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STATIC TORQUE MEASUREMENT USING GMI STRAIN GAUGE

T. Uchiyama, F. Borza, T. Meydan
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Torque detection characteristics using GMI strain gauge, which is based on CoFeSiB
amorphous microwires, are investigated. The gauge factor of the negative magnetostrictive
wire used in this paper is higher than 2000. The linear relation between the bridge sensor
output and the applied static torque is obtained in the torque range of + 5 Nm for a13 mmiin
diameter brass shaft. The torque sensitivity is enhanced by the bias technique while the field
sengitivity is reduced. Applying simultaneoudy dc bias current and dc bias field, the
sensitivity reaches 14 mV/Nm. Both high sensitivity and small power consumption are
advantages of GM1 stain gauge. Based on the results obtai ned in this paper, GM| strain gauges
would be useful for the power steering application in the automotive industry.
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1. Introduction

The stress sensitive magnetostrictive wires have been widdy studied [1] and ther application
in sensors has been proposed [2]. Recently, a torsion measurement system using glass covered
amorphous wires having a diameter less than 30 um has been investigated [3]. These applications are
mai nly based on the Large Barkhausen Effect, the Matteucci Effect and the I nverse Wiedemann Effect.
On the other hand, amorphous wire micro sensors, which are based on the Magneto-I mpedance (M)
Effect, have been developed for the industrial applications [4,5]. Although original M| sensors are
designed to detect the magnetic field, Co-based amorphous wire d ements are al so sensitive to applied
stress. The inverse magnetostrictive effect leads to a change of permeability of wires so that applied
stress can change the impedance of the amorphous wires due to the skin effect with high frequency
current excitation. As a result of stress dependence impedance change (stress dependence of Giant
Magneto-lmpedance effect - GMI), a gauge factor, GF, of about 2000 has been obtained for
CO0725Si125B15 and Cogs 157 €, 35Si12.5B 15 amorphous wires [6,7]. GFisdefinedasA | Z| /| Z | /e, where
¢ is gpplied strain. In addition, both the thin form and good mechanica properties of amorphous wires
are useful for the attachment of the wire gauge on the dastic e ement to produce asignal. A simple
torque measuring system without torsion bar can be achi eved using these high sensitive gauges. Hence,
a static torque measurement system using GMI strain gauges is investigated.

2. Experimental and results
2.1 Stress dependence of GMI effect

When a strong skin effect is induced by a high frequency current, iy, the wireimpedance Z is
expressed as

[Z] = (alzﬁ) Rac/ W (0) for o << a Q)

where aistheradius of thewire, o0 isthe skin depth, pistheresistivity, Ry isthe dc resistance, wis
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the angular frequency, pe is the circumferentia permeability, and o is the applied stress to the wire.
According to eg. (1), achange in s with o due to the inverse-magnetostriction effect leads to an
impedance change. It should be noted that eq, (1) applies for frequencies above 2 MHz for wires with
adiameter of 21 um.

Fig. 1 shows theimpedanceratio A | Z|/| Zo |, versus strain, €, characteristics of CoFeSiB
amorphous wires prepared by the glass coated mdt spinning method, after glass removal. The
diameter, ®, of thewireis 21 um and thelength, |, is5 mm.

The peak to peak va ue of the applied current I, iS5 mA and the frequency is 5vMHz. The
voltage ey, across the ends of the wire, was measured. The absolute value of the impedance was
estimated using therdation |Z| = V /11, WhereV , and |, arethe amplitude of voltage e, and current iy,
respectively. A|Z)/|Zo| is defined as (JZ(€)|-|Z(e =0)])/|Z(s =0)|. The large impedance change, which is
due to the skin effect, was obtained by annealing with a dc current of 50 mA for 20 minutes flowing
through the wires after glassremoval. Thelinear increment in theimpedance is observed between € =
- 0.01% and € = 0.01%. The gauge factor S. (= AZ/Z/¢) is estimated to be morethan 2000 inthislinear
region. The vaue of S is more than doubl e than that of CoSiB at 5 MHz [6].

The ac current iy, changes the circumferential BH loops when a strain is experienced by the
wire under test. Fig. 2 shows the bridge circuit used for BeHs loops measurement. Hg is the
circumferential magnetic field of iw/21a. By is obtained from the relation g = dg/dt, where @isthe
circumferential flux and e_ is the inductive component of e,. Assuming a linear response in the
voltage, thewireimpedanceisexpressed asZ,, = Ry +jwlL. WhenR >> L andr =Ry, Va isgiven by

Va ={E/(RtRq)}jol = jwl Iy )

That means that va(t) is equivaent to e (t). Evenif e contains nonlinear components, the
linear ohmic component of e, is subtracted by means of aresistance bridge.

Fig. 3 shows the B H, loops for CoFeSIB wires. The saturation magnetostriction of the as
quenched wires is is = -1x107. The coercivity H. depends on the strain, which induces internal
stresses in the wire. The coercivity decreases with applying positive strain, while it increases with
applying negative strain. It is also noted that | tends to increase with decreasing H (Fig. 3). The
changein u seemsto bereflected on the change of the impedance of the wires due to the skin effect.
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Fig. 1. Impedance Z versus ¢ characteristic for Fig. 2. Bridge circuit for BgHg measurement
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Fig. 3. Circumferentia BH loops for CoFeSiB wires annealed by dc current.
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2.2. Static torque measurements

Fig. 4 shows a torque measurement system employing the impedance strain gauge sensor,
which is based on the 20 um diameter wire prepared by the glass coated met spinning method, after
glass removal. A brass shaft, with the diameter of 13 mm was used in this experiment. When atorque
T isapplied to the metal shaft, the main direction of the stress makes an angle of + 45 degrees with the
shaft axis. Both ends of the amorphous wire are bonded on conductor pads, which are glued on the
shaft, aligning the wire axis in the direction of 45 degree. The maximum strain in this direction is
given by equation (3)

le| = 16T (1+v)/(TED®) ©)

wherev isthe Poisson’sratio, E is Young's Modulus and D isthe diameter of the shaft. An ac voltage
source was used to gpply a high frequency current to the amorphous wires.

Fig. 5 shows the response of the gauge sensor for torque detection. A linear response was
obtained in the range of + 5 Nm, whi ch corresponds to a strain range of + 0.15% in thewire. In power
steering applications in the automotive industry, a torque sensor having a full scale of + 10 Nm is
needed [8]. Assuming that a 13 mm diameter sted shaft is used, the corresponding strain rangeis +
0.015% for full scale. Based on the experimental results presented here, impedance wire gauges have
the sensitivity and an excdlent linearity for detecting the steering torque in that range.
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Fig. 4. Torque measurement system based on the Fig. 5. Bridge sensor response for the torque
amorphous wire impedance gauge. detection.
2.3. Bias effect

Theinfluence of magnetic fidd on e, isinvestigated when no torqueis applied. Fig. 6 shows
en (amplitude of e,) versus He characteristics of a wire attached on the brass shaft. He is applied
paralld to the shaft axis so that the direction of He, makes an angle of 45 degreeto the wire axis.

A symmetrical change in e, is obtained for a sinusoida wave excitation while an
asymmetrical changeis observed in the case of a dc current biased sinusoidal excitation.

A symmetrical MI characteristics have been reported in amorphous wires having hdica
anisotropy [9,10]. The changein ey, is significantly reduced by applying a dc current in the range of
magnetic fields from -100 A/m to 400 A/m.

Fig. 7 shows the sensor output voltage as a function of the applied torquein the case of adc
current biased sguare wave excitation. The square wave excitation is investigated with practical
applications in mind because a square wave voltage can be generated by a simpl e switching technique
using semiconductor devices. The dc current bias technique leads to a high sensitivity although at the
sametime leads to a dlight nonlinear response. Applying both dc current and dc fidd to the wire, the
sensitivity is enhanced, being 5 times larger than the original sensitivity shownin Fig. 5.
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Fig. 8illustrates the torque sensitivity dependence on the bias magnetic fidd in the case of a
dc biased sguare wave excitation. The maximum sensitivity before amplification reaches 14 mvV/Nm.
The sengitivity is amost constant in the range of Hy, from 200 A/mto 400 A/m.

Fig. 9 shows the influence of the magnetic field on torque detection characteristics.
Assuming abias fid d He 0f 250 A/m, the change in sensor output is less than + 2% full scale for the
disturbancefid d AHg, of + 50 A/m. The bias technique improvesthe torque sensitivity at the expenses
of the fidd sensitivity.
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Fig. 8. Sensitivity dependence onthebiasdc magnetic ~ Fig. 9. Influence of magnetic field on torque detection
field. characteristics.

Table 1 shows the basic features of some GMI gauge type torque transducers as compared to
ametalic gauge [11]. Both high sensitivity and low power consumption are advantages of the GMI
strain gauge type torque transducer. The dynamic rangein € isnarrower for the case of GMI gauge but
it isnot adisadvantage. Increasing the diameter of the sensing segment alows the GMI torque sensor
to have a wide dynamic range in torgue detection.

Table 1. Torque detecting characteristics for GMI strain gauge in comparison with that for

metallic gauge.
Dynamicrange, € Sensitivity Power
GMI gauge +0.015 400 V/e V=25V (f=5MH2)
Metallic gauge +0.3% 4Vie Vg =8V
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3. Conclusions

The static torque measurements were carried out using the GMI strain gauge based on
amorphous microwires. The half bridge type torque transducer shows both high sensitivity and good
linearity with small mechanical hysteresis. The GMI torque transducer may be employed for power
steering applicationsin the automotiveindustry. The nove bias techniques areresponsible for the high
accuracy of torque detection.
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