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Abstract—Field robots often need to overcome obstacles 

multiple times their own size when exploring the environment. To 

address this need, we revisit a concept reported in [28] and [29] 

where a compact mechanical hopping actuator, powered by 

gas-fuel was designed and tested. The idea is further refined, 

analyzed and realized in this reported work, characterized by a 

double-piston structure and a magnetic latch. Analysis is 

performed on the post combustion dynamics to obtain the take-off 

velocity of the actuator, which determines its jumping height. An 

experimental setup is constructed to test the design in indoor and 

outdoor environments. Laboratory (indoor) tests were carried out 

to obtain the take-off parameters of the actuator, including the 

post-combustion pressure, take-off velocity and force of the piston 

rod against the ground (ground reaction force). The expected high 

power output was observed, which justifies the actuation method 

for high payload applications. A take-off velocity of 5.98 m/s was 

achieved at a relatively low charge pressure of propane and 

nitrous oxide, showing potential for higher performance at higher 

charge pressure to be investigated further. Finally, the outdoor 

experiment was performed and the actuator was demonstrated to 

jump 2.1 m high, with a payload of 2.43 kg and the body weight of 

0.74 kg, which showed the high payload capability (~ 3.3 times 

body weight) of this actuator. Experiments also showed that 

higher post-combustion pressure and jumping height could be 

achieved by varying the mixing ratios of propane and nitrous 

oxide, peaking at the stoichiometric ratio for complete 

combustion. A metric defined as normalized payload was proposed 

as a means to compare the normalized performance of the 

hopping actuator against various robots with different means of 

power in the literature.  

 

Index Terms—Combustion, Gas fuel, Hopping actuator, 

Take-off characteristics, Normalized payload  

 

I. INTRODUCTION 

IELD robotic systems require the ability to traverse rough 

terrain and unstructured environment to accomplish their 

tasks. Certain tasks would require the robot to overcome wide 

obstacles, such as trenches, and high obstacles, such as a wall or 

a fence. In this respect, the obstacles that can be overcome by 

 
The work was supported in part by the Natural Science Foundation of 

Jiangsu Province (Award Number BK2011735), the Fundamental Research 

Funds for the Central Universities (NS2014047), and Priority Academic 

Program Development (PAPD) of Jiangsu Higher Education Institutions. 

H. Wang, Y. Luan and Z. Wang are with the College of Mechanical and 

Electrical Engineering, Nanjing University of Aeronautics and Astronautics, 

Nanjing, 210016 China (e-mail: {hmwang, luanyunguang}@nuaa.edu.cn). 

D. Oetomo is with the Department of Mechanical Engineering, The 

University of Melbourne, Parkville, VIC 3010, Australia (e-mail: 

doetomo@unimelb.edu.au). 

the traditional wheeled, tracked and legged locomotive modes 

are limited in size to approximately the same order of 

magnitude as the robot’s own size [1]. Wheeled robots are 

energy-efficient on smooth terrain and some improvements 

have been made to increase its moving ability on rough terrain 

[2], but it is only able to overcome obstacles no greater than 

half their wheel diameter. Tracked robots, such as Packbot [3] 

and Hybrid Mobile Robot [4], are generally capable of 

traversing larger obstacles than wheeled robots, though still 

limited in heights. Legged robots, such as ASLP [5] and 

BigDog [6], are known for their ability to cope with rough 

terrain. Some novel legged robots, such as RHex [7] and Whegs 

[8], combined the functionality of wheels and legs and 

demonstrated a jumping ability through the use of elastic legs 

or coil springs. The main drawback of legged locomotion is its 

often complex gait dynamics. However, more relevant to our 

argument, legged locomotion is still unlikely to be able to 

overcome obstacles higher than twice their leg length without 

jumping. Hybrid locomotion modes have also been proposed, 

combining the advantages of the above modes [9], such as the 

Azimut [10], Helios VI [11] and Hylos [12], but the largest 

obstacle they can overcome is still limited to the largest 

obstacle that can be accommodated by the individual 

locomotion mode. 

In the natural world, some animals, such as fleas, 

grasshoppers, frogs and kangaroos, have evolved jumping 

abilities for traversing obstacles, sometimes achieving jumping 

heights of multiple times their own body heights, at a low 

energetic cost. Inspired by nature, various hopping robots have 

been developed for the purpose of moving in unstructured 

environment and overcoming large obstacles. Early jumping 

robots developed in the 80s focused more on the pose 

regulation of the mechanism during flight and landing [13], 

[14]. Some of the later work then focused on the realization of 

energy efficiency of the mechanism and the ability to cover 

larger distances, for use in overcoming larger (higher) obstacles 

[15], [16]. In this category, catapult-based mechanisms have 

been widely employed due to their simplicity, practicality and 

mobility [1], [17]-[29]. Most catapult mechanisms can be 

considered as two-mass systems where the upper mass is 

designed to obtain/produce an upward velocity and then brings 

the lower mass along to realize a jump. 

Table I shows some of the current hopping robots in the 

literature, of which robots have onboard energy sources except 

for those reported in [23] and [25].  
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TABLE I 

DETAILS OF SOME EXISTING HOPPING ROBOTS 

Robot 
Jumping height 

(m) 

Jumping distance 

(m) 

Mass 

(g) 

Max.size 

(cm) 
Actuator Energy source 

JPL Hopper V2 [17] 0.90 2.00 1300 15 DC motor Battery 

UMN Scout robot [18] 0.35 × 200 11.5 DC motor Battery 

U-Bath Jollbot [1] 0.184 0.0 465 30 DC motor Battery 

EPFL Jumping robot [19] 0.62 0.46 14.33 18 DC motor Battery 

ZJU Grillo III [20] 0.10 0.20 22 5 DC motor Battery 

MSU Jumper [21] 0.872 0.898 23.5 6.5 DC motor Battery 

MIT Hopping microbot [22] 0.38 0.0 46 11 Dielectric elastomer actuator Battery 

SNU Flea [23] 0.64 0.70 1.1 2 Shape Memory Alloy Electricity 

TITECH Rescue robot [24] 0.80 × 2300 15 Pneumatic cylinder Compressed air 

U-Tokyo Mowgli [25] 0.50 × 3000 90 Pneumatic muscle Compressed air 

SANDIA 

Wheeled hopping vehicle [26]-[28] 
3.00 × 2400 30 Combustion cylinder Gas fuel 

SANDIA and Boston Dynamics 

Urban hopper [29] 
7.50 × 2951 × Combustion cylinder Gas fuel 

 
TABLE II 

 ENERGY DENSITY COMPARISON OF ENERGY SOURCES [31] 

Energy source 
Volumetric 

(Wh/l) 

Gravimetric 

(Wh/kg) 

Gasoline 9,000 13,500 

LPG 7,216 12,100 

Propane 6,600 13,900 

Ethanol 6,100 7,850 

Liquid H2 2,600 39,000 

Lithium Battery 250 350 

Lead Acid Battery 40 25 

Compressed Air 17 34 

 

From Table I, energy sources used in catapult mechanisms 

are mainly electrical, pneumatic and combustive energy. Most 

electrical-energy-based catapult mechanisms are actuated by 

DC motors. To realize a jump, a certain upward velocity is to be 

produced in a very short time, requiring the actuators to possess 

high instantaneous power as well as power to weight ratio. DC 

motors do not have such ability, hence a large amount of 

potential energy needs to be stored through transmission chains 

in elastic elements which can be released quickly to realize a 

jump. This approach was found in the use of DC 

motor-actuated jumping robots with geared hopping 

mechanisms, such as six-bar [17] and four-bar [19] linkage 

with potential energy storage elements, such as coil spring [17], 

bending spring [18], torsion spring [19], spring hoop [1] and 

curved beam [30]. The jump is realized through the sudden 

release of the stored energy, by use of trigger mechanisms such 

as cam [19], single way bearing [21] and segmental gear [20], 

which are also part of the transmission chains. 

There are also other electrically powered actuating methods 

reported in hopping mechanisms. In [22], mechanical energy is 

pumped into a leaf spring leg by dielectric elastomer actuator 

(DEA) over many actuation cycles. A 2 g flea-inspired catapult 

mechanism actuated by shape memory alloy (SMA) was 

reported in [23]. 

Pneumatic energy of compressed air was used to actuate the 

catapult mechanism in the TITECH rescue robot [24], while a 

bipedal jumping and landing robot, Mowgli, was developed 

using pneumatic artificial muscles [25]. The main drawback on 

this technique is the low energy density of compressed air (see 

Table II) compared to other approaches. 

Among the sources of energy currently used in these 

mechanisms, combustive fuels have the highest energy density, 

as shown in Table II [31]. They are of one or two orders of 

magnitude higher than even the most advanced electrical 

batteries in terms of energy density [32]. An example of the use 

of combustive fuels in a hopping-like mechanism is the diesel 

pile hammer in the building construction industry. Once 

compressed, a mixture made of air and diesel ignites, and the 

heavy piston is driven up several meters high without the need 

for any transmission. Due to the use of a direct drive 

mechanism, a hopping actuator powered by combustive fuels 

can be simple, structurally compact and has no need for any 

transmission systems. To the best of our knowledge, only 

Sandia Lab initiated the research on the hydrocarbon 

fuel-powered hopping mechanism [27] and developed a high 

performance Wheeled Hopping Vehicle [28], and then an 

Urban Hopper capable of jumping 7.5m high was demonstrated 

by Sandia Lab and Boston Dynamics [29]. It was recently 

reported Boston Dynamics has developed the SandFlea, which 

can jump from 1 to 8 m, with gyro stabilization. Unfortunately, 

much of the performance figures or technical specification 

were not widely published about these fuel-powered hopping 

robots, such as structural and working parameters, inner 

structure, and working characteristics. 

With the various designs, scales (and sizes) and means of 

actuation, it has often been difficult to compare the 

performance of various jumping robots. In this paper, a 

performance metric, termed the normalized payload, is 

proposed and defined in (10), which measures the work done on 

a given payload (thus involving the weight of the payload and 

the height of the resulting jump) normalized against the mass of 

the robot. This enables us not only to compare the performance 

of the robot reported in this paper against others, but it has also 

enabled a fair comparison between different means of actuation 

for jumping robots. This has enabled us to demonstrate that 

gas-fueled jumping robot still produces the best combination of 

performance when payload, height and robot mass are all taken 
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into account. The main contribution in this paper, however, is 

the presentation of a gas-fuel powered hopping actuator, which 

is designed, analyzed and experimentally validated. A hopping 

actuator, similar in concept to that reported in [28] and [29], is 

revisited and a thorough investigation of the concept of 

gas-fueled jumping robot is carried out and reported. While the 

concept was already reported, [28] and [29] did not provide 

much of the technical details of the design nor performance 

evaluation of the highly promising concept. In this paper, 

experiments were carried out in the laboratory for system 

identification, and then field tested for its performance in a 

realistic environment. The resulting take-off characteristics 

from the experiments are presented in this paper and were 

found to agree with the analytically expected results. Both 

experiments and analysis are not only valuable to the design 

iteration of hopping robots but also to the deeper understanding 

of these promising mechanisms. The comparison with other 

hopping robots in the literature is discussed. 

The rest of the paper is organized as follows: Section II 

reports the design of the mechanism, which has been through 

several iterations, highlighting the specific design issues and 

features that produced an efficient design, including the 

double-piston design and the use of magnetic latch. These 

features were implemented to overcome various shortcomings 

in the previous iterations of design. Section III analyzes the 

performance of the actuator as a function of its take-off 

parameters. These take-off parameters were experimentally 

obtained in a laboratory setting for a given set of operating 

conditions (fuel mixture and pressure) and reported in Section 

IV. Finally, an outdoor experiment was carried out to operate 

the actuator in a realistic environment. This was done with 

different fuel mixing ratios to obtain the information of the 

performance of the actuator as a function of this parameter. The 

performance metric was proposed to compare the normalized 

capabilities of different robots reported in the literature. The 

results highlighted the promising potential of these locomotion 

mechanisms in overcoming large obstacles (multiple times the 

body size of the actuator) and carrying high payload. 

II. DESIGN AND IMPLEMENTATION 

In this paper, the design of the hopper was selected to be of a 

scale to operate in the outdoor environment, such as jumping 

over a 1-3 m high wall or 1-2 m wide ditches. It was designed to 

investigate the feasibility of the concept of gas-fuel powered 

actuator for a robotic hopper. The aim of this investigation is to 

obtain some idea of the operating variables affecting the 

performance of the actuator and the characteristics of such 

resulting jumps. It should therefore be noted that the design was 

not rigorously or computationally optimized against any 

objective function. At the end of this investigation, an objective 

function describing the desired performance is proposed for the 

first time in Section V.C. This performance metric, which we 

termed “normalized payload”, described in (10), can therefore 

be used to compare the performance of various hopping robots 

(with different power sources) in a fair manner. This metric also 

form the basis of design optimization for the gas-fuel powered 

actuator in our future work. The following sub-sections 

describe the design of the prototype investigated in this paper. 

A. Selection of Gases 

In the paper, propane (C3H8) is selected as the flammable gas 

and nitrous oxide (N2O) as a mild oxidizer. From Table II, C3H8 

was shown to possess high energy density of 13,900 Wh/kg. 

N2O is often used as an oxidizer to increase the power output of 

combustion engines. Unlike some other gases, these gases are 

stable and nontoxic, hence they are relatively easier to handle. 

Both N2O and C3H8 are stored as high-pressure liquids, which 

facilitates self-pressurization and eliminates the need for 

carburetion of fuels into the combustion chamber [33]. 

B. Structure of the hopping actuator 

The main body of the actuator is designed as shown in Fig. 1, 

which includes a cylinder-piston assembly, a latch assembly 

and a glow plug [34]. The actuator is characterized by a 

double-piston structure and a magnetic latch. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic view of the gas fuel-powered actuator 
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Fig. 2 Comparison between (a) conventional and (b) the proposed 

double piston structure with the same stroke lengths, cylinder 

diameters and chamber volume to contain fuel prior to combustion. It 

shows the space saving achieved with the proposed structure. 
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1)  Double-piston structure 

A conventional combustion engine cylinder contains (1) the 

volume required by the combustion chamber in which the 

uncombusted fuel-air mixture resides prior to combustion and 

(2) another space to provide the travel length of the piston when 

the air-fuel mixture expands due to combustion [35]. Fig.2a 

shows the conventional actuator using the conventional 

combustion cylinder structure, which has a fixed combustion 

chamber at the inner top of cylinder. In order to produce a 

compact design in the actuator, the cylinder in this work was 

redesigned such that both volumes described above occupy the 

same space, as shown in Fig.2b. 

To achieve this, the piston rod (Fig. 1: labeled as Main Piston) 

is designed to be hollow and a second (smaller) piston (Fig. 1: 

labeled as Second Piston) is inserted into it. A similar hollow 

piston structure without the second piston is reported in [26]. 

Fuel pressure drives the small piston downwards against the 

inner spring during the charging step (see Fig. 3a) and the inner 

space in the piston rod acts as a combustion chamber. At the 

point of ignition, the expanded (combusting) fuel mixture 

pushes downward against the piston rod, and hence against the 

ground, producing an upward force to the cylinder (Fig. 3b). 

The upward velocity of the cylinder then also carries the overall 

assembly of the actuator off the ground for the hopping motion. 

After combustion, the exhaust gas in the chamber is expelled 

through the main exhaust (Fig. 3c) by the upward motion of the 

second piston caused by the inner spring which returns the 

(second) piston to its initial position. This also provides the 

additional benefit of producing a close-to-complete-expulsion 

(ideally: complete expulsion) of the exhaust gas, as the initial 

position of the two pistons leaves (almost) zero volume 

clearance in the combustion chamber, compared to the 

conventional design (see Fig 2a) where a full return of the 

piston still leaves the volume occupied by the combustion 

chamber. Compared to the conventional internal combustion 

engines, this structure makes full use of the inner space of the 

actuator and results in a more compact design. 

 

2)  Magnetic latch 

The latch in the actuator prevents the volume of the chamber 

from expanding during the charging stage so that the pressure 

in the chamber can be built up. In this design, a magnetic latch, 

consisting of an upper and a lower permanent magnet set, is 

utilized to result in an effective mechanism that is simpler than 

a mechanical latch. The upper set is mounted in a latch base 

fastened to the cylinder and the lower set to the piston rod. 

When high pressure post-combustion gas in the combustion 

chamber overcomes the attraction force of the magnetic latch, 

static friction and spring, the upper and lower magnet sets are 

separated. If the latch force still exists during rod protrusion, a 

small amount of energy will be wasted, while the latch force 

decreases rapidly with the increase in distance, so the transient 

decay property of magnetic force is favorable to reduce the 

energy loss. In this design, a pair of permanent magnet sets is 

used as the latch, providing a constant threshold of charge 

pressure needed for separation to occur. In the future, this 

parameter can be made variable through the use of 

electromagnet, if necessary. A higher separation threshold is 

required for higher charge pressure to produce higher jumps. 

The use of the magnetic latch also assists in realizing a firm 

and complete return of the piston rod to its initial position 

during the hopping stage. After the ignition stage, (after the 

piston rod leaves the ground), the piston retracts, driven by the 

outer spring. When the piston rod returns to a position near its 

initial position, the outer spring returns close to its 

uncompressed state and hence its reactive force is close to zero. 

However, at this distance, the attraction force of the magnetic 

latch is large and assists the piston rod in making a full return to 

the latched position. This also means that the task can be 

performed with an outer spring with lower stiffness (compared 

to the case where a mechanical latch is used), thus helping to 

realize a compact design and reduced energy loss for the 

compression of the outer spring. 

C. The working process of the hopping actuator 

The working process of the actuator can be summarized into 

three steps, as shown in Fig. 3. In this figure, variable L is the 

design length of stroke. 

 

1) The charging stage 

The combustion reaction is the oxidation of C3H8 by N2O: 

222283 104310 NOHCOONHC ++→+ .          (1) 

The stoichiometric ratio in the combustion formula indicated 

that complete combustion would require the gas mixture to be 

of one part fuel and 10 parts oxidizer, which means more N2O is 

needed in the chamber [36]. It should be noted that N2O has a 

larger saturated vapor pressure than C3H8. Therefore, C3H8 and 

N2O can be injected into the chamber in sequence to form the 

gas mixture (C3H8 first, then N2O) while the magnetic latch 

holds the pre-combustion pressure in the chamber. 

2) Ignition stage 

After the gas mixture is injected into the chamber, the glow 

plug is energized, resulting in the combustion and the rapid 

expansion of the gas mixture. It should be noted that the 

charged combustion chamber is only ignited once each time the 

actuator is required to produce a jumping motion, not in a 

repetitive manner like in a cyclical automotive engine. The gas 

with a high pressure, pr, then pushes the piston rod downwards 

against ground, and the cylinder upwards, to obtain an upward 

acceleration and velocity, vc. A small part of energy is used to 

overcome the latch, the spring and friction forces. 

3) Hopping or Flight stage 

At the end of the piston stroke, the upward motion of the 

cylinder brings the piston rod upwards, taking off from the 

ground with a velocity of v. The inner and outer springs (Fig 1), 

which were compressed during the charging and ignition 

stages, respectively, now act to return the second and the main 

pistons to their initial positions. This return motion of the 

pistons also serves to expel the exhaust gas in the chamber. In 

the proximity to the initial position of the piston rod, the 

attractive force of the magnetic latch would complete the return 

motion of the piston rod and hold it secure for the duration of 

the flight phase. 
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D. Parameters and Implementation 

Two important structural parameters are the inner diameter 

of the cylinder Di and the stroke length L, which determine the 

volume of the actuator. A rigorous computational exercise to 

determine the optimal parameter designs was not carried out for 

this paper, which focuses on the feasibility investigation of the 

actuator. In this paper, these parameters were selected to 

produce a prototype of convenient size for portability, as 

suitable for bench-top laboratory testing as well as outdoor 

setup. The cylinder prototype was designed with the inner 

diameter Di was chosen to be 37 mm and the stroke length to be 

48 mm.  

To lower the weight of the actuator, cylinder, pistons (main 

and second) and latch bases were manufactured using 

Aluminum Alloy LY12CZ. A smooth finish was given to the 

inner cylindrical surface of the cylinder and the outer 

cylindrical surface of the piston rod to decrease friction force. 

The slide bearing, made of tin bronze alloy, was inserted into 

upper latch base with clearance fit to guide the piston rod. 

The charge pressure is the working parameter of the actuator 

and determines the amount of gases in the combustion chamber, 

and the post-combustion pressure, while its maximum is 

limited by the latch force. The gases have high saturated vapor 

pressure, about 5.15 MPa for the N2O and 0.85 MPa for the 

C3H8 at 20
o
C. Pressure-reducing valves are therefore required 

to allow charging to take place without exceeding the latch 

force. The magnetic latch is designed to stand the maximum 

charge pressure of about 0.25 MPa, which equals to the latch 

force of 268 N for this particular design of actuator. Twelve 

magnetic attraction units are used to generate the latch force 

using neodymium cylindrical permanent magnets (NdFeB) 

fixed to the latch bases by epoxy resin adhesive.  

Two fluorocarbon O-rings serve to prevent the leakage of 

gases through clearances and to hold the charge pressure due to 

their resistance to high temperature. The actuator design 

reported here was the outcome of several design iterations. The 

prototype is shown in Fig. 4 with a total weight of 740 g. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. METHODOLOGY 

The forces affecting the rigid body dynamics of the actuator 

are analysed in this section to enable a well-informed design 

and mass distribution of the actuator for an efficient jumping 

motion. The equation of motion is developed in Section IIIA to 

account for the forces acting on the masses of the actuator. The 

effect of multiple masses in this system resulting from the fact 

that there is a main body of the cylinder and the mass of the 

sliding piston is analyzed and resulted in the understanding of 

where to place the payload of the jumping system. The equation 

of motion is also later used to calculate the expected jumping 

trajectory to be compared against the experiments in Section V.  

Section IIIB describes the identification of the latch force. 

Latch force enables build-up of pressure in the combustion 

chamber: if it is too weak, the cylinder does not reach its 

intended charging pressure, if it is too strong, it wastes energy. 

Section IIIC describes the identification of friction force to 

allow the selection of a suitable stiffness of the outer spring: if 

the spring is too stiff, it wastes energy; if it is not stiff enough, it 

does not return the piston to its original position and fails its 

function.  

A. Dynamics Analysis 

After ignition, the cylinder gains an upward velocity under 

the high post-combustion pressure and then brings the piston 

rod up for the jump, so the actuator can be modeled as a 

two-mass system, as shown in Fig. 5. Two masses m1 and m2 are 

connected to each other by a spring and a damper, where m1 and 

m2 represent the masses of the cylinder and the piston rod, 

respectively, as well as parts fastened to them. For mass m1, 

cr cvyfkygmAypvm −−−−= )()( m1c1
&               (2) 

where y is the displacement of the cylinder, vc is the velocity of 

the cylinder, pr(y) is the post-combustion (relative) pressure in 

the combustion chamber, A is the inner area of the cylinder, k is 

the stiffness coefficient of the outer spring, fm(y) is the magnetic 

latch force and c is the damping coefficient. 

The damping coefficient was difficult to obtain in a physical 

experiment at very high velocities. For practicality in the 

experimental set up, the damping force was therefore estimated 

by the friction force, ff. Replacing the damping term with the 

Fig. 4 The actuator prototype 

(a)Fuel charging                (b) Ignition                  (c) Hopping 

Fig. 3. Working process of the actuator 

vc 
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friction term, and noting that dtdyvc /= , we can rewrite (2) in 

terms of cylinder displacement and velocity: 

)()()( fm1
c

c1 yfyfkygmAyp
dy

dv
vm r −−−−= .          (3) 

Acted upon by the force produced by the combustion 

pressure, the cylinder gains an upward acceleration and 

velocity. The jump height of the actuator is determined by its 

equation of motion (3) and its (initial) take-off velocity. 

Integrating (3) with respect to displacement y, the velocity of 

the cylinder vc is obtained.  

At the end of the ignition stage, the cylinder will bring the 

piston rod in the upward motion for the take-off. According to 

the law of conservation of momentum, the take-off velocity can 

be described as: 

)/( 21c1 mmvmv += .                               (4) 

The jumping kinetic energy of the actuator is 

mr

E

mm

Em
vmmE

+

=

+

=+=

1
)(

2

1 1

21

112

21                 (5) 

where E1 is the kinetic energy of the upper mass (the cylinder), 

rm is the mass ratio between the mass m2 and m1. As the 

combustion produces kinetic energy on the cylinder while the 

piston rod pushes against the ground that is assumed to be 

stationary, then the kinetic energy of the overall system can be 

maximized by minimizing mass m2 or rm in (5). From the 

energy efficiency point of view, this prompts the payload of the 

actuator to be attached rigidly to the cylinder (forming m1) and 

not to the piston rod (m2). 

B. Identification of Latch Force  

Figure 6(a) shows the measurement of the latch force. The 

upper latch base (without the cylinder) is fastened to a 

stationary bracket. The piston rod, connected to the lower latch 

base, is pushed with a linear positioning stage (of displacement 

y as shown in Fig. 6a). A force sensor is mounted between the 

linear stage and the piston rod, hence measures the pushing 

force. The measured latch force is shown in Fig. 6(b), where the 

latch force is shown to drop quickly with increasing 

displacement. The measured maximum force was observed at 

265.6 N, so the maximum charge pressure for the experiment 

should be set to no more than 0.247 MPa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C. Friction Force Estimation 

Removing the outer spring and the lower latch base, the 

friction force is acquired experimentally when the force sensor 

moves the piston rod, while the cylinder is fixed. The friction 

forces measured for different measurements vary, though it was 

found that the friction force was upper bounded at 45 N 

throughout all measurements. The outer spring stiffness was set 

to 2.95 N/mm, which was sufficient to overcome the friction 

force of the sliding contact for the majority of the length of the 

piston rod up till the last 15 mm from the equilibrium 

(uncompressed) position of the spring. The momentum of the 

piston rod on its return motion as pushed by the outer spring 

and the attraction force of the magnetic latch will ensure the 

complete retraction of the piston rod in the last 15mm of its 

return motion upon actuator take off. 

IV. LABORATORY EXPERIMENTAL RESULTS AND DISCUSSION 

Two sets of experiments are reported in this paper: (1) the 

laboratory experiment, to identify the take-off characteristics 

and validate the rigid body dynamics model of the actuator and 

(2) the outdoor experiment, to test the performance of the 

hopping actuator in a realistic environment and to observe the 

correlation of resulting jumping heights to fuel mixing ratios. 

Section IV reports the laboratory experiment and the results of 

identification process while Section V presents the results of 

the outdoor experiment. 
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A. Experimental setup 

Figure 7 presents the schematic view of the experimental 

setup for the actuator. The purpose of the experiment is to 

obtain (sensor) measurements on the characteristics of the 

hopping motion. To achieve this, the actuator is constrained to 

move only in the vertical direction by a set of linear guides, and 

constrained to jump only a certain height by a top plate for 

safety reasons. Padding cushions are mounted at the top plate to 

reduce the impact. A steel guide plate affixed to the cylinder 

allows the actuator to slide along the linear guide through linear 

bearings and serves as a set payload of 2.43 kg. The mass m1 is 

2.82 kg including the cylinder, the guide plate, linear bearings 

and the upper latch base. The piston rod, the small piston and 

the lower latch base are considered in m2, which is 0.35 kg. 

The fuel subsystem regulates the sequential entrance of C3H8 

and N2O into the chamber. Pressure reducing valves are used to 

obtain gases with a lower stable pressure. When a solenoid 

valve is energized, gas enters the chamber. Non-return valves 

that allow gases to flow only in one direction were used to 

avoid the danger of backfire.  

A data acquisition (DAQ) subsystem is used to acquire the 

working parameters of the actuator, including the charge 

pressure of gases through a low pressure sensor, the 

post-combustion pressure in the chamber by a high-frequency 

(100 kHz) piezo pressure sensor, the displacement of the 

cylinder by a potentiometer, and the ground reaction force by a 

strain-gauge based load cell mounted between the piston rod 

and the ground. The DAQ subsystem is software triggered to 

acquire these data synchronously at the sampling rate of 10kHz. 

B. Experimental results and discussion 

Because the pressure-reducing valves are operated manually, 

the accurate charge pressures for C3H8 and N2O is acquired by 

the low pressure sensor. The combustion chamber was charged 

with C3H8 and N2O at 0.016MPa and 0.188 MPa pressure, 

respectively. Figure 8 shows the three stages of operation of the 

actuator in the experimental setup. The acquired 

post-combustion pressure pr(y) and the ground reaction force (F) 

of a representative run are shown in Fig. 9. 

From Fig. 9, the pressure and force were observed to increase 

rapidly from initial time t = 3.2 ms (point A). At time t = 6.8 ms, 

the pressure reaches 2.22 MPa (point B), but the ground 

reaction force is observed to arrive at its peak value, 2,580 N 

(point B΄), 2.1 ms later. The lag could result from the 

combination of the mechanical energy transfer from the 

cylinder to the ground and the difference in the sensor 

bandwidths. The chamber pressure corresponding to 2,580 N 

can be calculated as 2.37 MPa, excluding the weight of the 

actuator and payload. The ground reaction force drops to 0 N at 

time t=18.9 ms (point C), which means that the actuator left the 

ground at this point. The total time taken from ignition to 

take-off, ∆t, was found to be no more than 15.7 ms. Figure 10 

gives the analytical velocity of the cylinder when substituting 

the experimentally measured pressure into (3). The maximum 

velocity of the cylinder at the end of stroke is 6.45 m/s. 
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Fig. 8. Experiment of the actuator 
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The measured displacement of the cylinder is given in Fig. 

11(a) and the velocity is obtained by finding the derivative of 

the displacement. In Fig. 11(b), from point A (t = 3.8 ms) to B (t 

= 9.4 ms), the velocity increases rapidly because of the very 

high post-combustion pressure in this period of time, as shown 

in Fig. 9. The cylinder gathered the majority of its upward 

velocity in a short period of 5.6 ms and a short displacement of 

15.65 mm. From Fig. 11(b), the cylinder can be considered to 

move with a constant acceleration from point A to B, and the 

average acceleration is up to 1,059 m/s
2
. After point B, the 

velocity increases at a lower rate. At the end of the designed 

stroke (point C) where the displacement is 48 mm, the time t is 

14.8 s and the velocity is 6.5 m/s. It was observed that there was 

still some velocity gain after point C, because the pressure 

cannot decrease to 0 immediately due to the inflation of 

compressed gas although the chamber is vented through the 

small exhausts. Therefore, it can be inferred that the stroke of 

the cylinder can be shortened to reduce the length of actuator 

and this reduction would not sacrifice its maximum velocity 

significantly. At point D (t=15.8 s), the average velocity is up to 

its maximum of 6.725 m/s and then tends to decrease, so the 

displacement of the cylinder is taken as 55 mm, where the outer 

spring is fully compressed. After this point, the gathered 

momentum of the cylinder brings the piston rod along upwards 

for the jump. 

Substituting 6.725 m/s into vc in Eq. (4), the actuator has a 

take-off speed of 5.98 m/s and can be calculated to jump 

vertically as high as 1.82 m with a total weight 3.17 kg, which 

includes a payload of 2.43 kg, at a relatively low charge 

pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There are two major avenues of energy loss in this system: the 

energy loss through the combustion process and that through 

the transmission. The analysis of energy loss through 

combustion is complex and is not yet carried out as part of the 

investigation in this paper. According to (4), the energy loss 

due to transmission (through the movement of the cylinder) is 

given in Table III. The first two components in Table III 

account for the useful kinetic energy that created the 

displacement of the system in the jump. The energy losses 

through friction, spring, and latch were shown to be relatively 

little. It should be pointed out that the energy loss by magnetic 

latch is relatively little because of the transient decay property 

of the magnetic force. The loss is computed at a nominal stroke 

length of 48 mm, but it does not make any significant difference 

to the overall energy balance as the magnetic force is very little 

at this point. The total energy losses totaled 8.8 J, and the 

energy loss by the outer spring was found to be the largest and 

almost equal to the sum of all the other three types of losses. 

This prompted the stiffness of the outer spring to be designed to 

be as low as possible in the design iteration.  

In its operation, the actuator cylinder outputs force resulting 

in motion. Its power is obtained as: 

cr AvypyP )()( = .                              (6) 
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TABLE III  

KINETIC ENERGY OF THE ACTUATOR AND ENERGY LOSSES 

Energy Expression Value 

Kinetic energy of the cylinder 2

15.0 cvmE =
 

63.77 J 

Kinetic energy of the actuator 2

21 )(5.0 vmmE +=
 

56.68 J 

Energy loss to friction dyyf∫ )(f
 1.69 J 

Energy loss to spring dyky∫  4.46 J 

Energy loss to latch dyyf∫ )(m
 1.13 J 

Potential energy loss to gravity gdym∫ 1
 1.52 J 

 

 

 

 

 

 

 

 

 

 

From Fig. 12, the power output of the actuator in the 

experiment peaked at 9.4 kW. According to Table III, the mean 

power of the experiment from ignition to take off is 4.06 kW by 

dividing the kinetic energy of the cylinder by the time ∆t. 

V. OUTDOOR EXPERIMENT 

After obtaining the working parameters of the actuator 

through indoor experimental setup, vertical jumping 

experiments were performed outdoor in winter to evaluate its 

working and jumping ability. 

A. Experimental Setup 

In the outdoor experiment setup, the exact chamber charge 

pressure is obtained by the low pressure sensor. The weight of 

the overall actuator assembly including the payload is 3.17kg. 

A load cell is also placed between the actuator and the ground, 

to measure the ground reaction force. 

These outdoor experiments were conducted to test the 

hopping mechanism in a realistic environment and to 

investigate the effect of the mixing ratio (C3H8 to N2O ratio) on 

hopping performance. The different mixing ratios in this 

experiment are obtained through keeping the charge pressure of 

N2O constant for all runs while gradually decreasing the charge 

pressure of C3H8 over the runs. Five different mixing ratio 

settings were investigated, which is detailed in the following 

sub-sections. The charge pressure of N2O is fixed to 0.22 MPa, 

below the maximum pressure constraint of the selected the 

magnetic latch force. By calculation, the mixing ratio can be as 

high as 1: 11.63, which covers the theoretical complete 

combustion ratio of 1:10. 

B. Results and Discussion 

The ground reaction force of a representative run, with charge 

pressure 0.02 MPa (C3H8) and 0.21 MPa (N2O) is shown in Fig. 

13. The maximum ground reaction force measured was 2,685 N, 

including the weight of the actuator, which corresponds to the 

maximum post-combustion pressure 2.47 MPa. 

Figure 14 presents the picture sequence of the jump 

performed by the actuator in the experiment and the jumping 

height is measured by visual inspection of video. The jump 

reached a top height of 2.1 m, which highlighted the jumping 

and payload ability of the actuator. A tether is attached to the 

actuator to prevent damage caused by hard landing. The 

maximum height was reached about 700 ms from take-off. 

Table IV shows the post-combustion pressures corresponding 

to different mixing ratios, under ambient temperature of 2
o
C 

(which was the outdoor temperature at the time of the 

experiments). The results in Table IV were expected as 

according to the ideal gas law. In the combustion chamber, 

C3H8 and N2O are charged into the chamber and: 

RTnVp 111 =                                       (7) 

RTnnVp )( 2122 +=                                  (8) 

where 1p  and 2p  are the (absolute) charge pressures of C3H8 

and N2O, respectively, 1V  and 2V  are the volumes of gases 

corresponding to two pressures, 1n  and 2n are the numbers of 

moles of gases, T is the temperature and R is the ideal gas 

constant. The mixing ratio of C3H8 to N2O is 

2

1

n

n
r = .                                         (9) 

Different mixing ratios (from 1:8.39 to 1:11.63) were tested 

in this outdoor jumping experiment, by keeping the charge 

pressure of NO2 at 0.22MPa for every jump and varying the 

charge pressure of C3H8. The peak post-combustion pressure of 

2.81 MPa was observed at the ratio of 1: 9.91. It was therefore 

observed that the highest jump was obtained when the gas 

mixing ratio approximated the ideal combustion ratio as 

defined in (1). 

From Table IV, it can be calculated that the gas amount 

required for a jump is about 0.02g for C3H8 and 0.21g for N2O, 

so the weight of the gases is insignificant to the total weight of 

the actuator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. The power output of the actuator 
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TABLE IV 

EXPERIMENTS WITH DIFFERENT MIXING RATIOS 

Mixing 

ratio 

C3H8 

(MPa) 

C3H8 

Amount 

(mol) 

N2O 

Amount 

(mol) 

Max 

Reaction 

force 

(N) 

Post- 

combust. 

pressure 

(MPa) 

Jumping 

height 

(m) 

1:8.39 0.035 5.70e-4 47.85e-4 2744 2.36 2.1 

1:9.34 0.022 5.18e-4 48.38e-4 2874 2.46 2.5 

1:9.91 0.016 4.91e-4 48.65e-4 3752 2.81 3.2 

1:10.49 0.01 4.66e-4 48.90e-4 3648 2.56 2.9 

1:11.63 0 4.24e-4 49.32e-4 3350 2.52 2.8 

C. Comparison with current robots 

Payload and jumping height are two important performance 

considerations in the design and functionality of a hopping 

robot. The two aspects affect each other. The performance is 

also dependent on the actuator’s own inertia. Therefore, 

comparison with other jumping robots in the literature cannot 

be done solely by comparing the payloads, or the jumping 

heights. In this paper, a metric is proposed to evaluate the 

payload capability of a hopping robot, which can be called 

normalized payload: 

mghmp ppn /=                                (10) 

where mp and m are the mass of the payload and the hopping 

robot, respectively, and hp is the jumping height of the robot 

with the payload. The normalized payload represents the 

amount of work done on the payload by each unit mass of the 

actuator. 

The two-mass model as presented in (5) holds for most 

jumping robots [21]. Following (5), the jumping height of the 

robot is 

12
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gmm
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p
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+

=

+

=                 (11) 

where m equals to the sum of m1 and m2. 

Substituting (11) into (10), and considering m2 is very small 

compared to pmm +1 , so pmm +1  approximates to pmm +  

and there is 
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where E1 is the kinetic energy of the upper mass, which is 

derived from the potential energy in the robot and can be 

assumed to be invariable, rp is the payload ratio and equals to 

the mass ratio of the payload to the robot. From (12), the 

normalized payload (pn) depends on the ratio rp, so comparison 

between different robots should be conducted at the same ratio. 
The performance of the proposed jumping actuator is then 

compared using this normalized metric against other robots in 

the literature. Only the robot in [21] in Table I gave its jumping 

heights and distances at two different payloads. Other robots 

did not provide explicit jumping and payload data in the 

publications. Robot [29] carried three payloads but reported no 

jumping height. For the robots in the literature, where no 

explicit payload was reported, it can be reasonably assumed 

that the authors conducted the experiment by treating the 

weight of the robot as the only payload it carries. Therefore, it 

can be assumed that the jumping kinetic energy, E, of a robot 

with a payload is same to that without a payload, and then the 

jumping height with a payload, hp, is calculated as (13) shows, 

p

p
mm

mh
h

+

=                                  (13) 

where h is the jumping height without a payload. Substituting 

(13) into (10), the normalized payload is 

p

p

p

p

n
r

ghr

mm

ghm
p

+

=

+

=

1
.                          (14) 

For the experiment in this paper, the hopping actuator is 

mounted on a wheeled robot (with 4 wheels) weighing 1.4 kg, a 

fueling system weighing 0.6 kg, and a dummy payload mp, 

(a) t = 0 ms  (b) t = 33 ms (take-off) (c) t = 100 ms       (d) t=200ms 

Load cell 

Actuator 

(e) t = 300 ms       (f)  t = 400 ms        (g) t=500 ms        (h) t= 600 ms 

2.1 m 

Fig. 14. Outdoor jumping experiment 

(i) t = 700 ms       (j) t =  800 ms       (k)  t = 900 ms     (l) t = 1000 ms 
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weighing 0.43 kg. With the actuator weighing 0.74 kg, the total 

mass of the hopping robot is 2.74 kg, resulting in a payload to 

platform ratio rp of 0.157. According to (10), the normalized 

payload of the proposed jumping robot with the mixing ratio of 

1:9.91 is 4.92. Table V listed the calculated normalized 

payloads of robots in the literature (as listed in Table I) at 

payload ratio of 0.157, as well as the normalized jumping 

height explained in [21]. These measures are calculated based 

on the best available information given in the papers. 

The Urban Hopper [29] has the highest normalized payload. 

Again, it should be noted that this comparison was done with 

only the information available from the publications and may 

not represent the fairest comparisons. Some robots have other 

advantages, for example, robots in [17], [18], [24], [28] and [29] 

had double locomotive modes, i.e. wheeled and hopping mode, 

and may have additional features that add to the mass of the 

design. Most robots used passive position adjusting mechanism 

to produce a lower mass. These additional features were not 

taken into the consideration in the comparison performed in this 

paper. Our hopping actuator in the paper was charged with a 

relatively low pressure, and if the charge pressure of the 

actuator was increased (for example to 2 or 3 times the current 

charging pressure), there will be a significant improvement in 

the jumping height.  

Compared with electric and pneumatic powered robots, the 

gas-fuel powered actuator-based robot shows the advantage of 

its combined payload and jumping height capability (as 

reflected in our normalized payload metric). 
 

TABLE V 

CALCULATED NORMALIZED PAYLOAD 

Robot 

Normalized 

jumping height 

(m) 

Normalized 

payload 

(J/kg) 

JPL Hopper V2[17] 1.178 1.57 

UMN Scout robot[18]  0.350 0.47 

U-Bath Jollbot[1] 0.18.4 0.29 

EPFL Jumping robot[19] 0.641 0.85 

ZJU Grillo III[20] 0.125 0.17 

MSU Jumper[21] 0.930 1.24 

MIT Hopping microbot[22] 0.380 0.51 

SNU Flea[23] 0.688 0.92 

TITECH Rescue robot[24] 0.80 1.07 

U-Tokyo Mowgli[25] 0.50 0.67 

SANDIA 

Wheeled hopping vehicle[28] 
3.00 3.99 

SANDIA and Boston Dynamics 

Urban Hopper[29] 
7.50 9.97 

The Hopping Actuator 

proposed in this work 
3.20 4.92 

VI. CONCLUSIONS AND FUTURE WORK 

In this paper, a gas fuel-powered hopping actuator is designed, 

analyzed and validated through experiments. Experiments were 

carried out in the laboratory setting as well as outdoor. 

Characterization of the jumping mechanism, such as the 

combustion characteristics, the ground reaction forces and 

various energy losses were investigated in the laboratory 

experiments. The outdoor experiments were then conducted to 

demonstrate the post-combustion pressure, ground reaction 

force and jumping height peak around the ideal complete 

combustion mixing ratio. 

A performance metric, defined as the normalized payload, 

was used to compare the performance of the proposed design 

against other jumping robots in the literature. The proposed 

design and the concept of gas-fuel powered jumping robot were 

shown to demonstrate excellent potential in its performance. 

Future work will include a rigorous computational 

investigation of the optimal design and parameters for the 

jumping actuator. Several conceptual ideas will also be 

investigated in order to improve the performance of the 

mechanism, such as to increase the latch force (thus, charging 

pressure) perhaps through the use of electromagnetic latch such 

as an optimized setting can be utilized. Furthermore, the 

modeling and analysis of the combustion in the chamber will be 

carried out to gain insight into the characteristics of 

post-combustion pressure, validated against measured results. 

Through the dynamics analysis, the relationship between 

charge pressure, charging ratio and jumping height will be 

established. The relationship will be used for the optimization 

of the structural parameters. The objective function to optimize 

will be the normalized payload under the given amount and 

mixing ratio of gases. This objective will also take into account 

the energy efficiency of the actuator, which includes the energy 

efficiency during combustion and the resulting motion. The 

actuator will therefore be investigated from a total efficiency 

standpoint from the chemical energy in gases to the actuator 

output energy. Through optimization, the robot can be designed 

to achieve the most number of jumps with a certain amount of 

onboard energy. 

Finally, the actuator will be integrated into a robotic system 

with a wheeled, legged or tracked platform. The platform at 

least needs to absorb some landing impact and to restore the 

position of the system for next jump. An altimetric sensor will 

be integrated to obtain the accurate jumping height. 

For the actuator, it can be seen that the ground reaction force 

is very large. When the actuator works on a soft ground, much 

energy will be lost during impact through the deformation of 

the ground. This aspect will need to be investigated to allow an 

effective realization of the produced energy into performance. 
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