control board 6.9 

Li-Po Battery 5.3 

Crawler body 16.0 

Crawler transmission 5.0 

Total 59.4 
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Chapter 3.  

Modeling and Optimization 

 

3.1 Loading Force Analysis 

3.1.1 Mechanism with Linear Spring 

To investigate how much force is required to load the proposed jumping 

mechanism, we create a static model. Using this model, the required loading 

force according to the shape of the jumping module is calculated. Depending on 

routing of latex rubber, however, the loading force profile and the quantity of 

stored energy varies. In loading force profile, to minimize the peak. To reduce 

the peak loading force while maintaining the quantity of stored energy, routing 

of latex rubber is optimized. 

To select the actuator to load the mechanism, a static loading force analysis 

is performed. Fig. 3.1 shows the model of the proposed mechanism. The model 

represents the routed latex rubber as six symmetrically positioned springs in the 

upper triangle and the lower triangle, as shown in Fig. 3.1. The three springs in 

each triangle have the spring constant of k1, k2 and k3, which are determined by 

tensile tests. The loading force, F, can be calculated based on the moment 

equilibrium equation as follows: 

𝑟𝐹𝑠𝑖𝑛𝜃′ = 𝑟1𝑘1𝛥𝑥1𝑐𝑜𝑠𝜃′ + 𝑟2𝑘2𝛥𝑥2𝑐𝑜𝑠𝜃′ + 𝑟3𝑘3𝛥𝑥3𝑐𝑜𝑠𝜃′     (5) 
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where 𝛥𝑥𝑖 = 𝑟𝑖(𝑠𝑖𝑛𝜃′ − 𝑠𝑖𝑛𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
′ ), 𝜃′ = 𝜃1/2 and 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙

′ = 𝜃1,𝑖𝑛𝑖𝑡𝑖𝑎𝑙/2 

𝐹 =  8(𝑟1
2𝑘1 + 𝑟2

2𝑘2 + 𝑟3
2𝑘3)(𝑠𝑖𝑛𝜃′ − 𝑠𝑖𝑛𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙

′ )𝑐𝑜𝑠𝜃′ 1

𝑟𝑠𝑖𝑛𝜃′  (6) 

𝐸 =  2(
1

2
𝑘1∆𝑥1

2 +
1

2
𝑘2∆𝑥2

2 +
1

2
𝑘3∆𝑥3

2)       (7) 

where 𝑟𝑖 is the rubber attachment point, 𝑘1 = 172.86𝑁/𝑚 , 𝑘2 = 200.14𝑁/

𝑚, 𝑘3 = 216.5𝑁/𝑚 and 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
′ = 20˚. 

To investigate peak loading force depending on various rubber routing, the 

peak force and the corresponding stored energy is calculated by varying r1, r2 

and r3, based on eq. (6) and eq. (7). Since the latex rubber has limited length, 

following geometric constraint needs to be satisfied:  

 

Fig. 3.1. Static model of the proposed mechanism. F indicates force to 

load the mechanism by stretching latex rubber. 
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𝑑1 + 𝑑2 + 𝑑3 + (𝑟1 − 𝑟3) = 𝐿      (9) 

where 𝑑𝑖 = 2𝑟𝑖𝑠𝑖𝑛𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙
′ , and L is original length of the latex rubber. 

In addition, r1, r2 and r3 has to satisfy following constraint due to 

manufacturing and installment: 

36 mm ≤ 𝑟1 ≤40 mm, 32 mm ≤ 𝑟3 ≤36 mm, 

28 mm ≤ 𝑟3 ≤ 32 𝑚𝑚 (10) 

Fig. 3.2 shows the peak loading force and the corresponding stored energy 

depending on r1 and r2. In Fig. 3.2 (a), the loading force increases up to 90 N 

as the length of r1 and r2 increases. At the same time, the stored energy also 

increase as the length of r1 and r2 gets longer. This is estimated that stretchable 

length increases as the attachment point of the rubber gets far from the point O 

in Fig. 3.1. Fig. 3.3 shows the peak loading force and the corresponding stored 

energy depending on r1 and r3. In Fig. 4.3 (a), the loading force increases up to 

90 N as the length of r1 and r3 increases. The stored energy also increases by 

the same token. 

Based on the analysis above, values of r1, r2 and r3 are determined as follows: 

𝑟1 = 41𝑚𝑚,  𝑟2 = 36𝑚𝑚, 𝑟3 = 31𝑚𝑚 (11) 

With these values, the relation between the loading force and the angle, θ1, is 

plotted in Fig. 3.4. In this figure, the peak loading force is 77.03 N and the stored 

energy is 1.39 J in the fully loaded state. Given that the stall torque of the DC 

motor is 0.9 Nm, the radius of the pulley should not exceed 11.6 mm as follows: 
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𝑃𝑢𝑙𝑙𝑒𝑦_𝑟𝑎𝑑𝑖𝑢𝑠𝑚𝑎𝑥 = τ/𝐹𝑝𝑒𝑎𝑘 = 0.9Nm/77.03N = 11.6 mm     (12) 

 The pulley used in the mechanism has a radius of 2 mm and produces enough 

force for loading.  
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(a) 

 

(b) 

Fig. 3.2. (a) Peak loading force and (b) stored energy depending on r1 

and r2. 
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(a) 

 

 

 

(b) 

 

Fig. 3.3. (a) Stored energy and (b) Peak loading force depending on r1 

and r3. 
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3.1.2 Mechanism with Combined Linear and Torsional Spring 

In jumping robots, to maximally store the elastic energy is important in that 

the jumping height can be increased. Due to the limited output force of actuators, 

however, it is not easy to increase storable energy. One method is to maximally 

utilize the area located under the limited actuator force.  

Fig. 3. 5 show the loading force profile depending on the different types of 

energy storages, a linear spring and a torsional spring. Both cases has same 

actuator force limit of 40 N but their storable energy is different. According to 

Table 3.1, the torsion only case stores 1.98 J but the linear only case stores the 

energy of 1.38 J. Although they have same limit in loading force, they can store 

different amount of elastic energy. 

 

Fig. 3.4. Loading force vs. angle. Note that black diamonds indicate 

corresponding shape of the jumping module 
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In case of linear spring storage, the loading force stiffly increases at the 

beginning since it has short moment arm. So, the linear spring case shows the 

peak at the beginning and drops to zero at the end. On the other hand, the torsion 

spring case shows the gradual increase of loading force as shown in Fig. 3.5 

and has the maximum value at the end. Likewise, those two types of energy 

storages show totally different loading force profile.  

 

 

 

 

 

 

 

 

 

 

TABLE 3.1 COMPARISON OF STORING ENERGY TYPES 

 Linear only Torsion only 

Peak Force limit 40 N 40 N 

Stored Energy 1.38 J 1.98 J 
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(a) 

 

(b) 

Fig. 3.5. Loading force vs. displacement. (a) A mechanism with an 

energy storage of a linear spring and (b) a torsional spring. 
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Fig. 3. 6 shows our concept of energy storing method to maximally utilize 

the area under the limited actuator force. When the linear spring and torsion 

spring is appropriately mixed, the optimized loading force (blue line) can be 

determined and storable energy can be maximized without changing actuator. 

 

Fig. 3.6. Loading force vs. displacement depending of types of energy 

storing method. 
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Fig. 3.7 shows the total storable energy when the actuator force is limited 

under 40 N. Also, the graph shows how much energy is stored in the linear 

spring and the torsional spring each. When only linear spring is used, only 1.38 

J of energy can be stored while 1.98 J of energy is stored in torsion spring only 

case. In optimal case, elastic energy of 2.31 J can be stored. At this time, the 

torsion spring stores energy of 1.9 J and the linear spring stores 0.31 J of elastic 

energy. The portion of the linear and the torsion spring are about 82% and 18%, 

respectively. 

 

 

Fig. 3.7. Stored energy in a linear spring vs. Stored Energy in a 

torsional spring under limited actuator force of 40 N. 
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Fig. 3. 8 shows the experimental results of the combined case and the torsional 

spring only case. Compared to Fig. 3.7, the loading force profile shows similar 

shape in both case but the force limit is determined as 35 N. 

 

3.2 Reducing Delay in Triggering Mechanism 

3.2.1 Friction Force Analysis 

In chapter 2.3, a height-adjustable energy releasing mechanism is proposed. 

This mechanism stores energy when the motor rotates clockwise direction. 

After storing a certain amount of energy, the mechanism is locked itself due to 

high stall torque of the motor. The stored energy can be released when the motor 

rotates counter-clockwise direction. At this moment, however, the planet gear 

may not be detached from the winding gear due to friction force between these 

 

Fig. 3.8. Experimental results of loading force vs. displacement. 
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two gears.  

Fig. 3.5 shows the free body diagrams of the winding gear, planet gear and 

motor gear. In Fig. 3.5. (b), forces from the winding gear and the motor gear 

exert on the planet gear. At this moment, the tangential force from the winding 

gear generates friction force that prevents the planet gear from being detached. 

The equation of motion is given as follows: 

∑𝐹𝑥 = 𝐹𝑃𝑀,𝑡 + 𝐹𝑃𝑊,𝑛 − 𝜇𝐹𝑃𝑊,𝑡 (13) 

∑𝐹𝑦 = 𝐹𝑃𝑀,𝑛 + 𝐹𝑃𝑊,𝑡 (14) 

According to Eq. (13), the sum of FPM,t and FPW,n should be at least same with 

the value of μFPW,t to be easily separated from the winding gear. The friction 

force, μFPW,t, is deeply related with the pressure angle of a gear since the 

magnitude and direction of forces between the gears varies depending on the 

shape of gear tooth. To investigate the relation between friction force and the 

pressure angle of gear, we re-design the tooth shape of the winding gear so that 

the force relation satisfies eq. (13) [46-55].  



 

51 

 

 

3.2.2 Minimum Pressure Angle 

Pressure angle is the angle between the tooth face and the gear wheel tangent. 

Depending on the pressure angle of the gear, therefore, shape of gear tooth 

varies as shown in Fig. 3.6. Fig. 3.6 shows the gears having 0˚, 20˚, 40˚, and 

60˚ of pressure angle. As the pressure angle increases, the gear tooth tends to 

 

(a) 

 

(b)                    (c) 

Fig. 3.9. Free body diagram of (a) the winding gear (b) planet gear (c) 

motor gear 
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be sharp. When a gear has pressure angle smaller than a certain value, undercut 

starts to occur because of manufacturing process of gear – undercut is shown in 

Fig. 3.6 (a). This undercut of the gear tooth induces physical interlocking 

between teeth as shown in Fig. 3.7 (a). Due to this interlocking, large friction 

force occurs between the winding gear and the planet gear, which prevent the 

planet gear from being seperated. 

 

  

(a)                  (b)  

 

(c)                  (d) 

Fig. 3.10. Gears with different pressure angle. (a) pressure angle of 0˚ 

(b) pressure angle of 20˚ (c) pressure angle of 40˚ (d) pressure angle 

of 60˚ 
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Fig. 3.7 shows the how interlocking occurs in case of the gear with small 

pressure angle. The gear with small pressure angle has undercut in gear tooth 

and this undercut physically locks each other and the friction force skyrocketing. 

In contrast, a gear with large pressure angle does not have undercut as shown 

in Fig. 3.7 (b) and therefore, physical interlocing hardly happens. So, thge first 

condition for removing delay in energy releasing mechanism is to remove 

undercut of the winding gear. To design a gear tooth that does not have undercut, 

the relation of intial angle of involute gear, θis, and pressure angle, α0 , can be 

utilized, as shown in Fig. 3.8: 

𝜃𝑖𝑠 =
𝑠𝑖𝑛𝛼0

𝑐𝑜𝑠𝛼0
+

2{𝐶(1−𝑠𝑖𝑛𝛼0)+𝑋−𝐷}

𝑍𝑐𝑜𝑠𝛼0𝑠𝑖𝑛𝛼0
    (15) 

 

 

    

(a)                                         (b) 

Fig. 3.11. (a) Inter-locking induced by undercut of tooth in small 

pressure angle and (b) large pressure angle. Note that inter-locking does 

not occur in large pressure angle 
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where α0 is pressure angle, θis is initial angle of involute curve, X is addendum 

modification coefficient, C is hob tip fillet radius coefficient, D is addendum 

of hob, and Z is number of tooth. 

In Eq. (15), the intial angle of involute gear, θis, under zero physically means 

that the gear tooth has undercut shape. Based on Eq. (15), the minimum 

pressure angle can be calculated and is given as 21˚ when the gear has teeth 

number of 17. 

After satisfying the first condition, the second condition is to satisfy the 

following inequality: 

𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝐹𝑃𝑊,𝑡    <      𝐹𝑃𝑊,𝑛 +  𝐹𝑃𝑀.𝑡   (16) 

where FPW,t, FPW,n, and FPM,t are indiated in Fig. 3.5.  

Eq. (16) can be rewritten as follows, including pressure angle parameters: 

 

Fig. 3.12. Gear tooth drawing 
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𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛    ≤     𝜇𝐹𝑃𝑊𝑠𝑖𝑛𝛼0 +  𝐹𝑃𝑀𝑐𝑜𝑠𝛼0
′    (17) 

where 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇𝐹𝑃𝑊𝑐𝑜𝑠𝛼0, 𝛼0 is the pressure angle between the winding 

gear and the planet gear, and 𝛼0
′  is the pressure angle between the planet gear 

and the motor gear. 

According to the Eq. (17), the minimum pressure angle between the winding 

gear and the planet gear is given as follows: 

𝑐𝑜𝑠𝛼0,   𝑚𝑖𝑛 =  
1

𝜇𝐹𝑃𝑊
(𝜇𝐹𝑃𝑊𝑠𝑖𝑛𝛼0 + 𝐹𝑃𝑀𝑐𝑜𝑠𝛼0

′ )   (18) 
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3.3 Jumping Direction Analysis 

 

To investigate how generated forces and moments affect jumping direction, 

free body diagrams and the corresponding equations of motion are derived. The 

proposed mechanism is analyzed in terms of the whole body and the tibia. This 

analysis makes the following assumptions for purposes of simplification: First, 

the torques generated by linear springs at both sides are equal. Second, both 

hind legs are synchronized. 

 
(a) 

 
(b) 

Fig. 3.13. (a) Concept of the direction changing mechanism and (b) the 

free body diagram of a tibia and a femur. 
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In the body part, how the mechanism jumps and changes the azimuth 

direction with reduced body spin will be studied. To this end, we will focus on 

the forces generated from the points where the legs contact the ground.  

The position of the tibia is directly related to the jump direction since the 

distal end of the tibia contacts the ground and receives the reaction force. The 

direction of this reaction force determines which way the mechanism moves. 

Therefore, the relation between the reaction force exerted on the tibia and the 

initial angle of the tibia must 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 Fig. 3.13. 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.  

Fig. 3.13 (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 freely 

rotating joint. Therefore, the femoro-tibial 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: 

𝐿𝑡𝑖𝑏𝑖𝑎𝐹𝐺𝑥
cos 𝜃𝐿 − 𝐿𝑡𝑖𝑏𝑖𝑎𝐹𝐺𝑦

sin 𝜃𝐿 ≈ 0     (19) 

Accordingly, the following relation can be derived: 
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tan 𝜃𝐿 =
𝐹𝐺𝑥

𝐹𝐺𝑦

      (20) 

Eq. (20) tells us that the direction of the reaction force is parallel to the 

direction of the tibia. 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. 
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Chapter 4.  

Dynamic Model and Experimental Results 

 

The jumping dynamics is analyzed based on the Lagrangian formulation [7], 

[56]. The process of jumping is completed within only 30 ms. Therefore, 

dynamics should be considered to precisely examine how the mechanism works. 

Based on the dynamic model, the take-off time, velocity, and energy used for 

jumping can be calculated. 

 

 

 

 

Fig. 4.1. Dynamic model of the proposed mechanism. G5 and G6 

indicate the payload such as a battery, electronics, and an actuator. 
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The jumping module is designed to satisfy two design requirements: Large 

energy-storing capacity and height-adjustable triggering. To examine the 

functionality of the jumping module, we test jumping by varying the quantity 

of stored energy in the jumping module and integrated jumping-crawling by 

adjusting different take-off and crawling speeds.   

 

4.1 Dynamics  

4.1.1 Dynamic Modeling 

The model consists of five rigid links and four rotational joint. To analyze 

the dynamics, two variables (𝜃1 and 𝜃0) are used to indicate the position of 

each link. The model is a one-degree-of-freedom system and has a generalized 

coordinate of the body angle, 𝜃1. The position of the links is given as follows: 

�⃗�1 = [

1

2
𝑟 cos 𝜃0

1

2
𝑟 cos 𝜃0

]           (21)                               

�⃗�2 = [
𝑟 cos 𝜃0 +

1

2
𝑟 cos (𝜃0 + 𝜃1)

𝑟 sin𝜃0 +
1

2
𝑟 sin (𝜃0 + 𝜃1)

]      (22)   

�⃗�3 = [
𝑟 cos (𝜃0 + 𝜃1) +

1

2
𝑟 cos 𝜃0

𝑟 sin (𝜃0 + 𝜃1) +
1

2
𝑟 cos 𝜃0

]     (23)      

�⃗�4 = [

1

2
𝑟 cos (𝜃0 + 𝜃1)

1

2
𝑟 sin (𝜃0 + 𝜃1)

]              (24)                
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�⃗�5 =

[
 
 
 
 
 
 𝑟 cos𝜃0 +

1

2
𝑟 cos(𝜃0 + 𝜃1) −                                          

                     𝑟5,𝑦 cos (𝜃0 +
1

2
𝜃1) − 𝑟5,𝑥sin (𝜃0 +

1

2
𝜃1)

𝑟 sin 𝜃0 +
1

2
𝑟 sin(𝜃0 + 𝜃1) +                                           

                     𝑟5,𝑦 sin (𝜃0 +
1

2
𝜃1) + 𝑟5,𝑥cos (𝜃0 +

1

2
𝜃1) ]

 
 
 
 
 
 

     (25)   

 �⃗�6 =

[
 
 
 
 
 
 𝑟 cos 𝜃0 +

1

2
𝑟 cos(𝜃0 + 𝜃1) −                                         

                    𝑟6,𝑦 cos (𝜃0 +
1

2
𝜃1) + 𝑟6,𝑥sin (𝜃0 +

1

2
𝜃1)

𝑟 sin𝜃0 +
1

2
𝑟 sin(𝜃0 + 𝜃1) +                                          

                    𝑟6,𝑦 sin (𝜃0 +
1

2
𝜃1) − 𝑟6,𝑥cos (𝜃0 +

1

2
𝜃1) ]

 
 
 
 
 
 

     (26) 

where Gi is the position of links, r is the length of each link of the diamond-

shaped body, r5,x, r5,y, r6,x, and r6,y are the distance to added masses. 

𝜃1 is the angle of the diamond. 𝜃1 and 𝜃0 have the following relationship: 

𝜃0 = (180° − 𝜃1)/2             (27) 

With the positions and the kinematic constraints, the dynamics of the 

jumping module are numerically solved by a Lagrange formulation. The initial 

conditions are set as follows: 

𝜃1 = 170°  at fully stored state    (28) 

Take-off of the jumping mechanism occur when the vertical reaction force, 

V(t) in (13), is zero. 

 𝑚𝑟𝑜𝑏𝑜𝑡𝑎𝑟𝑜𝑏𝑜𝑡,𝑥 = ∑ 𝑚𝑖𝑎𝑖,𝑥(𝑡) =  −𝐻(𝑡)6
𝑖=1           (29) 

 𝑚𝑟𝑜𝑏𝑜𝑡𝑎𝑟𝑜𝑏𝑜𝑡,𝑦 = ∑ 𝑚𝑖𝑎𝑖,𝑦(𝑡) =  𝑉(𝑡)6
𝑖=1 − ∑ 𝑚𝑖𝑔

6
𝑖=1     (30) 

where mrobot is the total mass of the robot, arobot is the acceleration of the 

robot’s center of mass, ai is the acceleration of each link, and H is the horizontal 

reaction force on the ground. Also, the take-off translational velocity, (14), and 
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the angular velocity, (15), are determined as follows: 

 𝑚𝑟𝑜𝑏𝑜𝑡𝑣𝑟𝑜𝑏𝑜𝑡,𝑥 = ∑ 𝑚𝑖𝑣𝑖,𝑓
6
𝑖=1      (31) 

 𝑚𝑟𝑜𝑏𝑜𝑡𝑤𝑟𝑜𝑏𝑜𝑡,𝑥 = ∑ 𝑚𝑖𝑤𝑖,𝑓
6
𝑖=1           (32) 

where vrobot is the velocity of the robot’s center of mass and wrobot is the 

angular velocity of the robot. vi,f is the translational velocity, and wi,f  is the 

angular velocity of each link just before takeoff. 

 

4.1.2 Simulated Results  

  Fig. 4.3 and Fig. 4.4 shows the simulated results of jumping mechanism with 

linear spring only. In Fig. 4.2, the jumping module stores the elastic energy of 

1.39 J. It takes off within 23.8 ms with the take-off velocity of 7.81 m/s as 

shown in Fig. 4.2 (c). The take-off velocity is calculated when the ground 

reaction force in Fig. 4.2 (b) (bottom) is zero. The maximum acceleration of the 

jumping module with 1.39 J is about 600 m/s2, which is more than 60 times of 

gravitational acceleration.  

Fig. 4.3 shows the simulated results of the jumping module with the stored 

energy of 0.49 J. It take off in 7.8 ms and takes off with the velocity of 4.57 m/s 

as shown in Fig. 4.3 (c). The maximum acceleration is about 600 m/s2 and the 

maximum reaction force is given as 28 N. 

Fig. 4.5 shows the high speed images and corresponding visualized 

simulation of the jumping module with combined types of energy storage. The 

module with only torsion springs has stored energy of 1.39 J. It take off in 14 
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ms and takes off with the velocity of 6.98 m/s. The module with the combined 

energy storages has stored energy of 1.81 J and takes off within 13.9 ms with 

8.09 m/s. 
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(a) 

 

(b) 

Fig. 4.2. (a) High-speed (5000 fps) image of the jumping module with 

1.39 J of the stored energy and visualizatin of dynamic modeling of 

its movements. (b) High-speed (5000 fps) image of the jumping 

module with 0.49 J of the stored energy and visualizatin of dynamic 

modeling of its movements. The red arrow indicates the direction of 

reaction force from the ground.  
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(a) 

 

(b) 

Fig. 4.3. (a) Acceleration and (b) take-off velcocity of the jumping 

module. with 1.39 J of the stored energy 
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(a) 

 

(b) 

Fig. 4.4. (a) Acceleration and (b) take-off velcocity of the jumping 

module with 0.49 J of the stored energy. 
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(a) 

 

(b) 

Fig. 4.5. (a) High-speed (2000 fps) image of the jumping module with 

combined energy storages and visualizatin of dynamic modeling of its 

movements. (b) High-speed (2000 fps) image of the jumping module 

with torsion springs and visualizatin of dynamic modeling of its 

movements. The red arrow indicates the direction of reaction force 

from the ground.  
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4.2 Jumping Experiment 

4.2.1 Performance of Linear Spring Energy Storage 

The jumping module is tested with fully stored initial energy to investigate 

the best performance. Elastic energy of 1.39 J is initially stored in the jumping 

module and released using wireless control. Whole jumping process is analyzed 

using high-speed camera images (5000 fps) shown in Fig. 5.2 (a). The fully 

loaded jumping module could jump up to 2.9 m with the take-off velocity of 

7.71 m/s. The module jumped within 22.4 and the actual used energy was 1.1 J, 

which is 79 % of the initially stored energy. 

To verify height-adjustable jumping, the experiments are done by varying 

the quantity of stored energy. Fig. 4.2 and Fig. 4.3 shows high-speed images and 

corresponding dynamic models of jumping at two different initial states. In Fig. 

4.2 (a) the module initially has 1.39 J of elastic energy, and in Fig. 4.3 (a) it has 

0.49 J.  

In Fig. 4.2 (a), the jumping module takes off within 22.4 ms with a speed of 

7.71 m/s and jumps to 2.9 m. The module actually uses 1.1 J, which is 79% of 

its initially stored energy. The jumping module in Fig. 4.3 (a) initially stores 

0.49 J and uses 0.39 J which is 79% of its initially stored energy. The module 

takes off within 8.4 ms with a speed of 4.49 m/s and jumps up to 1.1 m. 

Table 2 compares data from the experiment and the model. Both sets of data 

shows similar values but have slight differences in the conversion efficiency, 

which is the ratio of the initially stored energy to the actual used energy. This 
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error may come from a small degree of hysteresis in the latex rubber since the 

latex is modeled as a perfect linear spring for simplicity.  

 

4.2.2 Performance of Combined Energy Storages 

The jumping module is tested with fully stored initial energy to investigate 

the best performance. Elastic energy of 1.39 J is initially stored in the jumping 

module and released using wireless control. Whole jumping process is analyzed 

using high-speed camera images (2000 fps) shown in Fig. 4.5 (a). The torsion-

spring-only jumping module could jump up to 2.4 m with the take-off velocity 

of 6.98 m/s. The module jumped within 15.0 and the actual used energy was 

0.92 J, which is 66.3 % of the initially stored energy. 

To verify the effect of combined types of energy storages, the experiments 

are done by adding a linear spring. Fig. 4.5 (b) shows high-speed images and 

TABLE 4.1 COMPARISON OF EXPERIMENT AND MODELING 

- 
High jumps Low jumps 

Model Experiment Model Experiment 

Take-off time 

(ms) 
23.8 22.4 7.8 8.4 

Take-off speed 

(m/s) 
7.81 7.71 4.57 4.49 

Initially stored 

energy (J) 
1.39 1.39 0.49 0.49 

Actual used 

energy (J) 
1.16 1.1 0.40 0.39 

Conversion 

efficiency (%)* 
83 79 82 79 

Jumping height 

(m) 
- 2.9 - 1.1 

*Conversion efficiency is the ratio of initially stored energy to actual kinetic 

energy at take-off [5], [7]. 
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corresponding dynamic models of jumping. In Fig. 4.5 (a) the module initially 

has 1.39 J of elastic energy, and in Fig. 4.5 (a) it has 1.81 J.  

In Fig. 4.5 (a), the jumping module takes off within 14.0 ms with a speed of 

8.09 m/s and jumps to 3.1 m. The module actually uses 1.81 J, which is 67.2% 

of its initially stored energy. The jumping module in Fig. 4.5 (b) initially stores 

1.39 J and uses 0.92 J which is 66.3% of its initially stored energy. The module 

takes off within 15.0 ms with a speed of 6.98 m/s and jumps up to 2.4 m. 

Table 4.3 compares data from the experiment and the model. Both sets of data 

shows similar values but have slight differences in the conversion efficiency, 

which is the ratio of the initially stored energy to the actual used energy. This 

error may come from a small degree of hysteresis in the latex rubber since the 

latex is modeled as a perfect linear spring for simplicity.  

 

 

TABLE 4.2 JUMPING PERFORMANCE OF COMBINED ENERGY STORAGES 

 Torsion spring only Combined 

Stored Energy (J) 1.39 1.81 

Stored Energy in 

torsion spring (J) 
1.39 1.39 

Stored Energy in 

linear spring (J) 
- 0.42 

Take-off speed (m/s) 6.9 7.83 
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TABLE 4.3 COMPARISON OF EXPERIMENT AND MODELING 

- 
Torsion spring only Combined 

Model Experiment Model Experiment 

Take-off time 

(ms) 
13.9 15.0 12.6 14.0 

Take-off speed 

(m/s) 
6.98 6.9 8.09 7.83 

Initially stored 

energy (J) 
1.39 1.39 1.81 1.81 

Actual used 

energy (J) 
0.97 0.92 1.28 1.22 

Conversion 

efficiency (%)* 
69.7 66.3 70.9 67.2 

Jumping height 

(m) 
- 2.4 - 3.1 

*Conversion efficiency is the ratio of initially stored energy to actual kinetic 

energy at take-off [5], [7]. 
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(a)       (b) 

Fig 4.6. Jumping performance of (a) the mechanism with torsion 

springs only and (b) combined energy storages 
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4.2.3 Jumping Direction Control 

The proposed froghopper-inspired jumping mechanism changes its direction 

by altering the robot’s initial posture. In the motion analysis section, we have 

shown that the direction of the ground reaction force is parallel to the direction 

of the tibia. Given that an object moves in the direction that is specified by a 

force vector, we may predict jump direction by combining the direction of two 

force vectors generated by both tibiae: 

𝜃𝐽𝑢𝑚𝑝 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ≈
𝜃𝑡𝑖𝑏𝑖𝑎,𝐿 +  𝜃𝑡𝑖𝑏𝑖𝑎,𝑅

2
 

, where 𝜃𝑡𝑖𝑏𝑖𝑎,𝐿 and 𝜃𝑡𝑖𝑏𝑖𝑎,𝑅  are the angles of each tibia, as indicated in Fig. 

3.13 (a). 

To investigate the relationship between jump direction and the initial posture 

of the mechanism, several jumping experiments were conducted by altering the 

initial posture. The jumping data was obtained with a high-speed camera (1000 

fps), and video analysis software (ProAnalyst) was used to analyze take-off 

velocity and take-off angular velocity for various jumping directions. 

Table 4.4 shows the tibia posture and the actual jumping direction. In case of 

the proposed mechanism, the average value of the left and the right tibia shows 

the similar value of the actuation jumping direction. This tells us that the 

direction of jumping can be controlled by controlling the posture of both tibae. 

Fig. 4.7 shows the high speed images of direction changeable jumping 

mechanism. As shown in Fig. 4.7, jumping direction can be differed depending 

on the initial posture of the mechanism. 
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4.3 Integrated Jumping-Crawling Experiment 

The integrated jumping-crawling robot is tested by varying crawling speed 

and take-off speed. Fig. 4.4 (a) shows the robot with crawling speed of 0.63 m/s 

and take-off speed of 4.52 m/s. This combined motion enables the robot to jump 

1.1 m and overcome 80 cm high obstacle. 

Fig. 4.4 (b) shows the horizontal and vertical distances achieved in three 

different cases. In case 3, when the robot has a crawling speed of 0 m/s and a 

take-off speed of 5.60 m/s, it jumps nearly vertically. In case 1 and 2, the robot 

moves with almost equal crawling speed but different take-off speeds. In case 1 

the robot’s jumping module has 0.98 J of initially stored energy and jumps to 

1.1 m. In case 2, the fully loaded jumping module has 1.39 J of stored energy, 

and jumps to 1.65 m. In the horizontal direction, in cases 1 and 2 the robot 

crawled 48 cm and 60 cm, respectively. The robot has an average horizontal 

moving speed in cases 1 and 2 of 0.57 m/s and 0.59 m/s, respectively, which 

means that crawling speed and take-off speed are independently controlled. 

TABLE 4.4 TIBIA POSTURE AND ACTUAL JUMPING DIRECTION 

 
Left tibia 

(deg.) 

Right tibia 

(deg.) 

Avg. angle 

(deg.) 

Actual jumping 

angle (deg.) 

Proposed 

mechanism 

0 63 31.5 30 

-62 1 -30.5 -28 

-10 10 0 0 

Added mass - - - 20 
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(a)       

 

 (b) 

 

Fig 4.7. High speed images (1000 fps) of direction changing mechanism 

(a) Leftward (b) Upward (c) Rightward 
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(a) 

 

(b) 

Fig 4.8. (a) Integrated jumping-crawling to overcome an 80-cm 

obstacle. (b)Vertical and horizontal distance of the integrated 

jumping-crawling robot. Numbers in the figure key are crawling speed 

and take-off speed. The time between dots is 0.168s. 
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Chapter 5.  

Conclusion 

 

In this paper, we propose a trajectory-controlled integrated jumping-crawling 

robot. To this end, a novel jumping module is developed with a large energy-

storing capacity and a height-adjustable active trigger. To increase the energy-

storing capacity, the jumping module incorporates latex rubber and knee-like 

joints. These components enables the jumping module to utilize large 

displacement of material, which is our strategy for maximizing energy-storing 

capacity. Also, a novel active trigger is designed to release the stored energy at 

any state. The trigger uses only a single DC motor and works by controlling the 

direction of rotation. With this trigger, the jumping module can control its 

jumping height.  

The direction changing mechanism is inspired by froghoppers. Froghoppers 

mechanically change their direction by altering the initial angle of both tibiae 

before jumping. Additionally, froghoppers cancel out the moment generated 

from both legs and synchronize the operation to reduce body spin. Our 

mechanism, inspired by the froghopper’s biological design, changes direction 

from –30 degrees to 30 degrees without noticeable body spin. We implemented 

several jumping tests to understand how moment cancelling and 

synchronization affect jumping performance. The results show that jump 



 

78 

 

direction is predictable. 

The developed jumping module is integrated with a lightweight Dash crawler. 

The whole system weighs 59.4 g and achieves different trajectories by 

controlling crawling speed and take-off speed. 
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국문 초록 

 

복합거동 로봇을 위한 궤적제어가 

가능한 소형 도약 메커니즘 
 

 

    최근 생체모사 로봇 분야에서는 단일 거동을 모사하는 것을 넘

어, 두 개 이상의 거동이 가능한 로봇에 대한 연구가 활발히 이루어

지고 있다. 복합거동 로봇은 점프 글러이더와 같이 cost of transport 

를 줄이는 방향 또는 각기 다른 거동의 합체를 통해 이동 가능한 

영역자체를 넓히는 방향으로 진행되고 있다. 본 논문에서는 거동 특

성이 완전히 다른 점핑(jumping)과 크롤(crawling) 의 합체를 통해 활

동 가능 영역을 넓히고자 한다. 이를 달성하기 위해 고성능의 높이 

조절이 가능한 새로운 소형 도약 메커니즘을 제안하였다. 제안된 메

커니즘은 기존의 도약 메커니즘보다 향상된 에너지 밀도를 가질 뿐

만 아니라 높이와 방향 제어가 가능하다.  

에너지 저장 밀도를 향상 시키기 위해 선형 스프링 (linear spring) 

과 비틀림 스프링 (torsion spring)을 조합하였다. 스프링의 타입에 따

라 에너지 충전시의 로딩 힘 (loading force) 곡선이 상이한 형태를 보

인다. 선형 스프링은 모멘트 암 길이의 영향으로 초반에 높은 힘을 

보이며, 비틀림 스프링은 점차 증가하여 가장 압축 되었을 때 최대

의 로딩 힘을 가진다. 상이한 로딩 힘 곡선을 가지는 두 개의 스프
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링을 잘 조합하면, 구동기의 제한된 힘 내에서 최대의 에너지 저장

이 가능해진다. 또한, 단 한 개의 구동기를 이용하여 에너지 충전 

및 원하는 시점에 항시 에너지 방출이 가능케 하였다. DC 모터의 회

전 방향에 따라 에너지가 충전 또는 방전이 되게 하였으며, 하나의 

트래블링 기어 (travelling gear)를 통해 클러치 개념을 실현하였다. 앞

서 언급한 이론 및 설계를 조합하여 궤적제어가 가능한 복합거동 

로봇을 제안하였다. 크롤링 속도와 도약 속도를 조합하여 다양한 형

태의 궤적으로 로봇이 진행가능함을 실험을 통해 증명하였다.  

뿐만 아니라, 소형 도약 메커니즘의 활용성을 높이기 위해 방향 

전환 제어가 가능한 메커니즘을 제안하였다. 본 메커니즘은 거품벌

레 (froghopper)의 방향전환에서 영감을 얻은 것이다. 거품벌레는 대

칭으로 배치된 두 다리를 통해 도약을 하게 된다. 이때, 두 다리를 

동시에 동작하여 발생된 모멘트가 서로 상쇄된다. 따라서 회전을 최

소화 하면서 원하는 방향으로의 도약이 가능해진다. 뿐만 아니라, 

반력의 방향이 항상 정강이의 자세와 일치하도록 설계하여, 도약 방

향의 예측 및 제어가 가능하도록 하였다. 

궤적제어가 가능한 소형의 고성능 도약 메커니즘은 소형 로봇개

발의 기반 기술로 사용될 수 있을 것으로 생각되며, 미래의 군사

용 정보 획득, 재해 지역 탐사에 활용 가능할 것이다.  
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주요어: 생체모사 로봇, 도약 로봇, 복합거동, 방향 전환 메커니즘, 

모멘트 상쇄 메커니즘, 높이 조절 메커니즘, 최대 에너지 저장 방법 
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