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Abstract

Piezoresistive pressure sensors used in the industrial plants and laboratories are often exposed to non stationary, high-intensity pressure changes, causing malfunction of sensors and break of the diaphragm. The influence of stationary overpressure, shocks, oscillatory changes, cavitations, and repeated overpressure shocks are experimentally investigated and described in this paper. A method for investigation of the mentioned phenomena and their influence on pressure sensors is described. A chip capable of withstanding common problems with overpressure was successfully designed, fabricated and evaluated under extreme overpressure conditions.
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1. Introduction

Piezoresistive pressure sensors are dominant sensors used in industrial and laboratory measurement due to excellent mechanical and semiconductor properties of silicon. Since not only pressure but also level, flow and even temperature are measured  by these sensors, their reliability, accuracy and robustness are of utmost interest. The mechanical properties of silicon single-crystals are well known [1]. The diaphragms made by anisotropic etching of silicon practically do not exhibit any plastic deformation even under pressures many times exceeding their nominal pressure range. Because of this, a sensor with piezoresistors connected into a Wheatstone bridge possesses basic measurement accuracy, including linearity, hysteresis and repeatability, of about four orders of magnitude below the measuring range.

Piezoresistive pressure sensors are used in the most critical places in industrial and electric plants, in oil and gas transport, as well as in hydraulic systems that run under high pressure and fast actuators, in explosive environments etc. Each of these places is subject to unpredictable oscillations, shocks, resonant phenomena that could cause overpressure and may even result in diaphragm destruction. The leakage and mixing of different fluids that may consequently occur may result in damage and is a potential source of danger. 

Phenomena produced by fluid transients frequently appear and are well known. During a fast change of flow parameters, due to the closure of a valve, pump operation, some resonant behavior or unexpected interruption of flow, a sudden pressure increase and oscillation often appears. This situation can be described in the following way. 

Let us assume that the liquid flows through a pipe with a cross-sectional area S, with a speed v. If a valve is closed and the flow is instantaneously stopped, the fluid immediately adjacent to the valve is brought to rest. The kinetic energy of the fluid produces a pressure increase in front of the valve. A consequence is an elastic change of the pipe dimensions and the change of the fluid density. The high pressure wave pulse is traveling upstream at some speed c' close to sonic and after a period of dt crosses a distance of dl=c'dt. If the cross-sectional area increases to (S+dS) along the distance dl, and the density becomes 
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(S+dS)c'dt in the volume (S+dS)dl. Before closing of the valve this mass was moving at the speed v.

Immediately after the valve is closed, the liquid is stopped and during an interval of dt the momentum is changed by 
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(S+dS)vc'dt. This momentum change is equal to the impulse inducing the pressure change in the same time interval (S+dS)dpdt.

If we make the last two expressions equal, at the same time neglecting the change in density, we obtain

dp=vc' (1)

It is evident that the change of the pressure due to hydraulic transients, which is proportional to density, speed of flow and the speed of sound, could well surpass the pressure under stationary conditions. The pressure peaks are usually followed by pressure oscillations propagating at the speed of sound through the medium. Namely, after the valve is closed, or the flow stopped, the region of increased pressure in front of the valve travels upstream until it reaches the upstream end of the pipe. At the instant l/c', where l is the pipe length, the increased pressure (p+dp) spreads along whole pipe. In this moment the liquid is at rest. However, since the pressure deeper along the pipe is higher than at its mouth, the liquid will start to flow in the opposite direction, inducing a new wave of pressure decrease. This wave will also propagate at a speed c', but this time in the direction of the valve.

On the outlet of the valve, downstream, due to inertia of the fluid, immediately after closing of the valve, a pressure drop occurs. When the pressure becomes lower than the atmospheric pressure, the vacuum conditions create bubbles. The subsequent rise in pressure will lead to the compression of bubbles, the phenomenon known as water hammer. This phenomenon is the most important for pressure sensors as well as for industrial plants because the collapse of the bubbles often causes extensive damages. The energy concentration during the cavitations is extremely high. In the vicinity of the valve, where described phenomenon occurs, the sensors diaphragms often break. This happens because the induced high pressure peaks are non-uniformly distributed along the diaphragm surface. Hence, some sort of mechanical protection for diaphragms is made in the form of a precision laser-drilled orifice placed in front of diaphragm, with the intention to prevent the formation of bubbles [3]. Such protection is based on the Helmholtz resonator, where a tiny channel in front of a sensor increases the resistance to the propagation of waves above certain frequency [4].

Although the protection of the diaphragm is possible through an external mechanical system, none of these ensures a complete protection against the described intensive and fast shocks.

For the piezoresistive sensors the most effective protection is the one that can be incorporated within the device itself utilizing MEMS technology, limiting the deflection of diaphragm below the burst limit.

One of the first such inventions was proposed by Ekstein [5]. In years, due to a rapid development of MEMS technologies, more similar solutions appeared, based on the same idea [6 -13].

However, very few data and studies are published about the results of the applied protection and about the behavior of sensors during and after the appearance of overpressure.

On the other hand, the introduction of new technological processes, besides improving the quality, often causes additional problems. For example, after introducing many sophisticated operations Ikeda et al [8,9] were able to produce very thin and precise diaphragms, with very shallow recesses, of the order of a micrometer on either side, to obtain a better protection. However, because of such a small gap, the diaphragm sticks during production and an additional operation has to be introduced to passivate the diaphragm surface.

The possibility of miniaturization from micro- to nanostructures appears very attractive from the commercial and the technical point of view. However, in this range of dimensions, many physical phenomena are not yet investigated. By a simple scaling of sensor structures from micro- to nanoscale, one transcends into a field of new forces. For example, the Casimir forces which are effective in these small ranges and play an important role in the fabrication and operation of microelectromechanical systems are not yet sufficiently explored. The attractive Casimir forces cause the stickiness of movable parts, and are one of principal causes of failure in MEMS structures [14].

The changes on sensors induced by overpressure are rarely reported.

Stankevič et al [15] performed one of the rare experiments investigating the sensors with limited deflection of the diaphragm, using a shock tube. Although they applied pressures only three to four times exceeding the nominal, they noticed the changes in the sensitivity and temperature characteristics of the sensors. The authors attributed these changes to the weak bonds of the fused silicon wafers. Unfortunately, this kind of bonding is mostly used for SOI wafers in sensors production.

A sophisticated method of overpressure protection MEMS fabricated silicon pressure sensor is described in [2].

The aim of the present work is to further investigate the influence of different kinds of overpressure on sensors with limited deflection of the diaphragm, and to determine their influence on reliability and accuracy. At the same time, the intention was to avoid both too complex technological procedures and stickiness problems connected with Casimir forces in ultra-small MEMS parts. To this purpose a piezoresistive sensor chip was designed and produced with a protective insert, utilizing standard MEMS technologies. The influence of overpressure to this chip and to standard devices was investigated.

2. Chip design

In order to investigate the influence of overpressure, shock waves, fast response and stability of the basic chip characteristics, a chip was designed as it is shown in Fig. 1. The design is based on a chip made in n-type silicon-single crystal, with orientation (100), as described in [16].

The protective insert shown in Fig.1. was also made using MEMS technology. Two photolithographic masks were used. One for the insert upper surface, slightly smaller than the diaphragm, and the other that forms the bottom communication channels. 
The role of the insert is to support the diaphragm when an overpressure occurs, in order to prevent excessive deflection. In this way, the insert restricts further influence of pressure increase and prevent the diaphragms burst. The gap between the diaphragm and the insert is precisely defined on the basis of calculation of diaphragm deflection versus pressure and the respective experimental measurements [17].
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Fig.1. Schematic design of a chip with an insert for overpressure protection. 1. Diaphragm, 2. Insert, 3. Glass substrate. The bottom view of the insert is shown on the right side

A silicon, (100( 3( wafer with 3(5(cm resistivity and 400(15(m thickness for the insert fabrication, was used. To achieve the required gap width, the first processing step was the wafer thinning. In order to get very smooth Si surface after etching, the wafer was thinned by single side etching in 25% TMAH. The smoothness of Si surface is crucial concerning the next photolithography step on the same surface.
 Two consecutive photolithography steps were performed: the first photolithography step for insert top side and the second photolithography step for insert bottom side were done by using EVG620 Double Sided Mask Aligner. 
The etching of inserts in 30% water solution of KOH, simultaneously for both sides was performed. Both of the masks were designed with convex corner compensation structures. Fig. 2 shows processed wafer after KOH etching step: three equal squares defined by etched-through channels were released with beams connecting them to the rest of the wafer. Each of the squares included 9(9 matrix with inserts. All of the inserts were hold together with (20(m thick residual membrane and the thicker rim all around the square. 
The squares were detached easily from the wafer by tweezers, Fig. 3.
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                                       a)                                                                              b)

Fig. 2 Processed 3( wafer after 30% KOH etching of both sides simultaneously:
a) wafer top-side; b) wafer bottom-side.
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Fig. 3 a) Squares are detached from the wafer by tweezers; b) Thicker rim and thin residual membrane holds all the inserts together.  The square dimensions are 20.25(25.15mm2.   
The squares are finally bonded to a glass substrate using the standard anodic bonding procedure [18], Fig. 4. The anodic bonding process was performed on AML AWB04 Aligner-Wafer Bonder. 
In the next step, a second KOH etch was performed to remove the residual membrane. After the membrane etching the inserts matrix was left alone bonded to Pyrex glass, Fig. 5a. 
The square with pressure sensors of the same matrix size was placed atop protective inserts and the second anodic bonding to Pyrex glass was performed, Fig. 5b. 
Finally, bonded sensors were sawn through Si and glass and separated to individual chips,   Fig. 6.
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Fig. 4  The squares are bonded to a glass substrate using the standard anodic bonding procedure 
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Fig. 5 a) Inserts matrix anodically bonded to Pyrex glass after residual membrane was etched; b) Matrix  with pressure sensors was placed atop protective inserts and anodically bonded to pyrex glass. 
[image: image13.jpg]



Fig. 6 Bonded sensors were sawn through Si and glass.
3. Measurements and results

3.1. Measurement of overpressure under stationary conditions
The assembled sensors are subjected to all of the standard measurements of linearity, repeatability, and hysteresis and temperature dependence. No changes of the characteristics were noticed compared to the standard sensors without an insert. 

The following investigations were performed with a stationary overpressure.

With a pressure exceeding the nominal range, the electrical output of the sensor, as expected, gradually attains a maximum and then begin to decrease (Fig.7.). 
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 Fig.7. The electric signals of sensors in dependence of overpressure. The nominal ranges of pressures for the sensors are indicated in the legend.

In this pressure range, the diaphragm leans down to the substrate, touching it first with the central part, and then with increasingly large concentric circles. After the further increase of pressure, the central part of the diaphragm becomes completely flat and deflection localizes only next to the edge. An extremely high change of the stress occurs in the crystal lattice on the periphery of diaphragm. The consequence is a very high change of piezoresistance and a dramatic change of the electrical signal. 

The measurements of overpressure influence for four sensors with different values of the diaphragm thickness are shown in Fig. 7. It is evident from these measurements that the presented chip construction is very promising. The sensors endured overpressures of a few hundreds of bars without any noticeable parameter changes. For the chips with a nominal pressure of a few bars only, this allows a very high level of protection. Sensors were able to repeatedly withstand stationary overpressures even when duration of experiment was prolonged up to 30 min.

3.2. Applied method and investigation of sensors under non-stationary conditions

The investigation of the influence of shock waves, as well as of the sensors response shape and speed, was performed using the simple setup shown in Fig.8. The setup was made of a massive metal body in which a channel was drilled, with a cylinder and a piston from a Bosch pump. The cross section of the cylinder was A=0.5 cm2. On the bottom of the channel there are two connections for pressure sensors. The distance between the piston and the bottom was l=65mm and the mass of the piston was m1=0.02kg. 

At a certain height above the piston, different weights were hanged and left to fall down freely. When striking the piston, the weights produce a shock wave in the medium filling the cylinder and compressed the liquid proportionally to the intensity of the strike.

                                                 [image: image15.png]



Fig.8. The schematic drawing of the set up for investigation of the shock influence on sensors. Two sensors S1 and S2 can be attached for measurement.

Three different liquids were used as a medium: silicon oil, water and ethanol. 

The phenomenon occurring in the medium due to the shock can be described as follows.

Due to the sudden movement of the piston, a shock wave momentarily forms under it. The wave propagates through the medium with a speed close to the speed of sound in that medium [19].

As mentioned in the Introduction, (eq. 1.) the intensity of the pressure change due to the shock is proportional to the density of liquid, speed of the piston and speed of sound. Once formed, the shock wave propagates to the other side of the cylinder, reflects on the bottom and returns back. Thus an attenuated oscillatory movement is formed. The attenuation depends on the physical characteristics of the liquid, namely on the friction. During the preparation of the experiment, care was taken to degas all liquids used, because propagation of waves through the liquid is substantially changed if an amount of gas is dissolved in the liquid, or if some bubbles exist [20].

The piston movement is much slower then the speed of the shock wave. The piston compresses the liquid underneath, and increases its density until the elastic forces of the liquid equal the force of the piston movement. Of course, we take into account the influence of friction, although otherwise we assumed that the friction is not of great influence in our case.

After attaining the equilibrium state, the elastic forces return the piston back. Thus the piston also performs a sort of oscillatory movement.

The physical quantities of interest in this experiment are shown in Table 1 for water, ethanol and silicon oil at room temperature.

Table 1.

	Medium
	Density (kg/m3)
	Compressibility modulus E(Pa)
	Speed of sound c(m/s)

	Water
	1000
	2.07x109
	1440

	Ethanol
	789
	1.1x109
	1180

	Silicon oil
	965
	1x109
	1018


These three quantities are connected by:
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The plotted pressure changes, induced by the shocks of weights dropped by free fall from different heights, in function of time and measured on the sensor for high pressure S1. are shown in Fig. 9. a,b,c,d,e,f.

The pressure changes are registered on a HP 54112D digital oscilloscope with memory. Each plot represents four shocks with a different intensity. On the left side are plots corresponding to the drop of a weight from different heights, and on the right side are plots corresponding to the drops of different weights from the same height.

The shapes of the curves in Fig. 9. clearly represent the aforementioned phenomenon induced by the shock. The motion of the piston is producing a pressure increase of a few tens of bar. 
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Fig.9. The diagrams a,c,e represent oscilloscope plots of shocks produced by a weight of 0.26kg, dropped from the heights of h=0.05, 0.1, 0.15 and 0.2m, for three different media. The diagrams b, d and f, correspond to the plots of shocks with weights of 0.26, 0.36, 0.46 and 0.56kg, dropped from the height of 0.1m

Subsequently, due to restitution forces, the piston returns to its initial position and the pressure drops. This change has the shape of the first half period of a slightly dumped oscillatory motion and lasts about 2-3ms. 

Simultaneously, the shock wave propagating at the speed of sound through the medium induces fast pressure oscillations. Those oscillations are shown in Fig. 9. as fast, dumped, oscillatory motion superimposed to the slow change of pressure. 

The frequency of the fast oscillations can be calculated using the relation: 
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, [4]. For our case this yields: for water 5538 Hz, for ethanol 4538 Hz and for silicon oil 3915Hz. This is very close to the values obtained from Fig. 9, which are 5555 Hz, 4975 Hz, and 3921 Hz, respectively. 

The intensities of the fast oscillations are dependant of the height from which the weight drops, in other words on the initial speed of piston motion and are not dependent on the weight itself. This is clearly seen from the plots Fig. 9. b,d,f, where the first amplitudes are mutually equal. This conclusion is in accordance with eq.1, which also does not depend of mass.

For the present investigations the intensities of the first amplitudes are very important. From the plots it can be estimated that, for example, for silicon oil (Fig.9. a.) these intensities are 7.6, 12, 14.4 and 16.4 bar, i.e. close to the values calculated from eq. (1) as 8.8, 12.5, 15.3 and 17.7 bar respectively. As these pressure oscillations do not depend on mass, but only on speed, the conclusion is that even very small mass (of the liquid in a pipe, for instance) could induce very high and fast oscillations of pressure, that could damage the sensor.

The amplitudes of the "slow" changes due to the piston motion can also be calculated with some approximations.

Analog phenomena in mechanics are described as the systems of second order [21]. 

The time dependant equation of motion is described with the following second-order differential equation
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where: x(t)- is the distance of the piston from its initial position, 
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- are the first and second derivatives over time, kx is the elastic force of liquid and fr
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 is the force of friction. A plastic encounter of mass m1 and m2 is assumed. It means that after the collision both of the masses continue their motion together.

Solution of the above equation is given in the form [21]:


[image: image23.wmf][

]

t

C

t

C

e

g

t

x

d

d

t

w

w

w

xw

sin

cos

/

)

(

2

1

2

0

0

+

+

=

-

 ,                                                                      (3)

where:
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The solution of similar systems is founded on the basic laws of conservation of mass, momentum and energy [19].

The constants C1 and C2 in (3) can be obtained from the initial conditions. Before the shock, the piston, has moved due to its own weight to x(0)=m2g/k. The momentum of the falling weight at the instant of collision is m1v=m1(2gh)1/2. Because of the conservation of momentum, after the collision we have: 
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From (3), at the instant t=0 we have: 
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Calculating the first derivative of (3) for t=0, from 
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, the constant C2 can be obtained.

The unknown dumping coefficient can be found using (4), taking the frequency of dumped oscillations from the diagram, Fig. 9, as d=/td, where td is the duration of a half period.

The maximum of the pressure impulse can be obtained by making the first derivative of (3) equal to zero.

Calculating the time in which the piston attains the maximal compression of fluid
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substituting in (2), from (3), one obtains the maximal pressure
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Fig. 10. shows experimental values of maximal pressure impulse for silicon oil and ethanol, taken from Fig. 9. a. and c, together with the calculated values for the same cases. It is evident that the diagrams for silicon oil and for ethanol are practically identical. Since both these fluids have almost the same compressibility coefficients, under the same conditions, the amplitudes and shapes of curves are equal. However, the fast, superimposed oscillations, which depend on other parameters, evidently differ.
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Fig 10. The comparison of experimental and calculated results for the maximal pressure induced by the strike of weight 0.26 kg, for silicon oil (left) and ethanol (right).

In the case of water the results differ by about 10%, probably due to a higher influence of friction. 

It can be concluded from Fig. 10. that the presented theoretical model satisfactorily describes our experimental method of pulse production.

In the case when friction can be neglected, the time in which an impulse reaches its maximum is presented by the simple relation
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From this relation it can be seen that tmax does not depend on speed. Hence, all of the curves from the diagrams (Fig. 9. a. c.) obtained with the same mass, have identical duration. (Coefficients k for silicon oil and ethanol are also almost identical, Table 1.) The corresponding curves for water, Fig. 9. e, are of equal duration, but a little bit shorter.

Contrary to this, diagrams Fig. 9. b, d and f., plotted for the strikes of different masses have different duration and, of course, amplitudes, proportional to the square root of mass. 

The pulse forces have extremely high intensities (theoretically infinite). The other competitive forces in the process, i.e. friction force or gravitation, usually can be neglected. However, since the pulse forces change considerably in a short interval, their impulses, which are of finite intensities and proportional to the momentum, are taken as a measure of the influence between bodies. Therefore the principle of conservation of the impulse, 
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An analysis of the curves in Fig. 9 can simply show that the experimental results are in complete agreement with the above theory. Namely, if we calculate the ratio of the impulse pmaxtd and the momentum (m1+m2)v0 for the same curve, a unique constant is obtained, corresponding to all of the curves, regardless of medium, mass or velocity The value of the constant is dependent on the system parameters, cross section A, etc., which is not of interest in our case.

The described method of shock production is used for the investigation of sensors characteristics regarding the overpressure and time response behavior.

Two sensors are connected in the experimental setup, Fig. 8. The sensor S1 was built for high pressures, while the sensor S2, was designed for nominal pressure of 2 bars, and equipped by an insert. The used medium was silicon oil.

The simultaneous measurements of shocks on two channels are shown in Fig. 11. Similarly to previous experiments, the shocks were produced with one weight of 0.26 kg, dropped from different heights, Fig. 11. a, and with different weights from the height of 0.12 cm, Fig. 11. b. The shocks produced pressure amplitudes of 32 bar to 97 bar (Fig. 11. a.) and 59 bar to 100 bar (Fig. 11. b.), as measured by S1 on the upper channel.
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Fig.11. a. The diagram of shocks produced by a weight of 0.26 kg dropped from different heights; b. The diagram of shocks with different weights dropped from a height of 0.12 m. Note the different scales corresponding to the upper and lower channel for the high and the low pressure sensors S1 and S2.

Analyzing the plot for the sensor S2 (Fig. 11. a.), one can see that the sensor rapidly records the pressure rise. The rise time of the first edge is measured to be 33.92 s, corresponding to a frequency of 29.5 kHz. 

Following the further pressure increase, the diaphragm of the sensor S2 begins to lean on the insert and the further signal change becomes affected by the overpressure. During the increase of overpressure, the signal more and more decreases, in accordance with the measurements shown in Fig. 7. In this pressure range, the sensor is protected from overpressure. When the pressure decreases to the nominal measuring range, the sensor S2 accurately describes further pressure change.

After the end of the pressure impulse, the signal of the sensor S2 becomes lower than the initial value, detecting the pressure of about 0.95 bars below atmospheric pressure. As mentioned before, the piston, after reaching its maximal deflection, returns back under the influence of restitution forces. Due to inertial movement, the piston passes the initial position and produces the vacuum conditions underneath, which restrict its motion in the opposite direction. The recorded pressure plots possess an evident oscillatory character. The second half-period is, however, cut by vacuum pressure of only one bar below atmospheric pressure. 

The sensor S2, which has a higher sensitivity, correctly describes the whole event. 

Similar phenomenon is registered in [3] during the investigation of destructive influences of water hammer-caused cavitations on sensors.

In our measurements the influence of cavitations did not affect the sensor protected with an insert.

The measurements of the sensor with the insert under the influence of shocks with different weights are presented in Fig. 11.b. Again, the initial edge is very sharp and the trailing edge coincides with the end of the signal on the upper-channel diagram. The vacuum portions of the signals are also registered, although the end parts of the second half-period are outside the scale.

The results of these investigations show that the sensors with an insert can withstand fast shocks which are characteristic in many applications. The sensor also registers the real form of the shock in its measuring range. The delay, sticking or malfunction of the sensor in any case was not noticed.

3.3. The investigation of the influence of repeated overpressure on sensors. 
In this part of our study, the sensors were subjected to multiple shocks with an intention to ascertain whether a sensor with an insert can endure repeated shocks and operate without damages.

An adapter was made, in order to connect the sensor to the diesel fuel injection system on the test bench. 

The adapter was made in the form of a steel cube, the dimension of 8 cm, with a channel for fuel injection. Perpendicular to the channel two sensors were connected, for high and low pressure each. The low pressure sensor was equipped with an insert. 

During the experiment the pressure rotational pump was adjusted to produce 200 bars with a frequency of 450 turns per minute.

The recorded high pressure change is shown in Fig. 12. a, and a simultaneous record of the low pressure sensor reading is given in Fig. 12. b.

The shape of pressure change in Fig. 12. a is typical for this type of pump [20] and it reflects the form and the angles of the camshaft.
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Fig.12. Record of pressure change of a diesel fuel injection pump; a. Signal from high pressure sensor; b. Signal from a 5 bars sensor with an insert.

The record of the pressure change in Fig.12. b. has a more complicated form, but the shape generally corresponds to the change in Fig. 11. The leading edge shows a fast increase. In the region of overpressure the signal decreases and in the second half it describes the final exact pressure change. This sensor can be used for precise investigation of the initial and the final portion of the injection process.

The sensor output was recorded every 5 minutes. In the course of two hours there were no changes in the sensors function. After two hours the experiment was ended in order to check the sensors characteristics. During the experiment the sensors endured as many as 54,000 cycles of 200 bar overpressure. 

The measurements of basic sensor characteristics did not show any difference exceeding the normal statistical accuracy. The final static overpressure measurements are shown on the Fig.7. for a 5 bar sensor.

Hence, the experimental investigation of sensor protection was successfully terminated. 

4. Conclusion

The paper is devoted to a detailed investigation of overpressure influence on pressure sensors under conditions similar to those in real industrial and lab applications. Results of such measurements are rarely encountered in literature. 

A design of a chip with an insert was investigated. The role of the insert was to protect the diaphragm of chip exposed to sudden overpressure. 

A method of investigation of sensors under the influence of shock waves and oscillatory pressure changes is described. The method permits the simulations of the pressure picks, oscillations, instabilities, fluid transients and cavitations. Hence, the method is applied to investigate the sensors for lower pressures which are mostly suffering the consequences of instabilities in the industrial plants. The applied sensor design was found to be able to withstand all these phenomena without damage. 

Some very interesting phenomena, like an enormous change of piezoresistance during the forced deflection of the diaphragm under overpressure, are to be investigated further.
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