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Abstract

In an attempt to improve the functionality of a prosthetic hand device, a new fingertip has been developed that incorporates sensors to
measure temperature and grip force and to detect the onset of object slip from the hand. The sensors have been implemented using thick-film
printing technology and exploit the piezoresistive characteristics of commercially available screen printing resistor pastes and theipiezoelect
properties of proprietary lead-zirconate-titanate (PZT) formulated pastes. The force sensor exhibits a highly linear response to forces up to
50N with a maximum hysteresis of less than 1.4% of full scale. When configured as a pseudo half-bridge measurement circuit, the force
sensor demonstrates superior insensitivity to the position of the force on the fingertip than when configured as a classic half-bridge circuit.
The force sensor response is also extremely stable with temperature, typically showing variation in the output response af ®264%han
over the temperature rangel0°C to +35°C when loaded with forces up to 10.8 N. The ability of the piezoelectric PZT vibration sensor to
detect small vibrations of the cantilever, indicative of object slip, has also been demonstrated.
© 2005 Published by Elsevier B.V.

Keywords: Piezoelectric; Piezoresistance; Prosthesis; Pseudo half-bridge; Thick-film

1. Introduction result in damage to the grasped object, or at the very least,
to the establishment of an insecure grip with the possible
A problem with many prosthetic hands is the limited func- consequence of slip occurring. 40

tionality that they offer. Generally a prosthetic hand is re- To address these problems, new designs of prosthesis
stricted in the number of degrees of freedom in the movementare required with independent control in the movement
of its digits permitting only a narrow range of grip postures. of all of the digits to assist in adaptive grasping. Sensots
Typically only the thumb and one finger (or a group of fin- should also be incorporated within each digit to help detet
gers acting together) can be actively moved. For example, onemine their relative position when forming a particular gripss
of the most technologically advanced commercial prosthetic pattern and to record the levels of force exerted by each
hands, the Otto Bock SensorHd is limited to movement  digit. Localised intelligence in the form of a simple mi-
of just the thumb and two other fingef$]. Furthermore, crocontroller could be used to monitor and adjust the lews
many prosthetic devices lack any form of feedback control els of force as necessary, permitting the dynamic adjusi
system meaning that the operator has no sense of what theynent of the grip pattern. All of this could be performedso
are holding beyond that which can be determined visually. independently of the user, thereby removing the burden af
This has the disadvantage that the prosthetic device could baesponsibility. 52
damaged if, for example, an object that is too hot or too cold  This paper describes the design of a new force sensitive
were to be grasped. Similarly, a lack of knowledge of the fingertip that supports a number of thick-film force sensors
forces imparted by the hand during a grip posture may also and a temperature sensor. Two different types of force sen-
sor have been included: a static force sensor to measure and

* Corresponding author. Tel.: +44 2380 592600; fax: +44 2380 592901. Monitor forces exerted by the fingers during a grip posture
E-mail addressawc@ecs.soton.ac.uk (A. Cranny). and a dynamic force sensor, operating as a vibration senser,

0924-4247/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.sna.2005.02.015
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Fig. 1. Skeletal structure of the Southampton myoelectric prosthetic hand showing some early examples of photo-acoustic proximity/sliptaensioitsson
fingertips and thumER].

to detect the onset of slip. The fingertips act as simple me-  As the hand closes around an object during operation the
chanical cantilevers when attached to the distal ends of thefingertip cantilevers are bent against their supports creatingsa
fingers of a prototype myoelectrically controlled prosthetic change in the surface strain of the fingertip. Since the strain
hand (shownifrig. 1[2]). Inuse, the hand is controlled by the produced is directly proportional to the magnitude of the force
electrical signals produced by any convenient flexor-extensor bending the fingertip, the force may be determined with a
muscle pair. Signals from these muscles form the inputs to suitably positioned strain sensor. If an object is not held ser
an intelligent, state driven controller which interprets this in- curely within the hand and begins to work itself free, the slips
formation before moving the digits of the hand into one of sensors will detect any movement of the object in the form
several prehensile positions including hold, squeeze, grip andof a vibration signal and initiate closure of the relevant fins:
release, as well as some of the more common hand postureger (or fingers) to tighten the grip. The magnitude of these
[3,4]. To perform these functions, each finger is individually grip forces will be continuously monitored by the static forces
controlled by its own dedicated motor allowing independent sensors in each fingertip and their information used to decide
flexion (closing) and extension (opening) of each mechanical when the new grip is tight enough and to stop closing the
digit in a natural anthropomorphic curl pattern. The extent of fingers. Similarly, if the measured temperature of an objest
finger closure can be ascertained at any time from the sig-being gripped is determined to be potentially damaging t@
nals derived from rotational position encoders included on the prosthesis, the hand is commanded to cease closing.the
the motor drive shafts. fingers around that object. 10
Each finger is constructed from a number of interconnect-  In use, the skeletal structure of the prosthetic hand shown
ing links, the pivot points of which are coincident with the po- in Fig. 1 will eventually be entirely enclosed within a rub-w-
sitions of the human finger joints. The finger links and palm berised glove to give the hand a more aesthetic look. 108
of the hand are fabricated from a carbon fibre epoxy com-
posite to reduce the overall mass of the hand (approximately
550 gincluding wrist connector). The thumb is manufactured 2. Sensor array design 100
from Hilube Vesconit&M and is controlled by two orthogonal
motors giving 2 degrees of freedom in movement, simulating  The fingertip cantilever supports independent force, slip
the abduction, adduction, flexion and extension movementsgnd temperature sensors on a common stainless steel plat-
of the natural thumb. In conjunction with the four indepen- form. Each of these sensors have been produced using thiek-
dently controllable fingers, the hand therefore has a total of 6 fiim technology, exploiting respectively the piezoresistive;:
degrees of freedom in movement allowing a range of natural piezoelectric and thermo-resistive effects of both commercial
grip postures to be adopted. and proprietary thick-film materials. A single fingertip canss

SNA 4668 1-10



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

DTD 5

A. Cranny et al. / Sensors and Actuators A xxx (2005) XXX—XXX 3

| LT__TJ
20 ! 26.0 |
Strain sensors
Ra Rb ﬁc Slip sensor

17.

Temperature sensor

Insulation

Fig. 2. Dimensions of fingertip cantilever (mm) showing the locations of the
various sensors.

tilever sensor array is shown kig. 2 The dimensions of the

=
'

Fig. 3. Location of two strain sensing elementsdRd R upon the surface
of a cantilever beam deflected by an amoygtwhen subjected to a force
F at a distance a from the beam root.

located half-way along the beam (assuming ideal beam he-
haviour). Such an arrangement would therefore be unableo
distinguish between these two situations.
To overcome this problem, a position-independent foree
sensor has been designed that uses two independent steain
sensor elements located upon the fingertip cantilever at dif-
ferent distances along its length. When a force deflects the
cantilever each of these sensors experiences a different strain

152

cantilever have been chosen to mimic the size of an averagéeVEl with resultant changes to their resistances. It can be
human adult male fingertip and also to allow the measure- shown that the ratio of the normalised changes in resistanee
ment of fingertip forces up to 100 N without exceeding the Of the two sensors indicate the position of the force on the
maximum working strains of the materials used. The figure fingertip whilst the magnitude of the normalised change in
shows that the cantilever design includes two recessed holedesistance gives a position-dependant measure of the fokee
to allow it to be secured to the distal end of each finger using 'evel- Hence by measuring the normalised changes in resis-
metric M2 size bolts. The beam root axis is located approx- fance of both sensors, a position-independent value for the
imately 6 mm from the flat end of the cantilever (left hand force can be derived. The principle is illustrated with refefss
side as viewed in the figure), giving an effective cantilever €nce toFig. 3and described below. 166

length of 20 mm.

2.1. Static force sensor

It has been well documented that thick-film resistors ex-
hibit proportional resistance changes with applied strain (the

Fig. 3shows two resistive strain sensorsdadd R located 167
upon the top surface of a cantilever beam of thickiesach s
a different distance from the beam root and separated bya
distancexs. When a forcd- acts upon the beam at a distanceo
a from the beam root, the beam is deflected by an amount
Y@)- Under these conditions the respective strainande, 172

173

. L . ; P experienced by the two sensors are given by:
piezoresistive effect) with a strain sensitivity higher than that P y 9 y

of conventional metal foil strain gaug€s—8]. This, when 3d1h
coupled with the ability to print the thick-film resistors to  £1 = —_3 V() (1) s
any size and at any location upon the surface of the cantilever
make this technology an ideal candidate for strain sensing ing _ 3dzh 2

. . . 2 = 3 Y(a) ( ) 175
this application. 2a

Conventionally, strain sensors are usually arranged in
Wheatstone bridge circuits with up to four individual sen-
sor components located at the root of the cantilever and on
both sides, thereby exploiting strains of compression and ten-
sion to maximise measurement sensitivity. However in this
application only the top surface of the cantilever is used (to
reduce costs and processing time) and therefore only tension¥() =
ing strains are measured as the fingertip is bent by a force.

This still allows the arrangement of the thick-film resistors wherel is the second moment of area of the beam Brisl
into a classic half-bridge circuit, although this would prove Young’s modulus for the beam material. For a rectangulas
to be unsuitable for this application. The reason for this is beam of widthb and thickness, | is given by:
that the strains experienced at the root of the beam are the

same when a force of arbitrary magnitude is located at the ; b_h3

tip of the beam and when a force of twice that magnitude is =~ 12

Here,d; andd, are the distances of the two sensors froms
the position of the force. The size of the deflection at the
point where the force makes contact with the cantileygy,
is given by:

178

179

Fa3

357 @)

180

181

183

(4)

184
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and so Eq(3) may be rewritten as:

4Fa3

Ebi3 )

Y@ =

Substituting Eq(5) into Eq.(1) gives a force-dependant value

for the strain in sensor Rthus:
6d1F

= 7oz (6)

&1

From Egs(1) and (2)it can be seen that the ratio of the strains
in the two sensors is directly proportional to the ratio of their

distances from the force, i.e.

n_a ™

g2 do

Fig. 3 also shows that the distande can be expressed in

terms of the sensor separation distargéhrough the rela-

tionshipd, = dj — xs. Substituting this expression fdp into

Eq. (7) and re-arranging yields:

di = _&Xs (8)
£1— &2

Substituting for d into Eq.(6) gives:

_ 6F e1xg

T Ebh2e1 — &2

From which an expression for the force may be derived:

©)

€1

Ebh?
6x s

F = (e1—¢2) (10)

by the two sensors is reduced and the bracketed term of k€.
(12) is lowered. Since the latter term is the actual property
that is measured it would be prudent to arrange for this teemn
to be as large as possible to achieve good measurement reso-
lution. Moreover, ags is increased the portion of the fingertipez
upon which a practical measurement of force can be made
is reduced. The force must always act on that portion of the
cantilever beam between the set of sensors and the beam tigto
ensure that both sensors experience a force-dependant stsain
(i.e.d; andd; in Fig. 3must both be positive). The length ofzss
beam between the position where the force acts and the beam
tip experiences no force induced change in the surface straie.
In order to determine a practical value fey the force 2
sensor design shown Fig. 2includes three identical thick- 2ss
film strain sensitive resistors located at different distances
from the cantilever beam root. This arrangement permits the
investigation of three combinations of resistor pairs. For the
purposes of this paper, these three strain sensing resistors
are referred to aRy, Ry andR: with Ry being the closest to 24
the beam root an& the closest to the tip (free end). Eacha
resistor measures 6 mminwidth and 1 mminlength (betwegn
electrodes) and are positioned 3 mm apart along the cantilever
beam length with the first of these resistors located 1.3 num
from the beam root axis. 28
In use it may prove impractical to perform two indepertss
dent measurements of resistance change. For example,.the
alternating measurement of independent resistors means that
a truly continuous measurement of fingertip force cannot be
achieved; the time difference between measurements can4e-
sultin dramatic differencesin the cantilever strain distributios:

The strains experienced by the two sensors can be foundwhen the finger is closing quickly around an object. In addis
through the direct measurement of the normalised changesgtion, the time required to perform a complete measuremest
in resistance of the sensors using the definition for gaugewill limit how quickly a decision can be made by a local in+s

factor,G, namely:

OR/R
G = /
€

11

Here,dR is the change in resistance due to a stegifrom

a previously unstrained value Bf Assuming that the gauge

telligent controlling system to open, close or stop the fingess
The shorter this time interval can be made, the better. 25
A resistance-measuring circuit based on the classie
Wheatstone bridge is therefore proposed as being suitakle
to provide a continuous force signal in accordance with Eg.
(12). The circuit, shown irFig. 4, is a pseudo version of the s

factors for both sensors are identical, which is not unreason-half-bridge arrangement. In this version, both of the strain

able considering that both thick-film resistors are processed

at the same time with the same paste, @d)) may be re-

written in terms of the measured changes in resistance of the

two sensors:

5 Ebh? (3R1 3Ry
- GGXS

(12)

O
Vx

Vout

R1 R
Hence, a position-independent measurement of the force on
the fingertip can be determined simply by measuring the dif-
ference in the normalised changes in resistance of the two
sensors.

Closer inspection of Eq12) reveals that a trade-off ex-
ists between the force sensitivity and the separation distance
between the two sensors. If the separation distagisemin-
imised, the un-bracketed term of Efj2)is maximised. How-

Gnd

v

ever, axs is reduced the difference in the strains experienced Fig. 4. Pseudo half-bridge measurement circuit for static force sensor.
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sensitive resistors are located in the bottom half of each armby Electro Science Laboratories (ESL) through their Uniteg
of the circuit (shown shaded). The output of this circuit nor- Kingdom distributor Agmet (UK). The grade of stainless steek

malised with respect to the excitation voltalye, is approx- used for the substrate was bright annealed AISI 430S17 and
imated by: was cut and machined to the required dimensions by wire esa-
Vout SR, SRy sion. Before printing the variou_s thick-film materials upon thes

Ve =k (R_l — R_2> (13) stainless steel cantilevers, their surfaces were thoroughly de-

greased using acetone followed by rinsing in de-ionised was-
With reference to E¢(12) it can be seen that the normalised ter. No other pre-processing surface treatment was required.
output voltage of the pseudo half-bridge circuit is directly The proprietary PZT paste was formulated by mixing balbzo
proportional to the position-independent force with the con- milled and attritor-milled PZT-5H powders supplied by Morsz
stant of proportionalityk, given by certain physical proper- gan Electro-Ceramics Ltd. in a 4:1 ratio by weight with &
ties of the beam, the gauge factor of the sensor and the sensdrerro 7575 lead borosilicate glass (10 wt.f8). The resul- 22

separation distance. tant powder was then blended with a standard thick-film agx
ganic vehicle (ESL 400) to produce a thixotropic paste with

2.2. Slip sensor a viscosity of approximately 58 2 Pas (measured with aszs
Brookfield CAP 1000+ viscometer, spindle #3, 10 rpm at &

The slip sensor utilizes the piezoelectric properties of lead- temperature of 25C). a8

zirconate-titanate (PZT) which has been rendered into a suit- To ensure electrical isolation of the various sensor coms
able format in our laboratories for thick-film screen printing ponents from the stainless steel fingertip the surface of the
[9]. The piezoelectric effect describes how electrical charge is latter was electrically insulated by successively printing and
liberated within certain polycrystalline materials due to me- firing a number of layers of a thick-film dielectric paste (ESks
chanical deformation of the material. The PZT layeris printed 4986) to a combined post-fired thickness of approximately
as a square pattern of side 9 mm and approximate thickness 080um. This particular dielectric paste has been specificaly
100p.m between two gold electrodes (with effective common formulated as an insulation layer for type 430 stainless steels,
area of 8mmx 8 mm) in a sandwich structure as shown in having a closely matched value for its coefficient of thekss
Fig. 2 After printing and firing, the PZT layer must be poled mal expansion. A gold conductor paste (ESL 8836) was then
in an electric field to initiate the piezoelectric properties. printed and fired to define the electrodes, interconnect asad
The slip sensor operates as a simple vibration sensor pro-interface pads of the various sensors (approximate post-fised
ducing a charge that is proportional to the level of vibration thickness of 1Qum). This was followed by the printing anda«
on the surface of the fingertip. When an object is gripped firing of a double layer of the proprietary PZT paste oves
by the prosthetic hand, any movement by the object that in- the bottom electrode of the slip sensor to an average post-
dicates the beginning of slip will produce a vibration in the fired thickness of 10m. Next, a gold conductor paste (ESLss
cantilever and is promptly detected by the sensor and readily8836) was printed and fired over the top surface of the PZ:F
converted to a measurable voltage through the use of a chargéayer to form the top electrode of the slip sensor (approxis

amplifier. mate post-fired thickness of 18n). Finally, a resistor paste s
with nominal sheet resistivity of 1&¥[J (ESL 3914) and a s«
2.3. Temperature sensor thermistor paste (ESL PTC2611) with a resistivity oK2MI] a4

were printed as single layers and co-fired (approximate post-
The temperature sensor consists of a simple reverse-‘C’fired thickness of 1Am). These two resistive materials resso
pattern (width 1 mm and effective length of 6.5mm) of a spectively form the static force sensor and the temperatuse
positive temperature coefficient thermistor paste printed be-sensor. All layer firings were performed in a BTU 6-zone:
tween the two mounting holes on the fingertip surface. The belt furnace with a peak firing temperature of 88) tem- s
thermistor paste chosen demonstrates a highly linear rela-perature ascent and descent rates of approximat€igsoin - as
tionship between resistance and temperature with a quotedand total cycle time of 60 min except for the PZT layers wheee
temperature coefficient of resistance (TCR) of the order of the peak temperature was raised to 960 a6
41004500 ppm?C over the temperature ranges5°C to After fabrication, the PZT slip sensors on individual carss:
+125°C. The temperature sensor is used to indicate if an tilevers were poled in a dc electric field (field strength ofs
object being gripped is either too hot or too cold for the pros- approximately 4 MV ntl) at a temperature of 15C for s
thesis as well as providing temperature compensation for the30 min. The electric field was applied directly to the slip sene
force and slip sensors should this prove necessary. sors by connecting a high tension voltage source betwegn
the sensor electrodes. The devices were then allowed to ceol
to room temperature whilst the electric field was maintained
3. Sensor array production across the PZT layer. Thegpiezoelectric coefficient of a s
number of samples (a metric for the vibration sensitivity) was
Apart from the PZT thick-film paste used in the construc- then measured using a Take Control PM35 piezometer, yield-
tion of the slip sensor, all other thick-film pastes were supplied ing an average value of 462 pC N~L. This is significantly s
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lower than the bulk value of 593 pC N reported by the man-
ufacturer of the PZT powddd0]. This is partly due to the
dilution effect of the glass mixed in with the PZT powders
and as a result of the different processing conditions affecting
the stochiometry. In addition, it has previously been observed
that the very act of fabricating a PZT sensor on a stiff sub-
strate material introduces a clamping effect that restricts the
movement of the PZT layer and thereby reduces the measured
ds3 coefficient[11].

Percentage change in resistance

4. Experimental results "0 8 10 15 20 25 30 35 40 45 50
Force at beam tip (N)
4.1. Static force sensor
Fig. 5. Percentage change in resistance of the three thick-film resistors as a

To evaluate the performance of the static force sensor, thefunction of force at the cantilever tip.
resistance values of the three thick-film resistors were mea-
sured on a number of devices under various fingertip load- SensomR, the closest to the beam root and therefore experis
ing conditions. Resistance measurements were made using &ncing the greater level of strain for any particular force. o
63 digit resolution multimeter in fixed range with a moving The results inFig. 5also show that there is an offset in.:
average filter of 20 readings depth (Keithley 2000 DMM). the unstrained resistance value for no applied load and that
Measurements were performed using 4-wire techniques forthe level of this offset is common to all three sensing resigs
improved accuracy and resolution. tors. This is a consequence of hysteresis within the system,

From the recorded resistance data simulations of the out-which is clearly evident from these results. The source of
put response of a pseudo half-bridge circuit were modelled the hysteresis may be inherent due to the effect of particular
using the various pair combinations of the three resistors. mechanical properties of the stainless steel cantilever (e.g.
These simulated results are presented through the followingstiffness) and/or it may be characteristic of the thick-film rezs
sections and where appropriate, offset compensation has beefistors themselves. 420
applied so that the simulated output is always equal to zero  Using the experimental data frofig. 5the pseudo half- 4
under zero force conditions. This is accomplished by setting bridge circuit response was modelled as a function of the
the values of the passive resistors in each arm of the bridgeforce at the cantilever tip. Results are displaye#ig 6for s
circuit equal to the unstrained values of the sensor resistors ineach pair combination of resistors acting as the active ele-
the same arms. In practice, this would be achieved by replac-ments in the bridge circuit. Only the results as the masses
ing the passive resistors of the bridge circuit with variable were added to the cantilever beam (i.e. increasing force) ase
types that can be adjusted under microprocessor control eactghown. The simulated results for when the masses were #e-
time the finger is in the fully open position and consequently moved are not shown since these are practically identicat.
when the fingertip strain sensors are unstrained. The results show that all three sensor pair combinations ex-

The decision to model the pseudo half-bridge response hibit good linearity in their responses with sensor piand s
rather than physically hard-wire the resistor pairs into a real Rc demonstrating twice the measurement sensitivity of the
measurement circuit was taken since it was felt that the direct
measurement of individual resistance values may prove more
informative in explaining observed responses.

350
—o—Raand Rb:Xs = 3 mm: Slope = 3.3 uV/V.N b

30071 —a—RaandRc:Xs =6 mm: Slope = 6.6 UV/V.N
Rb and Rc: Xs = 3 mm: Slope = 3.3 uV/NV.N

4.1.1. Linearity

The static force sensor was evaluated by securing the fin-
gertip structure to a purpose built test rig and then loading
and unloading the fingertip with masses equivalent to a total
of 50 N. An example of the changes in resistance observed
as forces at the tip of the cantilever were both increased and
decreased in 2 N increments is showifrig. 5. To a good ap-
proximation the changes in resistance of each of the three re-
sistors demonstrates a linear relationship with applied force.
The figure also shows that the gradients of the characteristics
vary between the three resistors, with serikgshowing the

greater sensitivity and_ Sens'.a_& showmg the IoweSt_' This is . Fig. 6. Simulated pseudo half-bridge output as a function of cantilever tip
a consequence of their positioning upon the cantilever, with force for all sensor combinations.

250

2001

150 ' V@/e,eﬂ"

100 M

50 | A

Pseudo half-bridge output (pV/V)

0 5 10 15 20 25 30 35 40 45 50
Force at beam tip (N)

SNA 4668 1-10



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

DTD 5

A. Cranny et al. / Sensors and Actuators A xxx (2005) XXX—XXX 7
1.0 30
09 —o—RaandRb: Xs= 3 mm elmm e2Zmm e3mm 4mm
_4 RaandRc Xs=6mm 25| H
0.8+ Rb and Re: Xs = 3 mm s BT 8T, @AM @A2mn ° E
= 071 > H
z 3 2 :
"] 5 i s
2 3
8 g 1 .
2 o
2 & 10 P
I g |
= |
1] 5 8
0.0 T T T T T St T T2 1 0 - : - . - : - - - -
0 5 10 15 20 25 30 35 40 45 50 0 1 2 3 4 5 6 7 8 9 10 1"
Force at beam tip (N) Loading force (N)
Fig. 7. Hysteresis in simulated bridge output as a function of cantilever tip Fig. 8. Simulated bridge circuit response as a function of loading distance
force for all sensor combinations. from the cantilever tip based on measured resistance changes in Snsors
andRy.

other two sensor combinations. This is expected since this

sensor pair is separated by the greatest distance and therefor® model the output response of the pseudo half-bridge circuit.
experiences the greatest difference in strain levels betweenA typical result based on the measured changes in resistance
the pair. This is compensated in E§2) by the presence of  of the pair of resistors closest to the cantilever beam roat
the sensor separation distangg) (n the denominator of the  (i.e. sensor combinatioR, andRy) is shown inFig. 8. Very s
constant of proportionality. Applying this compensation to similar results are obtained for the other two combinations &f

the measured gradients of the traceFig. 6 gives a design  strain sensor. 483
value for the force measurement sensitivity of 1\M/V N Fig. 8shows that there is some variation in the bridge Cikss
per millimetre of sensor separation distance. cuit response with the position of the force. In general, as the
force is moved further from the cantilever tip and toward thes
4.1.2. Hysteresis strain sensing resistors, the force measurement sensitivitysof

The hysteresis in the simulated response of the pseudathe circuit decreases. This is demonstrated more clearly.in
half-bridge circuit as a function of cantilever tip force is Fig. 9where the slopes of the traces fréfig. 8 normalised s
shown for each combination of resistor pairs-ig. 7. Here, with respect to the slope at the 1 mm distance, are plotted asa
the hysteresis is defined as the difference in the simulatedfunction of the distance from the cantilever tip. For comparax
bridge output voltages using resistance data recorded whertive purposes, the modelled equivalent response for a clasgic
masses were added to the cantilever tip and as they werehalf-bridge measurement circuit (where the two active resiss
removed. The difference value is then converted to an equiv-tors are diagonally opposed in the two arms of the bridge
alent value of force using the gradients of the tracdsgn6. circuit and experience the same strain levels) is also show.
The results show that the general level of hysteresis is quite  Fig. 9shows that the static force sensor measurement seg-
low. The maximum value of 0.7 N, equivalent to an error of sitivity (or resolution) is dependant upon the position that the
1.4% of the full scale range of forces investigated, occurs for
that pair of resistors that experience the lowest strain levels 0
(sensorfx, andR;). The lowest level of hysteresis occurs for
resistor pailR; andRy, which is the closest pair to the beam
root and experiences the largest strain levels. These levels of
hysteresis are far lower than might at first be suggested from
the data shown iRig. 5. This is a consequence of the fact that
despite the obvious difference in the characteristics of indi-
vidual resistors between loading and unloading masses at the

-10 4

-20 4

-30 4

Percentage change in sensitivity

cantilever tip, the differences between the changes in resis- -40 1
tance of pairs of resistors track extremely well under these oseudo half-brid
two different conditions. FO| T naleige
—aA— Classic half-bridge
-60 A————————————

4.1.3. Effect of load position
The effect of the position of the force on the response of
the static sensor was investigated by performing similar mass

loading experiments at different positions along the length of rig 9. comparison of static force sensor measurement sensitivity as a func-
the fingertip. Data from resistance measurements were usedion of loading position for two different half-bridge circuit configurations.

i1 2 3 4 5 6 7 8 9 10 11 12 13
Distance from beam tip (mm)

SNA 4668 1-10



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

DTD 5

8 A. Cranny et al. / Sensors and Actuators A xxx (2005) XXXx—xXX
0.10 Tek L [Bl Ready M Pos: 152.0ms TRIGGER
N ar ? : - : : : N
0.08 — - - 108N L . : = : : : :
’?Q{Ja - === 5ESN “““““ E Video
g U 1.0N S oLty
_3_.0'04' RREEERE I R R LR RS EREARRRRRRR pe
: : : : : : : : ising
3 0.021 e R
] -
:S’ 0.00+ 14 M Source
= "
2 0021 < CH1
E O S
GE,’-O‘Mi : - Ode
5 0064 S B ormal
S : : : R : : : N
-0.08 ........ E Coupling
S — z NI T NV
-0 -5 0 5 10 15 20 25 30 35 40 CH1 2.00V M 50.0ms CH1." 2.00V

Temperature (°C)
Fig. 11. Oscilloscope trace of output from charge amplifier as 100 g mass

Fig. 10. Percentage change in bridge output as a function of temperatureis dropped onto the surface of a PZT slip sensor and then allowed to slide

and cantilever tip force. over its surface. Horizontal axis: 50 ms per division; vertical axis: 2V per
division.

force acts on the beam for both bridge circuit models. How-

ever, the extent of the dependency is lower when the resistors?-3- Temperature sensor 532

are configured in the pseudo half-bridge arrangement. From : o
results obtained over a number of similar experiments, the The resistance—temperature characteristics of a numbesof

measurement resolution of the pseudo half-bridge version of S2MPles of the fingertip temperature sensor were measused

the static force sensor has been observed to decrease frorf! @n environmental chamber over the temperature range

its maximum value at a rate of between 1 and 2% for every —10°C t0 +40°C. The local temperatures experienced bys
millimetre the acting force moves closer to the sensor. the thermistor sensors were determined by measuring theste-

sistance of a calibrated commercial thin-film Pt100 tempesgs
4.1.4. Effect of temperature ature sensor glued to the surface of one device. The average
Ry measured resistance of the thick-film thermistor temperatuse

The effect of temperature on the static force sensor re- ¢ X f h d
sponse was investigated by measuring the sensor resistancec1>0'S as a unction of temperature was shown to deman-

values in a \btsch VT4021 environmental chamber at tem- State a highly linear relationship of the form 2
peratures betwgeﬂlo and +4QC and W|th_ different loads Riry = Roy(1 + o) (14)
applied to the tip of the cantilever. A typical set of results

is shown inFig. 10 revealing an extremely low sensitivity ~ with a coefficient of determinatiorRf) of 0.9998. In Eq. su

to temperature of less thar0.04% change in bridge output  (13) Ry is the resistance at a temperatdieR) the re- s

over the temperature range and loading conditions investi- sistance at 0C and« the temperature coefficient of resissss

gated. This is a result of first order temperature compensa-tance (TCR). From the recorded data, an average value for
tion inherent in the bridge circuit architecture, enhanced by « of 4230+ 50 ppm/C and an average value f@g) of s

the extremely good matching of the resistance—temperature35.4+ 5.5Q was determined. The large spread in the value

characteristics of neighbouring, co-processed thick-film re- for R reflects the large variation in post-processed resiss

543

sistors. tance values for the printed sensors; an artifact of the thick-
film printing process. This is not considered a problem sineg
4.2. Slip sensor individual temperature sensors may be balanced in a suitatle

bridge circuit in practice. The small variation in the value.

To test the functionality of the slip sensor, small masses for « (approximately 1.2%) means that temperature may be
were dropped onto the surface of an inclined fingertip and inferred from resistance in a repeatable manner and to a high
allowed to slide over the top electrode of the senBiy. 11 degree of accuracy. For the values reported here, a resistasce
shows a typical response obtained from one of these devicesneasurement resolution of 0.05is required to resolve the ss
when connected to a simple charge amplifier. The initial mo- temperature of the fingertip to°C. 559
ment of impact can be seen on the left of the trace as well as a
vibration signal on the right side of the trace as the mass slips
over the sensor surface. Both signals are readily detectables. Conclusions 560
above the background noise level and demonstrate the poten-
tial of the sensor to detect the moment of first contact thatthe  The static force sensor has been demonstrated to give.a
hand makes as it encloses on an object as well as its abilitylinear response over the force range 0-50 N with a maxi:
to detect the onset of slip. mum hysteresis level of 0.7 N (equivalent to 1.4% of fulks
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