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Abstract

Functional Safety asks for diagnose-ability of systems and components in
order to check for faults to be recovered in real time to avoid dangerous
consequences of the faults themselves. At the same time, new technolo-
gies offer new materials and new production processes, which allow the
creation of new sensors to meet the requirements of the functional safety
certification. In some applications, the diagnosis of failures is not sufficient
for safety requirements, because it is necessary to prevent the occurrence
of dangerous failures; for that reason predictive diagnosis would be most
desirable. Furthermore, diagnostics and predictive diagnosis are not only
related to functional safety, but rather to reliability and function availability,
which represent two very important aspects of products quality. Cartridge
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valves are widely used in many hydraulic systems, both in mobile and in
industrial applications, and they are often part of systems that must meet
high performance level functional safety requirements. Currently available
sensors do not contain information on the state of health of the valve itself
and its state with respect to the average life and the distance from a dangerous
failure. Besides, there are few sensors directly embedded in valves, with the
consequence that the diagnosis of valve faults often comes from inference of
information from indirect sensors. This contribution deals with describing an
innovative sensor and its ability to detect valve failures before they can occur,
even with a reasonable time in advance of the moment in which the fault
occurs. These hyper-thin strain gauges sensors fit the valve pole tube and
their thickness allows installing them between valve body and coil. The inno-
vation is described and both mechanical, electromagnetic, fabrication, signal
conditioning and installation aspects are addressed. Burst and Endurance tests
on prototypes are shown to demonstrate the efficacy of sensors for valve
condition monitoring.

Keywords: Cartridge valve, fatigue breakage, pole tube, strain gauge, valve
coil.

1 Introduction

In many electro-hydraulic applications nowadays, sensors are placed in man-
ifolds and along the hydraulic circuits, as well as in pumps and motors, in
order to acquire data useful for closed loop controls. As very well described
in [1], the sensing technology has grown in the years in parallel to control
techniques and, in recent years, in parallel with the need for health status
of hydraulic components and, in special way, for the health information of
valves.

Searching for special sensors “in valves”, it is hard to find anything new,
while it is very interesting to learn how much research has been done trying
to deduce the health status or simply the status of valves using different
inference techniques. Most of these techniques are using remote sensors and
data collected from the effects of the valve status in the hydraulic circuit.

The reliability of hydraulic components it is a very heartfelt topic, but in
many papers like in [2] it is treated using traditional pressure sensors, based
on traditional strain gauges. In fact, reliability is one of the key topics of
safety, but safety is also related to faults and to be aware of faults, the compo-
nent must be observable. Therefore, sensors are necessary for safety reasons,
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as it is demonstrated in [3], where traditional sensors placed in the hydraulic
circuit are used to evaluate the valve faults in an independent metering
system. Many different strategies have been developed to try to evaluate the
health status of hydraulic components and, in particular, of valves, due to the
difficulty of integrating sensors for a direct acquisition of the health status of
the valve itself. In [4] authors propose a multi stage diagnosis based on sensor
fusion, using accelerometers to analyse the vibration of the hydraulic direc-
tional valves. Even in this case, a direct acquisition of the status of the spool or
of the health status of the valve is inferred using external and indirect sensors,
i.e. sensors not acquiring the primary physical parameter responsible for the
information to be collected. In [5] the importance of a real-time, accurate
fault detection and isolation system is described for mobile hydraulic valves,
and an inference method is proposed, using traditional pressure sensors and
a reduced order model with adaptive thresholds. In the already cited [1] it
is also described how the diagnosis of the valves is increased for the digital
hydraulic valves. This is confirmed for example in [6] and [7], where authors
propose an identification method for faulty valves recognition, based on
combination of pressure measurements made during the normal operation
of the machine and a mathematical model describing the flow balance of
the hydraulic system, once again using traditional pressure sensors in the
hydraulic circuit. The only experiences of integration of new thin sensors
are in [8], where strain gauges are used to acquire and evaluate the correct
functionality of a hydraulic clamping system, and in [9], where strain gauges
are used to measure micro leakages of a hydraulic cylinder using internally
installed strain gauges. This last experience is not a solution for the industrial
production, but is useful in order to understand the strain gauges applicability
even inside hydraulic components. To summarize, in [10] a survey of all
sensors both already in the market and under development are described and,
among these, the strain gauge technology seems the only one applicable to the
problem the research wants to address, which still represents an open issue
both in research field and in industry world.

Even if nowadays there are few examples of direct application of strain
gauges to hydraulic valves, in principle, in the context of hydraulic valves,
strain gauges might be used in the following ways:

1. Load Monitoring: Hydraulic valves often control the flow and pressure
of fluids within a hydraulic system. Strain gauges can be applied to criti-
cal components of the valve assembly, such as the valve body or actuator,
to monitor the loads they experience during operation. This information
can be used for condition monitoring and predictive maintenance.
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2. Pressure Relief Valve Monitoring: In hydraulic systems where precise
pressure control is crucial, strain gauges can be attached to the housing
of pressure relief valves. These strain gauges can detect the deformation
of the valve body under different pressure conditions. By monitoring
these deformations, it is possible to infer the pressure levels and adjust
the valve settings accordingly to maintain optimal pressure regulation.
This particular use case has been tried with poor results, due to the
difficulty of precisely sensing pressure through the component strain,
caused by not sufficient sensitivity of strain gauges.

3. Structural Analysis: Strain gauges can be applied to different parts of
the hydraulic valves to analyse the structural behaviour under varying
operating conditions. This can help to optimize the design for better
performance and durability. This use case could be useful for fatigue
tests but was applied only in laboratory under testing campaign.

4. Feedback Control: In some advanced hydraulic systems, strain gauges
might be used as part of a feedback control loop, to provide real-
time data on the performance of the valve. This information can be
used to adjust the operation of the valve dynamically for improved
efficiency and precision. This use case is normally applied in industrial
environment, for example in industrial pressing machines.

Overall, while strain gauges themselves are not typically integrated
directly into hydraulic valves, they could play a valuable role in enhancing
the performance, reliability, and safety of hydraulic systems when applied
strategically to monitor various parameters related to the valves and their
operation.

On the other side there are interesting research focused on analysis meth-
ods to study, predict and diagnose valve faults and oil leakage due to fatigue,
especially in safety critical applications. The thermal mechanical stress of a
valve is presented in [11], while the fatigue analysis of a pressure relief valve
is studied in [12] and the breakage of a hydraulic valve is investigated in [13].
All these studies aim to correct valve design to reduce the risk of a failure due
to fatigue. The problem is particularly critical due to difficulty of sensing the
entire valve to diagnose mechanical breakage of the component and avoid
dangerous oil loss. This is presented in [14], where a sound methodology is
presented to diagnose oil leakage in pressure relief valve.

The cited references give a couple of important information: strain gauge
technology and flexible electronics could play an important role in hydraulic
components diagnosis, and there are unsolved diagnosis of critical faults in
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valves due to impossibility of sensing the entire valve bodies. However, there
are several problems to solve, in order to create a new type of sensors capable
to cover the faults of the valve body. The proposed sensor could represent a
new sensitization methodology and technique for valves, applicable to both
spool valves and cartridge valves. The main difference from the described
experiences, in the case treated in this article, is that the aim of the proposed
sensor is to acquire directly the main physical phenomenon responsible for
valve pole tube breakages instead of trying to infer the valve health status
from indirect variables sensing. The main principle is to acquire the anoma-
lies in the mechanical strain of the pole tube, using the electrical-mechanical
properties of the strain gauges and a proper design of the sensors tailored on
each valve model, in order to maximize the sensitivity and to adapt perfectly
the temperature compensation. The main objective of this work is to present
the new sensor design and technology, to describe the coil new design needed
to install the sensor, proving their acceptability in terms of valve performance,
and to prove the ability of the sensor in capturing the instantaneous and
fatigue modes of failures of the valve. In next paragraphs it will be described
the sensor and its production technology, the necessary adaptation of the
electro-actuated cartridge valves and the practical experiences at test bench
for sensor validation.

2 Strain Gauge Technology

Among the different improvements implemented in the years in this branch
of mechanical sensors, ultra-flexible and ultra-thin strain gauge sensors
represent a class of devices with multiple advantages in terms of sen-
sitivity, conformability, costs etc. Indeed, the conventional fabrication of
strain gauges often relies on MEMS-based technology, where controlled
environments and expensive microfabrication processes are requested, while
roll-to-roll and printing techniques together with additive manufacturing can
allow tuning production according by the case, thus reducing the costs of
these devices [15]. Especially in biomedical applications and robotics, ultra-
flexible strain gauge sensors embody a suitable choice, since a wearable
device fits well with human body or garments and it can show proper con-
formability to non-conventional surfaces [16, 17]. Depending by the high
sensitivity of these sensors and by the specific range of strain requested,
different materials can be implemented from elastic or stretchable substrates
to extremely soft polymers (reaching strain >100%) [17]. To tune the con-
ductivity and mechanical properties, nanocomposites usually based on carbon
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Figure 1 The flow regulation cartridge valve and its section.

like materials or piezoelectric composites are used [18, 19]. In this way,
through percolation among conductive nanoparticles, it is possible to control
the changes in conductivity during the sensors operation [20]. Alternatively,
very stretchable polymers (e.g. PDMS) filled with metal nanoparticles can
still be utilized to manufacture extremely long-range strain gauge sen-
sors [21]. Generally, with the implementation of metal nanoparticles it is also
possible to obtain very high gauge factors in specific sensor operation range
(up to few thousands) [22].

3 The Cartridge Valve and Its Failures

For this research, a proportional Flow regulation Cartridge Valve not pressure
compensated, electronically controlled, of VIS Hydraulics was used.

The valve is one of the three new valves the company developed in the
project, and this one was the first ready for the tests and it is shown in
Figure 1, while its characteristic and symbol are shown in Figure 2. The Valve
is actuated using a coil of 26 W either 12 or 24 VDC electronically controlled
by a new electronic control unit directly connected to the coil connector.

There are several breakages of a cartridge valve to be analysed and that
can occur during the valve operational life. Different types of breakages can
be caused by excessive pressure in operation, which results higher in respect
to the maximum pressure declared by the valve producer for the correct usage
of the valve itself. Some of them can be caused by fatigue, due to excessive
usage of the valve, exceeding the average or declared life of the valve.
Others can be caused by mechanical stress, due to external factors or wrong
installation of the valve. Finally few of them can be caused by production
defects or process defects or material defects. These valve faults can lead to
different types of malfunction, the ones we are interested in monitoring are
the ones can lead to an oil loss with dangerous consequences, or with function
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Figure 2 The valve hydraulic symbol and the Current vs Flow characteristic.

 
Figure 3 Excessive pressure breakage and process or fatigue breakage of the valve.

unavailability that can cause damages and high cost consequences. The faults
we are discussing of are the faults that can provoke a breakage of the pole
tube, whose consequences are shown in Figure 3.

The idea developed in this research is to apply sensors to the pole tube,
which can directly monitor the health status of the valve. As discussed in
the introduction, a sensor type that could fits the requirements, suitable to be
installed in between the coil and coil enclosure and the pole tube, is the strain
gauge. In fact, any mechanical deformation, or even an oil loss or oil spilling
could lead to a sensor deformation and to a variation of the sensor value, then
to a recognition of a malfunction of the valve. The different models available
have a thickness that is not compatible with the available air gap in the valve.
Moreover, it is impossible to find a strain gauge fitting perfectly the envelope
of the cylindrical surface of the pole tube. But in the last years the flexible
electronics technology had interesting improvements both in materials and
in processes, so it is likely possible to design and produce an ad hoc sensor
for each valve model. The opportunity of a specific design for each valve
model will ensure that any type of breakage of the pole tube will be under
the observation area of the sensor. Therefore, theoretically the sensor could
reveal any type of breakage during the valve operation life. This is the thesis
the research would like to demonstrate. The first step is to understand the
sensor technology applied to the sensor prototypes made for this experiment.
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Figure 4 The ultra-thin device after the mechanical release from the wafer. On the left it is
possible to see part of the adaptor with the routing for the four sensors.

4 Thin Strain Gauge Sensor

The flexible strain gauge sensor has been designed according to a classical
meander configuration to obtain a total resistance in the range of [1; 4]
kohm. The sensor manufacturing has been performed in a clean room ISO5
to guarantee the standard of fabrication for the devices. It has been exploited
thin film technology to manufacture the sensor thus minimizing the waste
of materials and it has been used optical lithography to properly miniaturize
the devices. To handle the ultra-flexible sensor it has been used a 3′′ sili-
con oxidized wafer as carrier depositing over it a polyimide layer (by HD
MicroSystems) of 8 µm by spin coating. After a thermal treatment at 250◦C
for mechanical stabilization of the polymer, a film of aluminium 150 nm thick
has been thermally evaporated. The metal layer has been lithographically
patterned with an EVG610 equipment by using a positive photoresist S1813
by Microposit, adopting an ad hoc mask designed with a pattern generator by
Heidelberg DWL66.

In this way the resistive sensors with a meander shape working in the
range of 1–4 kohm have been created for the different versions of the
strain gauge sensor. Finally, to protect the aluminium resistances another
layer of polyimide, 2 µm thick, has been deposit over the metal, cured at
250◦C and vias were open to reach out the contacts photolithographically,
by using an oxygen plasma treatment with a reactive ion etching machine
(RIE) by Oxford Instruments. To protect the aluminium during this process a
sacrificial layer of chromium of 25 nm has been evaporated and subsequently
removed in an etchant standard solution by Sigma-Aldrich. After this step,
the sensor was cut from the wafer and mechanically peeled off, obtaining
a thin freestanding device with a total thickness of about 10 µm (shown in
Figure 4).
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Figure 5 Surface roughness of a spin-coated layer of polyimide measured with an atomic
force microscopy technique.
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Figure 6 Left figure: the two contact angles for oil and water; right figure: top view of the
two drops on polyimide.

The surface roughness of these devices have been tested to guarantee
that the aluminium in the polyimide does not experiment cracks due to the
presence of pits or bumps in the polymer, thus compromising the device
operation during its lifecycle. As can be observed in the AFM image the
typical surface roughness of the polyimide is really low, in the range of few
nm: the mean roughness is below 7 nm. (Figure 5).

It is important to highlight that the extremely low surface roughness
(lower than 10 nm) guarantees the possibility to deposit thin films (in the
range of hundreds of nm) avoiding issues related to surface step coverage
that can result in the formation of defects or cracks in the metals. This
characteristic is crucial for maintaining the structural integrity and reliability
of the strain gauge, thus ensuring a long lifetime of the device

To better understand the behavior of fluids on the sensor, the contact angle
of water and oil on the polyimide surface has been measured, thus observing
the hydrophobicity of the material. Indeed, in case of small leakage it is
important to understand how the fluid moves on the device. When a micro-
crack opens, some oil drop can be found between the tube and the device. As a
function of sensor surface wettability we can obtain different sensors signals.
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Table 1 Sensor Prototypes main characteristics
Substrate Metal Sacrificial Reference

Prototype Thickness (µm) Thickness (nm) Layer (nm) Resistance
1 8 120 none Yes
2 8 200 none Yes
3 12 120 25 Yes
4 12 200 25 Yes

Figure 7 A photograph of the strain gauge with the adaptor.

As can be seen in Figure 6, two contact angles for water and motor oil of
respectively 50◦ and 11◦ have been obtained, so that the wettability of the oil
on the polyimide turns out to be really high. The measure of the wettability on
the polyimide shows a comparison between oil and water, pointing out that
the difference in the contact angles are consistent (11◦ vs 50◦). The meaning
of this measure is that the sensor surface has a higher capacity in removing
water respect oil, offering the ability to discriminate the presence of one liquid
respect the other. Since the goal of the sensor is to operate in an environment
with possible oil contamination, this difference in wettability can be useful
because oil leakage can more easily remain between the sensor and the valve
creating an additional strain for the device, while water derived potentially
from moisture can be easily removed by vibrations in the system due to its
higher hydrophobicity. This difference in wettability can be adjusted, making
it even made more significant by modifying the sensor polymer surface with
fluorinated agents using a mild treatment in oxygen plasma or CHF3 plasma
as explained in [25–27].

Different devices were tested with diverse thicknesses of Aluminium,
ranging from 120 to 200 nm as shown in Table 1, and a sacrificial layer of
chromium 25 nm thick to protect additionally the aluminium film during the
manufacturing process was implemented.
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Figure 8 The device wrapped around the valve.

Sensor 1 SG1 

Valve Body  

Diagnostic Sensor 

Sensor 2 SG2 

For Temperature 
Compensation 

Figure 9 Correspondence between pole tube structure and double sensor design.

For the first set of tests related to pressure bursts and pole tube defor-
mation, for each device two equal sensors have been fabricated, in order
to compensate the temperature variations during the testing procedure. The
sensor’s overall dimensions were carefully designed to precisely wrap around
the entire pole tube of the cartridge valve selected for testing purposes, ensur-
ing seamless integration and accurate performance evaluation. To facilitate
signal extraction, a flexible adapter made from Kapton film with a copper
thickness of 12 µm was designed, fabricated, and connected to the polyimide
substrate using an anisotropic conductive tape, ensuring robust electrical
and mechanical bonding (Figure 7). Subsequently, the sensor was securely
adhered to the pole tube with glue and conformably wrapped around the
valve, ensuring a tight and uniform fit that maximizes surface contact and
minimizes the potential for mechanical misalignments (Figure 8). In this way
it is possible to monitor valve deformation in each part of the pole tube.

The strain gauge sensor obviously reacts to any type of strain, so even
to the temperature strain. It is then necessary to create a sensor capable
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Figure 10 Full bridge configuration.

of distinguish between pressure strain and temperature strain, in order to
understand the part of the strain due to temperature and the part due to the
normal pressure strain, or any abnormal strain, due probably to fatigue or
excessive pressure, or pole tube defects. For this reason, a double strain sensor
was designed, adapted to the structure of the valve. As shown in Figure 9, it
can be noted that part of the pole tube is solid and part is hollow to allow the
sliding of the mobile part. Consequently, the first part of the body will change
its shape only for temperature, while the second one for both temperature and
pressure or fatigue. Hence, the sensor was designed to have one resistance
facing to the solid part of the pole tube (SG2), to be used as a reference for
temperature strain, and a second resistance to be connected to the hollow part
of the pole tube (SG1), sensitive to both pressure and temperature.

By a classic full bridge connection in the electronic readout system
(Figure 10), it is possible to compensate the strain for temperature in the
acquisition of the deformation of the SG1 sensor, subtracting the strain of
the SG2 sensor, taking into account in the electronic circuit any difference in
resistance of the two sensors, as shown in Equation (1), where ϵ is the strain
of the sensor in the main direction along the resistive lines.

ε = f(RSG1 −RSG2) (1)

In respect to the first experiences with these new sensors presented in [23],
where the efficiency of the sensor had been evaluated against deformation
and rupture tests against cases of excessive pressure, in [24] other sensor
topologies were designed and tested, in order to better evaluate a part of
the pole tube that presented some weakness in endurance tests. In fact, as
it will be explained in the tests and test results description, endurance tests
shown a critical area around the control cone. For that reason a couple of
new sensors were designed, to have a more specialized sensor around this
area, for an earlier abnormal conditions detection. The sensors architecture
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Figure 11 Three and four strain gauges sensor configuration.

are shown in Figure 11. As it can be observed in the figure, the new sensors
have the resistive lines in axial direction, while the SG1 and SG4 in the right
figure and SG1 and SG3 in the left figure are circumferentially lined up.
This fact comes from the Figure 3, where it can be noted that failures due
to excessive pressure, result in an axial fracture in the area of SG1 sensor,
while the fatigue failures lead to fractures in circumferential direction in the
area of SG2 and SG3 as in Figure 3 right. The direction of lines in the new
sensors are designed to maximize the strain effect, trying to couple the failure
types and their positions with more specialized sensors.

Due to the specific area of the pole tube enveloped by the single sensors,
the four sensors topology was preferred. For the hardware readout electronic
stage in the control unit design, the single sensor resistive value acquisition
can be obtained using again a full bridge topology, but it is necessary to
mount different resistive values in the fixed circuit branch of the full bridge,
to compensate the difference in resistance values of the SG1, SG2 and SG3
resistances in respect to SG4 resistance, used as temperature reference. The
resistive values of SG1, SG2, SG3 and SG4, can also be obtained using four
half bridges readout circuitries (an example in Figure 4.12) and calculating
the strain by a software function as shown in Equations (2), (3) and (4), with
the advantage of reading all sensors values individually, and having a more
complete information on the valve health status.

ε1 = f [RSG1 −RSG4 × (RSG1(T0)/RSG4(T0))] (2)

ε2 = f [RSG2 −RSG4 × (RSG2(T0)/RSG4(T0))] (3)

ε3 = f [RSG3 −RSG4 × (RSG3(T0)/RSG4(T0))] (4)
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Figure 12 Two half bridge configuration.

In this experience, we used this second approach, due to the need to
test different sensors with different characteristic resistances and due to the
easiness of correcting temperature strain by software. It will be demonstrated
in the tests description that this approach enabled a more complete diagnosis
of sensors independently from the gluing method used to install the sensor in
the pole tube of the cartridge valve.

5 The New Coil Shape and Magnetic Field Analysis

Due to the specific design of the sensor, a problem that arose in the feasibility
study related to the application of these sensors, was related to their installa-
tion on the valve. In particular, the strain gauge is placed above the pole tube,
it is glued to the outer part of it, and the solenoid will be placed above the
assembly of valve and strain gauge sensor. However, the solenoid enclosure
is accurately designed in order to maximize the magnetic flux and part of the
design is the minimization of the air gap between the valve coil and the pole
tube. Consequently, the thickness of the sensor, although limited, requires a
modification of the internal dimensions of the solenoid enclosure, to allow
its insertion in between pole tube and coil enclosure. Figure 13 represents
a sectional view of the valve and the solenoid. In the figure, a hypothetical
magnetization path is highlighted with the dotted red line, which runs through
the armature of the solenoid, the fixed core, the moving plunger and control
cone.

This Figure 13 shows also the air gaps that are to be redesigned, in order
to allow the sensor placement. As it can be noted in red a very reduced air
gap of 0,05 mm is available all along the pole tube and the coil (C parts
in the figure), while in the two metallic rings at the end of the coil the air
gap is 0,1 mm (B and A parts in the figure). The air gaps corresponding to
the rings are highlighted in yellow in the figure. Each air gap represents a
source of dispersion of magnetic flux that in these positions is not conduct in
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Figure 13 Valve section with air gaps indication.

a magnetic guide. The magnetic flux dispersion ends in a reduced coil force,
proportionally. Then, the areas highlighted in yellow represent the air gaps
along the path. The connector of the sensor is placed under the metal washer
A and it is made of the same material of the sensor, so it also needs a small air
gap to be placed in the proper position. The upper side (A part in the figure),
where the connector is placed, is not highlighted, nor the empty area on the
lower side (B part in the figure), since in reality the armature completely
envelops the solenoid. Therefore, those areas are only “punctual” and are
seen only in the plane chosen for the section, in the real valve the flow will
pass around. Furthermore, the nominal thickness of the gaps between metal
washers and tube, and between coil and tube, are shown, to indicate the space
available for the sensor. The problem to be addressed in this case concerns the
magnetic performance of the assembly, which is influenced by the presence
of these air gaps, which introduce real losses. In fact, a circuit analogy can be
made and the magnetic path can be represented as a sort of electrical circuit,
where the various parts crossed are similar to electrical components. Each
source of loss is schematized as a resistance, and all the air gaps encountered
(for example the one between the metal washer that makes up the armature
of the solenoid) will therefore be resistances that oppose the circulation of
“current” that is the analog element of the magnetic flux.

Although the thicknesses involved seems sufficient compared to the
thickness of the sensors (we are talking about 25 µm in the worst case),
it must be considered that the sensor includes a plastic film that encloses
the actual sensor, and the output cables. It is therefore necessary to obtain
sufficient space for their accommodation, increasing these values. Losses
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Table 2 Coil air gaps cases for simulation
Case Thickness A Thickness B Thickness C
Standard (Production) 0.1 mm 0.1 mm 0.05 mm
A 0.3 mm 0.3 mm 0.3 mm
B 0.4 mm 0.4 mm 0.4 mm
C 0.1 mm 0.4 mm 0.4 mm
D 0.1 mm 0.3 mm 0.3 mm
E 0.45 mm 0.45 mm 0.45 mm
F 0.1 mm 0.45 mm 0.45 mm
G 0.5 mm 0.5 mm 0.5 mm
H 0.1 mm 0.5 mm 0.5 mm
I (splitted washers) 0.1 mm 0.1 mm 0.05 mm

will inevitably be introduced, and this is why a study was conducted using
the EMS electromagnetic FEM (EMS, Advanced Electromagnetic Design
and Analysis Tool dedicated add-on of the Solidworks suite), to evaluate the
impact of any structural modifications to the coil on the electromagnetic per-
formance of the valve. In order to understand how the analysis was performed
and how the best configuration was chosen, the various case studies analyzed
and the impact they had on the magnetic flux are reported. With reference
to Figure 13, it is defined thickness A the thickness of the air gap between
the tube and the upper armature of the solenoid (where the sensor connector
is placed), thickness B the thickness of the air gap between the tube and the
lower armature of the solenoid, while thickness C the thickness of the air
gap between the tube and the solenoid, where the whole sensor is placed.
The three air gap zones are shown in the figure. In order to define the range
of use of the valve and to calculate the absolute stroke in the simulations,
we consider the stop between the plunger and fixed core at the position of
4,5 mm stroke, with the valve completely closed at lower stop. Considering
a core stroke of approximately 2,75 mm, reaching the mechanical stop in the
shuttle part of the valve at 1,75 mm stroke with the valve fully open. This
defines the range of use of the valve, since the equilibrium position between
the force of the coil and the opposing force of the spring will necessarily be
reached in this range of travel. In order to evaluate the worsening due to the
modified coil enclosure in the air gaps, the steady state current was analyzed,
which defines the “limit” of use in terms of current applicable to the solenoid.

Various simulated cases with different air gaps were analyzed from the
Electromagnetic point of view, calculating the electromagnetic field intensity,
its dispersion and the field density in the area of the plunger movement
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Figure 14 Case A at maximum current.

control, especially near the control cone of the valve. All the analyzed cases
are reported in Table 2.

In the first step, the cases ranging from A to H were simulated, in order to
find the best combination that allows to install successfully the sensor without
compromising the valve functionality in terms of magnetic field and thus
magnetic force transmitted to the valve spool. All these cases were simulated,
in order to understand the effect of an increased air gap and how the negative
effect of the air gap can be reduced, using a washer with minimum air gap in
the critical area of the end of the coil. In fact, in this area the magnetic flux
is conduct in a magnetic ring through the metal washer, in order to maximize
the magnetic flux near the mobile core of the valve and the control cone. For
that reason, all cases are shown, to evaluate the dispersion of the magnetic
flux and the consequent coil force reduction and to evaluate qualitatively its
acceptability in function of valve functionality, energy balance and cost.

From Figures 14 to 23, all simulation cases are shown. It is evident the
difference between the standard case, with minimum air gap, and the case G,
which can be defined the worst case. As it can be observed, in correspondence
of the metal washers, both upper and lower, as referred in Figure 13, the
field is interrupted around the coil armature and, consequently, the flux is
dispersed. This is due to the larger air gap around coil. The consequence is the
reduction of the flux intensity also in the area of the control cone, where the
field should be maximum, in order to control the valve plunger position. The
yellow color, in respect to the orange available in the standard case, indicates
that the field is lower in most of cases. Even in cases where the orange color
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Figure 15 Case B at maximum current.

Figure 16 Case C at maximum current.

is visible, the orange area is smaller in respect to standard case. The last
consequence is the reduction of the coil force and the impossibility to control
properly the valve even at maximum current. The only two cases that seem to
be comparable with the standard case are case D (Figure 17) for a “standard”
coil and the case I (Figure 22), which is the result of a new study that lead to
a new coil composition.

To quantitatively evaluate the magnetic flux force reduction in the cases
from case A to case I in respect to the case Standard, a quantitative analysis
has been executed. The results are shown in the graphs in figures from



A Complete Analysis of the New Hyper-thin Sensor 229

 
Figure 17 Case D at maximum current.

Figure 18 Case E at maximum current.

Figures 24 to 27, at different values of current circulating in the coil. In
the graphs are presented the percentage variations evaluated with respect to
standard coil composition, at fixed plunger distances and with coil currents
of 0,4 A, 0,8 A, 1,2 A and 1,45 A respectively. This analysis is required
because the spool position is obtained through an equilibrium between spring
and electromagnetic force, and the maximum admitted electromagnetic force
degradation shall be limited, in order to be able to fully open the valve with
the available current limits of the coil. A higher current brings to a higher
energy consumption and a higher heat generation, thus, as a consequence,
to worsening the coil performances at the same valve spool working point.
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Figure 19 Case F at maximum current.

Figure 20 Case G at maximum current.

Observing the different case studies, the one that offers the best tradeoff
between available space to install the sensor and valve performance with
standard coil structure, is the case D, which corresponds to the smallest air
gaps and to the smallest change in the upper metal washer in respect to
the figures, which allow the mounting of the coil in the pole tube with the
sensor glued in its outer surface (0,3 mm for the washers). The case I, the
real optimal one, is not considered in this paragraph, due to its different coil
composition, which will be discussed later.

In fact in all the graphs presented in the figures, the smallest magnetic
flux intensity reduction corresponds to special case I (in blue in the graphs)
and, for traditional coil, to case D (the central orange bar in the graphs), even
if some other case presents a similar performance.
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Figure 21 Case H at maximum current.

Figure 22 Case I at maximum current.

To justify mathematically these electromagnetic data on the simulations
reported on the graphs, the EMWORKS EMS (Electro Mechanical Simula-
tor of Solidworks©) method shall be introduced. In particular, EMS solves
the Maxwell equations of the electromagnetic interaction. In particular, it
solves the two magneto-static analysis Equations (5) and (6) called Gauss’s
law for magnetism, which is the most useful for identifying the intensity
characteristics of the magnetic field generated in each topology under study.

Ñ ×H = JS (5)

Ñ ·B = 0 (6)
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Figure 23 Case Std. at max. current.

Figure 24 Percentage magnetic field intensity variation @ 0.4A.

The simulator calculates the attraction force Fs between fixed and moving
parts of the valve, using the virtual work method and it calculates the value
of the total magnetic energy when an object moves from a position 1 (W1) to
a position 2 (W2) at a Ds distance (Equation 7).

FS =
W2 −W1

∆s
(7)

W =
1

2

∫
B ·Hdv (8)

B = µ0 · µr ·H (9)
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Figure 25 Percentage magnetic field intensity variation @ 0.8A.

Figure 26 Percentage magnetic field intensity variation @ 1.2A.

Figure 27 Percentage magnetic field intensity variation @ 1.45A.
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In the case of magnetic elements, the Work W is calculated in Equa-
tion (8) in the Volume of the elements under study and the reason of the
magnetic field flux density reduction, due to the enlargement of the air gaps
in the coil cavity, is clear in Equation (9). In this equation, B is the magnetic
induction field or magnetic field flux density, H is the magnetic field, v is
the volume, µ0 is the magnetic air permeability and the µr is the magnetic
permeability of the metal used for the valve (µr(AVZ) ≈ 1.000). It is then
clear that, in case of a larger air gaps, the Fs reduced by a smaller value in the
µr factor in the incremental volume of the air gap in respect to the standard
case. The magnetic field H does not change, because it depends on number
of turns of the coil winding and the current, while B changes due to change
of the air gap size.

The analysis justifies the reason why higher currents are needed to control
the valve plunger in all cases analyzed other than the Standard one and case
I, due to bigger air gaps available in the assembly. Then, in order to reduce as
much as possible the deterioration of performance, it is necessary to optimize
the air gap. From the analysis of the simulation results, it appears that the
optimal case is case D, where it can be noted that metal washer that makes
up the ring armor in area A (Figure 13), has the same air gap of the standard
case, in order to not disperse the magnetic flux in that area. The case D is
the one used for all the real tests on the valve prototypes presented in this
research.

For a more complete electromagnetic analysis and also to propose an
alternative solution to the worsening of electromagnetic performance, another
approach to the coil design was attempted. The lower metal washer shall be
enlarged to allow the coil mounting operation over a pole tube preassembled
with the sensor. But in the final position of the lower metal washer the sensor
is not present. The same applies to the upper metal washer, which has been
modified just to allow the positioning of the sensor flat cable to an external
connector. For that reason a different approach to metal washer structure and
mounting can lead to an optimal coil performance from the electromagnetic
flux point of view.

A possible further option to improve the installation capabilities is to
realize both washers in two pieces as represented in Figure 28. With this
coil assembly configuration it is possible in sequence: to mount the sensor
over the pole tube, to mount the coil over the assembled pole tube, then to
insert the washers, avoiding interference and finally to block the coil and
the washers with the final screw. Comparing the magnetic flux intensity in
Figure 22 (case I) and Figure 23 (case Std.) the simulation shows that in this
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Figure 28 New metal washer design.

case I the performance of the valve is similar to that of the standard case. The
Figures underline that to split the washers does not affect the overall armature
capability to confine the electromagnetic field, thus the pole tube performance
is preserved. This result is obtained starting from the D case, but the same
conclusions can be made with the other case studies, obtaining a new degree
of freedom in terms of coil installation capabilities. The result of this study is
that from the electromagnetic point of view the necessary design modification
of the valve assembly don’t affect the valve electromagnetic performance.

6 Tests of Final Valve Assembly

Once the coil and coil enclosure air gaps have been defined, the coils have
been modified in order to assemble the prototypes. The air gaps have been
modified by mechanical tooling enlarging only one ring, with the configura-
tion of the case D. Furthermore two milled flats of the plastic layer in the rear
part of the coil were made by mechanical tooling, to allow the housing of
the flat cable which brings the poles of the two resistive sensors which make
up the strain gauge to the outside (Figure 29 left). This was done to allow
the fixing of the nut that holds the coil in place, once placed in the correct
position with respect to the spaces available in the manifold, without risking
damaging the flat cable itself. The result of the assembly ready to be tested at
the test bench is shown in Figure 29 right.

The Valve with the new sensor must be characterized and the expected
behaviour is that the sensor should not detect signal variations during valve
operation under nominal and healthy conditions, because of the very lim-
ited deformation of the valve body expected, while it should detect signal
variation, if the valve is subject to higher-pressure levels (>250 bar).
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Figure 29 Modified coil with the sensor connector (left) and Valve Assembly (right).

Figure 30 Static pressure test bench.

Figure 31 Dynamic pressure test bench.

The first tests have been conducted at the static test bench (Figure 30),
increasing the delivery pressure in the valve manually in static conditions
through a hydraulic cylinder, in order to characterize the sensor resistances
in nominal and ambient temperature conditions. In the range [0; 250] bar a
barely detectable change in sensor resistance was observed, confirming that
the sensor is not reporting a significant deformation in nominal conditions,
exactly as other strain gauges used in past experiences. While the tests at
the dynamic pressure bench (Figure 31), used for valve burst tests, made
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Figure 32 Pressure Transient Test.

Figure 33 SG1 sensor signal comparison with (SG1-SG2) rescaled and referred to zero.

possible to fully characterize sensors in respect to valve deformation. The
tests were conducted in two different conditions: valve without coil and valve
with coil. In fact, the coil presence changes the fault conditions for the sensor
which, due to excessive deformation of the pole tube and the limited air gap,
it is crushed between the pole tube and the coil. For that reason, the sensor
often breaks in short circuit, resulting in a zero resistance measurement. On
the contrary, without coil the more frequent fault for the sensor is case of
excessive strain is in open circuit condition.

The described faults happen at the end of the burst tests or pressure
tests, when the valve breaks with a consequent oil loss, or even before that
condition if the sensor breaks due to an excessive pole tube deformation.

The described tests were necessary to validate the capability of the sensor
of providing a useful signal when in faulty conditions, to detect faults of
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Figure 34 (SG1-SG2) in respect to Bench pressure in the test with Coil.

the sensor itself, because of the valve failure or breakage. However, the
tests allowed recognizing abnormal conditions much earlier than valve failure
conditions, so sensor breakage represents a limit condition that should rarely
be reached in real applications. In fact, a series of tests were conducted
stopping the dynamic pressure test bench once the electronic control system
was able to recognize a changing signal of the sensor in respect to its base line
(Figure 32). As it can be noted in Figure 32, the sensor in nominal working
conditions is stable at a constant value, temperature dependent, while when
for pressure or yielding of the pole tube, the tube shape changes, then the
sensor acquire a signal that differs from the baseline of SG1 more than the
0,5% or 1% (15–30 Ω).

The Electronic control is equipped with an analogue readout circuit
adapted to the resistance of the sensor and with an amplification of the ana-
logue signal, which is also adapted to the specific sensor. In these conditions
70 ohm can represent the 40 or 50% of the entire signal variation captured by
the Analog to Digital converter (ADC) dedicated to the SG1 (sensor) input.
The SG2 sensor is connected with a similar circuitry, so the resolution can be
very high in respect to signal transition. In Figure 33, in fact it is represented
how the two signals SG1 and the SG1 referred to the SG2 sensor signal (SG1-
SG2), which represents the pure temperature strain, are equivalent in shape
and range.

This consideration leads to prove that both configurations described (full
bridge or two half bridges) are equivalent from the signal resolution point
of view and are both functional for detecting anomalous deformations of the
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Figure 35 Valve pole tube in case of Coil and no coil.

pole tube. The characterisation of the solution also analyses how the sensor
reacts to the deformation in presence of the coil, which is a restraint in the
pole tube expansion.

In Figure 34 it is shown a test on the dynamic pressure test bench where
the test is stopped before the pole tube damage. In the chart, it is clearly
visible the limit for sensor acquired strain that is also the limit of the pole tube
enlargement due to small air gap available between pole tube and coil (and
plastic coil enclosure). In addition, in this case, the sensor was able to capture
the abnormal strain and the limited space did not affect the sensor’s ability to
detect an anomalous condition of deformation of the pole tube. Unfortunately,
due to the hard contact, it is impossible to analyse the sensor after the test
because the tube deformation is inelastic, and pole tube and coil are stuck
and the sensor is crushed between the two elements. The described condition
is shown in Figure 35, where it is visible the resulting deformation of the
pole tube when the coil is extracted using a puller to overcome the resistance
caused by the deformed pole tube. As it can be noted the shape of the pole
tube deformation it is not rounded as in the case of no coil, so it is limited by
coil presence.

7 FEM Simulations

In order to validate and to find a correlation between the burst tests and the
valve model, FEM analysis have been executed at various pressure levels.

For the simulation conditions it has been assumed that the valve piloting
is axialsymmetric, then a bi-dimensional model has been used for the study.
The only part of the valve that is not axialsymmetric in fact is the hexagonal
area of the valve fixing nut, which however is an area not subject to significant
deformations, and it was approximated as a cylindrical section, for which the
above assumption was made and a two-dimensional model was used.
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For the material, the parameters of 11SMn30 (AVZ) have been used and
for welding-brazing joint the CuAl8 material has been used.

The interactions between the pole tube components of different materials
were imposed between: welding joint, HAZ (heat affected zone) and remain-
ing part of the pole tube. To simulate the welding, a union joint was assumed
between welding joint and the two HAZ portions of the pole tube; the same
was assumed between the two HAZ portions and the remaining pole tube. To
fix the component a rigid constraint was imposed to the thread to simulate the
insertion of the pole tube into the cavity.

For pressure distribution, the hypothesis of a uniform distribution inside
the pole tube was made. FEM simulations were executed at: 250 bar, 400 bar,
500 bar, 600 bar, 750 bar, 900 bar, in order to verify the deformations mea-
sured during the test at pressure bench, and to investigate the possible causes
of cracks in the material in the different component parts of the pole tube,
joined together by mixed welding-brazing process at lower temperature in
respect to welding process. The pressure values for the FEMs are not equally
spaced, because particular attention was paid to the range of pressure values
in which the first perceptible deformations occur, which can be acquired by
the new sensors.

Furthermore, the properties of the CuAl8 welding material have been
slightly modified, because in reality, by being subject to a brazing process,
the resistances of the alloy decrease drastically. In fact, an alteration of
the materials is created, identified by the Heat Altered Zone (HAZ) which
generally expands beyond the welding part. Also the properties of the AVZ
decrease in the thermally altered zone, but having seen both in the exper-
imental cases during the burst tests, and during the simulations that the
breakages mainly involved the weld seam, it was decided to focus only on
that material. Therefore, the mechanical properties from the technical data
sheet were not used, instead a σ-ε diagram relating to CuAl8 alloy was
identified, which replicated the real degradation conditions following a hot
forging production process. This in fact presupposes that a degradation of
the mechanical properties occurs connected to the application of heat (in
the case under study it would be brazing) which generates residual stresses
due to heating/cooling. This leads to lower mechanical properties both for
the welding material and in the first 10 mm of interface between welding
and base material (but for a more conservative study this interface was
expanded to 20–30 mm), after which the metal returns having the mechan-
ical properties of the piloting, as per the technical data sheet, as shown in
Figure 36.



A Complete Analysis of the New Hyper-thin Sensor 241

control cone 

welded-brazed surface 

Figure 36 3D Model and axialsymmetric model of pole tube in study with CuAl8 welding
and 20-30mm of HAZ of offset up and down.

Table 3 Yield Diagram of the forged CuAl8 at an average temperature between 650◦C and
700◦C

Ɛ σ   [MPa] 

0,002 100 

0,005 173 

0,008 180 

0,01 190 

0,02 200 

0,03 220 
 

 

Therefore, a yield diagram it has been assumed, that was intermediate
between the σ-ε curve at 650◦C and 700◦C of the forged CuAl8 by inserting
the points in Table 3.

In Table 3 the elastic modulus E=50 GPa is derived both from table and
from diagram.

This choice was made because this diagram is the one closest to the
experimental strain of the pole tube acquired during the real tests at pressure
test bench during the burst tests.

The yield diagram of AVZ material is already known from experimental
calculations of material characterization and inserting the points in Table 4.

A triangular mesh is used for the FEM simulation (Figure 37). To guar-
antee the correct transmission of deformations between the weld bead, the
HAZ and the remaining pole tube, the following conditions were applied
to the mesh: between the weld bead and the HAZ the common nodes were
positioned on the contact boundary line between the components with nodes
on the surface; between the HAZ and the remaining pole tube the mesh is kept
independent but always with nodes on the surface. This because we wanted
to keep a greater mesh density in the areas most subject to deformation the
welding bead and HAZ, while in the remaining pole tube the mesh is coarser.
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Table 4 Yield Diagram of the AVZ at an average temperature between 650◦C and 700◦C

Ɛ σ   [MPa] 

0.002 375 

0,007 391 

0,01 398 

0,02 417 

0,04 431 

0,06 447 

0,08 460 
 

 

Figure 37 Pole tube mesh.

Mesh controls were applied to refine it in the most interesting points such as
the internal fillets, the weld bead and the HAZ.

At the internal connections the maximum size of the side of the mesh
triangle is 0.07 mm with an element ratio of 1/4; at the weld bead and HAZ
the maximum size of the mesh triangle bed is 0.5 mm with the same ratio
1/4. While in the remaining pole tube a standard mesh is kept coarser, with
a maximum triangle side size of 1.5 mm. The total number of triangular
elements by which the axial symmetric section of the tube pole has been
subdivided by the simulator is 1089 elements. As shown in the Figure 37, the
regions that distinguish the welded part and the HAZ areas from the rest of
the pole tube are generated with more refined component elements.

Some of the FEM Analysis results are presented in Figure 38. Six FEM
results at pressure values from minimum to high pressure in relation to
the pressure range of the burst test are presented. The FEM results are
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Figure 38 Strain in FEM at 250 bar (top left), 400 bar (top center), 500 bar (top right), 600
bar (down left), 725 bar (down center) and 900 bar (down right) of internal pressure.

coherent with experimental tests and FEM highlights that in nominal working
conditions the sensor is not able to acquire shape variation of the pole tube.
Then, during the normal operating life of the valve the sensor only acquires
the resistance change due to thermal strain, that is comparable in both strain
gauges and that lead to an evaluation of normal valve operation. When
the valve presents a yield, then the relationship between SG1 and SG2 (in
reference to real figures) changes, due to change in shape of the pole tube
of the valve. Both FEM and experimental results demonstrate that this is
correctly detected by the strain gauges sensors and that these can indeed be
considered new diagnostic sensors.

The images resulting from the FEM at different pressure allow calculating
the maximum strain that is in some way an index that can be related to the
strain acquired by the strain gauges and that lead to a change in resistance of
sensors.
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Figure 39 Sensor signal in respect to burst test bench pressure (left), FEM displacement
(right).

Table 5 FEM and real data for pressure test: 2-SG Sensor
Pressure [bar] ε εx εy RFEM [ohm] RReal [ohm] Var %
250 0, 00128 0, 001 0, 00101 3301, 3332 3301 0,04%
400 0, 00231 0, 00187 0, 0017 3302, 244 3303 0,07%
600 0, 00463 0, 00395 0, 00313 3304, 1316 3305 0,13%
650 0, 00647 0, 00575 0, 0039 3305, 148 3306 0,16%
700 0, 0101 0, 00926 0, 00554 3307, 3128 3308 0,22%
725 0, 0131 0, 0122 0, 00684 3309, 0288 3310 0,27%
750 0, 0191 0, 018 0, 00945 3312, 474 3312 0,38%
850 0, 0418 0, 0395 0, 0215 3328, 38 3326 0,86%
900 0, 0527 0, 0495 0, 0284 3337, 488 3334 1,14%
950 0, 064 0, 0596 0, 0363 3347, 916 3346 1,45%
1000 0, 0758 0, 07 0, 0454 3359, 928 3362 1,82%

In fact, the strain gauge changes its resistance based on a gauge factor G
that is the sensitivity of the strain gauge and it represents the ratio between
the resistance variation and length variation of the strain gauge. The G factor
of the strain gauge it results ∼0,4, a limited value in respect to commercial
strain gauges, but it is due both to its length characteristics and the fact that
not all the strain gauge is involved in the pole tube deformation.

With the gauge factor G and the resistance in nominal condition R0 it is
possible to calculate the resistance that the strain gauge should have in the
different FEM conditions of simulation. R0 value is the value without strain
at the temperature of the test. In this case R0 is the value acquired by the test
bench in 1 bar pressure condition.

R = R0 × (1 +G× ε) (10)

The Equation (10) is the law for calculating the strain gauge resistance.
In the equation G = 0,4 and R0 = 3300 ohm, ε is the strain, the measure
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Table 6 FEM and real data for pressure test: 4-SG sensor
Pressure [bar] ε εx εy RFEM [ohm] Var %
250 0, 00128 0, 001 0, 00101 900, 909 0,10%
400 0, 00231 0, 00187 0, 0017 901, 53 0,17%
600 0, 00463 0, 00395 0, 00313 902, 817 0,31%
650 0, 00647 0, 00575 0, 0039 903, 51 0,39%
700 0, 0101 0, 00926 0, 00554 904, 986 0,55%
725 0, 0131 0, 0122 0, 00684 906, 156 0,68%
750 0, 0191 0, 018 0, 00945 908, 505 0,94%
850 0, 0418 0, 0395 0, 0215 919, 35 2,15%
900 0, 0527 0, 0495 0, 0284 925, 56 2,84%
950 0, 064 0, 0596 0, 0363 932, 67 3,63%
1000 0, 0758 0, 07 0, 0454 940, 86 4,54%

of change in length due to pressure. In the case of the strain gauge wrapped
in the pole tube, the strain in the circumferential direction is chosen, due to
the orientation of the conductive tracks of the strain gauge used that are in
the circumferential direction of the pole tube. These calculated values can be
compared with the real data acquired at test bench shown in the left graph
of Figure 39, sampling the data from the test bench at the pressure values of
interest, the same of FEM simulations pressure values. In Table 5 the strain ε,
the strain in radial direction εx and the strain in circumferential direction εy
calculated by the FEM simulations are reported at different pressure values.
In the last two columns of the Table there are RFEM, the resistance of the
strain gauge calculated using the εy of the FEM and Equation (10), the Rreal,
obtained from experimental data at the burst test bench (Figure 39 left graph)
and the percentage variation with respect the nominal resistance.

The same data are shown in the right graph of Figure 39. In the graph,
the dotted lines are ε (equivalent, it’s an average of the two in x and y
coordinates), εx and εy, while the continuous lines are RFEM and RReal,
respectively in yellow and blue colors. It can be seen that the two lines
of RFEM and RReal in the graph have a good correlation and that there is
correspondence between the FEM data and the experimental data. This test
validates the strain gauge data acquired in the burst tests.

With the new sensor version, where 4 SGs of different shape and dimen-
sions are placed along the entire pole tube, the central ones (SG2 and SG3)
cover the region around the control cone subjected to fatigue breakage and
SG1 is over the hollow part of the pole tube more subject to pressure strain.
The same considerations on the sensor sensitivity and gauge factor G made
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Figure 40 Sensitivity comparison between 2SG sensor and SG2 and SG3 of the 4 SG sensor.

for the 2 SGs sensor can be done for the new sensor, but now the gauge
factor G can be evaluated equal to 1, like in the traditional strain gauges, as
a consequence of the fact that the entire area of the sensor is now affected
by the deformation due to pressure strain or to malfunction resulting from
fatigue failures, so that the resistance variation is on its entire length.

The considerations remains the same done before, and we consider the
same law to describe the strain gauge resistance, but now G = 1 and
RSG2 ≈RSG3 ≈900 ohm. In Table 6 the strain ε, the strain in radial direction
εx and the strain in circumferential direction εy calculated by the FEM
simulations are reported at different pressure values. In the last two columns
of the Table 6 there are RFEM, the resistance of the strain gauge, calculated
using the εy of the FEM and Equation (10), and the percentage variation with
respect the nominal resistance.

In Figure 40, the comparison between the percentage changes in sensor
resistance value with respect to pressure are shown. The graph demonstrates
the possibility to increase the sensor sensitivity applying a sensor design
with the constraint that the deformation affects the entire area covered by
the sensor, thus realizing a sensor capable of an earlier abnormal condition
detection. The described experience only covers one of the type of failure of
the valve due to pressure. Endurance tests, executed to calculate the MTTF
(Mean Time To Failure) and MTTFd (MTTF dangerous), and to evaluate if
the sensor is capable to measure the residual life instead allowed to discover
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Figure 41 Creak of the pole tube near control cone (left) and valve broken (right).

other types of faults, which are more difficult for the sensors to detect and
measure.

8 Endurance Tests

Company’s previous experiences on valve testing have shown that valves
can break in two main ways: due to excessive pressure, as described in the
previous chapter, and due to fatigue. The fatigue failure is more challenging
in terms of its diagnosis and predictive diagnosis, because the failure occurs
in the absence of particular deformation due to yielding of the metals. A
test campaign with endless sessions of continuous pressure transients was
carried out, in order to reproduce an accelerated aging of the component and
reproduce the conditions for fatigue failures. Due to quality of component a
higher pressure have been used to accelerate the ageing process, using 430
bar instead of the maximum nominal pressure of 250 bar.

Fatigue failure occurs mainly due to the notch effect in the section
restriction near the control cone. The limited radius at the bottom of the
drilled hole (shown by red arrows in Figure 41) presents a stress peak that
brings to breakage with repeated loading fatigue (from Ptank to Pmax).

Endurance tests have shown a progressive weakening of the area and the
appearance of cracks near the control cone (Figure 41), with consequent oil
vaporization and subsequently with oil spillage and finally with significant
oil leaks, which can cause dangerous failures, depending on the application
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Figure 42 Thermal strain during test bench warm up.

in which the cartridge valve is used. As it can be seen from the warming up
diagrams from Figure 42, the fatigue test bench was started each morning to
allow real-time monitoring throughout test session and the strain gauges had
a warm up period, during which all the resistances changed due to changes in
oil temperature. After this warm up period, the resistances presented always
constant values: the reference one under 2500 ohm (around 2480 ohm), while
the two smaller faced to the two welded-brazed interfaces of the control cone
around 890 and 910 ohm respectively. In fact, all sensors are affected by the
thermal strain and it must be considered because it is not a dangerous strain
to be diagnosed, but it is a normal strain that needs to be recognized. The
parameter which allows to evaluate it properly is whether all strain gauges of
the sensor increase strains with an equivalent percent, as is in Figure 42.

In the figure, both SG2 and SG3, the two sensors facing the welded-
breezed surfaces of the control cone change their resistance due to thermal
expansion with the same shape and so is for SG4, the reference resistance
facing the solid part of the pole tube of the valve.

The Valve under test (Figure 43, left) has been analysed after the fault
and it has been found the classic crack near the control cone as shown in
Figure 43, right side, where the sensor completely broken by the oil pressure
is shown and where the crack is highlighted by the red arrows. Indeed, one of
the choice made for the prototypes was to glue only the axial-ending locations
of the sensor, so if oil is spilling from the pole tube, all strain gauges are
affected by the change in volume. This choice was made for the easiness
of gluing the external perimeter instead of the entire surface of the sensor.
Therefore, in the next tests all strain gauges will change their strain when
valve breaks. If glue was on the entire surface of the sensor, it was likely
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Figure 43 Valve with four strain gauges sensor during endurance test.

Figure 44 Four strain gauges sensor breakage during endurance test.

that the strain changed only for the strain gauge faced with the crack, or in
the event that the strain gauge was broken by the oil spilling under pressure,
making easier to recognize a valve fault.

The case described, is the one under analysis and it shown in Figure 44.
In this test, when the pole tube started to present the first crack, the strain
gauges resistance suddenly overcome the normal values, remaining for long
time in an abnormal resistance condition during which the valve was running
properly, but with some oil vaporization under the skin of the sensor. This
condition is stable until the crack opens.

The time period from the first invisible crack with oil vaporization and the
presence of a dangerous crack in the pole tube can vary, but is always more
than 10 minutes in the high stress condition of the endurance test, where
transients from 0 to 430 bar were continuously repeated at 3 Hz (3 transient
for each second).



250 Massimiliano Ruggeri et al.

 

Figure 45 Two strain gauges sensor breakage during endurance test.

In the Figure 44, for example, the time period from 12.500 samples to
20.500 samples is the period during which the sensors present abnormal val-
ues, but the valve continues to operate without any visible malfunction. This
period is approximately 8.000 test bench samples at 100 ms of time period,
corresponding to more than 13 minutes. This test demonstrates that the new
sensor is capable of detecting, recognizing and signalling an abnormal valve
condition, due to the fatigue fracture of the valve’s pole tube, despite the
absence of a pole tube deformation. This is due to the pressure to which the
strain gauges are subjected, due to the vaporization of oil at high pressure in
the volume created between the sensor and the valve pole tube.

Similar tests were carried out also testing the first version of the sensor,
made up of two strain gauges, the first facing the hollow area of the pole tube,
that corresponds to the volume where it is working the moving armature, the
second facing the solid part of the pole tube, used as a reference, because it is
subject to only temperature strain.

As it was presented in [23], the pressure tests carried out on this two
strain gauges model showed that it was very easy to diagnose, due to the
change in shape of the pole tube under excessive pressure or due to some
material enervation. This incoming fault condition allowed the acquisition
of a difference between the changes in resistance of the two sensors, quite
different from the one due to temperature strain.

In that case, both strain gauges changed their resistance due to oil vapor-
ization and, in subsequent time, due to oil spilling, which created a change
in shape of the whole sensor due to the chosen gluing method. But, even
in this case, the resistance of both strain gauges reached values not in line
with the temperature and, after more than 16 minutes (around 3.000 cycles
of the pressure transient from tank pressure – near 1 bar – to 430 bar), one of
the sensor was broken by the oil pressure spilling in the volume between the
sensor and the valve. The results of this test are presented in Figure 45, where
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Figure 46 Sensor functionality with oil loss, gluing area is highlighted in the figure.

in the left diagram is visible the transient and the final breakage of the SG1
sensor, and in the right the result of the breakage due to the oil spilling under
pressure. Also in the case of the two strain gauges sensor, the sensor was
found able to diagnose an abnormal condition indicating impending valve
failure due to fatigue stress.

Finally, it was tested what happens in cases where the oil is spilling and
it breaks the glue resulting in an oil loss without a sensor breakage. In one of
the endurance tests a sensor glued only along the pole tube and not along the
circumference was used, to allow the oil spilling. At the end of the test the
oil spilling was observed, but also an abnormal strain, with the difference that
the strain was repeated for each test bench cycle, without breaking the sensor.
The result is shown in Figure 46. As it can be noted, the pressure is sufficient
to induct an abnormal strain and then to allow the pole tube fault diagnosis.

The test was conduct stopping the continuous cycling at 3 Hz of 430 bar
pressure peak transient, and some slower test at 250 bar was executed, in
order to understand if at nominal pressure the fault could be recognized. As
it is shown in the figure, the strain gauges resistance change from 995 Ω to
1070 Ω for SG2 and from 930 Ω to 990 Ω for SG3 with a percent change
of 5,8 % and 7,5% respectively (due to the relative position of the breaking
crack). Both the absolute value of resistance transient, the dynamic of the
transient and the different in percent values allow to immediately diagnose
an abnormal condition for the valve. In fact the normal thermal expansion,
the only one that the sensor is able to acquire in normal operating conditions,
could not have presented either the dynamic one, nor those absolute values
and above all it could not have presented different variations for the two
sensors at the two ends of the control cone.

To collect a more comprehensive set of tests, another test was performed.
Two valves have been tested together, one with coil mounted and one without.
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Figure 47 Two-SG valve with and without coil under test, valve damaged.

The coil changes the shape of the sensor once the oil start vaporization or
spilling due to a crack, the reference sensor is less affected by the change of
shape and change in resistance. The test with breakage of the valve with coil
is shown in the Figure 47.

In the figure there are two aspects to be noted: the first one, is that the
valve with coil shows a different warm-up curve both in the yellow line, SG2
reference, and gray line, SG1 sensor, in respect to the valve without coil; the
second aspect is that, when the pole tube is damaged, the sensor SG1 (grey
line) starts changing its shape and changes its resistance accordingly, while
the reference SG2 doesn’t change its resistance, because the oil doesn’t reach
the pole tube area of the reference strain gauge.

In the latter case the diagnosis is easier and does not need any other sensor
(like an oil temperature sensor) to immediately recognize an abnormal condi-
tion that is probably related to a fatigue failure. As previously underlined, also
in this case from the time when the sensors recognize the abnormal condition,
to the time when the sensor breaks or the oil start spilling a dangerous amount
of oil, there are more than 13 minutes. In fact in the figure the change of
resistance starts from around 22.500 number of cycles to more than 30.000
number of cycles before the sensor SG1 breaks, at 10 cycles per second.

This test concludes the experimental part of the research work and allows
to state that the new hyper-thin sensors are able to diagnose the pole tube
faults of cartridge valves under all possible conditions.

9 Conclusions

This project represents the first complete experience of implementation of
new hyper-thin sensors to cartridge valves; the use cases and the tests
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executed cover the most likely real conditions, especially those related to
endurance tests. The sensors presented are specialized versions of multiple
strain gauge sensors. These sensors are not only special in their shape, but
both materials and process are new for this application field. A very thin
substrate and a nano-metric conductive material deposition, as well as the
design freedom offered by the flexible electronics, have made it possible
to generate a series of sensors capable of detecting phenomena that normal
strain gauges were unable to detect in past experiences. Besides it has been
demonstrated that it is possible to create custom hyper-thin strain gauges of
around 10 µm of thickness with useful resistance values for application in
cartridge valves and, in general, in hydraulic components.

The lesson learned includes the awareness that a specialized sensor design
increase the sensitivity and the usefulness of the sensor itself. To design
the perfect sensor and to include it in a modified component without losing
performance, many expertise are required, from materials, processes knowl-
edge to mechanical and simulation design to electromagnetic analysis, until
analogue and digital electronic hardware and software design.

The new sensor, in all the versions presented, is a safety relevant sensor
for cartridge valves, which allows detecting abnormal pole tube deformation
at early stage, before experiencing a valve breakage or oil leaks due to valve
cracks. The new sensor represents a major step in valve diagnostics and
prognostics, because it allows direct measurement of the pole tube strain,
preventing breakage and oil leaks, which were previously detectable indi-
rectly by pressure sensors in the manifold or in the hydraulic pipes, but only
when the pressure in the circuit drops due to a macroscopic oil leak. Early
identification of preventative diagnostic conditions is essential to making
valve-based systems safer.

The sensors demonstrated their efficacy in both static and dynamic condi-
tions, in pressure (burst) and endurance tests, both with and without coil, and
have been characterized until sensor breakages and valve breakages through
real test campaigns. The sensors are able to detect and diagnose all faults,
with some difference in the “fault distance” but always at early stage.

This research demonstrates that shape design freedom offered by flex-
ible electronics technology represents an interesting opportunity to equip
hydraulic components with new sensors, which can bring to electro-hydraulic
systems an unseen diagnostic coverage level.

This sensor matches with the most stringent requirements of diagnostic
coverage of fault tolerant applications and it is able to prevent dangerous
faults with a significant time advance, helping manufacturers to make safer
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and reliable hydraulic systems. These sensors could represent an impor-
tant advancement for the design of electro-hydraulic systems in various
challenging fields and applications, such as: naval and submarine, avion-
ics, autonomous, robotics or assisted systems, steering and braking, and in
military applications.
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