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Abstract:    This article reviews recent developments in fluid power engineering, particularly its market and research in China. 

The development and new techniques of the pump, valve, and actuator are presented in brief with a discussion of two typical 

modern fluid power systems, which are the switched inertance hydraulic system and the hydraulic quadruped robot. Challenges 

and recommendations are given in four aspects including efficiency, compactness and integration, cleanliness, and fluid power 

education. 
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1  Introduction 

 

In fluid power engineering, hydraulics is used 

for the generation, control, and transmission of power 

by the use of pressurized liquids. Fluid mechanics 

provides the theoretical foundation for hydraulics. 

Hydraulic topics range through some areas of sci-

ence and most engineering modules, and cover con-

cepts such as pipe flow, fluidics, fluid power motion 

control, pumps, valves, actuators, turbines, hydro-

power, computational fluid dynamics, and flow 

measurement. 

In 1993, Prof. Backé had a presentation with the 

topic ‘The Present and Future of Fluid Power’ in the 

eightieth Thomas Hawksley Memorial Lecture in 

London (Backé, 1993). He traced the developments 

of fluid power from the formulation of the funda-

mental law of hydrostatics to the hydraulic applica-

tions of today. In the last few decades technology 

has advanced and many more uses have been found 

for fluid power. He addressed the challenges from the 

other power generation and transmission methods, 

such as mechanical and electrical, to fluid power and 

the possibilities for further development of fluid 

power, as shown in Fig. 1. It includes three main 

aspects: utilization of the advantages of fluid power, 

compensation of the disadvantages of fluid power, 

and use of the advantages of other technologies to 

improve fluid power technology. He also concluded 

the presentation with a prognosis of the possible fu-

ture development of fluid power, as shown in Table 1. 

With over 20 years development in fluid power after 

Backé’s talk, it can be seen that he accurately pre-

dicted the trend and directions of fluid power. Effi-

cient and smart design fluid power systems are now 

in very high demand worldwide. Researchers and 

engineers aim at developing high-efficiency, envi-

ronment-friendly, and user-friendly fluid power 

components and systems. 

Later, in 1995, at the eighty-third Thomas 

Hawksley Memorial Lecture, Prof. Burrows pointed 

out that many of the current applications of fluid 

power can be traced to ideas embedded in the pio-

neering work of Bramah, who is best known for  
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having invented the hydraulic press, and later con-

tributors (Burrows, 1996). The technological innova-

tions in sensors, materials, computers, and electron-

ics in fluid power were emphasized in his talk. He 

also stated that exciting challenges and opportunities 

for fluid power systems lay ahead in the twenty-first 

century. New fields of activity could have an impact 

on fluid power, like micro-fabrication technologies 

and novel material technologies. It was clear that 

fluid power research will be multidisciplinary.  

Prof. Edge gave a lecture at an Ordinary Meeting of 

the UK Automatic Control Council held in London 

in 1996. The lecture was titled ‘The control of fluid 

power systems—responding to the challenges’, 

which discussed the research on the control of fluid 

power systems, strengths, and disadvantages of dif-

ferent schemes for control at both component and 

system levels (Edge, 1997). He concluded the lecture 

with a summary of the factors and areas of activity in 

fluid power control, as shown in Fig. 2. It well sum-

marized and predicted the research emphasis and 

trends in the fluid power control area.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, researchers realized that 

challenges still exist (Burrows, 2000; Murrenhoff, 

2007). System efficiency, noise, and leakage prob-

lems raised a lot of attention. Computer-based tools 

and methods are critical and important for system 

synthesis (Krus et al., 1994). The development of 

specialist computer software packages integrated 

with control packages can offer powerful tools for 

modeling complex systems and assembling virtual 

prototypes (Krus et al., 1991). The development of 

control theory/techniques for fluid power systems 

has also attracted much interest, for model uncertain-

ty and parameter variations is of major significance 

in the design. Thirdly, an understanding of occurring 

physical phenomena in fluid power systems, such as 

cavitation and pressure ripples, is needed to allow 

researchers to develop better and more accurate 

models (Burrows, 2000). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To respond to the challenges and speed up the 

development of fluid power technology, the National 

Fluid Power Association (NFPA), the American 

Trade Association, the Japan Fluid Power System 

Society (JFPS), and several Fluid Power Trade As-

sociations in Europe, announced research priorities 

for fluid power (Burrows, 2004). There is certainly 

widespread interest in researching and studying fluid 

power in a system or mechatronics context. In the 

Table 1  Prognosis of the possible future development of 

fluid power (Backé, 1993) 

No. Possible future development 

1 Intensified application of computer programs to 

optimize motion, flow, noise, and mechanical 

properties 

2 Application of new materials: coatings, ceramics, 

and plastics to improve wear resistance and 

tribological properties 

3 Application of energy-saving components and 

systems: (a) Intelligent pressure supply adapt-

ing pressure and flow to the demand of the 

consumers (e.g., load sensing); (b) Intensified 

use of variable displacement units with high 

efficiency 

4 Further development of sealing and joint tech-

niques to minimize leakage 

5 Development and use of biological degradable 

pressure fluids 

6 Use of oil-free compressed air in pneumatics 

7 Separation of fluid power circuit and electronic 

signal circuit for high-quality applications 

8 Tendency to fully digitized signal circuit with 

digital interfaces for signal input and output 

9 Intensified application of modern control concept 

with adaption to changes of open-loop properties

10 Integration of component-related electronics and 

sensors into devices, e.g., variable displace-

ment units, cylinders, and proportional valves 

11 Tendency to self-sufficient electrohydraulic or 

electropneumatic axis drives with bus interface
Fig. 1  Development of fluid power (Backé, 1993) 

Reprinted from (Backé, 1993), Copyright 1993, with permis-

sion from SAGE 
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Fig. 2  The domain of fluid power control (Edge, 1997)

Reprinted from (Edge, 1997), Copyright 1997, with permission from SAGE 

last 20 years in China, the extensive infrastructure 

and construction programs increased investment in 

industrial automation, the huge potential internal 

market for agricultural machinery, construction ma-

chinery, and food processing equipment, all point to 

an anticipated high growth in demand for fluid pow-

er technology.  

This paper reviews recent technology in the flu-

id power area at both component and system levels. 

It includes the development of components, such as 

pump, valve, and actuator and the novel conception 

and application of fluid power systems. It also em-

phasizes the rapid development of the fluid power 

area and details university research activities and 

industrial production recently in China. Challenges 

and recommendations are presented with a concern 

for fluid power education in China, followed by  

conclusions. 

 

 

2  Fluid power components and systems 

2.1  Typical hydraulic components: pump, valve, 

and actuator 

Hydraulic pumps supply fluid to the compo-

nents in the system. Pressure in the system develops  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in reaction to the load. It means a pump rated for 

30 MPa is capable of maintaining flow against a load 

of about 30 MPa with a low system pressure loss and 

leakage. Also, pumps have a power density about 10 

times greater than an electric motor in terms of vol-

ume efficiency. Common types of hydraulic pumps 

are listed in Table 2. Therefore, pump design tech-

niques, efficiency, reliability, price, and operating 

conditions are researched by many groups and indus-

tries. Modern pump techniques are desirable as the 

‘heart’ of the hydraulic machinery.   

Effective approaches, or models for studying 

pump characteristics, are developed by researchers 

continuously. Some pioneering work on calculating 

the cylinder pressure during the trapping period be-

tween ports was proposed by Yamaguchi (1966). In 

his work, the efficiencies of pumps and motors were 

defined with the compressibility of flow, trapping, 

and relief grooves. The effect of relief groove design 

on pump power losses and pump noise can be pre-

dicted by using this model. This model has been re-

ferred to, and successfully applied in lots of further 

research (Zeiger and Akers, 1985; Schoenau et al., 

1990; Manring and Zhang, 2001; Manring, 2003). A 

comprehensive study of the design and analysis of 

hydrostatic pumps and motors is described in  
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(Ivantysyn and Ivantysynova, 2003), which provides 

the understanding of the working principles of 

pumps and motors and the design of displacement 

machines in accordance with the state-of-the-art 

analysis and modern design methods.  

In the last 10 years, pump optimization research 

has been gradually increased in terms of pump effi-

ciency, power loss, and noise level. Many useful 

tools have been developed for analyzing and opti-

mizing pump performance. A simulation tool CAS-

PAR for the calculation of the non-isothermal gap 

flow in the connected gaps of swash plate type axial 

piston machines has been developed (Wieczorek and 

Ivantysynova, 2002). It is an effective and useful 

approach to support the development of the pump. 

CASPAR allows the improvement of the efficiency 

of swash plate machines by optimization of the gap 

macro geometry without lengthy testing (Lasaar and 

Ivantysynova, 2002). However, the software only 

considers viscous friction, and elasto hydrodynamic 

effects are not considered. Using CASPAR, for ex-

ample, the tribological system formed by the piston/ 

cylinder assembly of swash plate axial piston ma-

chines, and the influence of a piston macro and mi-

cro geometry variation on energy dissipation can be 

effectively investigated (Ivantysynova and Lasaar, 

2004). Besides CASPAR, some particular tools, such 

as HYGESim (HYdraulic GEar machines Simulator), 

are being developed for analyzing gear pump per-

formance with high accuracy of simulation (Deven-

dran and Vacca, 2013). It is a multi-domain simula-

tion model for the detailed analysis of external gear 

machines. HYGESim was successfully utilized to 

optimize the design of the grooves on the lateral 

bushes presented in (Vaseena and Vacca, 2010) and 

an external spur gear pump shown in (Devendran 

and Vacca, 2013).  

The future research areas and challenges for 

pump and motor design will include the accuracy of  

  

 

 

 

 

 

 

 

 

the pump and motor mathematical model (Eaton et 

al., 2006), novel design, and optimization techniques 

(Mauck et al., 2000). Also, high bandwidth pump 

control techniques will be more and more addressed 

and investigated in further research (Ivantysynova, 

2008). The trend in pump design is gradually mov-

ing towards high efficiency, low noise, compactness, 

and light weight.  

Hydraulic control valves are designed to route 

the fluid to the desired actuator in systems. They 

usually consist of a spool which can slide to a differ-

ent position in the housing to control the fluid. The 

spool position may be actuated by mechanical levers, 

hydraulic pilot pressure, or solenoids which push the 

spool left or right. They can be catalogued in differ-

ent ways in terms of their design techniques, func-

tions, and materials. It is widely recognized that the 

control valve is one of the most expensive and sensi-

tive parts of a hydraulic circuit.  

For example, a high-speed on-off valve is es-

sential for modern digital fluid power systems. Con-

trol using high-speed and high flowrate on-off valves 

has been proposed as a way to significantly improve 

the efficiency of fluid power systems over a conven-

tional valve control approach in switched inertance 

hydraulic systems (SIHS) (Pohl et al., 2001; Scheidl 

et al., 2008a; 2008b; Johnston, 2009; Pan et al., 

2014a; 2014b).  This will be described in Section 2.2. 

Cao et al. (2005) suggested that energy can be lost in 

an on-off valve system as a result of valve transition 

times, fluid compressibility, pressure drops across 

the on-off valves, and hysteresis in the accumulator 

bladder, fluid friction, and leakage. A technology for 

the smart-design of the high bandwidth on-off valve 

is desirable. A four-way rotary valve was developed 

by Brown et al. (1988) with a desired switching fre-

quency of 500 Hz. Winkler (2004) later presented a 

high flowrate and low resistance poppet valve that 

used multiple metering edges to provide a flowrate 

Table 2  Common types of hydraulic pumps (Watton, 2009)

Pump type Mechanism Efficiency Reliability Working conditions Price 

Gear pump Simple, constant 

displacement 

Low efficiency Durable <20 MPa Cheap 

Vane pump Simple, positive 

displacement  

Good Reliable Good for high-flow, low-pressure 

output 

Reasonable

Piston pump Complex, variable 

displacement 

High efficiency Reliable Rated high pressure; good for 

high-pressure, low-flow output 

Expensive
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of 45 L/min at a pressure drop of just 0.5 MPa. The 

valve spool was driven by a solenoid with a rise time 

of approximately 1 ms. Tu et al. (2007; 2012) de-

scribed a fluid driven pulse width modulation (PWM) 

on/off valve based on an unidirectional rotary spool. 

The valve was expected to give a flowrate of 

40 L/min with a low-pressure drop (0.62 MPa), and 

high speed of 2.8 ms (transition time at 100 Hz 

PWM frequency). A seat type valve, which switches 

on and off within 1 ms at a nominal flowrate of 

100 L/min at 0.5 MPa pressure drop, was also devel-

oped by Winkler and Scheidl (2007). Kudzma et al. 

(2012) proposed a 3-way linear-acting high-speed 

valve which enables low flow resistance (65 L/min 

at 1.0 MPa) and fast switching speed of 0.69 ms, low 

leakage and very high flow gain. Such high-speed 

valves give opportunities for improvements in the 

efficiency of modern digital hydraulic systems 

(Kogler and Scheidl, 2008). 

More generally, modern valve modeling and 

design approaches have developed rapidly in the last 

few decades.  

Poppet type metering valves have many ad-

vantages, including low leakage, and an economical 

design and control design is challenging as the me-

tering element is not hydrostatically balanced (Fales, 

2005). It is also found that minor geometric differ-

ences in the poppet valve can result in very different 

valve characteristics. In particular, there is a very 

strong dependence upon the width of the contact area 

between the poppet and its seat (Johnston et al., 

1991). Numerical simulation of fluid flow in poppet 

valves was studied in (Vaughan et al., 1992), and 

nonlinear and linear models for the dynamic analysis 

and design of the poppet valve were proposed in (Fa-

les, 2006; Muller and Fales, 2008; Opdenbosch et al., 

2009). These offer effective tools for investigating 

the performance of poppet valves. Also, newly de-

veloped materials were used in the valve develop-

ment in order to improve valve performance (Tao et 

al., 2002; Wang et al., 2011). Moreover, various 

control schemes for controlling hydraulic poppet 

valves and compensation have been proposed to 

achieve high bandwidth, fast response, and robust-

ness (Opdenbosch et al., 2004; 2008; Xiong et al., 

2015). As can be seen, the poppet valve is a very 

typical hydraulic component and is widely used in 

industry. The research of the poppet valve can help 

researchers and engineers get a better understanding 

of the operation and physical phenomena of the 

valve and offer clever industrial solutions.  

High-speed solenoid valves have been widely 

used for their good performance, fast response, and 

high energy efficiency. A nonlinear dynamic model 

of a high-speed direct acting solenoid valve was pre-

sented in (Vaughan and Gamble, 1996). The sole-

noid was modeled as a nonlinear resistor/inductor 

combination, with inductance parameters that change 

with displacement and current. The spool assembly 

was modeled as a spring/mass/damper system. This 

model can accurately predict the spool displacement 

of a proportional solenoid valve to a voltage input. It 

enables the development of a new valve from design 

to performance evaluation before the manufacture of 

a prototype. In the meantime, methodologies for 

nonlinear modeling, parameter determination, and 

performance evaluation of high performance sole-

noid valves are studied to speed up the design and 

optimization (Khoshzaban Zavarehi, 1999; Sohl and 

Bobrow, 1999; Reuter et al., 2010). 

New techniques are also investigated for the 

development of hydraulic actuators that use hydrau-

lic power to facilitate mechanical operation. For ex-

ample, piezoelectric material has been used in actua-

tors in terms of the usage of the piezoelectric effect 

(Sirohi and Chopra, 2003). Also, various adaptive 

control schemes for manipulating hydraulic actuators 

have been proposed. Earlier research focused primar-

ily on linear control theory. A robust adaptive con-

troller applied to hydraulic servo systems for noncir-

cular machining was introduced in (Tsao and Tomi-

zuka, 1994), and another robust adaptive control 

scheme was devised in (Plummer and Vaughan, 

1996) for the control of hydraulic servo-systems. For 

a good performance and a high bandwidth control of 

a hydraulic actuator, a modern motion controller was 

required (Bobrow and Lum, 1996).  

The electro-hydraulic actuator (EHA) is a new 

high-performance actuation system that combines 

the benefits of conventional hydraulic systems and 

direct-drive electrical actuators. It originally was 

developed for the aerospace industry and expanded 

applications into many other hydraulic industries. 

This device eliminates the need for separate hydrau-

lic pumps and tubing, simplifying system structures 

and improving safety and reliability. EHA is a very 
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promising device that has attracted a lot of research 

interest from its design to control (Alleyne and Liu, 

2000; Habibi and Goldenberg, 2000; Liu and Al-

leyne, 2000; Niksefat and Sepehri, 2000) and the 

nonlinearities, system identification, model uncer-

tainties, and disturbances (Ling et al., 2011; Lin et 

al., 2013). According to recent applications of EHA 

in Airbus A380 aircraft, engineers still face some 

unique problems with EHA (Van den Bossche, 

2006), which include the performance and life of the 

pump, efficiency of the electric motor, reliability of 

the power electronics, and heat rejection problem. 

On Aug. 29, 2005, the A380 n°1 flew for the first 

time simulating a dual hydraulic system failure, the 

control surfaces being driven by the EHA and elec-

trical back-up hydraulic actuator. The aircraft oper-

ated with no significant difference in the servo con-

trol hydraulic system (Van den Bossche, 2006). 

2.2  Examples: fluid power systems 

Two examples of fluid power systems are pre-

sented in this section to give a general idea of mod-

ern fluid power techniques and applications. Tech-

nical details can be found in related references. 

2.2.1  Digital hydraulic systems 

In 2011 Prof. Scheidl and his colleagues pre-

sented a Forward Look article titled ‘Is the future of 

fluid power digital?’ (Scheidl et al., 2011) which is a 

response to Achten’s Forward Look article ‘Convict-

ed to innovation in fluid power’ in 2010 (Achten, 

2010). Scheidl et al. (2011) believed that digital fluid 

power is a new branch of fluid power, which offers 

high potential for innovative solutions. And success-

ful digital fluid power applications need new com-

ponents, a comprehensive understanding of the sys-

tem and novel control strategies or principles. 

The digital hydraulic system has several ad-

vantages compared with continuous or analogue 

technologies, such as higher efficiency, precision, 

robustness, and reliability. It also offers new func-

tionality that is impossible with existing fluid power 

systems, such as sensorless incremental actuation 

and digital control for multiple units’ arrangements. 

Today, digital fluid power applications have gradual-

ly entered into our industries and market. It is certain 

that they will become much more digital and provide 

new opportunities for fluid power engineering in the 

future (Scheidl et al., 2011). 

Hydraulic switching control is a sub-domain of 

digital hydraulics (Scheidl et al., 2013). An SIHS is 

a typical example of digital fluid power systems. It 

performs analogously to an electrical ‘switched in-

ductance’ transformer, and is one possible approach 

to raise efficiency (Brown, 1987; Scheidl et al., 

2008b; Johnston, 2009). This technique makes use of 

the inherent reactive behaviour of hydraulic compo-

nents. A fluid volume can have a capacitive effect, 

whilst a small diameter line can have an inductive 

effect (Johnston, 2009). High-speed switching valves 

are needed to achieve the sufficient switching fre-

quencies (Pan et al., 2014a; 2014b). It uses a fast 

switching valve to control flow or pressure, and is 

potentially very efficient as it does not rely on dissi-

pation of power by throttling. 

Fig. 3 shows two basic modes of SIHS, a flow 

booster and a pressure booster, which are configured 

by reversing the inlet and outlet connections in a 

three-port SIHS (Johnston, 2009). They consist of a 

long, small diameter ‘inertance’ tube and a high-

speed switching valve with one common port, two 

switched ports, and an accumulator. The common 

port is connected alternately to the high pressure 

supply port and then the reservoir, operating cycli-

cally and rapidly such that the high and low pres-

sures are opened alternately. The delivery port might 

connect to a loading system, and includes an accu-

mulator or other capacitance in order to maintain a 

constant loading pressure.  

When the valve is connected to the high-

pressure supply port, flow passes from the high pres-

sure supply to the delivery port and the fluid acceler-

ates in the inertance line. When the valve is open to 

the reservoir, fluid is drawn from the reservoir to the 

delivery port by the momentum of the fluid in the 

inertance tube (Pan et al., 2014a; 2014b). As long as 

the valve is switched quickly, the delivery flow will 

only reduce slightly due to a small deceleration of 

fluid velocity when connected to the low-pressure 

supply, remaining a constant delivery flow. The 

physical characteristics of the SIHS provide the op-

portunity for high efficiency. 

Digital pump development is another possible 

future trend in hydraulic systems. As most hydraulic 

system loads need variable flow for proper operation, 

it is conventional to control the flow using valves 

which alter the flow at the expense of energy loss. 
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The digital displacement technique has been pro-

posed for improving hydraulic system energy for 

transferring energy between mechanical and fluid 

power (Rampen et al., 1994; Ehsan et al., 2000; Lin-

jama and Huhtala, 2009). Digital pump/motors aim 

to increase the efficiency and range of operation of 

fluid power systems by minimizing leakages, friction 

losses, and compressibility losses. Digital pumps can 

be implemented similarly to digital valves (Linjama, 

2011). The fixed displacement pump is controlled by 

the high-speed switching on-off valve, which ena-

bles the flowrate to continuously switch between the 

main system and the reservoir. More generally, ar-

ranging digital pumps on the same axis and control-

ling by individual switching on-off valves, the 

flowrate can be modulated by using different control 

coding strategies. For the piston pump, the digital 

control technique is to control each piston of the 

pump independently by using switching on-off 

valves. It can be catalogued to the ‘pure pump’ and 

‘pump-motor’ modes in terms of piston functions 

including pump, idle, and motor modes. The motor 

mode requires continuous switching of the control 

valves (Linjama, 2011). Artemis Intelligent Power 

Ltd. started research in the development of piston 

digital pump/motors in the 1980s and the first publi-

cations were in 1990 (Rampen and Salter, 1990). 

This technique enables innovative solutions for mo-

bile equipment systems (Wadsley, 2011). The piston 

digital pump/motors research has also been investi-

gated in Purdue University recently (Merrill and 

Lumkes, 2010; Merrill et al., 2013). The advantages 

and disadvantages of the different operating strate-

gies and the design trade-offs for digital pump/ 

motors were studied. 

2.2.2  Hydraulic quadruped robots 

The MIT Leg Laboratory is well known for its 

milestone work of Prof. Marc Raibert, who showed 

in the 1980s that robotic running could be accom-

plished using appropriate control strategies and algo-

rithms (Pratt, 2000). His 3D biped is shown in 

Fig. 4a. Later, Prof. Raibert left MIT to form Boston 

Dynamics which is an engineering and robotics de-

sign company that is best known for the develop-

ment of BigDog, as shown in Fig. 4b. These two 

robots are hydraulically driven. 

Boston Dynamics aims to build unmanned leg-

ged robots with rough-terrain mobility superior to 

existing wheeled and tracked vehicles. The ideal 

robot would travel anywhere a person or an animal 

could go using their legs, run for many hours at a 

time, and carry its own fuel and payload. It would be 

smart enough to negotiate terrain with a minimum of 

human guidance and intervention (Raibert et al., 

2008). BigDog has onboard systems that provide 

power, actuation, sensing, controls, and communica-

tions. The power supply is a water-cooled two-stroke 

internal combustion engine that delivers about 15 hp 

(1 hp=746 W). The engine drives a hydraulic pump 

which delivers high-pressure hydraulic oil through a 

system of filters, manifolds, accumulators, and other 

plumbing to the robot’s leg actuators. It has about 50 

sensors which measure the attitude, acceleration of 

the body, and motion and force of the actuators and 

also monitor BigDog’s homeostasis. It has success-

fully performed different locomotion gaits, such as 

walking, trotting, and bounding, carried up to 154 kg 

payload and hiked for 2.5 h (Raibert et al., 2008).  

Fig. 3  Schematic diagram of SIHS: (a) Flow booster; (b) 

Pressure booster (Reprinted from (Pan et al., 2014b), 

Copyright 2014, with permission from SAGE) 

QHP: flowrate from the high pressure supply port; QLP: 

flowrate from the low pressure supply port; QDELIVERY: de-

livery flowrate; QRETURN: return flowrate; QSUPPLY: supply 

flowrate  

(a) 

(b) 
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Hydraulic Quadruped (HyQ) is a versatile hy-

draulically powered quadruped robot, which is de-

veloped for use as a platform to study the high dy-

namic motions and the navigation performance of 

the robot in the Italian Institute of Technology, Italy. 

Fig. 5 shows the photograph of the HyQ Leg and the 

CAD model of the robot body with the onboard hy-

draulic system. The design, component specifica-

tions, and experimental validation of the HyQ were 

described in (Semini et al., 2011). 

The John Deere forestry walking machine is a 

prototype harvester used in the logging process,  

as shown in Fig. 6. The walking harvester was de-

signed by John Deere’s research and development 

unit in Finland in the 1990s (Available from 

http://forestindustry.com/feature-article/world-s-first- 

prototype-walking-forest-machine-displayed-john-

deere-pavilion). It aimed to create a machine that has 

the maximum working stability and minimum im-

pact on challenging terrain, such as soft, sloping, and 

uneven conditions. The sensors in the six articulated 

legs react automatically to different terrain, while the 

computer control system controls all walking func-

tions including the direction of movement, the trav-

elling speed, the step height, and gait and the ground 

clearance. Each foot of the machine has a larger con-

tact area than a conventional wheel, which spreads 

the load and decreases the amount of ground disturb-

ance, while tires may leave grooves that channel 

rainwater and create erosion. The Timberjack meas-

uring and control system is used to control the har-

vester head and the Timberjack Total Machine Con-

trol system is used to regulate the machine loader 

and engine functions in order to optimize machine 

operation. The operator-friendly controls are  

incorporated in a single joystick (Available from  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

Fig. 4  Typical hydraulic driven robots 

(a) Marc Raibert’s 3D biped (Image courtesy of Marc Rai-

bert and the MIT Leg Laboratory, 1984) (Reprinted from 

(Pratt, 2000), Copyright 2000, with permission from IEEE); 

(b) BigDog-Boston Dynamics (http://en.wikipedia.org/wiki/

Boston_Dynamics) 

(b) 

Fig. 5  Hydraulic Quadruped (HyQ) developed in Italian 

Institute of Technology, Italy (Reprinted from (Semini et 

al., 2011), Copyright 2011, with permission from SAGE )

(a) Photograph of the HyQ Leg; (b) CAD model of the robot 

body with the onboard hydraulic system 

(a)

(b) 
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http://www.theoldrobots.com/Walking-Robot2.html). 

This innovative machine provides insight into new 

technologies that are being developed and could pos-

sibly change the future of the logging industry and 

pave the way for future developments in productive 

and environmentally friendly machines. 

The researchers of the Korea Institute of Indus-

trial Technology developed the hydraulic actuated 

quadruped walking robot qRT-2, which is the front 

drive machine with hydraulic linear actuators and 

wheeled back legs, as shown in Fig. 7a. The qRT-2 

weighs about 60 kg and can carry over 40 kg of pay-

load. It successfully demonstrated the trotting gaits 

at a speed up to 1.3 m/s on an even surface and 

walking at 0.7 m/s on an uneven and ramped surface 

(Kim et al., 2008). They also developed the 4-leg 

walking robot P2 in 2010 and investigated the hy-

draulic flow consumption during the robot’s walking 

behaviour (Kim et al., 2010). A power optimization 

scheme on the minimization of the hydraulic flow 

consumption was applied in P2. Simulated and ex-

perimental results show very promising performance. 

All joints of the robotic legs are actuated by small 

size hydraulic rotary actuators, as shown in Fig. 7b.   

In China, a hydraulic quadruped walking robot 

called ‘Baby Elephant” was developed by Gao’s re-

search team (http://www.china.org.cn/china/2012-

11/08/content_27042373.htm) in Shanghai Jiao 

Tong University. The robot weighs about 130 kg and 

its length, width, and height are 1.2 m, 0.5 m, and 

1 m, respectively. It has 12 degrees of freedom for 4 

legs controlled by hydraulic actuators. The lithium 

battery was applied as the power supply for the 

10 kW high-performance motor which was used to 

drive the hydraulic pump (Chen et al., 2013). It can 

carry a heavy load and walk through the uneven ter-

rain with a good stability. An energy storing mecha-

nism was introduced in this robot, and the simulated 

and experimental results show its high efficiency 

(Chen et al., 2013). More investigation and experi-

ments are continuing for the control strategies and 

gaits optimization. Another hydraulically actuated 

quadruped bionic robot was developed by the Robot-

ics Centre of Shandong University. It aims to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  John Deere walking machine 

(http://www.likecool.com/Gear/Gadget/Logging%20Spider/

Logging-Spider.jpg) 
(a) 

 

Fig. 7  Quadruped walking robots developed by Korea 

Institute of Industrial Technology  

(a) A quadruped walking robot, qRT-2 (Reprinted from 

(Kim et al., 2008), Copyright 2008, with permission from 

IFAC); (b) A quadruped walking robot, P2 (Reprinted from 

(Kim et al., 2010), Copyright 2010, with permission from 

VDE VERLAG GMBH Berlin)  

(b)  



Yang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2015 16(6):427-442 

 

436

develop a high dynamic quadruped robot which is 

able to work in complex terrains with good adapta-

bility. It can walk with an average speed of 1 m/s 

and a maximum speed of 1.8 m/s without a heavy 

load and 0.4 m/s with a load of 80 kg (Li et al., 

2011). The research team in the Beijing Institute of 

Technology investigated the energy consumption of 

the designed quadrupedal robot and the results have 

been published in (Sha et al., 2013). 

Good research outputs and achievements have 

been obtained in the last 20 years. Techniques such 

as terrain sensors, sophisticated computing, power 

systems, advanced actuators, and effective dynamic 

controls are still needed to meet the goals of ideal 

robot development. 
 

 

3  Development of fluid power in China  

3.1  Market
1
 

The mechanical industry is developing super-

fast in China. In the year 2010, the gross production 

value of domestic mechanical industry was about 

14.38 trillion Yuan (CNY) in China, an increase of 

33.79% on the year 2009, as shown in Fig. 8. In 

2010, it delivered 380 000 tractors, 130 GW power 

generation equipment, 223 900 Computer Numerical 

Control (CNC) manufacturing tools, 18.3 million 

automobiles, and 436.7 billion CNY of profit on the 

sales of construction machines. The growth rate of 

the gross domestic product (GDP) in China was 9% 

during that period. A slight drop in the growth rate in 

2009 can be noticed, due to the influence of the 

worldwide economic crisis.  

 

 

 

 

 

 

 

 

 

 

 

 

                                                        
1
 Related data in Section 3.1 was selected from the lecture (Yang, 

2014) 

Fig. 9 shows the total gross production value of 

fluid power areas, including hydraulics, pneumatics, 

and seals. As can be seen, the gross production value 

of these three main areas increased gradually from 

2007 to 2013. The total value (hydraulics 49.4, 

pneumatics 18.50, seals 24.5 billion CNY, respec-

tively) reached 92.4 billion CNY in 2013. Again, in 

the year 2009, the growth rate in these three areas 

dropped because of the worldwide economic crisis 

and recovered in 2010 with rapid growth. The 

growth rate in the fluid power areas is shown in 

Fig. 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In hydraulics in 2010, the percentage of pumps, 

motors, and cylinders (actuators) was 24%, 21%, and 

22%, respectively, which occupied about a similar 

market share percentage. The total percentage of 

pumps, motors, and cylinders was 67% and it was 

more than two-thirds of the whole hydraulic product 

market. The percentages of hydraulic valves and 

systems were 14% and 19%, respectively (Fig. 11). 

Hydraulic products are widely applied in differ-

ent areas, including construction machinery, aviation, 

metallurgical machinery, agricultural machinery, 

mining machinery, medical equipment, chemical 

Fig. 10  Growth rate of the fluid power areas 

Fig. 8  Gross production value of domestic mechanical 

industry and its growth rate 
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Fig. 9  Gross production value of the fluid power areas
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devices, plastic machinery, shipbuilding, petroleum 

machinery, and automotive parts. The percentage of 

construction machinery and vehicles were 35.39% 

and 8.94% in 2010, as shown in Fig. 12. This is 

mainly due to the fast development of infrastructure 

in China in the last 10 years. The areas of market 

share below 4% include medical equipment, chemi-

cal devices, plastic machinery, shipbuilding, petrole-

um machinery, and automotive engineering. It is 

because some of these areas are very specialized and 

the fluid power applications have only been intro-

duced in recent years, such as for medical equipment 

and chemical devices. Also, modern hydraulic tech-

nology is a very important factor, which sometimes 

limited the development of some highly sophisticat-

ed areas in China, such as shipbuilding, petroleum 

machinery, and automotive parts. Therefore, it can 

be concluded that currently construction machinery 

and vehicles (44.33%), aviation (9.49%), metallurgi-

cal machinery (9.35%), agricultural and mining ma-

chinery (10.56%) are still occupying most of market 

share of hydraulic products. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2  Research 

Fluid power research has developed very fast in 

universities and industry in China in the last decades. 

Table 3 shows the research centres and labs for fluid 

power and motion control in Chinese universities 

and their main research areas. 

As can be seen, fluid power research is flourish-

ing with the fast development of China. It covers a 

large range of fluid power engineering, from funda-

mental research to modern applications. More uni-

versities and industrial companies are stepping into 

fluid power areas, and the future of fluid power is 

very promising.  
 

 

4  Challenges and recommendations 

 

There are still many challenges in fluid power 

and motion control areas. The main challenges in-

clude its efficiency, compactness, and environmental 

impact. Overcoming these problems will dramatical-

ly improve the acceptability of fluid power and lead 

to its more widespread use. 

1. Energy efficiency  

Energy efficiency of fluid power systems is 

very significant. It has drawn the great attention of 

researchers and engineers (Murrenhoff et al., 2014). 

Highly efficient fluid power machines or devices can 

be achieved by using components with less energy 

loss, smart system design approaches, and clever 

control. Novel fluid power control methods are also 

needed to improve system efficiency.  

2. Compactness, integration, and weight 

The compactness and integration of fluid power 

machines or devices influence the development of 

fluid power systems. Portable and light human-scale 

fluid power devices, like personal service robots, 

lightweight fluid power components, are wanted by 

customers. Modern fluid power based compact power 

and actuation systems will provide greater energy 

and user convenience. Future work can be continued 

in the area of integration and compactness of fluid 

power systems, which will further improve the ac-

ceptability of fluid power. 

3. Quiet and clean  

Fluid power has been plagued by a number of 

factors that have prevented its wider acceptance 

(NSF, 2006). Our customers always request a clean, 

quiet, safe, and easy to use fluid power device. Fluid 

Fig. 11  Distribution of products in hydraulics in China

in 2010 

Gear 
pump
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Vane pump
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Piston pump
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Piston motor
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Valve
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System
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Fig. 12  Distribution of application areas of hydraulic 

machines in China in 2010 
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power machines or devices with an effective human 

interface, low noise, and leakage are needed. A fu-

ture requirement is to have operator control that is 

fast, precise, and intuitive, to have equipment that is 

quiet enough to not be obtrusive to the operator, and 

to have leaks that are so rare that they would have a 

negligible aesthetic and environmental impact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overcoming these problems will significantly im-

prove the acceptability of fluid power and lead to its 

more widespread use. 

4. Fluid power education  

For many years, fluid power has been ‘out of 

sight and out of mind’, which was commented by 

Mr. Koski at a fluid power conference with concern 

Table 3  Research centres and labs and areas and directions for fluid power and motion control in Chinese 

Universities* 

University Research centres and labs Research areas and directions 

Zhejiang  

University 

 

The State Key Laboratory of 

Fluid Power Transmission 

and Control; National En-

gineering Research Centre 

of Electrohydraulic Con-

trol; The Institute of 

Mechatronic Control  

Engineering 

1. Components 

1.1 Development of high performance hydraulic components; 

1.1.1 High pressure axial piston pump; high performance load 

sensing pump; low noise high reliability piston pump  

1.1.2 High speed high flowrate electro-hydraulic valve; high per-

formance water hydraulic pump and valve; high performance

electro-mechanical elements 

1.2 Valve plate design; 

1.3 High-speed switching valve; 

1.4 High performance pneumatic components; 

2. Fundamental research 

2.1 Cavitation and complex flow; 

2.2 Noise and pressure pulsation reduction; 

2.3  Friction characteristics and piston materials; 

3. Motion control 

3.1 Accurate measurement approaches; 

3.2 Nonlinear position servo control; 

3.3 Precise motion control; 

4. Energy 

4.1 Renewable energy generator; 

4.2 Ocean engineering–hydraulic and mechatronic devices; 

5. Applications 

5.1 Research and development of tunnel boring machine; 

5.2 High performance mechatronic system; 

5.3 Bio-electro-mechanical systems 

Harbin Institute of 

Technology 

Department of Fluid Control 

and Automation; Institu-

tion of Electrohydraulic 

Simulation and Test  

Systems 

Hydraulic servo-valve; 

Electrohydraulic servo systems; 

Innovative pneumatic components; 

Fluid-structure coupling in hydraulic servo-valves 

Beihang  

University 

Department of Mechatronic 

Control 

Active vibration suppression method in aircraft; 

Advanced hydraulic components; 

Life cycle management of hydraulic systems; 

Electrohydraulic actuator 

Yanshan  

University 

Department of Mechatronic 

Control Engineering 

Hydraulic control system of forging hydraulic press; 

Wind power with fluid power control system; 

Cold rolling mill precision hydraulic automatic gauge; control (hydrau-

lic automatic gauge control) system; 

Intelligence control and safety and security of engineering machinery

Huazhong Univer- 

sity of Science 

and Technology 

Department of Fluid Power 

Control 

Development of water hydraulic pumps; 

Water hydraulic systems 

* Research areas and directions are sourced from the University official websites 
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about fluid power education (Koski, 1995). The 

same situation exists in China where not many uni-

versities or college-level engineering schools offer 

systematic fluid power degree courses. Our engi-

neers working in fluid power areas have to start to 

learn basic knowledge after they have finished their 

degree courses in mechanical engineering. They 

normally know about fluid power engineering with a 

sudden realization that they are involved in the area 

of fluid power applications, such as construction 

machinery, agriculture machinery, mining, manufac-

turing, and aerospace engineering. In recent years, 

many universities realized this problem, and started 

to offer higher degree courses for fluid power engi-

neering. Students have opportunities to study and 

research in this area with their final year projects, 

MSc projects, and PhD projects. It is a very promis-

ing development. However, most of the projects are 

directly based on applications, as shown in Table 3. 

The fundamental research in fluid power is only a 

small proportion in China. Academic staff, research-

ers and students focus on ‘how to solve problems’ 

rather than ‘why something causes problems’. This 

will clearly limit the further development of fluid 

power engineering as we are still at the stage of mak-

ing machines, rather than creating and understanding 

machines. More development in our fluid power ed-

ucation should be followed with an emphasis on 

fundamental research and applications of fluid power. 
 

 

5  Conclusions 
 

The domain of fluid power control can be ex-

panded to a wider multi-disciplinary range, which can 

include efficiency, components design and optimisa-

tion, integration and compactness, environmental 

impact, and user-friendly and energy-efficient appli-

cations. Although we are facing challenges and com-

petition from other areas such as mechanics or elec-

tricity, we still believe there is a very promising fu-

ture as fluid power has its particular and significant 

advantages of high power density, high power-to-

weight ratio of actuators, system responsiveness, con-

trollability, and versatility. 
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中文概要 

 
题 目：流体动力工程研究综述 

概  要：本综述详细介绍近年来流体传动技术的发展现
状，特别是该学科在中国的研究开展现状以及

应用市场。同时详细讨论液压泵、阀及执行元

件的发展与新技术，以及液压惯性切换系统和

液压四足机器人两个典型的现代流体传动系

统。并从液压系统效率、集成一体化、系统清

洁和流体传动学科教育四个方面讨论当前研究

人员所面临的挑战，并提出相关建议。 

关键词：流体传动；液压系统效率；液压泵；液压阀；
液压执行元件；液压惯性切换系统；液压四足

机器人；流体传动学科教育 
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