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Abstract 

The main features involved in the design of a pressure sensor are the maximum non-destructive pressure and the sensitivity. In this work, 
these two characteristics are related to the following design variables: dimensions of the membrane and mechanical properties of the selected 
material. Von Misses stress and strain distributions have been calculated by the finite-element method (FEM). The knowledge of these 
distributions is a good design guideline lbr an accurate location of the piezoresistors. The results obtained have been appl!ed to the design of 
silicon microsensors for biomedical and domestic applications. © 1997 Elsevier Science S.A. 

geywords: Silicon: Microsensors; Pressure; Simulation 

I. Introduction 

Monolithic silicon microstructures have been applied to a 
wide spectrum of mechanical microsensors. Using integrated 
circuit manufacturing technologies and silicon micromachin- 
ing techniques, comparatively low cost and small sensor sizes 
are achieved. Four strain gauges located in a thin membrane 
constitute the basis of pressure microsensors, Membrane 
dimensions are determined by sensor sensitivity and maxi- 
mum non-destructive pressure (burst pressure). Both char- 
acteristics are related to the mechanical response of the 
membrane: stress and strain distributions. Mechanical behav- 
iour of thin plates is a well-known engineering problem. An 
approximate method to calculate deflections and bending 
moments has been proposed [I 1. However. no analytical 
expressions have been proposed to quantify burst pressure 
and membrane strains. Mechanical analysis of the membrane 
can be done by numerical methods too, such as the finite- 
element method (FEM) [3,7], or the finite differences 
method [41. Some studies about sensitivity have been 
reported [2--4,6]. These methods are not simple, and they 
are far from design concepts. Nevertheless, to the best of the 
authors' knowledge, no simple expressions have been 
reported to calculate sensor characteristics. 

in this work, burst pressure and sensitivity are related to 
',he main sensor design parameters: the membrane thickness 
and area, and the mechanical properties of the bulk material 

* Corresponding author. Tel,: + 34 ~3 21 28 00. Fax: +34 43 21 30 76. 
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(Young's modulus and Poisson ratio). A final expression is 
found a~: a design tool for pressure microsensors. 

2. Calculation method 

2. i. Main characteristics of a pressure sensor 

2.1.1. Sensitivity 
Sensitivity is commonly defined as 

VOt!T ( 1 ) 
s -  VtNA P 

where Vour and VIN are the output and supply voltage and 
Ap is the maximum applied pressure 15]. For a four-arm 
Wheats(one bridge, VOur/VIN is related to the fractional 
change in resistance as follows: 

Vot!r AR (2) 

V,N R 

The relationship betweenAR/Rand longitudinal strain (e) 
can be expressed by means of the gauge factor: 

ARIR 
GF . . . .  (3) 

Combining Eqs. (I) ,  (2) and (3) we can obtain the 
expression for sensitivity versus mechanical characteristics: 

s = G F ~ p  14) 
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2.1,2. Bttrs't f,ressurc 
Burst pressure s.~as calculated using 'he Von Misses stress 

distribution. This is a complex criterion, and it takes acct>unt 
of norm;|J alld sll¢;n' stresses. 

2.2. Strain am/~'trexs di, trilm/iom 

The strain and stress distributions of the membrane were 
calculated by FEM sinmla!ions. Jsin:4 the COSMOS/M/ 
ENGINEER" software [SJ, lsotmpic material and plane 
stress hypotheses were assumed. As shown in previously 
reported works I 1.9 I. both are conserv.'mv¢ hypotheses and 
a guarantee lbr a safe design. The diaphragm of tile sensor 
was modelled meshing with square shell elements. These 
elements have lbur nodes, bending and membrane capabili- 
ties and six degrees of freedom [,er nede, Nodes at the edge,,, 
of the membrane were considered built-in, Two planes of 
symmetry were used to simplify the Inodel, 

2.3. Dimensimml anah'sis 

Data Points givell by FEM simulations form a numerical 
solution. These points were fitted using functions detined by 
dimensional analysis. This method allows the shape of a 
concrete relation to be previewed by means of tile expected 
related variables. 

nl :l and Poisson's ratio t, ladimcnsionall. Strain values 
are proportional to the applied pressure, as is shown in Ihe 

fund:nnental equations of lhe nlechanical probleln I I I. As a 
con.,;~qtlel]Ce of flooke's law, and for keepin~ tile dimen- 
sional homogeneity e~ = PIE. On the other h,'md, tile thicker 
the membrane is. the bigger tile delbrnlmtions will be, so: 

_ , I  (5~ 
e~l - [~ ,  t . . I ,  v 

]'he constants/~, mid N must bc estimated from the FEM 
calculaled dala points. Obviously. the intluellce of poisson's 

ratio cannot be determined, as it has m~ tulils. 

2.3.2. B,rsl/, 'essm'e (BP) 
We can apply tile same i'easonhl.~ to the bl.|rs[ pi'essurc. Ill 

this case. the m.'fin variables are membnme area A I,n;I. 
n]embrane thickness I [mI,  fraclulv tensile stress ~rM IN 
nl "~1. and poisson's ratio u Iwilllotlt diluensionl, The 
expected dhl]ensiotlal Iuncliorl is 

BP= Kiw A' ~ 16) 

Tile gOllMalltS Kiw and N Illl.lS[ be estimated Ii'onl tile FEM 
calculated dala points. 

3. Results and discussion 

2.3. i. Ma.umum smfin (e,u) 
The main variable.,, that can affect this parameter are sup- 

poseJ to be membrane area A j ln-' I, membrane thickness l 
Iml, applied pressure P IN in -+1. Youn~'s nlodulus E IN 

3, I. I,'I'ZH .vimuhniml resuh.~' 

Fig. I sho',,vs the strain distribulion oi'a menlbrune. Tensile 

and compressive stress zones can I~e identilied taking into 

~ a , _ ~  

, 210 

"/e,.S 

I 8 6  
-57.3 
-124 

-191 

-258 

-3"25 

-392 

-4,59 

-526 

-593 

Ig'-'. I. M,:inbran¢ e~ ,,irain di~,Iribuli~il i..'i = 15 mm x 1.5 ram: t = 15 gin: I" = 1.862 × I0' L p~,: ~, =0.27: P = 30() mmHg ~, 
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938 
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094 
000 

Fi 7, 2. MClllbrall,.: \"eli Mi.,,~c~, ~,li¢x.~ dislributit~n l kg nllll : ) iA : 1.5 trill X 1.5 mill; t : 15 Ixln;/':= I .~b2 : <  I f )  i~ P~l; r : Ik27: P = 300 mlnH~ t. 

account on the sign o f  the deforn lat ion.  Fig. 2 shows the Von  

Misses stress distr ibut ion.  The poil ltS o f  n lax i inum sires.,, are 

at the midd le  o f  the r l lenlbrane ed,,es 

3,2, Data point,~,lit 

Figs. 3 and 4 show data points calculated from FEM sim- 
ulations, and the fitted fiinctions. The factor N is approxi- 

mately equal to one. According Io Eqs. (51 alid ill) general 

fu|lctions can be written as 

B P :  3.4 frv:~xl_-" 
17) 

1 - v-' A 

P A  

~xl = O. IO61 ! - I,-' )/:~_, ( g ) 

.v~l = O. 106( I - l,-' t G F ~  ( 9 i 

4. Application to the design o1' sensors hlr biomedical 

and domestic applications 

An irlvasive blood-presst,re tninsducer must tie able to 

work in the - i00 to + 309 mmHg pressure range, with a 
sensitiviiy of 20 ~V V ~ :nmHg +. The niembmne i 1.5 

mm X 1.5 tnlri9 is obtained using anisotropic etching and the 

electmchentical etch-stop technique. Based on exposed 

results, a 15 gnl thick membrane is needed to achieve the 

desired sensitivily, supporting oveipre:~surcs tivc times the 

maximum pressure. 

Silicon sc,isors oriented to washing machines need maxi- 
mum sensitivity, therefore, the thickness o f the diaphragm is 
determined by the burst pressure. 5 I, uri thick rucmbranes 

I - .  A='''=- , t t m O r  • I I .  A = t . S x l . S m m  ° • . 

i - . . - . , ,  - N  ! 

• ~, ~,~oi . . . .  ® ~, ,  ' "~  . . . . .  i 

/-... . . . . . . s  -.~ I " - .  ",o "~, 

• ,,,. % . . . . . . . . . . . . .  

~u t~ ,.o s0 5o 70 i~ 

Membrane lhickness (x 10 6 in) 

I:{~:. 3. Maxhllulll tml41e ntrain ,. s. ill°rot'italic thicknc~,~, l~.lr three different 
area~, I I: = I.Sfl2 ~ H! II Pa: 1. = 0.27: P= 31}() iluuHg i. 

i ' 2 - "  / 
-= F .o ' "  - . - "  ~ ! 

I , '  ~ ~ . . . .  ~ ' ' 
5 13 20  ] 0  5(I 70  IIKI 

Membrane 'Fnickaess (x l0 t' m) 
}:i S. 4. 13,1r.,,t prc~,.,tirc ,,~,. tllelllbr;l{1,,2 thit:knos.,, fur tla'cc different ;trolls 

! .Sf,. × IO" Pzt: t, =l)27: ~r.,,x x =6SfiX lip Pa). 

support overp~rcssures of eight times tile full-scale pressure 

t350 mmH_,O h with a sensitivity of 8 I*V V " i mmH~O-*. 

A common differential pressttrc of"2 mmH~O causes a 0.OI64 
mV V * output, which can be detected by actual monitor,,;. 
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5. Conclusions 

A set of simple equations relating burst pressure and max- 
imum strain to the main design variables has been established. 
An expression that allows a value of the pressure sensitivity 
tu be estimated has been proposed. Tensile and compressive 
zones of the memb,ane have been determined by a strain 
distribution diagram. The pnints of maximum stress during 
pressure application have been identilied. Results have been 
applied m the design of a micmsensor for biomedic~fl appli- 
cations ( - I 0 0  to +300 mmHg) and a microsen.v-r for 
domestic appliances ( 0 to + 350 mmH20), 
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