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Abstract

In this paper, a low-cost load cell (force sensor) is presented in which the force to be measured is transformed into a fluid pressure.
The design consists of a boss, attached to a membrane, and a bucket-like structure which encloses a fluid volume. This geometry causes a
force to be transformed into a pressure. We show that this transformation only depends on the geometrical parameters of the load cell and
that it is independent of the Y oung’'s modulus of the membrane resulting in very low creep and hysteresis. Experimental results with loads
up to 1000 kg show very good repeatability and are in close agreement with both analytical and numerical calculations. © 1999 Elsevier

Science SA. All rights reserved.
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1. Introduction

Load cells are used in, for example, weighing bridges
for lorries, cars and trailers. Also in bulk industries, it is
necessary to measure weights as accurately as possible.
Most current load cells are made of steel. The performance
of these load cells is limited by hysteresis and creep even
when expensive high-grade steels are used.

The load cell we are aiming at has the following
spemﬂcanons

maximum load: 10000 N (1000 kg)

- full scale accuracy: 0.03% = 0.3 kg
- temperature range: — 10 to 50°C

- production costs: less than US$75
- calibration: once in 2 years

The load cell discussed in this paper is shown in Fig. 1.
It consists of a bucket in which a fluid is sedled by a
membrane. A Viton™ seal is used to prevent leakage. The
force is applied to a boss which is attached to the center of
the membrane. Due to this (positive) force, the boss is
displaced downwards and the fluid is pressed away from
beneath the boss. As the fluid cannot escape, the pressure
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increases. This pressure and the shear force in the mem-
brane carry the force which is applied to the boss. It will
be shown that the pressure difference between the fluid
and the air is independent of the Young's modulus of the
membrane which means that the pressure is independent of
creep and hysteresis in the membrane.

In Ref. [1], a force-to-fluid pressure transformation was
introduced for application in a new kind of load cell. This
load cell consists of a piston under which the fluid is
seated. Characteristic for this load cell is its high sensitiv-
ity. However, its sensitivity to hysteresis is probably large,
because the pressure—force relation is a function of the
Young's modulus of the screws which are used. Another
disadvantage is that it needs a Teflon seal and a proper
surface finish of the mating steel parts to enclose the fluid.
The load cell discussed in this paper does not have these
drawbacks. It only needs a Viton™ ring for sealing the
fluid. As a membrane is used to enclose the fluid, a proper
surface finish of the mating steel part is not necessary. In
Section 2, amodel of the load cell is presented. In Section
2.1, the pressure—force relation is derived under the as-
sumption of incompressibility of the fluid. In Section 2.2,
the compressibility is incorporated into the calculations. In
Section 2.3, the stresses in the membrane are calculated
under the assumption of incompressibility of the fluid. The
pressure dependence on temperature is analyzed in Sec-
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Fig. 1. Layout of the force-to-fluid pressure load cell. The force presses
the boss downward. This causes a pressure increase in the fluid. The
membrane encloses the fluid in the bucket.

tions 2.4 and 2.5. Finite element calculations are presented
in Section 2.6. The realized prototype and experimental
results are presented in Section 3. Finally, conclusions are
drawn in Section 4.

2. Modeling

In this section, the load cell is modeled and analyzed
analytically and numerically.

2.1. Pressure—force relation for incompressible fluid

In Fig. 2, a schematic drawing of the deformation
profile of the membrane and the deflection of the boss for
some load F is shown. T is the shear force between the
membrane and the boss. The pressure difference P, be-
tween the fluid and the air acts on the membrane and the
boss. Equilibrium of forces for the boss is given by

T=F—Pamr2. (1)

The deflection profile w(r) of the membrane has to satisfy
the following boundary conditions.

dw dw
W(ry) =0, —=(1) = (1) =0 2

Using elasticity theory for plates[2], it can be derived from
Egs. (1) and (2) that

F(1- 1)2)
Tgl(r'rlvrz)

P(1—0?)

+T92(r1r1’r2)’ (3)

where g, and g, are functions of r, r, and r,. v is the
Poisson’s ratio and E the Young's modulus of the mem-
brane. By assuming incompressibility of the fluid, the
volume is constant under deformation of the membrane:

w(r) =

wriw(r,) + /:r 2mrw(r)dr =0. (4)

The pressure—force relation is derived from Egs. (3) and
(4), yielding

o F
s A_eff’
s
Pt =
(1—4s?+6s*—4s° + %)
>< 1
(3.82In(s)[s* = s*] + 0.95[1 — s* — 5" + 5°])
;
s=—. (5)
I

Ay is called the effective area. Eq. (5) shows that the
pressure—force relation only depends on the geometrical
dimensions and not on the Young's modulus of the mem-
brane. The change of these parametersis a only a second-
order effect which is not shown by (first-order) linear
elagticity theory. Therefore, it can be expected that the
force-to-fluid pressure transformation has low sensitivity
to creep and hysteresis in the membrane. An impression of
the effective area in comparison to the total area of the
bucket (= area boss + area membrane) and the area of the
boss is shown in Fig. 3. From this figure, it can be
concluded that the effective area lies somewhere between
the area of the boss and the area of the bucket, because
mr? <Ay < mri Forarato r,/r, approaching one, the
effective area approaches 7r2 so that from Egs. (1) and
(5), it follows that the shear force T in the membrane
becomes zero. For the parameters given in the caption of
Fig. 4, the pressure—force sensitivity is calculated from Eq.
(5) giving 9P,/0F =47.9086 Pa/N. The values of the
geometric parameters will be explained in Section 2.2 to
Section 2.5.

Fig. 2. Deformation of the membrane. w(r) represents the deflection of
the membrane at position r.
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Fig. 3. Effective area divided by the area of the bucket and effective area
divided by the area of the boss as a function of the ratio s=r, /r,.

The expression for the deflection w(r) of the membrane
follows from Egs. (3) and (5) giving

F(v2-1 1
() = S 5= ©

where A(r,/r,,ry,r) is a rather complex function. An
impression of the deformation of the membrane for some
chosen parameters is shown in Fig. 4 where the membrane
is assumed to be made of steel.

2.2. Pressure—force relation for compressible fluid

By including compressibility of the fluid [3], Eq. (4)
becomes

: P
Wrgw(rz)Jr[r:r 2mrw(r)dr = AV =V, (7)

where E, is the bulk compressibility modulus, V, the
initial volume and AV the decrease in volume of the
compressed fluid. For water, E, = 2.24 GN/m?. The ef-
fective area is calculated the same way as before, giving

16V, Eh®
0T
mE ri(v?—1)
3.82In(s)s? + 0.95[1 — s*]

1-3s*+3s*—s°+

— 2
Ay =15

(8)

We see that the Y oung’s modulus appears in this equation,
16V, Eh?

TE,13(v2 - 1)

as possible. The simplest method to reduce this term is by

taking a very small initial fluid volume. For the parameters
in the caption of Fig. 4, the pressure sensitivity now equals

therefore the term must be made as small

oP,/0F = 47.9082 Pa/N which only deviates 0.0008%
from the incompressible case. So it is concluded that the
assumption of incompressibility can be maintained. From
now on, it will be assumed in the analytical calculations
that the fluid is incompressible.

2.3. Mechanical stresses in the membrane

As the membrane is rather thin, it must be checked
whether the yield stress is not exceeded, because this
would lead to plastic deformation of the membrane.

In the membrane, three stresses are present: radial,
tangential and shear stress which is acting in the direction
of force F (a,, o, and 7, respectively). The first two are
calculated from their corresponding moments [2] and they
have a maximum on the top and bottom sides of the
membrane. As all three stresses occur at the same place in
the membrane, the Von Mises stress criterion is used to
determine the maximum allowable stress. It is given by [4]

1
a’v=\/E[(O}—a})2+0’t2+(rf2+672]. (9)

A plot of all the stresses is shown in Fig. 5 (the parameters
shown in Fig. 4 are used). The yield stress of steel is about
1.5 Gpa [5], so it should be possible to bear a load of
10000 N.

A simple expression for ¢, can be obtained by neglect-
ing the shear stress 7. It can be shown that this stress is
very small in comparison to ¢; and o,. For a ratio
s=r,/r, approaching one, at the boss, v even becomes
zero, because (as was already concluded) the shear force T
becomes zero. It is seen that the maximum stresses occur
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Fig. 4. Deformation of the sted membrane (F = 10000 N, E = 210 GPa,
v=03, h=05mm, r;=10cm, r,=6.21 cm, d=1mm and a=25
cm).



RA.F. Zwijze et al. / Sensors and Actuators 78 (1999) 7480 77

stress [GPa]

0.59

i

7 -8 o f; em]
T \—X T
oy r=

r=r, 7

n

al

Fig. 5. Radial, tangential, shear and Von Mises stresses in the membrane.

a r =r,. Therefore, the maximum Von Mises stress in the
membrane is approximately given by

3F(1—v—0?)

Oy max = 4 h2 7( S) )

(4In(s)s* —5s* + 8In(s)s* + 45° + 1)
(1-2s+5s%) '
The function y(s) is drawn in Fig. 6. It is concluded that

the maximum stress can be reduced for a large membrane
thickness and aratio s=r, /r, approaching one.

¥(s) = (10)

2.4. Dependence of effective area on temperature

For describing the effective area as a function of the
temperature change T, r; and r, must be written as a
function of temperature. For a thermal expansion coeffi-
cient &g membrane Of the boss and membrane, they are
given by

r= rl,O(l + X oss / membraneT)

and

M= r2,0(1 + A poss / membraneT)1 (11)
where r,;, and r,, are the radii for T=0. Then, from
Egs. (5) and (11), it follows that for small temperature
changes,

d Ay

dar >
A =ca boss / membrane
ef f

(12)
The resulting maximum error for a maximum temperature
increase T, iS given by

8Aeﬂ = 26\"boss/ membraneTmax ' (13)

For a steel boss and membrane &y memprane = 12 X 10~°
°C~! so that for a maximum temperature increase T, =

30°C, the error is only 0.07%. This error can be compen-
sated for by measuring the temperature.

2.5. Dependence of pressure on temperature due to differ-
ence in thermal expansion coefficients of bucket and fluid

Another temperature effect is caused by the difference
in thermal expansion coefficients of the bucket and fluid.
In order to model this effect, Eq. (4) is changed to

2 f
wrzw(r=r2)+f 2arw(r)dr
r=r,

= —Vo3( @quia — pucker) T (14)
By setting F equal to zero, it follows from Egs. (3) and
(14) that the pressure—temperature sensitivity is given by
s 1599 S hPE( ayig — @pucket) Vo

dT (- 0H)ry(sf—-3s*+3s° 1)

The pressure variation (error) which is introduced by

temperature variations is considered with respect to the

pressure at full load (F,, =10000 N). Therefore, in
minimizing the temperature error, one has to minimize

dPS_r
Ean

SAQ=W.

(15)

(16)

dF e

Substitution of Egs. (5) and (15) in Eq. (16) gives
_ 16T max Vol @figia — Xpucket) Eh?

CAa Fmaxrf K(S,U),
S4
sv) = .
K(s:0) ((1=0%)s" = (1= v?)In(s)s* — 1+ v?)

(17)

So, it can be concluded that the fluid volume and Young's
modulus should be minimized and that both thermal ex-
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Fig. 6. Von Mises stress parameter y(s).
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pansion coefficients must match as close as possible. It
could also be concluded that h must be decreased, r;
increased and s increased. However, one has to take into
account that the change of these parameters leads to a
change in the maximum Von Mises stress (see Eq. (10)).
S0, one has to incorporate the maximum Von Mises stress
in Eq. (17), which is done by solving h from Eg. (10),
resulting in

_ ATmaxV Fmax VO( Asjid — abucket) E

a 15 4
Uv,max r1

The function B(s,v?=0.3?) is plotted in Fig. 7. It is
concluded that the ratio s=r, /r, should be chosen close
to one and r; as large as possible. For water at 20°C,
Qyater = 207 X 1076 °C~ . Then, for T, = 30°C, the er-
ror equals 0.07%. In this calculation, the parameters shown
in Fig. 4 are used and it is assumed that the bucket is made
of steel. Again this (small) error can be compensated for
by measuring the temperature.

B(sw?). (18)

€A

2.6. Finite element calculations

In order to support the analytical calculations, the load
cell is also analyzed in the finite element program Ansys
5.3. For the (compressible) fluid, FLUID79 elements are
taken. The point force is applied in the center of the boss.
The element mesh is shown in Fig. 8. The numerical
calculated pressure—force sensitivity varies in al elements
between 45.4 and 48.8 Pa/N (the analytical value for the
compressible and incompressible case eguas 0P,/0F =
47.9 Pa/N). This is due to the small height of the fluid.
The elements deform too much which causes the spread.
But when d = 1 cmis taken, then for all elements, dP,/0F
= 47.90 + 0.01 Pa/N is obtained.

B(s, v =03?)

35t

25+

054

12 14 16 18 2 22 24 26 28 3
s=nlr

Fig. 7. Error parameter B(s,v2 = 0.32).

ANSYS 5.3
MAY 4 1998
16:34:22
PLOT NO. 1
ELEMENTS
MAT NUM

zv =1
DIST=.066
XF =.06

YF =.02325
Z-BUFFER

Fig. 8. Element mesh. For sake of clarity, the dimensions are not the
same as in Fig. 4. In actual simulations, much more elements were used.

The temperature effect which was discussed in Section
2.4 cannot be checked in Ansys, because the numerical
error is larger than this error. However, the temperature
effect discussed in Section 2.5 can be analyzed in Ansys.
This is done by taking d = 1 cm. Then Ansys calculates a
pressure—temperature sensitivity of 9P, /9T = 112.3 + 0.05
Pa/°C. The analytical value follows from Eq. (15), giving
oP, /0T = 116.6 Pa/°C.

From the numerical calculations, it is concluded that the
analytical formulas are correct and that they can be used to
dimension the load cell.

3. Realization and experiments
In order to test the theory, a prototype has been realized

in which the membrane and bucket are made of steel and
are sealed with a rubber ring (Viton™). Bolts are used to

output [mV/V]

100 200 300 400 500 600 700 800 900 1000
mass [kg]

Fig. 9. Output Wheatstone bridge of the pressure sensor.
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Fig. 10. Absolute value of the repeatability error in the output of the
pressure sensor.

connect the different parts. The parameters are E = 210
GPa, v=0.3, h=05 mm, r;=10 cm, r,=6.21 cm,
d=1mm and a= 25 cm (see aso Fig. 4). The pressure
was measured with a commercialy available silicon pres-
sure sensor, model Honeywell 24PCF. Repeatability and
hysteresis of this sensor are within 4+0.15% and its linear-
ity within +1.0% of full scale.

The load cell was tested by loading the load cell twice.
Each loading was done for 60 s and each second, the
pressure was measured. Weights were available in steps of
100 kg (+2.5 kg) up to 1000 kg. As each measurement
only took 120 s (including zero load measurement), tem-
perature effects were eliminated. Longer measurements
were not possible because of the temperature dependence
of the pressure sensor. However, in practical situations,
longer measuring times may be necessary. The average
output (difference between loading and unloading) of the
pressure sensor is shown in Fig. 9. The load cell behaves
linearly and the experimental pressure sensitivity equals
48.1 Pa/N which is in close agreement with the analytical
and numerical result (49.7 Pa/N). The repeatability error
as a percentage of the output at maximum load is shown in
Fig. 10. It is seen that this error is within 0.025%. Thisis a
good result. It is not known how much of this error is
caused by the pressure sensor. Measurements with a very
accurate pressure sensor are necessary to reved this.

4, Conclusions

The design and modeling of a force-to-fluid pressure
load cell has been described. It is proven that the
pressure—force relation is in first order only depending on
the geometrical parameters of the load cell and is indepen-
dent of the Young's modulus of the membrane under the
assumption of an incompressible fluid.

By including compressibility of the fluid, the pressure—
force relation deviates only 0.0008% from the incompress-
ible case.

The analytical calculated temperature error which is
caused by the change in effective area equals for a steel
boss and a steel membrane and a temperature increase of
30°C only 0.07%. This error can be compensated for by
measuring the temperature.

By making the ratio r, /r, close to one, the temperature
error due to the difference in thermal expansion coeffi-
cients of the fluid and bucket is minimized. The error can
also be minimized by matching these coefficients or by
reducing the height d of the fluid. For the realized load
cell, the analytical calculated error is 0.07%.

Analytical, numerical and experimental calculated pres-
sure—force relations are in very close agreement with each
other so that the analytical expressions can be very well
used for designing purposes.

In order to eliminate the temperature dependence, un-
loading and loading the load cell was performed in 120 s.
The experiments show a repeatability error of less than
0.025% which indicates that the desired accuracy of 0.03%
is feasible. This repeatability was obtained by using a
pressure sensor with a repeatability error within 4+ 0.15%.
M easurements with a very accurate pressure sensor have to
be performed to find out how much creep and hysteresis
exactly are.
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