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Abstract.

Trends in hydraulic system design tend to avoid proportional valves because of energy losses
intrinsic to their operation. Yet valves are fundamental in many applications and often are
used in functional safety critical applications. Current systems require increasing precision
in controls and actuations, as well as higher safety performance levels in both components
and systems. Both of these requirements involve sensors to make the component and systems
fully observable and controllable. It is particularly difficult to implement sensors integrated
directly in cartridge valves. However, sensors installed directly inside the valves would
allow direct observation of their behaviour. This would provide highly valuable diagnostic
information from functional safety perspective and would be crucial for precise control of
valve operation. The paper presents a new sensor integration method for cartridge valves,
which allows a direct observation of their functionality and enables a precise tuning of the
valve in low flow metering condition, as well as the direct control of valve safe position.
The applied sensor is a miniaturized MEMS sensor whose usage is the consequence of a
mechanical-electronic valve co-design approach. The valve design, the sensor and its
readout electronics, as well as the tests are presented, with a discussion of the possible usage
of the assembly and a more general idea for new design of both proportional and status
valves.

Keywords. Cartridge Valve, Proportional Valve, Pressure Sensing, Functional Safety,
Valve Diagnosis, Sensors, MEMS, DETF.

1. INTRODUCTION

The increasing demand for compact, high-performance fluid power systems has driven
significant research toward the integration of miniaturized sensors directly within hydraulic
components, particularly valves [1]. Miniaturized pressure sensors represent an important
focus of this research. In conventional hydraulic systems, pressure sensing is typically
performed using externally mounted transducers connected via ports or tubing, which



introduces delays, parasitic volumes, and measurement uncertainty. Recent advances in
Micro-Electro-Mechanical Systems (MEMS) technology have enabled the development of
pressure sensors with dimensions on the order of millimetres or below, opening the
possibility of true in-situ sensing within valve bodies and flow passages. MEMS devices
leverage micro-machined silicon structures—such as membranes, beams, or cavities—to
transduce pressure into electrical signals via piezoresistive, capacitive, or resonant
mechanisms and, to date, piezoresistive sensing has remained the dominant approach due to
its robustness and compatibility with industrial environments [2]. Resonant MEMS sensors
represent an alternative approach offering significantly higher strain sensitivity and excellent
long-term stability.

State-of-the-art miniaturized pressure sensors typically achieve footprints below 1-2 mm
and thicknesses below 0.1 mm, enabling integration into confined geometries such as micro-
channels, catheter tips, or embedded cavities [3].

Advanced designs employ membrane-based architectures, where pressure-induced
deformation is measured through integrated strain gauges or piezoresistive films. More
recent developments include integrated microchannel sensors, in which the sensing element
is fabricated directly adjacent to or within the fluid path, minimizing dead volume and
improving dynamic response [4]. These approaches are particularly relevant for hydraulic
valves, where accurate measurement of transient pressure gradients across small control
volumes is critical for performance characterization and control using both absolute and
differential pressure sensors [5].

A key trend in the literature is the move toward fully embedded sensing architectures, where
the sensing element is structurally integrated into the component rather than mounted as a
discrete device. This includes chip-level integration using techniques such as flip-chip
bonding [6], through-silicon vias, or wafer-level packaging, allowing the sensor to be
embedded within metallic or polymeric housings while maintaining electrical connectivity
and environmental isolation. In harsh environments such as hydraulic systems, the sensing
element is typically protected by a metallic or polymeric isolation diaphragm, enabling
exposure to high-pressure fluids while shielding sensitive electronics. These packaging
strategies are essential to ensure compatibility with high pressure levels, temperature
variations, and aggressive media typical of fluid power applications.

Emerging research further explores ultra-miniaturized and high-sensitivity sensing
technologies, including devices based on two-dimensional materials (e.g., PtSe: or graphene
membranes), which exhibit significantly enhanced sensitivity due to reduced mass and
increased gauge factors. Such sensors demonstrate the potential for sub-millimeter, high-
resolution pressure measurement, although their application in hydraulic environments
remains largely at the research stage [7]. Additionally, multifunctional micro-sensors
capable of simultaneously measuring pressure, temperature, and flow are being developed,
offering the prospect of integrated diagnostic capabilities within a single embedded device
[8]. Despite these advances, several challenges remain for the adoption of embedded
pressure sensors in hydraulic valves. These include reliable sealing under high pressure
(often exceeding 250-300 bar), vibration resistance, long-term stability in oil-contaminated
environments, thermal drift compensation, and the integration of signal conditioning
electronics within limited space. Consequently, while MEMS-based miniaturized sensors
have demonstrated strong potential for embedded valve sensing, their widespread industrial
implementation is still constrained by packaging, robustness, and cost considerations.
Nevertheless, ongoing developments in microfabrication, materials, and system integration



indicate that fully sensorized hydraulic valves, with pressure sensing embedded directly
within the valve body, represent a key direction for next-generation fluid power systems.

Pressure is one of the most important parameters to measure in hydraulic systems, but both
for flow prediction and for functional safety concerns, valve spool position sensing is still
one of the most critical embedded measurements; indeed most sensors are integrated but not
fully embedded (often mounted externally on valve body) and not miniaturized enough [9].
For that reason several studies focus on valve spool position inference through EMC analysis
as shown in [10] or innovative approach to valve actuation design through piezo-electric
devices integrating piezo-electric sensors for spool movement sensing [11].

Finally, functional safety requirements ask for higher diagnosability both indirect, through
virtual sensors and software, and direct, through real sensors. For that reason, there are many
studies to infer valve faults, even using machine learning, like the one in [12], in which
sensing the current in the coil, both spool stuck and spring failure valve faults can be
identified. From the direct diagnosis side, many studies attempt, with a multi-sensor
approach and a sensor fusion, to make diagnosis and predictive diagnosis of valves [13]. But
the crux of these studies is the need for high sampling frequencies to perform the Fast Fourier
Transform (FFT) of the signals and evaluate the remaining useful life of the components.

Valve diagnosis and, in particular, faults of its core is a key point for functional safety, due
to the need to understand if valves are in their safe position, and that diagnosis is also made
through different sensors like accelerometers for an indirect sensing of the core position
[14]. Unfortunately, these methods do not also include the possibility of improving the
control of the valve spool position.

2. THE MEMS-DETF SENSOR

The type of MEMS used in this research is a double-ended tuning fork (DETF) type MEMS
developed by CNR from 2012 and published in [15], [16] and [17], and now in production
through a spin-off company. It is based on a micro-mechanical tuning fork structure
connected to micro capacitors vibrating in vacuum inside the MEMS chip.
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Figure 1. MEMS-DETEF structure (left) and working principle (right)
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Figure 2. MEMS-DETF and MEMS Temperature Sensor mounted on flat cable

The tuning fork is maintained in continuum vibration at its resonance frequency through an
external electronic circuit in the readout electronics connected to the MEMS chip pinout.
The tuning fork is connected to the MEMS chip at its ends and when the chip is subjected
to strain, then the tuning fork changes its resonance frequency according to the strain. If the
strain is a compressive strain, then the frequency becomes lower, while if the strain is an
extensive strain, then the resonance frequency increases. This frequency shift is linear with
the strain. Due to the high stiffness of silicon, it shows a very high sensitivity of ~ 200 pe,
10.000 times the sensitivity of a traditional flexible strain gauge. This characteristic together
with the possibility to vary the sample frequency (until 10-15 kHz) by changing the buffer
size of frequency values, corresponding to each MEMS oscillation, used to calculate the
frequency in the microcontroller's reciprocal frequency counter peripheral, make the sensor
particularly suitable for hydraulic applications. Of greatest interest are those applications in
which it is difficult to find a position where to install a traditional sensor, or where a high
sample frequency is required. The MEMS-DETF has been applied to hydraulic components
through years and published in [18], [19] and [20]. In this work the sensor has been applied
to a valve for the first time.

3. VALVE WORKING PRINCIPLE

The valve used in this project is manufactured by VIS Hydraulics, and the technical code is
PFRO0.S08, represented with its hydraulic symbol in Figure 3.

PFRO.S08

SAE Cartridge - 250 bar
Proportional Solenoid Valve
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Figure 3. Proportional flow regulator and its hydraulic symbol




This is a non-pressure compensated proportional flow regulator, equipped with a solenoid,
designed to control the amount of oil flowing between port 2 (inlet port) and port 1 (outlet
port), in response to a specific current applied to the solenoid.

As shown in Figure 4, by regulating the current applied to the solenoid, it is possible to
regulate the flow between the minimum and the maximum admitted values.
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Figure 4. flow regulation curves at different pressure drops

The current flowing through the coil generates an electromagnetic field that magnetizes the
internal elements, and an attraction force is generated between the so-called moving plunger
and the fixed armature, leading to an internal movement of the pilot and main poppet. By
changing the current value, the attraction force changes accordingly, and a different opening
point is reached, thus obtaining a different regulated flow. Because the valve is not pressure
compensated, the amount of the regulated flow in response to the current may change
depending on the pressure variation across the inlet and outlet ports.

As shown in Figure 5, the original valve is modified by creating an internal pressure chamber
(called sensing chamber), designed to withstand the same pressure acting on the internal
stage. The pressure in the sensing chamber is detected by the MEMS sensor applied in the

modified nut.
In the real case, something happens inside the valve, which can be divided in three stages:

. Coil off: the valve is closed and there is no oil flow between inlet and outlet port, and
the pressure inside the valve (and in the sensing chamber) is equal to the inlet
pressure, as showed in Figure 6.

o Coil on with current between 20% and 60% of the steady-state current: when the
electromagnetic force generated by the electromagnetic field acting on the moving
plunger is sufficient to start to open the axial orifice, the main poppet lifts itself,
reaching an equilibrium position with a certain distance from the pilot poppet. By




increasing the current, this distance is maintained (so both the main and the pilot
poppet lifts together with the increasing magnetic force inside the pole tube).
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Figure 7. Internal pressure level at intermediate current.

The pressure inside the sensing chamber is no longer the inlet one (Figure 7), but now there
is an intermediate pressure that can be described by r recalling the turbulent flow equation
through a restrictor, derived from the Bernoulli equation:

i M
Q=C,-A- |2-—

p
where Q is the flow, Cq is the efflux coefficient, A is the orifice area, Ap is the pressure drop
across the orifice, and p is the fluid density.

At equilibrium, neglecting the leakages it can be assumed that the flow across the radial
orifice is the same as the flow across the axial one, and under steady-state conditions we can
neglect some terms, obtaining the following equation:

Cq 'Ain\/ Pin — Pch = Cq - Apye (x) - vV Pch — Pout )

Where, in our case, the inlet area is related to a fixed radial orifice, while the outlet area is
given by a percentage of the area of the axial orifice, depending on the distance between the
pilot and the main poppet.

From simulations, we know that the intermediate position of the pilot poppet opens around
the 40% of the outlet area; with this assumption, the pressure in the sensing chamber can be
approximated, obtaining:

Don = A(2)3 “Din T A(2]4 " Pout (3)
" A3y + A%
For the valve under study:
o With an inlet pressure of 200 bar, the internal calculated pressure is around 133 bar.



. With an inlet pressure of 100 bar, the internal calculated pressure is around 67 bar.
o With an inlet pressure of 50 bar, the internal calculated pressure is around 33 bar.

More generally a linear dependency from pi, and pou can be plotted and the result for pou 1,
10, 50 and 80 bar is shown in Figure 8.
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Figure 8. Internal pressure function of pi, (inlet) and pou: (load)

o Coil on with current above the 65% of the steady-state current. Now the
electromagnetic force is sufficiently high to pull up the plunger and the pilot poppet,
while the main poppet reaches its maximum stroke; this leads to the complete valve
opening, and the pressure inside drops to the minimum value that is usually the pout,
the load pressure. In this condition the maximum pressure drop of the valve is
reached, around 14 bar in the test bench where the pou is the reservoir pressure. In
other condition in real applications the pressure is related to the pous, the pressure of
the load.

4. TEST SETUP

The sensor was glued on the cap (Figure 9 left) using the Micro Measurements M Bond AE-
10 epoxy and it was thermally conditioned in order to stabilize the glue for higher
temperatures. Then the cap was mounted on the valve pole tube, facing the sensing chamber.
Then the valve was mounted on a special three-way manifold. A first setup was prepared at
the static test bench to verify the sensor sensitivity in respect to the pressure strain in the
sensing chamber (Figure 9 right). The main objective of the test was to qualitatively verify
that the sensor was able to acquire pressure transients with sufficient resolution with respect
to the variation of the resonance frequency with respect to the pressure variation.

To evaluate the sensor performance a program application under Windows was created. The
program communicates with the sensor readout electronics control unit through the USB 3.0
connection and it permits acquiring at high speed all the data from the sensor, allowing the
complete acquisition of the raw data.

The observed response during various tests with 30 bar steps and 50 bar steps, respectively,
manually generated in the bench, was that the sensor and its double ended tuning fork
sensing elements inside were capable of acquiring the pressure variation. In particular, due
to the asymmetrical shape of the cap, the Sensor 1 (Channel 1 in yellow in Figure 9), directed



in the same axis as the machining created to position the sensor in a protected position, by
removing material from the cylindrical cap, is more sensitive than Sensor 2 (Channel 2 in
green in Figure 9). Sensor 2 is aligned along the axis orthogonal to the aforementioned
mechanical machining.

Figure 9. The sensor glued on the cap (left) and the valve at the static pressure test
bench (right)

e  The greater presence of material therefore makes the cap more rigid in the direction
orthogonal to the machining, making the tuning fork less sensitive in that same
direction. From a quantitative point of view, allowing for small measurement errors
in data collected manually during the tests, it can be stated that Sensor 2 is
approximately one-third less sensitive compared to Sensor 1.

Figure 10. The static test bench (manual pressure regulation bench) and the application
program for resonance frequency acquisition. Valve is mounted without coil.

Specifically, the data collected indicate an average sensitivity of:

e  Channel 1: 62.2 Hz/bar;



e Channel 2: 41.4 Hz/bar.

Such data can be easily obtained from graphs such as the one shown in the Figure 11, which
are obtained from the data recorded by the PC application that records the data
communicated in real time by the sensor via USB communication. In the test shown in the
graph in Figure 11, steps of 50 bar from around 1.5 bar to 300 bar are manually generated
using the static pressure bench. In the test the resonance frequency of both sensors, together
with the component temperature, is acquired in real time and stored for post processing, here
made through Excel after conversion of the CSV data files.

Static Bench 50 bar Step Test

Resonance Frequency CH1, CN2 (Hz)
Temperature (°C)

1

Figure 11. 50 bar steps test at static pressure test bench

In order to evaluate the sensor's resolution with respect to the variation in Hz per bar, as a
comparison it can be used the resolution obtainable from a standard reciprocal frequency
counter of a modern microcontroller, which allows acquisition of tenths of a Hz even with
data of hundreds of kHz. Therefore, the resolution that Sensor 1 can achieve is greater than
0.002 bar and the Sensor 2 a resolution greater than 0.003 bar.

5. SENSOR QUALIFICATION AT TEST BENCH

To have a complete test qualification both in static and dynamic conditions, a test campaign
was planned and executed at the Innovation Centre premises of the VIS Hydraulics
Company. The valve was mounted on the test bench and connected to both the inlet and
outlet ports in the same configuration used in actual machine applications (Figure 12). It is
a proportional flow control valve, whose regulated flow rate depends both on the force
transmitted by the coil to the spool and on the inlet pressure, therefore is of the
uncompensated type. Therefore, acquiring the inlet pressure in real time could be a very
interesting feature for the electronic control of the valve. The first test was designed to verify
whether the sensor is able to acquire the inlet pressure when this pressure is returned to the
sensing chamber created inside the valve, near the sensorized cap (see Figure 5 for
reference).
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The first test was performed maintaining the valve unpowered in the closed position, which
can be critical due to the need for the pressure to be returned in the sensing chamber at the
end of pole tube. Pressure steps were generated at the test bench and the sensor signals were
acquired during the test. As shown in the upper plot of Figure 13, the sensors signal is
changing according to the pressure generated by the test bench (lower plot of Figure 13).
Moreover, the resonance frequency steps are proportional to the pressure steps, due to the
screwed cap strain under the pressure in the sensing chamber.

Figure 12. The valve with the sensor and the readout electronics at test bench

As it can be seen in the figure, the resonance frequency levels are not the same at the
beginning and end of the test, despite the initial and final pressures being equal. This is due
to the temperature difference between the valve and the cap, which is detected by the MEMS
temperature sensor in the flat cable adjacent to the MEMS-DETF strain sensor. This effect,
which has a significant impact on the measurement, results from the thermal deformation of
the metal component. This deformation is essentially linear with temperature and can be
compensated for using two possible methods: a temperature-dependent strain ratio
parameter between silicon and metal, or by detecting the change in resonance frequency due
to thermal deformation.

In the case under study it was found that the thermal strain is around Fr= 3235,8 Hz/°C. This
temperature compensation was then applied to the acquired sensors resonance frequencies
starting from the initial test temperature using the simple equation:

Jeorr(®) = () = Fr » (T(2) = T(to)) “4)

where foor is the compensated resonance frequency, f is the uncompensated resonance
frequency, Fr is the thermal strain frequency correction factor, T(t) is the current temperature
and T(to) is the initial temperature of the test. The result of the compensation is presented in
Figure 14. In the Figure, the resonance frequency levels at the beginning and the end of the
test, corresponding to the same pressure levels, are the same, validating the accurate
temperature compensation made through (4).
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Figure 13. Uncompensated Sensor Response to the Pressure steps at Test Bench

In order to understand the relationship between the sensor signals and the real pressure
values acquired through the sensors installed in the test bench, a comparison is made with a
test where 50 bar steps of the test bench pressure were generated both increasing and
decreasing pressure from 9 bar to 250 bar.
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A Matlab® script was used to adapt both the scale and the timing of the acquisitions. The
sensor signal is compensated in temperature and the timing is shifted in order to make the
starting time of both acquisitions synchronized with the pressure steps. The result is shown
in Figure 15.

The pressure estimated from the raw MEMS resonance-frequency signal was compared with
the reference pressure measured by the inline pressure sensor. The MEMS frequency was
converted into pressure using a linear calibration derived from the mean values measured
during the static pressure plateaus. The calibration yielded a scale factor of 0.0120 bar/Hz,
corresponding to a MEMS pressure sensitivity of approximately 83.3 Hz/bar. To minimize
the influence of possible time-synchronization errors between the two acquisition systems,
only the static pressure conditions were considered, excluding the transition regions. The
reconstructed MEMS pressure shows good agreement with the reference measurement, with
an RMSE of 1.157 bar, corresponding to 0.461% of the full-scale pressure range.

In fact, as it can be noted in the figure, the MEMS-DETF sensor is capable of acquiring
pressure values with excellent agreement with the data from the sensors used in the test
bench.

The final result of the test is that the sensor installed in the screwed cap allows measuring
the inlet pressure, which is returned to the sensing chamber obtained in the terminal position
of the valve's pole tube.
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Figure 15. Temperature Compensated Sensor Response (normalized) to the Pressure
Steps test

In order to complete the sensor qualification it is fundamental to understand what happens
to the internal pressure when the valve is commanded and then the plunger changes its
position, consequently the pilot poppet and main poppet change their positions accordingly.

6. FUNCTIONAL TESTS: INTERNAL PRESSURE OBSERVER

Once it was demonstrated that the sensor facing the internal sensing chamber is capable of
acquiring the inner pressure with excellent agreement with the test bench sensors,
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subsequent tests were performed at the same test bench, by testing the valve under all its
operating conditions. Electrical commands were generated for the valve to power the coil
and activate the valve's internal spool, causing it to open proportionally to the command.
The tests were repeated at different circuit supply pressures (pin), in order to verify the
general applicability and the repeatability of the functionality tested.

A test setup was created where the valve was controlled using a production electronic board
usually sold together with the valve. The board, connected with a PC application through a
CAN network using a CAN to USB gateway, is capable both to program, to calibrate and to
control the valve output, also generating repeatable timed commands. Indeed the system is
also used for endurance tests in the company facilities. A PWM ramp and the corresponding
current ramp were generated from 0% to 100% and way back, in order to replicate an entire
cycle of valve command from valve fully closed to valve fully open and then the opposite
transient until valve fully closed condition. The test was repeated at different inlet pressure
(pin) values, in order to validate the sensor signal. Here the results for pi, = 100 bar and pi, =
200 bar are presented.

Figure 16. Full Valve Cycle at pi, = 100 bar

As it can be observed in Figure 16 for the test at pi,=100 bar, the control cycle lasts 40
seconds, that means that it is a quasi-static test, because the dynamics are very limited.

In the test diagram it can be observed both the line pressure and the MEMS signals, as well
as the oil flow through the valve and the command to the valve coil (coil real current).

e The first behaviour that can be noticed is that the internal pressure is not equal to
Inlet pressure pi, from the instant the poppet starts moving, as explained in the valve
working principle discussion.

e The second behaviour that can be noticed is that the internal pressure remains
constant from the first moment of valve opening in metering conditions until
saturation opening. Practically speaking the internal pressure holds a nearly
constant value across the entire flow regulation range and its value is near the
theoretical one of 67 bar calculated for 100 bar of inlet pressure (red line in the
figure, corresponding to the temperature compensated MEMS signal).

e The third behaviour that can be noticed is that when the valve is fully open the
internal pressure becomes equal to the sum of the load pressure and the pressure
difference across the valve (pioad + Ap).
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The test case at pin = 200 bar is presented in Figure 17. As it can be observed in the figure,
the behaviour of the valve under coil actuation is the same as in the previous case. The
difference in this case is that the equivalent internal pressure measured by the MEMS sensor
in the regulation phase is around 133-135 bar, a value completely compatible with the value
previously calculated in equation (3).

pressure [bar]
.
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freq CH MEMS [HZ]

Inlet pressure bench
J MEMS conv
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Figure 17. Full Valve Cycle at pin = 200 bar

Another interesting result to be noticed is that the valve opens at different current values due
to pressure and this event is not directly observable without the MEMS-DETF sensor.
Conversely, the automatic control could be used to acquire the change in internal pressure
and could regulate the metering phase of the valve control depending on the current and the
boundary conditions; this would ensure repeatability of the command regardless of the
valve's operating conditions.

7. CONCLUSION

The MEMS-DETF sensor installed in the screwed cap of the cartridge valve, facing the
sensing chamber, where the internal valve pressure is reported, demonstrates some important
aspects of valve sensor-oriented design. The sensor further demonstrates its capability of
being used as an external pressure sensor in hydraulic applications applicable to thick walls
due to its high sensitivity. The mechanical-electrical co-design of the valve demonstrates
that a combined approach to design enables the development of new components with higher
diagnosability rate and easier to control precisely, due to new sensor integration methods.
The sensor applied to cartridge valves is a powerful element for both control and diagnostics.
Moreover, it allows the precise metering control, even if the valve is uncompensated. Indeed
it is able to detect the exact force - and relative coil current - at which the valve spool starts
to move. From the diagnosis point of view, it allows a direct observation of the effects of
the valve spool (and poppet) movement. Based on the internal valve pressure acquisition
and its relationship with the inlet pressure measurement, it is possible to evaluate the status
of the valve. This allows determining whether the valve is closed, partially open for flow
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regulation, or fully open. Furthermore, it can also be used as a redundant pressure sensor
due to the proven relationship between the Inlet pressure and the valve internal pressure.
The information on the status of the valve is crucial for functional safety critical applications,
where the safe state is often related to the de-energized position of a safety valve (e.g. load
dump) and/or to a position of a proportional valve, to prevent both single critical failures
and latent faults. The next steps in studying the potential applications of these promising
MEMS-DETF sensors in valves, involve an innovative approach to valve design, aiming to
create areas and volumes where all the pressures involved in valve control can be measured.
The ultimate goal will be the design of a fully integrated valve with the sensors required for
its complete control.
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