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Noncontact Capacitive Torque Sensor For Use on a 
Rotating Axle 

REINOUD F. WOLFFENBUTTEL, MEMBER, IEEE, A N D  JENS A. FOERSTER 

Abstruct-The measurement of the torque in a mechanically loaded 
axle is often required for automotive power-train and engine control 
systems. Up to the present, torque sensing has been performed by 
mainly using strain gauges connected to the axle with slip rings to en- 
able the electrical contacting. Noncontact magnetic and optical tech- 
niques have also been employed. In the proposed capacitive torque sen- 
sor, two angular displacement sensors are spaced a well-defined 
distance apart. The rotor of each of these capacitive displacement sen- 
sors is composed of an artay of electrodes and sinewave voltages with 
phase angles in the sequence O " ,  90", 180", 270" applied to it. These 
voltages are capacitively coupled from the stator to the rotor. The sta- 
tor is also equipped with a readout electrode. The phase angle of the 
sinewave on this readout electrode is proportional to the rotor-to-stator 
electrode overlapping and, thus proportional to the angular position. 
The phase difference between the output signals of the two angular 
displacement transducers is a direct measure of the twist angle and, 
thus of the torque in the axle. The sensor enables the noncontact torque 
measurement bn a IO-mm diameter steel axle in the 0-100 Nm range. 

I. INTRODUCTION 

HE torque/speed relation of an engine is an important T parameter for fuel-consumption economy. Optimum 
fuel economy would be obtained by keeping the engine at 
the lowest possible gear during acceleration by changing 
the gear ratio to give increased vehicle speed instead of 
operating the throttle to increase the engine speed. The 
throttle should only be operated to increase the power at 
the lowest possible engine speed. Obviously, the engine 
speed is not a suitable parameter for adjusting the trans- 
mission in such a strategy, so the torque should be used 
to adjust the transmission ratio for operation within the 
mechanical limitations [ 11. The engine crankshaft, or an- 
other axle where the torque is to be measured, is rotating, 
which strongly favors a noncontacting measurement of 
this torque. An electrical contact with the rotating axle 
would require the use of slip rings, which would result in 
a more expensive and maintenance demanding sensor sys- 
tem. Another boundary condition that restricts the range 
of the possibilities originates from structural limitations. 

The required mechanical properties of the axle usually 
prohibit the milling of slots for placing the sensor elec- 
tronics or a local stricture of the axle for realizing a larger 
twist angle in the sensor. The milling of slots would be 
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required in noncontact strain-gauge based torque mea- 
surement systems. The electric power for operation of 
such a sensor can be supplied to the axle by inductive 
means and the telemetry of sensor data is also quite fea- 
sible. However, practical constraints do usually not per- 
mit the weakening of the axle. Moreover, the relatively 
high engine speed would require a careful mass balancing 
in the axle to avoid vibrations caused by inertia. Never- 
theless, such systems have been implemented in ship 
axles, where the mass and diameter of the drive shaft and 
the number of revolutions per minute permits the mount- 
ing of a strain-gauge based sensor and readout electronics 
on the axle. A local stricture of the axle can be used to 
enlarge the torque-induced twist angle. This would facil- 
itate the measurement of the torque using two angular dis- 
placement sensors; one on either side of the stricture. As 
the torque-induced twist angle is inversely proportional to 
the fourth power of the axle diameter, a significant gain 
in angular displacement can be obtained, however, struc- 
tural problems usually prohibit the implementation of 
these techniques. 

The relation between the twist angle r ,  over an axle 
length L in an axle of uniform diameter D and a modulus 
of rigidity G ,  at an applied torque T can be described by 

r / T  = - 32L [rad/Nm] 
rGD4 

which results for a 10-mm thick steel axle (G,,,,, = 8.10" 
N/m*) and a sensing distance L = 100 mm in: r / T  = 
lop3 rad/Nm. The torque can, therefore, be determined 
using two angular displacement sensors spaced a distance 
L apart to measure this twist angle. For direct torque sens- 
ing, with an inaccuracy smaller than 1 Nm and without 
stricture of the mechanical structure, displacement sen- 
sors are required with a circumferential inaccuracy smaller 
than 6 pm. The simplest differential noncontact angular 
displacement sensing technique is based on the mutual 
displacements of two flanges that are clamped on the axle 
spaced a certain distance apart. Optical, magnetic, and 
capacitive displacement sensing techniques can be ap- 
plied. An optical torque sensor is shown schematically in 
Fig. 1. Two disks, each with a slit, are mounted on an 
axle a distance L apart. The twist angle controls the over- 
lapping between the slits and thus pulsewidth modulates 
the transmission from a LED lightsource to a photodetec- 
tor. Disks are implemented for pursuing a mechanical am- 
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Fig. 1 .  Optical torque sensing using two disks with a torque-modulated 
slit width. 

plification of the torque induced angular displacement in 
this sensor in order to enable torque sensing using con- 
ventional displacement sensors. The use of disks is re- 
stricted by the available space, which is limited by me- 
chanical boundary conditions such as those imposed by 
bearings. 

A noncontact magnetic torque sensor is possible, based 
on the magnetostrictive effect which is basically a strain- 
induced magnetic field line deflection. The torque-in- 
duced compressive and tensile stresses distort the mag- 
netic field lines as shown in Fig. 2. Applying a magnetic 
field in the axial direction using external coils makes it 
possible to measure the perpendicular field component. A 
second pair of coils can be used for noncontact sensing of 
the perpendicular field and thus enable the noncontact 
sensing of the torque. A disadvantage of this method is 
the power dissipation and the dependence of the sensitiv- 
ity on the type of steel used. It is possible to get around 
the latter disadvantage by using the ferroelectric proper- 
ties of amorphous ribbons instead of the magnetostriction 
of the axle itself. Groups of amorphous iron-based rib- 
bons can be bonded to the axle with the longitudinal di- 
rection of one half of the ribbons at 45" with respect to 
the axial direction and the other half perpendicular to that 
as shown in Fig. 3 [2]. When applying a torque to the 
axle, half of the ribbons will be subjected to tensile stress 
and the other half to compressive stress. The magneto- 
striction changes the permeability of the ribbons and 
causes a change in the mutual inductances between the 
drive coil that drives both groups of ribbons, and the two 
sense coils that detect the torque-induced magnetic an- 
isotropy in the two perpendicular groups of ribbons. This 
method, therefore, enables a noncontact torque sensing 

A disadvantage of the differential angular displacement 
method for measuring the twist angle is that the difference 
between the output signals of two sensors is generally used 
to determine the twist angle in the readout circuitry rather 
than the response of one differential sensor. A very inter- 
esting noncontact capacitive torque sensor that overcomes 
this drawback has recently been reported in literature and 
describes a noncontact torque sensor based on a differ- 
ential capacitive displacement sensor. This sensor is 
shown in Fig. 4 [5] and consists of two sets of serrated 
teeth. One set is applied to the outside to a cylindrical 
tube of dielectric material. The tube is clamped around 
the shaft at a distance L from the teeth on the axle in such 

[31, [41. 
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Fig. 2 .  Operating principle of (a) the magnetostrictive torque sensor and 

(b) the basic sensor structure. 
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Fig 3 Magnetic torque sensor using amorphous ribbons [ 2 ]  
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Fig. 4. Capacitive torque sensor described in 151. (a) Cross section and (b) 

longitudinal section. 
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a way that the teeth on the axle and those on the tube are 
overlapping. A twist angle results in a movement of one 
set of teeth with respect to the other, which enables the 
measurement of the torque by measuring the change in 
capacitance. The readout is based on the change of an LC 
product using a grid dip principle. Although this method 
results in a noncontact, low-cost, and reliable sensor, it 
requires a rather complicated mechanical structure com- 
posed of two coaxial cylinders with a rubber bearing at 
the free end. Apart from this sensor, research is directed 
towards inductive torque sensors based on amorphous rib- 
bons. The response of the capacitive torque sensor dis- 
cussed here is solely determined by the overlap between 
two electrode patterns that are directly connected to their 
respective substrates, the axle and the casing, and is 
therefore based on a very simple mechanical structure 
which is tolerant to the spatial limitations that are imposed 
by e.g. ,  bearings. 

11. THE CAPACITIVE TORQUE SENSOR 
The capacitive torque sensor is basically a differential 

angular displacement sensor and is composed of two ca- 
pacitive displacement sensors mounted on the axle and 
spaced a certain distance apart in order to enable the mea- 
surement of the twist angle.The operation of each of the 
capacitive displacement sensors is based on the combined 
capacitive coupling of four sinewaves to the readout elec- 
trode. The rotor is composed of an array of electrodes 
organized as a bar-space type of grating and the stator 
consists of a single bar-shaped readout electrode. The ar- 
ray of rotor electrodes are connected to sinewaves with 
the same amplitude, however, adjacent electrodes have a 
phase difference of 90". In this way the repetitive phase 
pattern 0", 90", 180", 270", is generated along the rotor 
with a periodicity over four electrodes of the array. The 
phase of the sinewave on the stator electrode is deter- 
mined by the superimposed coupling between the individ- 
ual stator electrodes and the readout bar, which depends 
on the mutual spacings, and is therefore a direct measure 
of the position of the stator with respect to the rotor [6]. 

The fringing fields can be disregarded in case of a rotor- 
to-stator spacing much smaller than the width of the elec- 
trode bars and at relatively low angular velocities. For a 
10-mm diameter axle with a spacing of about 1 mm this 
implies that only one set of four driving electrodes is al- 
lowed along the circumference. An almost linear relation 
between the output phase and the angular position can be 
obtained when using a rotor pattern with a spacing equal 
to the bar width, a ,  and a stator electrode width equal to 
((D + 2 s ) / D )  X (3a ) ,  as shown in cross section in Fig. 
5. The electrical phase at the readout electrode changes 
over 360" when the rotor completes one full mechanical 
revolution. This sensor, therefore, enables the dimension- 
less transduction from mechanical rotation over a certain 
angle into an electrical phase shift. The sensor is intended 
for application in the 0-100 Nm torque range. The asso- 
ciated maximum angle of rotation between the two an- 
gular displacement sensors spaced a distance L = 100 mm 
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Fig. 5 .  Basic capacitive angular displacement sensor. 

apart can easily be derived from (1) and is equal to 7 = 
5.7". A minimum resolvable torque equal to 0.2 Nm can 
be detected when using a phase meter with a 0.01 " reso- 
lution. This performance is more than adequate for prac- 
tical torque measurement in the intended application area, 
however, the eventual objective of the torque sensor pre- 
sented here is the integration of the sensor readout circui- 
try with a simple analog-to-digital (AD) converter in a 
single chip. This 'smart sensor' will enable on-chip phase 
readout with 0.1 O resolution without having to resort to 
external professional equipment, by using a phase-to- 
pulsewidth conversion to drive an integrated counter for 
a gated AD conversion based on counting. This miniatur- 
ization is pursued at the expense of a reduced resolution 
of the phase measurement and an unmodified sensor con- 
figuration would yield a torque resolution of only 2 Nm. 
To compensate for this detrimental effect, a differential 
sensor structure should be designed with an intrinsic bet- 
ter resolution. Such an objective can be met by changing 
the number of electrodes and the electrode dimensions, 
which results in a sensor where the effect of fringing fields 
can no longer be disregarded. A sensor with an improved 
performance is presented in the next section. 

111. IMPROVED SENSOR 
The resulting sensor structure would be composed of 

16 rotor electrodes and 4 stator electrodes as shown sche- 
matically in cross section in Fig. 6. In this way a phase 
pattern of four times 360" is generated along the circum- 
ference of the rotor. Basically, this method implies the 
transformation of the mechanical rotation over an angle 7 

into an electrical phase change equal to 47. The four read- 
out bars are distributed equidistant over the stator. The 
detected phases are, therefore, synchronous and the four 
readout strips can be connected in parallel in order to in- 
crease the nominal transducer capacitance and, thus, also 
the signal amplitude of the sinewave at the input of the 
readout circuitry is enhanced. This concept can be ex- 
tended to 4 n  rotor bars and n stator bars. Photolitho- 
graphic constraints limit the bar width, a ,  and the bar 
spacing to about amin = 0.4 mm. This limits n to nmax = 
T ( D  + s ) / ( 2 n  X amin) = ( x  x 1 1 ) / ( 8  x 0.4) = 10. 
This results in a torque resolution in the practical sensor 
exceeding 0.2  Nm, which is well within the range of the 
target values. Unfortunately, extreme accuracy require- 
ments should be imposed on the tolerances and the excen- 
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Fig. 6.  Capacitive angular displacement sensor with an enhanced resolu- 
tion. 

tricity of the rotor-to-stator spacing, s, for obtaining syn- 
chronized phases at all readout bars. A cancellation of the 
readout signals will occur instead of reinforcement if such 
requirements are not met and the signal level enhance- 
ment, pursued by the synchronization, is largely undone 
by the tolerances in a practical structure. 

For this reason a sensor is constructed with several 
electrical periods over the rotor circumference, however, 
with only one stator readout strip irrespective of the num- 
ber of rotor electrodes. The bar width, a = 0.4 mm and 
the rotor-to-stator spacing s = 1 mm. These dimensions 
indicate that the parallel-plate approximation is utterly in- 
adequate for describing the sensor characteristics. The an- 
gular displacement sensor with improved resolution is ba- 
sically of the incremental type. Therefore, an ambiguity 
can occur in the readout of extremely high torques. A 
small torque is indicated if the angular displacement ex- 
ceeds four rotor strips. The practical torque sensor is de- 
signed to exhibit a sufficiently large safety margin. 

The angular displacement sensor is composed of a 
coaxial stator and rotor electrode as depicted at several 
cross sections along the axial direction in Fig. 7. The 
schematic diagram of the equivalent electrical circuit is 
shown in Fig. 8. The values of the capacitors C, through 
C4 depend on the angular displacement. C, is the return 
coupling capacitor between the rotor and the stator and CO 
is the capacitance between the rotor and the conductive 
axle. When assuming CO >> C,, C , ,  C,, C3, C4, an out- 
put voltage U, is generated that can be described by 

+ ( C ,  - C 3 ) U  cos ut). (2) 

The phase of the output voltage contains the desired an- 
gular position information, hence 

arg (U,) = arctan ~ (2 1 :). ( 3 )  

As the fringing-fields can no longer be disregarded, it is 
not possible to derive a simple analytical expression for 
the relation between arg (U,) and the angle of rotation. 
Equation (3) has been solved numerically and the result 
is shown for one period of the repetitive stator pattern in 
Fig. 9. The torque sensor is composed of two sets of these 
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Fig. 7 .  Practical capacitive angular displacement sensor for different cross 
sections along the axial direction. 

Fig. 8 .  Equivalent electrical circuit of the sensor capacitors with the par- 
asitics and the readout charge amplifier. 
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Fig. 9. Calculated response of an angular displacement sensor with a ro- 
tor-to-stator spacing, s, much larger than the electrode spacing, a .  The 
phase angle on the readout electrode is shown versus the position X. 

angular displacement sensors spaced a well-known dis- 
tance apart and { arg ( U,, ) - arg ( U,,) } is used as a 
measure of the torque-induced twist angle 7. As arg ( U,) 
is not a linear function of the angle of rotation, a modu- 
lation of { arg ( U,, ) - arg ( UO2)  } occurs when measur- 
ing the torque on a rotating axle. This property prevents 
the direct torque measurement and the average value of 
{ arg ( U,, ) - arg (U,,) } is used instead. The measure- 
ment of the average of the difference in phase can easily 
be implemented in the readout circuits, using a phase-to- 
pulsewidth modulation and a counter for the pulsewidth- 
to-digital conversion, by counting over the time that is 
needed to travel over at least one set of 4 bars. The mea- 
surement time depends on the angular velocity and gives 
a minimum measurement delay equal to: the time per rev- 
olution/n. An improved signal-to-noise ratio can be ob- 
tained by counting over n / m  revolutions, however, the 
increased measurement time will give an extra delay 



1012 IEEE TRANSACTIONS ON INSTRUMENTATION A N D  MEASUREMENT. VOL 39. NO. 6. DECEMBER 1990 

CiGnal 
90' Gnd 0' Gnd c u t  Gnd 180° Gnd-570 '  

I \  

axle [ ; sensor ; 
- .  

'\ / I  . ,  - 

(a) (b) 
Fig. 10. (a) Stator pattern and (b) rotor pattern used for the angular dis- 

placement sensors that are implemented in the practical torque sensor. 
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Fig. 1 I .  Capacitive torque sensor 

which might affect the stability of a closed-loop system 
that is based on this sensor. 

The electrodes are realized on flexible printed circuit 
board material and are attached to their respective sub- 
strates using a special cement that is customarily used for 
creep-resistant bonding of strain gauges. A dielectric is 
required in between the rotor electrode and the axle with 
a thickness in the same order of magnitude as the rotor- 
stator spacing. This measurement prevents the loss capac- 
itance, C,, between the interdigitized rotor electrode and 
the conductive axle from severely reducing the amplitude 
of the ac voltage before return coupling to the detector. 
The stator and rotor electrode patterns of the capacitive 
angular displacement sensor are shown in Fig. 10. The 

rotor pattern basically consists of a structure with large 
area pads for the capacitive coupling of the ac voltages to 
the rotor. The driving and readout electrodes are sepa- 
rated using a ground electrode in between to prevent di- 
rect coupling to the stator and to minimize stray-field cou- 
pling between stator and rotor. 

IV. SENSOR PERFORMANCE 

The sensor performance for static torques has been 
measured using the sensor with a 10-mm diameter steel 
axle that is clamped on one side, as depicted in Fig. 11. 
On the other side, a lever is connected to the axle. A 
charge amplifier has been used for the readout of the out- 

_ _  
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’ O0T V.  CONCLUSIONS 
Noncontact capacitive torque sensing is possible based 

solely on the capacitive coupling between a stator and a 
rotor electrode pattern. A very robust and simple torque 
sensor can be constructed in this way. A sensitive angular 
displacement-to-phase angle conversion has been imple- 
mented for the readout with a sensitivity exceeding 
0.3” /Nm. Present prototypes suffer from hysteresis, 
which can be reduced when using a different technique 
for the bonding of the rotor electrode. As the phase dif- 
ference between two capacitive displacement transducers 
is measured, the torque indication is not affected by the 
angular velocity of the axle. A fixed angular mismatch 
between the two displacement sensors gives rise to an off- 
set, which can easily be compensated by an initial torque 
measurement prior to the mechanical loading of the axle. 
The mechanical power supplied by the axle can also be 
determined when using the rate of change in the phase of 
one of the displacement sensors as the velocity signal. 
Future research will be focussed on a reduction of the 
creep behavior and a widening of the operating range by 
testing different bonding techniques as well as by opti- 
mizing the electrode geometry. The research will also aim 
at the realization of a custom silicon chip that will contain 
the electronic circuitry required for the driving and the 
readout of the sensor. 
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Fig. 12. Results of  measurements performed on the capacitive torque sen- 
sor at increasing and decreasing torque. 

put phase. A torque can be applied to the axle using stan- 
dard weights connected to the end of the lever. The re- 
sponse of the sensor to a torque increasing from 0 to 20 
Nm and subsequently decreasing again to 0 Nm is shown 
in Fig. 12. Preliminary measurements have been per- 
formed on a rotating axis at low angular velocities. The 
results are in agreement with the static response curves, 
however, the accuracy of these measurements was not yet 
sufficient to give quantitative results. The measurements 
indicate a hysteresis. Increasing the load and subse- 
quently reducing the load again at a certain value of the 
applied torque does not immediately give the initial phase 
angle. The error decreases after a few minutes. This be- 
havior is characteristic for creep. The bonding technique 
used to cement the rotor electrode to the axle is critical 
for this effect and a substantial improvement can be ex- 
pected when using a thick-film printing technique for the 
realization of the rotor electrodes. As no saturation oc- 
curs, this sensor is suitable for a wider range of torques. 
In the present measurement setup, it was not yet possible 
to apply such torques. 
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