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Abstract:    A combustion-powered actuator has been proposed in our previous work (Wang et al., 2015), and it has shown great 
power hopping ability. To explore the hopping process and output performance of the actuator, the model of an actuator driving the 
hopping process is investigated through theoretical analysis and experimental validation. Firstly, the structure of the actuator and 
hopping process are described briefly, and the dynamic models of the process are constructed. Secondly, the thermodynamic model 
of the actuator is established by the Wiebe heat release function and the input energy density is computed by Chemkin for when 
propane and nitrous oxide with different equivalence ratios are injected into the chamber. Thus, the thermodynamic model is 
obtained by integrating dynamic and thermodynamic equations. After that, a few output performance parameters are identified to 
assess system performance. Lastly, the experimental rig of the combustion actuator is set up to test the displacement and pressure 
of the actuator driven hopping process. By solving the thermodynamic equations, the post-combustion pressure, the displacement 
and the velocity varying with time are computed, and are compared with the test results, indicating that the computational results 
match the experimental test well. At the end of the stroke, the velocities of the experiment and simulation are 6.5 m/s and 6.99 m/s, 
respectively. The hopping results are compared with the simulation when different pressures under equivalence ratio of 1 are 
injected, and the maximum and minimum deviations are 14.45% and 1.83%, respectively. 
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1  Introduction 

 
Hopping robots can travel across obstacles sev-

eral times their body size (Kovac et al., 2008). 
However, the robots need proper actuators to deliver 
very large power while driving the hopping process. 
Conventional hopping actuators (electrical motors) 
mostly depend on energy accumulation and impulsive 
energy trigger mechanisms to meet this output re-

quirement (Burdick and Fiorini, 2003; Nguyen and 
Park, 2012; Zhao et al., 2013). However, combustion- 
powered actuators do not need these mechanisms 
because of their large power merit, which brings the 
advantages of lighter mass and higher energy effi-
ciency. Additionally, the actuators have the merit of 
high energy density for their energy coming from 
fossil fuels (Rakopoulos et al., 2011). Therefore, they 
are especially suitable for field robots moving on 
unknown terrain with large obstacles. 

Combustion-powered devices have been widely 
applied in many fields such as automation (Mikalsen 
and Roskilly, 2007), compressors (Fite and Goldfarb, 
2006; Willhite et al., 2013), generators (Li et al., 
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2008; Jia et al., 2015), and hydraulic pumps (Ster-
giopulos et al., 2014). However, actuators with 
combustion were first used to power a hopping robot 
just after the year 2000. The idea was initiated by the 
Sandia State Laboratory, USA and relevant patents 
were proposed (Spletzer et al., 2001). Then, a 
four-wheel robot with the combustion-powered actu-
ator was designed (Fischer, 2005). After that, the 
hopping robot Sandflea, which was improved by the 
Boston Dynamic Laboratory, USA, could hop 1 m to 
8 m high (Ackerman, 2012). Wang et al. (2012) 
proposed a combustion-powered actuator and inves-
tigated the performance of the actuator by experi-
ment, and the results showed that the actuator has a 
better payload ability than other methods such as 
electrical motors and dielectric elastomer actuators 
(Wang et al., 2015). Luan et al. (2015) studied the 
influence of different mixing ratios between propane 
and nitrous oxide and initial injection pressures on the 
hopping height by experiments and analyzed the ef-
fect of different force behaviors of grounds on the 
performance of combustion-powered hopping robots 
(Luan et al., 2016). Recently, combustion actuation 
was used to drive soft robots. For example, Tolley et 
al. (2014) presented an untethered robot that can jump 
0.6 m (7.5 times of its body height) vertically and 
0.6 m laterally using pneumatic and explosive actu-
ators. Loepfe et al. (2015) developed a roly-poly 
geometry soft jumping robot powered by nitrous 
oxide and propane. 

Although hopping robots with combustion ac-
tuation have been studied for a long time, most at-
tention has been focused on the mechanical structures 
of actuators and robots. Research on the thermody-
namics of the combustion actuator is limited. The 
main reason is that the working process of the actua-
tor is influenced by many factors such as injection 
pressure, equivalence ratio, spark position, and 
chamber structures, with the result that the  
combustion-powered hopping robot is very difficult 
to control. To analyze the performance of the actuator 
and control the hopping height, the thermodynamic 
model should be studied. Many theoretical methods 
have been used to study the thermodynamic model of 
combustion-powered actuations in other applications 
to analyze and control their driving process (Mikalsen 
and Roskilly, 2009; Kim et al., 2013). The current 
paper explores the thermodynamic model and output 

performance of our actuator by numerical and ex-
perimental methods. 

 
 

2  Structure and working principle of the  
actuator 

 
The schematic diagram of the actuator, including 

its gas injection system, is shown in Fig. 1. The ac-
tuator, which mainly consists of a cylinder-piston 
assembly, whose piston is designed as a double-piston 
structure, is similar to spark ignition linear free piston 
engines (Li et al., 2009). However, there are some 
differences between them: 

1. The cylinder of the actuator is free and is used 
to do external work, while the piston pushes against 
ground.  

2. The actuator does not have intake and com-
pression strokes and depends on solenoid valves to 
control the gas injection and exhaust.  

3. The actuator can endure more misfires than 
free piston engines as it works in intermittence mode, 
while most free piston engines work on continuous 
mode. Once the ignition fails, the source gases can be 
injected and re-sparked again. 

The structural specifics of the actuator are shown 
in Table 1. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Table 1  Specifics of the actuator 

Parameter Value 

Diameter of cylinder bore (mm) 37 

Length of stroke (mm) 48 

Mass of cylinder and its accessories (g) 390 

Mass of piston and its accessories (g) 350 

Fig. 1  Schematic diagram of the actuator including an 
injection system 
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Conventional internal engines mostly use liquid 
fuels, such as gasoline and diesel, as energy sources. 
These fuels have the merits of excellent energy- 
volume ratio, high energy-mass ratio, and easy stor-
age. However, these fuels need complex carbureting 
devices to inject into the chamber, which will add 
more weight to the actuator and reduce its energy 
efficiency. To simplify the injection system, gas fuel 
sources propane (99.9%) and nitrous oxide (>99%) 
are selected as fuel and oxidizer, respectively, both of 
which have a self-pressurization property (Tiliakos et 
al., 2001) and can be easily controlled by solenoid 
valves. 

During the working process, the actuator goes 
through the following three stages: 

(1) Gas injection 
The propane is injected first, because its injec-

tion pressure is lower than that of nitrous oxide. When 
the propane is injected, the valves of the nitrous oxide 
circuit are closed and all valves of the propane circuit 
are open. When nitrous oxide is injected, the opposite 
operation is conducted. 

(2) Combustion and expansion 
When the injection is finished, all valves are 

closed for spark. When the igniter sparks the gas 
mixture inside the chamber, the chemical energy is 
released immediately. The cylinder, which is under 
the pressure of the post-combustion gases, begins to 
accelerate upward and the volume of the chamber 
increases. 

(3) Exhaust 
After the combustion and expansion stage ends, 

the exhaust valve is open, and the pressure drops to 
atmospheric pressure. The piston is returned by the 
retraction spring, and then the remaining gas is  
discharged. 

 
 
3  Thermodynamic model of driving hopping 

 
The combustion-powered hopping process, as 

illustrated in Fig. 2, includes driving, collision, and 
flight. 

3.1  Dynamic model 

Because the cylinder is free, its motion is de-
termined by the forces on it. During the driving stage, 
the forces that act on the cylinder and piston are il-

lustrated in Fig. 3. Assuming the piston pushes 
against hard ground, the piston will keep still at the 
equilibrium force state due to the reaction force of 
ground FN. According to Newton’s second law, the 
dynamic equation of the cylinder is derived as 
 

1 0 1 0 M( ) ( ) ,m s p p A m g f k l s F cs            (1) 

 
where m1 is the total mass of cylinder, its accessories, 
and the payload, s is the displacement of the cylinder, 
p is the pressure inside the chamber, p0 is the envi-
ronmental pressure, A is the area of the cylinder bore, 
f is the friction force between the cylinder and the 
piston, k and l0 are the stiffness and initial length of 
the retraction spring, respectively, FM is the magnetic 
latch force, and c is the damped coefficient, as esti-
mated by (Tsukagoshi et al., 2005) 
 

50 2 π.c A                                  (2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

Fig. 2  Schematic view of actuator driving hopping
process: (a) driving, (b) collision, and (c) flight 
Arrows in Fig. 2a mean pressures of the post-combustion gases

Fig. 3  Forces applied on cylinder and piston 
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To make the system first order, the velocity of 
the cylinder v is introduced. Then, Eq. (1) can be 
changed to: 
 

0 1 0 M 1

,

[( ) ( ) ] / .

s v

v p p A m g f k l s F cv m


        




 (3) 
 

If the force of the pressure inside the chamber is 
smaller than the resultant of the other forces at the 
initial time, the cylinder will keep still. The equations 
are changed as 

 

0,

0,

s

v


 




 if 0 1 0 M( ) ( ) .p p A m g f k l s F         (4) 

 
To obtain the magnetic latch force, a test device 

shown in Fig. 4 is established. The cylinder is fixed to 
a bracket, and the piston is fastened to a force sensor 
with a moving table via a socket. Thus, the magnetic 
latch force-displacement curve can be acquired as 
shown in Fig. 5. 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

The formula of the latch force-displacement can 
be fitted as 

M 1.39296

258.9
( ) 1.1 .

1
1.86899

F s
s

 
   
 

               (5) 

 
Referring to (Tsukagoshi et al., 2005), the fric-

tion force is given as 

 

330 2 π.f A                                 (6) 

 
When the displacement of the cylinder moves to 

the stroke position, the cylinder will collide with the 
piston and they will hop at the same velocity. Ac-
cording to the momentum conservation law, the ve-
locity after collision can be obtained: 

 

1 1
2

1 2

,
m v

v
m m




                                       (7) 

 
where v1 is the velocity of the cylinder before  
collision, and m2 is the total mass of piston and its 
accessories. 

By conservation of energy, neglecting the air 
resistance, the hopping height h is derived from: 

 
2 2
1 1

2
1 2

.
2( )

m v
h

m m g



                              (8) 

 

3.2  Thermodynamic model 

The schematic of the pressure change inside the 
chamber is shown in Fig. 6. During the injection pe-
riod, the pressure gradually increases from atmos-
phere pressure to a set pressure. After sparking, the 
actuator carries on the combustion and expansion 
period and the pressure immediately increases. When 
the pressure is up to the maximum pressure, it will 
decrease due to the expansion of the volume. After the 
cylinder is up to the stroke position, the pressure will 
drop to atmospheric pressure because the exhaust 
solenoid valve is open. Before thermodynamic mod-
eling, the following assumptions are needed: 

(1) The gas inside the chamber is an ideal gas. 
(2) There is no leak during the actuation process. 
According to the first law of thermodynamics, 

the following equation can be given by 

Fig. 5  Magnetic latch force-displacement relationship
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Fig. 4  Schematic diagram of force test setup 
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sdd d d
,

d d d d

QQ U W

t t t t
                           (9) 

 
where Q is the released heat, U is the internal energy 
of the gas, W is the work that the gas inside the 
chamber has done, and Qs is the heat transferred by 
the wall. 

The differential form of the state equation is de-
fined by 
 

m m

d d d d
,

d d d d

V p m T
p V R T mR

t t t t
             (10) 

 
where V is the volume of the chamber, Rm is the gas 
constant, m is the mass of the gas, and T is the tem-
perature of the gas. 
 

 
 
 
 
 
 
 
 
 
 
 

The internal energy change is  
 

V V

d d d
,

d d d

U T m
c m c T

t t t
                      (11) 

 
where Vc  is the average heat capacity of the gas. For 

a closed system, dm/dt=0. 
The rate of work is given by 
 

d d
.

d d

W V
p

t t
                                        (12) 

 
Substituting Eqs. (10)–(12) into Eq. (9) gives: 

 

V V s

m m

dd d d
1 .

d d d d

c c QQ p V
V p

t R t R t t

   
      
   

   (13) 

 
The pressure and temperature are obtained from 

Eqs. (9)–(13): 

sdd 1 d d
( 1) ,

d d d d

Qp Q V
p

t V t t t
 

       
  

     (14) 

s

V

dd 1 d d
,

d d d d

QT Q V
p

t mc t t t
    
 

                 (15) 

 
where   is the specific heat capacity. The following 

relation exists: 

 

m V/ 1.R c                                    (16) 
 

The average heat capacity is calculated by 
 

t

V V ,
i

n

i i
n

c n c                                  (17) 

 

where ni is the mass concentration coefficient of spe-
cies i, nt is the total number of the species of the 
combustion gas, and cVi is the heat capability of spe-
cies i. 

According to the Arrehnius law, the Wiebe 
function is used to describe the combustion model. 
The combustion fraction of the gas is given by 
 

1

s

d

1 exp 6.908 ,

n
t t

t


  
     
   

                   (18) 

 
where ts is the time that combustion occurs, td is the 
combustion duration, and n is the combustion quality 
factor (about 1–3) (Ghojel, 2010). 

Then the heat release change can be given by 
 

m g

d d
,

d d

Q
E m

t t

                              (19) 

 

where Em is the energy density of the gas, mg is the 
mass of the gas, and η is the combustion efficiency. 
Because the start combustion time is considered as 
zero, ts equals 0. Substituting Eq. (18) into Eq. (19), 
the equation is changed to: 
 

m
d d

1

d

d 1
6.908

d

exp 6.908 ,

n

n

Q n t
H m

t t t

t

t





 
  

 
  
    
   

                (20) 

Fig. 6  Schematic diagram of pressure change with time
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where Hm is the reaction enthalpy. 
The heat transfer rate is governed by 
 

s
s w( ),

Q
A T T

t


  


                          (21) 

 
where Tw is the temperature of the cylinder and piston 
wall, and it equals the environmental temperature 
300 K. αs and A′ are the heat transfer coefficient and 
the area of the transfer heat wall, respectively. 

To calculate the heat transfer coefficient, the 
expression is given by (Tsukagoshi et al., 2005) 

 

s 50 2 .s A                              (22) 
 

The transfer heat wall, including cylinder top, 
piston top, cylinder side and piston side walls, is ex-
pressed as 
 

2 2π π
π π ,

4 4

D d
A Ds dl                     (23) 

 
where D and d are the cylinder bore and piston bore, 
respectively, and l is the length of the piston cavity. 

The volume change is given by 
 

p

d d
,

d d

V s
A

t t
                                     (24) 

 
where Ap is the area of the cylinder bore. 

Substituting Eqs. (20)–(24) into Eqs. (14) and 
(15), the equations of the thermodynamic model can 
be obtained. Combining the thermodynamic equa-
tions with the dynamic Eqs. (3) and (4), the thermo-
dynamic equations are obtained. 

 
If 0 1 0 M( ) ( ) ,p p A m g f k l s F       

 

s

s

V

dd 1 d d
( 1) ,

d d d d

dd 1 d d
,

d d d d

d
0,

d
d

0.
d

Qp Q V
p

t V t t t

QT Q V
p

t mc t t t

v

t
V

t

 
         

  
        




 

              (25) 

If 0 1 0 M( ) ( ) ,p p A m g f k l s F       

 

s

s

V

0 1 0 M

1

dd 1 d d
( 1) ,

d d d d

dd 1 d d
,

d d d d

( ) ( )d
,

d

d
.

d

Qp Q V
p

t V t t t

QT Q V
p

t mc t t t

A p p m g f k l s F cvv

t m

V
Av

t

 
         

  
        

       





(26) 

 
To calculate the input energy density and the 

specific heat capacity, Chemkin is used (Kee et al., 
2006). The GRI-Mech 3.0 reaction mechanism is 
chosen, and the thermodynamic and transfer data for 
species are taken from Powell et al. (2010). The en-
ergy density varying with equivalence ratio is shown 
in Fig. 7. From Fig. 7, the energy density that peaks at 
equivalence ratio of 1 is 5905.98 J/g. The percentages 
of main species are shown in Table 2. The specific 
heat ratios of these species are obtained from the 
NIST-JANAF table, and then γ can be obtained ac-
cording to Eqs. (16) and (17). 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3  Output performance parameters

 

To assess the performance of the actuator, the 
following parameters are identified referring to the 
parameters of internal engines. 

Fig. 7  Energy density varying with equivalence ratio 
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Table 2  Percentages of main species 

Species Percentage (%) Species Percentage (%)

N2 52 NO 3.1 

H2O 16 H2 2.8 

CO 10 H 2 

CO2 6.8 O 1.4 

OH 4.5   
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Indicated work is work that the gas does via the 
cylinder. The expression is given by 
 

e

0

d ,
V

V
W p V                                     (27) 

 

where Ve is the volume when the cylinder moves up to 
the stroke position, and V0 is the initial volume. 

Indicated work efficiency is defined as the in-
dicated work divided by the input energy: 

 

in m g

.
W W

Q H m
                               (28) 

 

Average power is calculated as 
 

.
W

P
t

                                            (29) 

 

Hopping efficiency is the hopping energy di-
vided by the input energy: 

 
2
2

h
in in

.
2

mvmgh

Q Q
                               (30) 

 

 

4  Experiments and simulation 
 

To validate the thermodynamic model, the 
measurement setup consists of a top plate, sensors, 
linear bearings, cushions, direction guide plates, and a 
data acquisition (DAQ) card, as presented in Fig. 8.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The displacement of the cylinder and the pressure 
inside the chamber are measured by a potentiometer 
and a large pressure sensor, respectively. Because the 
quantities of propane and nitrous oxide are not easy to 
control directly, they are calculated by their injection 
pressures according to the ideal gas equation. The 
pressure of 0.188 MPa of nitrous oxide under equiv-
alence ratio of 1 is used to power the hopping ex-
periment. In our previous work, hopping experiments 
conducted outdoors (Luan et al., 2015) are used to 
estimate parameters such as combustion duration and 
combustion efficiency. 

The specifications in the simulation are shown in 
Table 3. Substituting the parameters of Table 3 into 
Eqs. (27) and (28), and the initial condition of p0= 
0.288×10−6 Pa (absolute pressure), T0=273.15 K, v0= 
0 m/s, V0=0 m3, the equations can be solved by the 
Runge-Kutta method. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Specifications of simulation 

Parameter Value 

Payload (kg) 2.43 

Wall temperature, TW (K) 300 

Initial volume, V0 (m
3) 9.573×10−6 

Combustion efficiency, η (%) ~37 

Combustion duration, td (ms) ~5 

Combustion quality factor, n 1 

Specific heat ratio, γ 1.31 

End volume, Ve (m
3) 38.132×10−6 

Mass of C3H8 (mg) 17.6 

Mass of N2O (mg) 176 

Fig. 8  Schematic view of actuator measurement plate 
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Between the payload and cushion, there is 
120 mm of space that the mechanism can move up-
ward, which is larger than the stroke of the actuator, to 
alleviate the impact force when the collision occurs 
between the mechanism and cushion. Therefore, the 
mechanism will experience driven hopping, collision 
between cylinder and piston, hopping in the flight, 
collision and landing in the experiment. The curves of 
the pressure, velocity, and displacement of the ex-
periment (solid) and the simulation (dash) are shown 
in Fig. 9. From Fig. 9a, the total time is 100 ms from 
the spark time to when the mechanism lands, and 
when the actuator gets up to the stroke position at 
48 mm, the time is 14.8 ms and in the simulation it  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

consumes 12.6 ms. Thus, there is a 2.2 ms difference 
between the experiment and the simulation, and this is 
caused by the mounted gap between the potentiome-
ter and the payload, and there is a little friction be-
tween the guide and the bearing, which is ignored in 
the simulation. 

The velocity of the experiment, shown in Fig. 9b, 
is calculated from the measured displacement-time 
data. From Fig. 9b, the velocity of the experiment, 
when the cylinder reaches the stroke position, is 
6.5 m/s, but the velocity increases further. This is 
because the pressure cannot decrease to atmospheric 
pressure instantly. Finally, the velocity after collision 
is 6 m/s. However, according to the simulation, the 
velocities, which are before and after collision, are 
6.99 m/s and 6.22 m/s, respectively. 

As shown in Fig. 9c, the pressure of the exper-
iment drops to 0.5 MPa when the cylinder gets to the 
stroke 48 mm. It is not expected, as it is in the simu-
lation, that the pressure falls to environmental pres-
sure instantly. This is because the exhaust hole is not 
large enough. Then it still has the ability to do exter-
nal work if the stroke is enlarged. 

From section 3.3, the output performance pa-
rameters, according to the thermodynamic model and 
the experimental test, are shown in Table 4. 

From Table 4, the result of the simulation devi-
ates a little from the experiment. Thus, the simulation 
can be used to calculate the output performance. Table 
4 shows that the power density of the actuator is 
6.19 kW/kg, which is much larger than that of electric 
motors which is about 0.05 kW/kg. 

 
 

 
 
 
 
 
 
 
 
 
 
To verify the model, experiments of different 

injection pressures under stoichiometric ratio are 
conducted. The results of simulation and experiment 
are shown in Table 5. 

Table 4  Performance parameters between simulation and 
experiment 

Parameter 
Value 

Simulation Experiment

Indicated work (J) 78.49 67.80 

Indicated efficiency (%)  6.86  5.93 

Average power (kW)  6.23  4.58 

Hopping efficiency (%)  5.36  4.99 

Power density (kW/kg)  8.42  6.19 

Experiment Simulation 

Fig. 9  Comparison of displacement (a), velocity (b), and 
pressure (a) between experiment and simulation 
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From Table 5, the maximum deviation between 
experiment and simulation is 14.45%. Therefore, the 
model can be used to calculate the hopping velocity. 

 
 
 
 
 
 
 
 
 
From the results, the actuator indicated effi-

ciency is less than 10%, which is lower than a con-
ventional engine at about 30%. According to a patent 
(Spletzer et al., 2001), the hopping efficiency of the 
combustion-powered rigid mechanism is about 15%, 
while a combustion-powered soft hopping robot is 
less than 1% (Tolley et al., 2014; Loepfe et al., 2015). 
From our previous experiments (Luan et al., 2015), 
the main reason that the combustion efficiency of the 
actuator is lower than conventional engines is that 
they can control the piston to improve the efficiency. 
Thus, how to improve the hopping efficiency is a key 
issue for the next step. 

The hopping velocity is the key parameter be-
cause the hopping height of the robot is given by the 
velocity. According to Eq. (8), the height is the quad-
ratic function of the velocity. If the velocity changes a 
little, the result of the height changes a lot. Thus, the 
model that is developed for the hopping robot can be 
used to analyze the height of the combustion-powered 
hopping robot and provide guidance for the actuator 
design to improve the output performance of the 
hopping robot. The thermodynamic model can be 
used to simulate the driving hopping process, but it is 
still necessary to determine three parameters of 
combustion model, namely combustion time, com-
bustion quality, and combustion efficiency empiri-
cally. Therefore, further research is needed to inves-
tigate the combustion mechanism to obtain the pa-
rameters by the numerical method. 
 
 

5  Conclusions 
 

In this paper, we have modeled the combustion- 
powered hopping actuator, and investigated its output 
performance. The following conclusions are drawn. 

1. The dynamic and thermodynamic model of 
the combustion-powered actuator for hopping is es-
tablished. The energy density of source is determined 
by Chemkin when different equivalence ratio mix-
tures (propane and nitrous oxide) are injected. 

2. An experiment on the actuator, which powers 
hopping, is conducted. The displacement and the 
pressure inside the chamber are measured. The results 
of the experiment are compared with the simulation. 
There is a good consistency between them. Finally, 
the output performance parameters, according to the 
simulation and experimental test, are calculated. 
There is a small deviation. 
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中文概要 
 

题 目：燃爆弹跳驱动器仿真与试验研究 

目 的：研究燃爆弹跳驱动器热-动力学模型，分析驱动

器的输出性能，并通过试验验证驱动器热-动力

学模型的正确性。 

创新点：1. 建立了燃爆弹跳驱动器热-动力学模型，得到燃

爆弹跳驱动器的相关输出参数随时间的变化规

律；2. 通过理论仿真与试验测试分析了驱动器的

输出性能。 

方 法：1. 根据对燃爆弹跳机器人工作过程分析，推导出

燃爆弹跳驱动器工作过程中的动力学模型，并对

锁紧力与弹簧刚度参数进行测试；2. 根据热-动

力学模型推导出燃烧室内压力随时间变化的函

数；3. 通过试验测试驱动器驱动弹跳过程中压力

和位移随时间的变化曲线，将测试结果与热-动

力学模型仿真的结果进行比较。 

结 论：1. 建立了燃爆弹跳驱动器的热-动力学模型，得到

了驱动器的输出性能参数；2. 试验测试结果与仿

真计算结果吻合，证明了驱动器热-动力学模型

的正确性。 

关键词：热-动力学模型；燃爆驱动器；仿真分析；试验

分析；输出性能 
 


