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ABSTRACT 

This paper presents a fast and small on/off actuator – called the bistable hammer actuator – which requires only a 
small amount of work to switch between two stable positions. This actuator is combined with a suitable hydraulic part. 
The combination – called the hammer valve – is analyzed with multiphysical models including dynamic electromag-
netic and static fluid mechanic models. A prototype is built and measured to verify the analysis. Smaller and faster 
valves are critical in digital hydraulics, and the results show the presented valve is competitive for the needs of digital 
hydraulics. 
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1 Introduction 

Digital hydraulics means hydraulic control imple-
mented with parallel on/off valves. A single valve is 
thus a critical part of a digital hydraulic control system, 
and smaller and faster valves are needed to make digi-
tal hydraulics competitive (Linjama, 2003; Linjama, 
2007; Linjama, 2008). 

A typical valve in digital hydraulics is a directly 
driven on/off seat valve including a solenoid and a 
spring as the actuator for bidirectional movement. In 
the literature ideas to reduce solenoid valve’s switching 
time and volume with help of a bistable construction or 
add on electronics have been presented in Kajima 
(1995) and Kallenbach (1999). In the Sturman digital 
latching spool valve presented in Johnson (2001) and in 
the bistable valve presented in Uusitalo (2009), elec-
tromagnetic and hydraulic parts are designed together 
and integrated. The Sturman valve is a spool valve that 
exploits boosting while the valves designed in Uusitalo 
(2009) and in this paper are seat valves studied without 
extra electronics (e.g. boosting with a booster circuit or 
cooling with a fan).  

To characterize valves we introduce a so called 
flow density number which is one of our key properties 
in valves. It is defined as the flow capacity divided by 
the volume of the valve. In our knowledge, the bistable  
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seat valve presented in Uusitalo (2009) has the highest 
flow density values and the shortest response time 
among all directly driven on/off valves and especially 
seat valves. This valve is a an integrated combination 
of an electromagnetic actuator that exploits permanent 
magnets and a non-leaking seat type hydraulic part with 
reduced opening forces (Lauttamus, 2006).  

In hydraulics, the bistability of the device depends 
often on the flow rate. Another bistable hydraulic seat 
part is presented in Karvonen (2009). A microhinge 
(Tsay, 2004) and an elastic beam (Garstenauer, 1999) 
are examples of mechanical bistability.  

This paper presents a valve where the bistable ac-
tuator presented in Uusitalo (2009) is replaced by a 
novel actuator while the hydraulic part is essentially the 
same. The new actuator is referred to as the bistable 
hammer actuator. Previously much the same bistable 
actuators have been presented for example in Burmeis-
ter (1967) and Lesquesne (1990), but without the ham-
mer actuation. 

2 Behavior of Hammer Actuator 

The word hammer usually refers to a situation, where 
an accelerated part with kinetic energy is colliding with a 
target part. The speed of the accelerating part is often 
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slowly accelerated whereas the collision and the transform 
of the kinetic energy to heat, work or kinetic energy of the 
target part are more sudden events. The key factor in a 
collision process is that it enables a high transient force. 
For example, in case of a human, hammer, nail, and wood 
the nail needs a high transient force to split its way in the 
wood.  

In case of the hammer valve, there is also an accelerat-
ing part and a target part. The target part is connected to a 
hydraulic armature. When the accelerating part has gained 
speed it hits the target part and a high impulse force is 
exerted on it. If the force during the impulse is high 
enough, a certain hydraulic threshold force is exceeded 
and the valve opens to at least ajar. Then, if the hydraulic 
forces drop fast enough, the kinetic energy of the moving 
parts suffice to open the valve. 

Of the known hydraulic parts, a seat part with several 
restrictions presented in Lauttamus (2006) suits well with 
the hammer actuator. It has a rapidly decreasing force at 
the opening and the hydraulic force has a bistable form.  

The bistable hammer actuator has similar usability 
properties as the bistable actuator presented in Uusitalo 
(2009). That is for example, the valve can be driven tran-
siently at overfrequencies, meaning that frequencies 
higher than the highest tolerable continuous operating 
frequency can be applied. Driving the valve at overfre-
quencies is possible only a short time due the limited 
heating.  

3 Technical Design 

3.1 Basic Construction of the Hammer Valve 

The bistable actuator presented in Uusitalo (2009) is 
transformed into a bistable hammer actuator by making 
small changes in the geometry. For example, the hy-
draulic armature and the anchor are modified to work 
as the target part and the accelerating part. As shown 
later in the results, the made changes altogether enable 
a reduced total radius and thus a reduced volume of the 
valve while the hydraulic flow rates remain approxi-
mately the same. 

The basic geometry of the actuator consists of two 
coils (a pushing one and a pulling one), a permanent 
magnet with radial magnetization, and the magnetic 
circuit with an accelerating part. The target part can 
either be a magnetic part attached to the hydraulic ar-
mature or the hydraulic armature itself. Because of the 
long movement of the accelerating part, the air gaps in 
the magnetic circuit will be long. Luckily, the viscous 
friction will be smaller for the same reason. Also, there 
is the flow path for the bypassing oil represented later 
in Fig. 4. The relation of the masses between the target 
part and the accelerating part is convenient for hammer 
actuating, since the accelerating part is heavier (1.9 g) 
than the target part (1 g). The geometry of the valve is 
presented in Fig. 1. 

The hydraulic part used in this work, first presented 
in Lauttamus (2006), is a seat part that has pressure 
compensation when opened. The basic idea is to lead a 
pressure between the input and output pressures to the 
top of the armature to compensate the hydraulic forces. 

This "middle pressure" above the armature is gained 
using several restrictions in the seat, making drillings to 
the armature as seen in Fig. 1 and leading the pressure 
before the last restriction (the only sealing restriction at 
closed position) to the top. 

A comparison of the opening forces between the 
designed hydraulic part and a traditional hydraulic part 
is presented in Fig. 2. The designed hydraulic part 
requires an opening distance of 0.6 mm and a force of 
48 N at a 210 bar pressure difference over the valve. 

 

Fig. 1: The geometry of the hammer valve. All red parts 

are made of armco iron and the yellow part is the 

permanent magnet ring. The height of the actuator 

structure is 22 mm and the total height of the valve 

is 26 mm. The diameter of the valve is 18.5 mm 

 

 

Fig. 2: Pressure forces of a typical seat valve (typical 

opening forces) compared with a seat valve with 

several restrictions (reduced opening forces). The 

hydraulic part with reduced opening forces is pre-

sented in (Lauttamus, 2006) 
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Structurally, the chosen bistable hammer actuator 
resembles the geometry of the bistable actuator pre-
sented in Burmeister (1967) and Fig. 3. Both solutions 
have a radially magnetized permanent magnet between 
two coils. However, the hammer actuator in this thesis 
differs from the previous actuator as follows: 

• The hammer actuator was made thinner to pack 
several parallel valves in the small space of the 
valve package. 

• In the hammer actuator, the coils are used simulta-
neously whereas Burmeister (1967) recommends 
use of one coil for each switching direction. 

• The hammer actuator embodies hammer actuation. 

• Considerable effort was put in multiphysically 
designing the hammer valve. For example, the oil 
flow around the anchor was modeled simultane-
ously with electromagnetic forces. 

 

Fig. 3: A bistable actuator in (Burmeister, 1967), page 146 

3.2 Operation Mode 

Here is a detailed but intuitive description of the 
operation mode of the bistable hammer actuator. The 
electromagnetic behavior of the hammer actuator is 
similar to the bistable actuator presented in Uusitalo 
(2009). Therefore, the description of the electromag-
netic behavior given here is not as exact as in the corre-
sponding description found in Uusitalo (2009). 

• Before opening, the permanent magnet holds the 
accelerating part in its lower position (closed valve).  

• When the voltage of the coils is turned on, the cur-
rent and thus magnetic flux start to rise and screen-
ing currents are induced. The flux of the permanent 
magnet is strengthened above the accelerating part 
and weakened below it (Fig. 6). 

• When the electromagnetic force exerted on the 
accelerating part is positive (upwards) it starts to 
move up. At the same time viscous friction starts to 
repulse the movement. The viscous friction in-
creases as the speed increases. On the other hand, 
viscous friction depends also on the position, but 
only slightly, if the collision phase is not considered. 

• When the accelerating part is close to the target part 
(hydraulic armature) the viscous friction starts to in-
crease quickly due to the squeeze effect (collision 
via a thin oil sheet between the two metal parts). A 
strong and sudden impulse force is exerted on both 
the target part and accelerating part. This squeeze 
effect is not modelled in this research. Collision 
modelling as described was used. 

• If the impulse force is high enough, it overcomes the 

hydraulic pressure force and the target part starts to 
move together with the accelerating part. 

• As the target part moves the hydraulic forces drop 
rapidly due to pressure compensation in the hydrau-
lic part. 

• During the collision process, the accelerating part is 
slowed down a lot, but if the initial speed before the 
collision is high enough, the movement and opening 
continues until the valve is fully opened. The move-
ment is stopped when the target part hits the mag-
netic circuit. 

• During the movement, the current of the coils 
changes. Before the collision, the current may de-
crease because of a current induced to the coils by 
the movement of the magnetic part, if the movement 
is fast enough. Also, the current may rise when the 
magnetic accelerating part is slowed down and de-
crease again when the accelerating part and target 
part accelerate again after the collision, if the accel-
erations are big enough. 

• When the movement is over, the voltage is set off. 
After the screening currents and magnetization due 
to voltage pulse in the magnetic circuit have van-
ished, the permanent magnet holds the accelerating 
part and thus target part in the upper position. The 
target part is held in the upper position also by a hy-
draulic forces (if there is a pressure difference over 
the valve), because of the bistable form of the hy-
draulic force curve. 

• Closing the valve works the same way. Only the 
hydraulic force needed to be exceeded by the im-
pulse force is much lower. 

4 Modelling 

The exact modeling of the hammer actuator leads to 
a coupled modeling problem between dynamic nonlin-
ear electromagnetic field, dynamic nonlinear fluid 
mechanical turbulent and/or laminar flow and mechani-
cal movement calculations. However, it is impossible 
to take all these phenomena accurately into account in a 
numerical multiphysical modeling process. Therefore 
simplifications to the modeling process must be made 
while the accuracy of the calculations is still attempted 
to be kept at a good level. Modelling is made using 
different software tools, because no tools with accurate 
nonlinear electromagnetic time dependent motion cou-
pled solver also equipped with fluid mechanical solver 
were known to the authors. The goodness of the models 
is determined by the measurements.  

The geometry in the models differs a little from the 
actual prototype. The prototype is a 3D design but it is 
approximated with 2D axisymmetric models in all 
modeling cases. Furthermore, dynamics of the oil is not 
taken into account in the models. Also, the hysteresis in 
electromagnetic computations, mechanical friction and 
stiction effects (Resch, 2008) are ignored due to the 
challenges of their modelling compared to the benefits. 
However, the viscous friction forces are computed as 
explained in the next section. 
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4.1 Fluid Mechanical Modeling 

Measured data from Lauttamus (2006) is used to 

model hydraulic pressure forces (later: hydraulic 

forces) exerted on the hydraulic armature (target part). 

Static models are used to calculate pressure forces due 

to viscous friction (later: viscous friction forces) at 

different locations and speeds. This data is used when 

the electromagnetic computation with movement mod-

eling is carried out. 

In static fluid mechanical modeling the general 

equations for incompressible flow are solved. In prac-

tice, solutions are found easily only when laminar flow 

occurs. That is typically, when the Reynolds number is 

under 2000. The flow bypassing the moving parts in the 

viscous friction calculations presented in this paper is 

almost always laminar. Only when the velocity of the 

moving parts exceeds about 2 m/s which corresponds in 

the used geometry the Reynolds number about 2000 or 

the accelerating part is very close to the target part, the 

bypassing flow changes from laminar to transient or 

turbulent flows. Turbulent flows are not modeled. In-

stead, when the laminar model cannot be solved any-

more, in case of high speed movement (over 2 m/s) of 

the anchor that is, extrapolation from laminar models is 

used. In case of accelerating part being very close to 

target part, collision modeling in form of an artificial 

impulse force and extrapolation are used. 

Figure 4 represents some of the calculated viscous 

friction data. In this case the anchor and hydraulic 

armature are moving towards opened position. It turns 

out, that the position of the moving parts does not af-

fect greatly to the viscous friction force. On the other 

hand, the speed and number of moving parts do. This 

makes Fig. 4 a rather exact model of the viscous fric-

tion force in the opening case. The viscous friction 

force in closing phase was assumed to be similar to the 

opening phase, but with an opposite sign.  

 

 

Fig. 4: Viscous friction force before and after the collision 

the part(s) moving in opening direction 

Figure 5 represents the velocity and pressure field 

models of one calculated motion case for viscous fric-

tion force calculation. In the model, the accelerating 

part is moving up just before the collision. On all it's 

borders there is a boundary condition of an up going 

flow adjusted to the velocity of the accelerating part. 

The viscous force exerted on the accelerating part is 

calculated from the pressure field. The viscous friction 

force is calculated using several positions and veloci-

ties of the accelerating (and target) part(s). The fluid 

mechanical models were computed with Comsol mul-

tiphysics using a high number of elements. Computing 

time was not a problem since only static laminar cases 

were solved. 

4.2 Electromagnetic Modeling 

The linear motion model employed takes all the 

needed dynamical electromagnetic phenomena into 

account, including the movement (back-EMF effect), 

magnetic diffusion, eddy current and earlier pulses in 

cycling. The used OPERA-2d linear motion software 

solves the vector diffusion equation with the magnetic 

vector potential A as the unknown variable. In a 2D 

cylinder-symmetric case, A is simplified to A
φ
 u

φ
, where 

u
φ
 is the unit vector in the angular direction. The full 

problem is thus given as follows (all in the angular 

direction): 

Domain Ω: Find A
φ
 such that 
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holds for all x ∈ Ω and fulfils the given boundary con-

ditions on the boundary ∂Ω. 

 

Fig. 5: This figure represents typical velocity (a) and pres-

sure (b) fields calculated with the fluid mechanical 

models. Parts: 1. the target part, hydraulic arma-

ture, 2. the accelerating part, anchor 

The current density in Eq. 1 has been split into driv-

ing source (voltage V driven model), 
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permanent magnet Hc is now given as Hc,r and Hc,z. The 

equations are given in the Lagrange coordinate system. 

The conductivity value σ of the used armco iron was 

set to 10
7
 S/m in all models. After the magnetic vector 

potential has been numerically solved, forces can be 

evaluated, for example, integrating the so called Max-

well stress tensor (MST) over the anchor (Stratton, 

1941). The used models are presented more elaborated 

for example in Uusitalo (2009). 

Two typical magnetic field plots are given in Fig. 6. 

On the left the magnetic field before an opening pulse 

(valve closed). On the right a typical situation where 

the magnetic field has a certain skin depth when an 

opening pulse is applied. The non-magnetic target part 

(hydraulic armature) was not modeled, nor were the 

copper rings on the windings. 

 

Fig. 6: Magnetic fields plots (fields in Teslas) 

4.3 Mechanical Modeling 

In the collision modeling it assumed that the oil is in-

compressible and the collision is thus inelastic. In an 

inelastic collision there is often a permanent change in 

geometry in at least one of the colliding parts. However, 

in this case the deformation is the movement of the oil 

between the two colliding objects. 

In an inelastic collision linear momentum is con-

served but kinetic energy is not. The situation is hard to 

model with viscous friction calculations, because of 

arising turbulent flows. This is why the loss of kinetic 

energy is taken into account by artificially slowing down 

the accelerating part in the models with a constant artifi-

cial impulse force during the last micrometers before the 

collision. The constant artificial impulse force F is calcu-

lated with the principle of virtual work ΔW≈FΔs, where 

the energy ΔW is the calculated loss of kinetic energy, 

and Δs is the small displacement. In practice, the range 

of influence for the artificial impulse force is set to the 

point when the accelerating and target parts are less than 

0.05 mm apart from each other. This is because at 

smaller gaps the viscous friction force cannot anymore 

be calculated with laminar models as mentioned above. 

If the impulse force in the collision process is higher 

than the hydraulic force exerted on the hydraulic arma-

ture (target part) the flow path will open. Still, after the 

valve is just opened (ajar), the accelerating and target 

parts together must have enough kinetic energy to over-

come the rest of the hydraulic force. This is because the 

hydraulic force does not drop to zero instantly although 

it drops rapidly (Fig. 2). 

The modeled artificial impulse force might be 

smaller than the hydraulic force needed to be exceeded 

(and it is in many cases). In this case, the valve should 

not open according to models, but the prototype might 

still work. This is because the actual impulse force is not 

constant and it forms a relatively sharp peak. The maxi-

mum value of the peak cannot be calculated with the 

presented models, but if it is higher than the hydraulic 

force, the hammer valve will work. For these reasons, 

the functioning of the hammer valve – that is, at least 

fractional opening – is assumed in models. The actual 

functioning of the valve remains to be verified by meas-

uring the valve prototype. 

The movement is calculated by solving the electro-

magnetic boundary value problem including the effects 

of linear motion. In practice, we take into account: 

• The electromagnetic forces. 

• The measured hydraulic pressure forces from Laut-

tamus (2006) (represented in Fig. 2). 

• The viscous friction forces from static fluid me-

chanical calculations (Fig. 4). 

• The artificial impulse force that simulates the loss of 

energy in an inelastic collision. 

• The mass of the accelerating part and in addition the 

mass of the target part, where applicable. 

The mechanical movement calculations are done to-

gether with the electromagnetic calculations with the VF 

opera 2d linear motion software. 

5 Prototyping 

Figure 7 presents a size comparison between the 

bistable hammer actuator, a 9 V battery and the bistable 

valve presented in Uusitalo (2009). The geometry of 

the hammer valve prototype is presented in Fig. 1. 

 

Fig. 7: Size comparison between the bistable hammer 

actuator on the left, a 9 V battery in the middle and 

the bistable valve presented in (Uusitalo, 2009) on 

the right 

The coils are wound with copper wire of diameter 

0.25 mm. The total number of rounds is 234 (146 in 

upper and 88 in lower coil). The computational total 

resistance of the two coils at 20 ºC is 3.8 Ω and 4.8 Ω 

at 80 ºC. Corresponding measured resistances are 3.6 Ω 
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at 22 ºC, 3.8 Ω at 32.3 ºC and 4.5 Ω at 80 ºC. 
The type of the permanent magnet is ND-31SHR 

and the direction of its magnetization is radial (uni-
pole). The winding did not fill all the space in the coil 
formers. The rest was filled with copper rings and sili-
con paste in order to improve thermal conductivity 
properties. Press fit was used to build the target part 
(hydraulic armature) from two separate parts. A solid 
pressure vessel in the hammer valve was left out. It is 
replaced with separate parts of the magnetic circuits 
and coil formers glued together. 

6 Results 

6.1 Modeled Behavior of the Hammer Valve 

The valve has been planned to be operated with short 
24 V voltage pulses. At this voltage level, the modeled 
response time at opening is 1.94 ms and 1.78 ms at clos-
ing. Figures 8 and 9 describe rms power consumption at 
62.5 Hz drive and velocity of the accelerating part in 
case of various voltage pulse levels. All models are done 
at 80 ºC temperature and with a 210 bar pressure differ-
ence (Δp = 210 bar) at closed state.  

 

 

Fig. 8: Modeled power consumption of the valve during the 

first cycle of a cycled 62.5 Hz drive. The dashed 

line shows the approximated maximum of continu-

ously applicable rms power. The cross shows a case 

where the length of voltage pulses is reduced 

From Fig. 8 it can be seen, that a minimum in the 
rms power consumption curve can be found. Also, the 
approximated continuously applicable rms power 
seems to be lower than the power consuming of the 
valve at 62.5 Hz – no matter which voltage pulse level 
is chosen – unless shortened pulses are used. In this 
case the voltage pulse is kept on only until the collision 
takes place. The effect of the shortened pulse to the 
response time is less than 0.1 ms. 

Rapid cycled driving of the hammer valve has simi-
lar effect to response times as in the bistable valve 
presented in Uusitalo (2009). That is, the response time 
of the second switch is bigger than in a single pulse. 
The response times in later cycles are only slightly 
bigger than in a single pulse. Also, a steady level of 
response times is reached after just a few cycles.  

 

 

Fig. 9: Velocity of the accelerating part with various volt-

age pulses according to models 

The modeled switching energies for the hammer 
valve are about 0.14 J for opening and 0.13 J for clos-
ing. For comparison, the bistable valve presented in 
Uusitalo (2009) needed about 0.68 J energy from the 
voltage source for the opening switch. 

In the modeling cases, when a hydraulic input pres-
sure of 210 bar is used, the output pressure is assumed 
to be close to 1 bar when the valve is closed and 
110 bar (Δp = 100 bar) when the valve is opened.  

6.2 Measured Results and Comparison to Models 

The measurement setup was a hydraulic circuit that 
consisted of a hydraulic pump system, the hammer 
valve, pressure sensors, a flow sensor and a thermal 
sensor. Hydraulic diagram of the test circuit is shown in 
the Fig. 10. The valve was powered by a voltage pulse 
source. There was also a heater which was used to gain 
a high and steady 80 ºC operation temperature for the 
valve. 

First, the functioning of the hammer valve was veri-
fied. The pressure difference was set to 210 bar and the 
valve was heated to 80 ºC. The valve worked with 18 V 
driving voltage with 10 ms voltage pulses. At 24 V 
driving voltage the valve worked approximately ac-
cording to the models, with a response time (measured 
from pressure) and voltage pulses of slightly under 
2 ms.  

Comparison of measured and modeled currents of a 
24 V 62.5 Hz drive is presented in Fig. 11. The mod-
eled rms power consuming is 17.1 W and the measured 
17.0 W. The voltage pulses in the measured case were 
slightly shorter. The limit of 14 W would computation-
ally be achieved with a continuous operating frequency 
of about 51.5 Hz. The back-EMF effect is visible in 
both modeled and measured current curves.  

The functioning of the valve at high operating fre-
quency is presented in Fig. 12. It can be seen that some 
pressure oscillation occurs as the pressure difference 
reaches values higher than the input pressure of 210 
bars. For this reason, it is hard to approximate the re-
sponse times very accurately. 
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Fig. 10: Hydraulic diagram of the test circuit 

 

 

Fig. 11: Comparison of measured and modeled currents. 

Operating frequency was 62.5 Hz and driving volt-

age was 24 V 

 

 

Fig. 12: Pressure difference and driving voltage at 200 Hz 

cycled drive 

The measured response times were set to the time 
gap between starting the voltage to the first noticeable 
change in pressure. This is also the end of the voltage 
pulse. In cycling, the length of the voltage pulse is 
remained the same in later pulses even thought the 
pressure change does not anymore correspond to the 
pulse time. From Fig. 12 it can be seen, that the valve 
opens and closes each time nevertheless. 

The pressure difference – flow rate curve (pQ-curve) 
of the hammer valve is presented Fig. 13. The flow rate 
curve is significantly changed from earlier similar design 
presented in Uusitalo (2009) and Lauttamus (2006). 

These changes are due to changed geometries in the flow 
channels. The cavitation effects are now smaller and the 
maximum flow is relatively high, but the downside is 
that the flow curve is now flatter. 

 

 

Fig. 13: Pressure difference – flow rate curve with supply 

pressure of 210 bar. The temperature of the oil was 

about 30 ºC 

The used electronics causes an overshoot of about 
5 % in the applied voltage in the measurements. All 
presented measurements were done with about 30 ºC 
oil temperature and 80 ºC valve temperature. 

As last study case, the response times were meas-
ured with various pressure differences. The result was 
that the pressure difference (any given Δp between 
0 bar and 210 bar when valve closed) does not affect 
the response time noticeably. After this, the valve was 
subjugated to rather heavy cycling of about 30000 
rounds. Then, the response times were measured again. 
The result was that the response times had increased 
10 - 20 %, at least at higher flow rates. 

In Uusitalo (2010) several copies of the hammer 
valve were made in order to build a digital hydraulic 
valve package. According to the measurements on 
different copies and modifications, the number of ap-
plied cycles could be increased from 30000 to 500000 
(we stopped there) by hardening the hydraulic parts. 
However, the made modifications also increased the 
response time. 

6.3 Comments on the Measurements 

In measured results, the prototypes response times 
are measured from pressure changes. The pressure 
change is sensed with a pressure sensor that has a delay 
about 0.4 ms. On the other hand, the modeled response 
times are set to the time gap between giving the voltage 
pulse until the end of the anchor movement (also end of 
the voltage pulse). If the anchor moves at an average 
speed of 1.5 m/s it takes about 0.4 ms to travel the 
0.6 mm opening distance for it. For these reasons, the 
measured and modeled response times should still be, 
and they are, reasonably close to each other. Anchor 
position measuring would be a better way to measure the 
response time from the prototype. The problem in this 
however, is the high pressure of the oil inside the valve.  
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The hydraulic part of the hammer valve worked al-
most the same as in the bistable valve presented in Uusi-
talo (2009) and Lauttamus (2006), although the nominal 
flow rates were slightly reduced. The valve jammed a 
few times during running-in, but later the jamming dis-
appeared. The jamming was probably due to some small 
inaccuracy in prototype construction, for example 
roughness of the sliding surfaces. The wearing and tear-
ing of the hydraulic part found in the bistable valve pre-
sented in Uusitalo (2009), was confirmed again after 
heavy cycling. As shown in Uusitalo (2010), this can be 
prevented by using some hardening methods for the 
hydraulic parts. 

The problems in the hydraulic part do not concern 
the hammer actuator, which works almost as modeled. 
This means, that the assumptions in multiphysic model-
ing were reasonable. The neglecting of mechanical fric-
tions probably causes most of the difference between the 
models and measurements. There might also still be 
some stiction forces. Other remarks on the prototype are 
that the pressure vessel was leak-proof and the valve 
functioning at lower temperatures (30 ºC) was also veri-
fied by measurements. 

The radially magnetized permanent magnet ring of 
the hammer actuator seems to be a good choice for three 
reasons. First, the permanent magnet is not easily de-
magnetized because it is not exposed to collisions. Sec-
ond, the permanent magnet is almost only strengthened 
by voltage pulses, which further decreases the risk of 
demagnetization. The third reason is that the volume of 
the valve seems to be minimized when the magnet is 
placed between the coils (Fig. 1). 

The approximated highest tolerable rms power (14 
W) of the hammer valve presented in Fig. 8 was meas-
ured when the valve was placed to its manifold (and the 
manifold was attached to some metal structures). When 
the valve is placed alone on the table the maximum ap-
plicable rms power rate drops from 14 W to about one 
tenth. This is because the valve can emit more heat when 
placed to its manifold with a larger surface area. This 

should be noted when designing a valve package. How-
ever, the cooling effect of the bypassing oil was not 
taken into account. Furthermore, the rms power rate of a 
single hammer valve could maybe be reduced to about 
12.0 W by using shorter pulses as shown in models. The 
change in response time is less than 0.1 ms, but this was 
not confirmed with measurements. 

6.4 Comparison to Commercial Valves 

A hammer valve construction was successfully es-
tablished. Comparison between several seat valves – 
Flocontrol valve (Linjama, 2005), Lee valve (number 
SDBB3322013A) (Lee, 2005), Hydac WS08W-01, 
bistable valve presented in Uusitalo (2009) and the 
hammer valve – is presented in Table 1. There is also 
one spool valve, Moog NG6, for comparison. The in-
formation on Moog and Hydac valves are based on 
measurements on individual valves at the Department 
of Intelligent Hydraulics and Automation. The Hydac 
valve is a seat valve with a dynamic seal. 

In Table 1, the switching times have all been meas-
ured without any booster circuits and the operating 
frequency means the maximum continuous operating 
frequency. For the volume of the valve only the vol-
umes of electromagnetic actuator and active hydraulic 
parts are considered (excluding all pipes and terminals). 
We define the nominal flow density qnom as (Nominal 
flow rate/Volume). Some of the valves will not work at 
a 210 bar pressure difference without an extra restric-
tion in series with the valve. For these valves, maxi-
mum flow rates and maximum flow densities (which 
we define as qmax = (Theoretical maximum flow/ 
Volume) are calculated in order to find out the maximal 
level of performance for each valve. 

 

 

Table 1: Comparison of the hammer valve, the bistable valve presented in (Uusitalo, 2009) and some in-market 
valves. Properties of valves: 1. Response time t (ms), 2. Maximum continuous operating frequency fcon (Hz), 
3. Maximum operating frequency fmax (Hz), 4. Nominal flow rate Qnom (l/min) @ Δp = 10 bar, 5. Maximum 

flow Qmax (l/min), 6. Maximum pressure differential Δpmax (bar), 7. Volume Volume (cm³), 8. Nominal flow 
density qnom ((l/min)/cm³) @ Δp = 10 bar, 9. Maximum flow density qmax ((l/min)/cm³) @ Δp = 210 bar 

 

Property 
Hammer 

valve 
Bistable 

valve 
Flo- 

control 
Lee 

valve 
Moog 
NG6 

Hydac 

1. t (ms) ~ 2 < 3.5 7-15 < 30 > 20 > 20 

2. fcon (Hz) > 50 ~ 30 ? 20 5 ? 

3. fmax (Hz) 200 100 ? 20 5 ? 

4. Qnom (l/min) 3.3 4.4 0.8 0.5 100 17 

5. Qmax (l/min) 17 18 3.7 ? 212 34 

6. Δpmax (bar) 210 210 210 ? 45 40 

7. Volume (cm³) 7.0 21.3 ~ 58 ~18.5 ~ 400 ~ 80 

8. qnom ((l/min)/cm³) 0.47 0.21 0.014 0.027 0.25 0.21 

9. qmax ((l/min)/cm³) 2.4 0.94 0.064 ? 0.53 0.43 
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For comparison with the valves presented in  
Table 1, it is mentioned that there exist also another 
fast spool valve – the Sturman valve (Johnson, 2001) 
This valve has the following characteristics: response 
time is 0.45 ms, flow at Δp = 10 bar is 17.3 l/min, vol-
ume is about 40 cm³ and thus its calculated nominal 
flow density (at Δp = 10 bar) is 0.43 ((l/min)/cm³). The 
maximum pressure difference and operating frequen-
cies of the Sturman valve are unknown to the author. 
Also, the Sturman valve is not fully comparable with 
the valves presented in Table 1, because it uses elec-
tronic boosting. That is, the Sturman valve is current 
controlled instead of traditional voltage control. As 
mentioned above, boosting would also probably benefit 
the valves presented in Table 1, but this factor was left 
out of the study. 

7 Summary 

It is concluded that the designed bistable hammer 
valve meets the needs of digital hydraulics as it is small 
and fast with a high operating frequency. Furthermore, 
the response time of the valve is almost pressure differ-
ence independent, which is a useful property for a valve 
in a digital hydraulic control system, since the response 
time can be well predicted. The hammer valve also has 
a high flow density number in comparison to commer-
cial valves. For these reasons the novel hammer valve 
is found competitive. 

Nomenclature 

A Magnetic vector potential 
Wb

m
 

Aφ 
Angular component of mag-
netic vector potential 

Wb

m
 

F Force N 

fcon
 Continuous operating fre-

quency 
Hz 

fmax
 Maximum (transient) operating 

frequency 
Hz 

Hc 
Coercive force of the perma-
nent magnet 

A

m
 

Hc,r 
Radial component of the coer-
cive force 

A

m
 

Hc,z 
Axial component of the coer-
cive force 

A

m
 

qnom

 
Nominal flow density 

3

min

l

cm

 

qmax

 
Maximum flow density 

3

min

l

cm

 

Qnom

 
Nominal flow 

min

l
 

Qmax

 
Maximum flow 

min

l
 

t Response time s 

uφ Unit angular vector  

V Voltage V 

Δp Pressure difference 
bar = 
105 Pa 

Δpmax

 
Maximum pressure difference 

bar = 
105 Pa  

Δs Small displacement m 

ΔW Virtual work J 

µ Permeability 
2

N

A
 

σ Conductivity 
1

mΩ
 

 

References 

Burmeister, L., Loser, J. and Sneegas. 1967. E. NASA 

Contributions to Advanced Valve Technology, 2nd 

edition. Office of Technology Utilization, NASA, 
Washington D.C, USA. 

Garstenauer, M. and Scheidl, R. 1999. High-speed 
switching valves actuated by parametrically excited 
structures. Power Transmission and Motion Con-

trol, PTMC’99, pp. 137 - 150, Bath, UK. 

Johnson, B., Massey, S. and Sturman. 2001. O. Stur-
man digital latching valve. In J.-O. Palmberg, edi-
tor. Proc. of The Seventh Scandinavian Interna-

tional Conference on Fluid Power, SICFP’01, vol-
ume 3, pp. 299 - 314, Linkoping University, Lin-
koping, Sweden. 

Kajima, T. and Kawamura, Y. 1995. Development of 
a high-speed solenoid valve: Investigation of sole-
noids. IEEE Transactions on industrial electronics, 
42(1), pp. 1387 - 1390. 

Kallenbach, E., Kube, H., Zoeppig, V., Feindt, K., 
Hermann R. and Beyer, F. 1999. New polarized 
electromagnetic actuators as integrated mechatronic 
components – design and application. 
Mechatronics, 9(7), pp. 769 - 784. 

Karvonen, M., Uusitalo, J. P., Ahola, V., Linjama, 
M. and Vilenius, M.. 2009. A novel symmetric and 
bistable seat valve. The 11th Scandinavian Interna-

tional Conference on Fluid Power, SICFP’09. Lin-
koeping, Sweden. 

Lauttamus, T., Linjama, M., Nurmia, M. and 
Vilenius, M. 2006. A novel seat valve with reduced 
axial forces. Bath Workshop on Power Transmis-



Jukka-Pekka Uusitalo, Ville Ahola, Lasse Söderlund, Matti Linjama, Maarit Juhola and Lauri Kettunen 

44 International Journal of Fluid Power 11 (2010) No. 3 pp. 35-44 

sion and Motion Control, PTMC’06, pp. 426 - 438, 
Bath, UK. 

The Lee Company. 2003. Technical Hydraulic Hand-

book, Release. 

Lesquesne, B. 1990. Fast acting, long-stroke solenoids 
with two springs. IEEE Trans. Indust. Appl., 26, pp. 
845 - 856. 

Linjama, M. and Karvonen, M. 2003. Digital micro-
hydraulics. The First Workshop on Digital Fluid 

Power, DFP’08, pp. 141 - 152. Tampere, Finland. 

Linjama, M., Tamminen, P., Andersson, B. and 
Vilenius, M. 2005. Performance of the valvistor 
with digital hydraulic pilot control. The Ninth Scan-

dinavian International Conference on Fluid Power, 

SICFP’05, pp. 14 on CD–ROM, Linkoping, Swe-
den. 

Linjama, M. and Vilenius, M. 2007. Digital hydrau-
lics – towards perfect valve technology. The Tenth 

Scandinavian International Conference on Fluid 

Power, SICFP’07, Vol. 1, pp. 181 - 196, Tampere, 
Finland. 

Linjama, M. 2008. Digital hydraulics research at IHA. 
The First Workshop on Digital Fluid Power, 

DFP’08, pp. 7 - 30. Tampere, Finland. 

Resch, M. and Scheidl, R. 2008. Oil stiction in hydrau-
lic valves – an experimental investigation. Fluid 

Power and Motion Control 2008, Bath, UK. 

Stratton, J. 1941. Electromagnetic theory, Vol. 2, 
McGraw-Hill. 

Tsay, J., Chang, H-A. and Sung, C-K. Design and 
experiments of fully compliant bistable microme-
chanisms. Elsevier, Mechanism and Machine The-

ory, 40, pp. 17 - 31. 

Uusitalo, J. - P., Söderlund, L., Kettunen, L., 
Linjama, M. and Vilenius, M. 2009. Dynamic 
analysis of a bistable actuator for digital hydraulics. 
IET Science, Measurement & Technology, 3(3), pp. 
235 - 243. 

Uusitalo, J. - P. 2010, A Novel Digital Hydraulic Valve 

Package: A Fast and Small Multiphysics Design. 
PhD thesis, Tampere University of Technology, 
Tampere, Finland. 

 

 

 

Jukka-Pekka Uusitalo 

was born in 1980 in Hyvinkää, Finland. He 

graduated as MSc in 2006 and PhD in Sep-

tember 2010 from Tampere University of 

Technology. His PhD concerned digital 

hydraulics, especially digital valves. He is 

currently working as a researcher at Electro-

magnetics, Tampere University of Technol-

ogy. 

 

 

 

 

 

 

 

Ville Ahola 

was born in Lappajärvi, Finland on May 28 

1981. He graduated as MSc in May 2008 from 

Tampere University of Technology. He is 

currently working as a researcher/PhD student 

in the department of Intelligent Hydraulics and 

Automation at Tampere University of Tech-

nology. 

 

 

 

 

 

Lasse Söderlund 

was born in 1960 in Turku, Finland. He 

graduated as MSc in 1984 and as Lic. Eng. in 

1999 from Tampere University of Technology. 

He is currently working as a laboratory engi-

neer at Electromagnetics, Tampere University 

of Technology. 

 

 

 

 

 

 

 

 

Matti Linjama 

(Born 4th July 1971) is Adjunct professor and 

works at the Department of Intelligent Hydrau-

lics and Automation (IHA), Tampere Univer-

sity of Technology (TUT), Finland. He gradu-

ated as Dr. Tech in 1998 from Tampere Uni-

versity of Technology. Currently he is leader 

of digital hydraulics research group in IHA. 

 

 

 

 

 

 

Maarit Juhola 

was born in 1979 in Alastaro, Finland. She 

graduated as MSc in 2009 from Tampere 

University of Technology and she has been a 

PhD student since that year. Her research 

concerns digital hydraulics, especially digital 

valves. She is currently working at Electro-

magnetics, Tampere University of Technol-

ogy. 

 

 

 

 

Lauri Kettunen 

was born in 1962 in Espoo, Finland. He 

graduated as MSc in 1987 and as PhD in 1992 

from Tampere University of Technology. He is 

currently working at Tampere University of 

Technology as a professor of Electro-

magnetics. 

 

 
 
 




