Centimeter
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15 mm

_L_L_`'_`_'_A```_`_`_i_`_`_'_`'_`i_'_i_'_`_`_'_.'_A`''l_'_'''_'''_'_'''_'_''_''_'_'_
I,,,,i,,,,I,,,,i,,,,i,,,,i,,,,i,,,,I,,,,I,,,'1'"'1'"'1""1
1

Inches

2

3

IIIIII0
•

4

_IIIII_
IIIII_
_ I_ IIIII_

IIIII

.,._o
IIIII_
"
Ill_

IIII1_
!1111_
lllll_

5

(t._jl_i]Nfl

$1 IN:.]L_flOOfJ
$1Hi JO NOIJ.flS_/_O

3£SVW
z.mzo_Ee3
'/;oIo_lao_'_.nuoj!Fe3.1o_l!sao^!ufl Oz)

_[OSNHSHD_[O_[
DLLVISO_[EL_H

9L9t'E-VS-qNd

_t
4k

,

HYDROSTATIC FORCE SENSOR
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ABSTRACT
This pap,.,' presents a theoretical and experimental investigation of a new
kind of force sensor which detects forces by measuring an induced pressure
change in a material of large Poisson's ratio. In this investigation we develop
mathematical expressions for the sensor's sensitivity and bandwidth, and show
that its sensitivity can be much larger _d its bandwidth is usually smaller than
those of existing strain-gage-type sensors. This force sensor is well-suited for
measuring large but slowly varying forces. It can be installed in a space smaller
than that required by existing sensors.
ARCHITECTURE
The objective is to design and construct a prototype hydrostatic force
sensor to measure the compression and tension forces in one direction. Figure 1
shows a schematic of the sensor configuration. It consists of two components
(part A and part B) that behave like a piston and a cylinder. The pressure in the
fluid trapped between A and B is measured by a pressure transducer. A standard
face seal prevents fluid leakage. The clamping force which we call pre-load, fi,
is applied by tightening the screws. The more the screws are tightened, the
greater pre-load force that can be generated in the fluid. The force to be
measured is f. If load f is a tension force, the fluid pressure decreases from the
initial pre-load value. If load f is a compression force, the fluid pressure
increases.
DESIGN CONSTRAINTS
Because the force sensor must measure both compression and tension, it
is necessary to clamp part A and part B together with screws. The clamping
force which we call pre-load fi is applied by tightening the screws. If load f is a
tension force, the screw force increases and the fluid pressure decreases. If load
f is a compression force, the screw force decreases and the fluid pressure
increases. The screws and the fluid chamber act like two springs in parallel. The
stress in the screws and the pressure in the fluid can be calculated from equations
1 and 2.
¢_s-

fi + ( Ks
nAs
Ks+Kf

f
) nAs

(1)
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Kf and Ks are effective stiffness of the fluid and the screws and can be calculated

from equations 3 and ¢.

BAf

Kf =

h
nAs Es
Ks =
Ls

(3)
(4)

As, Es, Ls and n am the area, Young modulus, effective length and quantity of
the screws, respectively. B, Af, and h am the bulk modulus, fluid surface area,
and fluid height, respectively. It can be observed from equations 1 and 2 that
when f =0 (i.e., there is no force on the force sensor), the forces in the fluid and
the screws are both equal to fi. When force f is applied as a tension force (as
shown in Figure 1), the stress in the screw, ors,increases while the pressure in the
fluid decreases. If f is a tension force, there am two limiting situations that cause

failure in the system:
Case l: The stress in the screw, CYs, reaches the material yield stress.
Case 2: The pressure in the fluid, p, decreases to zero.
If f is a compression force, two other limiting situations can cause failure in the
system:
Case 3: The pressure in the fluid, p, reaches the maximum measurable
pressure of the pressure transducer or the maximum allowable
pressure of the seal.
Case 4: The screw compression stress reaches its maximum compression
yield stress.

t,
fluid seal
A

Figure 1: The pressure increase in a high Poisson ratio material is a direct
result of applied force. If loadf is a tensionforce, thefluid pressure decreases
from the initial pre-load value. If loadf is a compressionforce, thefluid
pressure increases.
The designers must assure that the four limiting situations above never occur
during normal system operation.

four cases do not occur.

Next we explain how to guarantee that these

'

1

iCases 1 and 2:
]
To guarantee that case 1 for a tension force (i.e., failure of the screw
material) does not occur, the designer must ensure that the screw stress, Os,
remains below the maximum allowable screw stress, Oall, when fmax is imposed
on the system. This is shown in inequality 5, where it can be observed that
choosing a small pre-load, fi, helps the designers keep Os smaller than Oall. On
the other hand, to guarantee that case 2 does not occur (i.e., the fluid pressure
becomes zero), fi should be chosen to be large enough to satisfy inequality 6.
fi
Ks
fmax
o's - n As + ( Ks + Kf ) -_s
< Oall
(5)
fi
Kf
fmax
P ='-'_
+ ( Ks + Kf ) "_
<0
(6)
Solving for fi from inequalities 5 and 6 results in an upper bound and a lower
bound for the pre-load force, fi.
Kf
Ks
( Ks + Kf ) fmax < fi < n Oall As - (Ks + Kf ) fmax
(7)
Inequality 7 is a design constraint which is necessary to prevent force sensor
failure in the presence of the maximum tension force, fmax.

1

ICases3 and 4:
To guarantee that case 3 for a compression force (i.e., excessive fluid
pressure) does not occur, the designer must ensure that the fluid pressure, p, does
not reach the maximum allowable pressure of the pressure transducer, Crp,when
fmin is imposed on the system 2. (Note that fmin is a negative quantity; for the
prototype force sensor fmin = -7,200 lb.) As seen in inequality 8, this can be
ensured by choosing a small pre-load, fi. On the other hand, to guarantee that
case 4 (i.e., failure of the screw material under compression) does not occur, the
preload force, fi, must be chosen to be a large quantity, as seen in inequality 9.
fi
Kf
fmin
"ffP<-"_+
( Ks+Kf ) Af
(8)
fi + (
Ks
fmin
-Call<
hAs
Ks+Kf ) hAs
(9)
Solving for fi from inequalities 8 and 9 results in an upper bound and a lower
bound for the pre-load, fi during compression.
Ks
Kf
"(Ks+Kf
)fmin -n As crall < fi < Op Af+ (Ks+Kf)fmin
(10)
Inequalities 7 and 10 must be satisfied to prevent sensor failure.
DESIGN PARAMETERS:
Two properties of this sensor, sensitivity and bandwidth, are its major
parameters.
The pressure in the fluid can be calculated via equation 6 and it is
re-written here in a more appropriate form.
Kf
1
P=
Ks+Kf
A'-'f (f" fi)
(11)

2 ap must be chosen to be the smallest of the maximum measurable pressure of
the pressure transducer or the maximum allowable pressure of the seal.
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Since the voltage from of the pressure transducer, v, is proportional to the
pressure increase, equation 12 applies.
v=S P p
(12)
Sp is the pressure transducer sensitivity. Substituting equation 11 into 12 results
in-the output voltage as a function of the applied force.
v- KsKf
+ Kf S_p_
Af (f. fi)
The force sensor sensitivity therefore equals:

(13)

Kf ) S._
(14)
( Ks+Kf
Af volt/Ibf
Designers
alwayswishtohavea large
sensitivity
inthesensor:
a large
sensitivity
intheforce
sensor
results
ina large
voltage
fora givenapplied
force.
Theparameters
ofequation
14canbechosen
toyield
aparticular
sensitivity.
On
theother
hand,thedesigner
should
beawareoftherole
ofthedesign
parameters
on another
important
sensor
property:
bandwidth.
The overall
bandwidth
ofa
robotic
system
islimited
by high-frequency
unmodeled
dynamics.
To achieve
a
widebandwidth
fortheclosed-loop
system,
itisnecessary
toconsider
highorder
dynamicsinmodeling
thesystem.Addinghighorderdynamics
tothesystem
results
in a widerbandwidth
forthesystemattheexpenseof a highorder
compensator.
Ifhigher
order
dynamics
cannot
bedetermined,
itisnecessary
to
compromiseon theoverall
systembandwidth.
Itisusually
recommendedto
"push"
thehighfrequency
unmodeled
dynamics
bydesigning
"stiff"
components.
Inotherwords,
a robot's
components
mustbe designed
tohavelargenatural
frequencies.
The natural
frequency
orbandwidth
ofa sensor
canbecalculated
fromequation
15.
(15)
Kt 1/2
S=

Kt is the stiffness of the sensor and m is some effective mass that depends on the
rest of the robot inertia. It is rather impractical to arrive at the natural frequency
of the force sensor without any regard for the inertia of the other components.
We leave equation 15 without further development, since m is a function of robot
inertia. However, we must consider that the larger the stiffness of the sensor, the
larger the natural frequency is. The total stiffness of the pressure transducer can
be derived from equation 16.
Kt = Ks + Kf
(16)
To achieve a large stiffness, both Ks and Kf must be large. From
equation 14 it can be observed that a large sensitivity requires a small Af, but
equation 3 shows that a small Af results in a low fluid stiffness. One method of
dealing with this tradeoff is to decrease h, so Kf does not get too small. Another
tradeoff is the screw stiffness: a large screw stiffness results in a large total
stiffness of the system, but this decreases the system sensitivity. Equation 16
shows that stiff screws decrease the system sensitivity. We recommend that, for
low bandwidth yet still precise operation, the designer choose a set of screws
with small stiffness. On the other hand, in wide bandwidth operations, we
recommend a large stiffness for the screws.
5. Conclusion
This articlepresents a theoretical andexperimental investigation of a new
kind of force sensor which detects forces by measuring an induced pressure
change in a material of large Poisson's ratio. Based on our theoretical and
experimental investigations, we have shown that the sensor sensitivity can be
much larger and its bandwidth is usually smallerthan those of existing straingage-type sensors.

