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Intelligent Built-In Torque Sensor
for Harmonic Drive Systems

Hamid D. Taghirad and P. R.é&anger

Abstract— The unique performance features of harmonic the wave generator is mounted on the electric motor shaft,
drives, such as highs gear ratios and high torque capacities in a and the output is conveyed either through the circular spline

compact geometry, justify their widespread industrial application e the flexspline is fixed or through the flexspline while
especially in many electrically actuated robot manipulators. In

many robotic control strategies it is assumed that the actuator the circular spline is fixed. In the latter case, by rOtat'on.

is acting as a torque source, and in order to implement such Of the wave generator the zone of gear-tooth engagement is
algorithms it is necessary to accurately measure the transmitted carried with the wave generator major elliptical axis. When this

torque by the harmonic drive. In this paper a built-in torque  engagement zone is propagated 3&fbund the circumference

sensor for harmonic drive systems is developed and examined ¢ \ho circylar spline, the flexspline which contains fewer teeth
in detail, in which strain-gauges are directly mounted on the

harmonic drive flexspline. To minimize sensing inaccuracy, than the circular spline, will lag by that fewer number of
four Rosette strain gauges are used employing an accurate teeth relative to the circular spline. Through this gradual and
positioning method. To cancel the torque ripples, the oscillation continuous engagement of slightly offset teeth, every rotation
?biﬁrVEd rc]’_“ thﬁ Tneas%ed tortquet_and causgdAmginlyll bfy gg]ar of the wave generator moves the flexspline a small angle
eeth meshing, Kalman filter estimation is used. A simple four - . - .
order harmongijc oscillator proved to accurately model tfl?e torque back on. the Clrcular.spllne, and through this ‘%”CO”Ye”t'Q”a'
ripples. Moreover, the error model is extended to incorporate  Mechanism, gear ratios up to 320:1 can be achieved in a single
any misalignment torque. By on line implementation of the transmission.

Kalman filter, it has been shown that this method is a fast and In numerous robotic control techniques such as feedback
accurate way to filter torque ripples and misalignment torque. linearization, computed torque method and some adaptive

Hence, the intelligent built-in torque sensor is a viable and control schemes, the actuator torque is taken to be the control
economical way to measure the harmonic drive transmitted ! q

torque and to employ that for torque feedback strategies. input [6], [8], [9]. This can be only accomplished through
- o torque feedback at each joint of the robot [12]. In order to
Index Terms—-Built-in torque sensor, harmonic drive, intel- - o
ligent sensor, Kalman filter, misalignment torque, positioning apply torque feedchk on the robot joint, it is necessary t(,)
error, rosette strain gauge, torque ripples. measure the transmitted torque through the actuator transmis-
sion mechanism. Conventionally, torque sensor are placed in
the output transmission line of the robot [5], [10]. However, for
a harmonic drive transmission, which has an elastic element,
EVELOPED in 1955 primarily for aerospace applicathe flexspline, there is no advantage to add an additional
tions, harmonic drives are high-ratio and compact torquempliant element and thereby reduce the joint stiffness. In this
transmission systems. Every harmonic drive consists of thaper we propose using the built-in torque sensor for harmonic
three components illustrated in Fig. 1. The wave generatordsves [2], [17]. This method proved to be an economical and
a ball bearing assembly with a rigid, elliptical inner race aneffective way of torque sensing for harmonic drives in our
a flexible outer race. The flexspline is a thin-walled, flexiblgetup, as claimed by Hashimatbal. [3]. In our testing station
cup adorned with small, external gear teeth around its rim. The@Vheatstone bridge of four Rosette strain-gauges is utilized to
circular spline is a rigid ring with internal teeth machined alongense the torsional torque transmitted through the flexspline. A
a slightly larger pitch diameter than those of the flexsplingractical and accurate method is proposed to mount the strain-
When assembled, the wave generator is nested inside #a@iges on the flexspline in order to minimize any radial or
flexspline, causing the flexible circumference to adopt thgrcumferential misplacement of each strain-gauge.
elliptical profile of the wave generator, and the external teethOne important characteristic of harmonic drive torque trans-
of the flexspline to mesh with the internal teeth on the circulafission, is a high frequency oscillation in the output torque
spline along the major axis of the wave generator ellipse. signal. These oscillations named torque ripples, whose princi-
If properly assembled, all three components of the trangal frequency of oscillation (in radians per second) is twice the
mission can rotate at different but coupled velocities on thfotor velocity (in radians per second), are mainly caused by
same axis. To use the harmonic drive for speed reductigfrmonic drive gear meshing vibration. The dependence of the
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Fig. 1. Harmonic drive components.

removed by estimating them via Kalman filtering. This is w
more efficient than simple low-pass filtering, because it use|’
the known structure of the torque signal. The Kalman filte| "
is also used to cancel any mechanical misalignment torqt
signature on the measured torque. Many torque sensors exhi
the limitation of being sensitive to the torques applied on th
direction perpendicular to their axis of measurement. In oL
setup a similar torque signature was observed on the measu | _.
torque, whose source of generation is the misalignment «
the harmonic drive shaft and the load. The frequency c
misalignment torque (in radians per second), as it can bc
intuitively identified from its source of generation, is found t@ig. 2. A picture of the experimental setup.
be exactly the same as the output shaft velocity (in radians per

second). Therefore, by adding another block to the harmonic .

oscillator model we managed to estimate the misalignment 45° 1 45°
component of the measured torque. The performance of the N
on-line implemented Kalman filter for torque ripple and mis- E

alignment torque cancellation is shown to be quite fast and
accurate.

Finally, the combination of an accurate and practical method
of torque sensing technique with the implementation of
Kalman estimation technique, introduces an intelligent sensor
for harmonic drive. This sensor can be economically added
to many robot manipulators, in order to build a near-ideal
torque source required for many robotic control strategies.
The experimental results obtained using this intelligent torque
sensor in a robust torque control implementation for our
experimental setup [12], [13], proves that intelligent built-in
torque sensors are viable and economical means to measure
harmonic drive transmitted torque and to employ them for

torque feedback strategies. Fig. 3. Position of four Rosette strain-gauges on the flexspline diaphragm.
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Il. EXPERIMENTAL SETUP is from RHS series of HD systems, with gear ratio of 100:1,

A harmonic drive testing station is employed to monitor thgnd rated torque of 40 Nm. The flexspline diameter is 46 mm,

behavior of the system. A picture of the setup is iIIustratei?Pd its Iength. is 49_ mm. i
in Fig. 2, in which the harmonic drive is driven by a dc 'he SEtup is equipped with a tachometer to measure the

motor, and a load inertia is used to simulate the robot arm. lpotor velocity, and an encoder on the load side to measure
this setup, a brushed dc motor from Electro-Craft is used. Hie output position. The current applied to the dc motor is
weight is 1360 grams, with maximum rated torque of 0.15 Nreasured from the servo amplifier output. The output torque
and torque constant of 0.0543 Nm/amp. The servo amplifisrmeasured by a Wheatstone bridge of strain gauges mounted
is a 40 W Electro-Craft power amplifier. The harmonic driveirectly on the flexspline, whose output is conditioned and am-
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Fig. 4. Strain-gauges Wheatstone bridge network. Fig. 5. Proposed transparent film for accurate strain-gauge placement.

plified. To amplify the output signal, a variable range amplifigh which K is the gauge factor, and,,, and E.,,, denote
with gain 1000 is used, while it generates 10 V dc as inpgutput and supply voltages, respectively.

voltage to the Wheatstone bridge. The details of built-in torque Although, only two Rosette strain-gauges are sufficient to
sensor will be elaborated in Section Ill. The measuremeggktract the torsional strain, two other Rosette strain-gauges
signals were processed by several data acquisition boards afgl introduced to maintain symmetry, and to minimize the
monitored by a C-30 Challenger processor executing compileffect of positioning error. Sensing inaccuracies are caused

computer C codes [11]. by radial, circumferential, and angular positioning error. Ra-
dial positioning error occurs when the gauges are placed on
[ll. BUILT-IN TORQUE SENSOR different radii from the center of the flexspline. As shown

As illustrated in Fig. 3, four Rosette strain-gauges al@ Fig- 3 éven without any radial misplacement of the strain-
mounted on the diaphragm part of the flexspline. A Rose ug((ajs, rzf#al error de.>_<|sts, since ts)traln.—ga?@esanng are
stain-gauge consist of two separate strain-gauges perpenH gced at ! erentra M- prever,_ y using four Rosette strain-
ularly mounted on one pad. For a clockwise torque exertddU9e: as illustrated in Fig. 3,.th|s error will b.e compensated
on the flexspline illustrated in Fig. 3 strain-gaule is under °Y Strain-gaugest;, and K which are located in the reverse
compression while strain-gaud® is under tension. Similarly position. . N
all odd-indexed strain-gauges illustrated in Fig. 3 are underCircumferential positioning error occurs when two Rosette
compression, while the others are under tension. Thus,Stéa'hn'(-:]"’r‘]ugeS ﬁre mounted in an angle d:jfferent thanfi@n
Wheatstone bridge of strain-gauges as illustrated in Fig. 4 c&#° other. This positioning error introduces more sensing
transduce the torsion into a difference voltage. The reasbyrecuracies than radial positioning error [4], [16]. Angular
why Rosette strain-gauges are necessary for harmonic difsitioning error occurs when a Rosette strain-gauge is not
built in torque sensor, as explained in [3], is to compensa'?éounted perpendicular to the flexspline’s axis of rotation. This
for the elliptical shape of the flexspline. If the strain Causete]ositioniqg error als_o in”o‘?'!ice,s sensing inaccyr_ac_y similar
by applied torque is named, while the strain caused by thel© t'hle qrcumferentlal positioning error. To. minimize 'the
elliptical shape of flexspline is called,, Hashimotoet al. [4] POSitioning error, we propose a method using a specially-
illustrated that the strain applied to strain-gauge and Ry designed transparent film for the strain-gauges placement. As

are illustrated in Fig. 5, an accurate drawing of the strain-gauge
placement positions is printed on a transparent film using a

{61 =+t cw (1) laser printer with the finest possible lines. Then the strain-
€=~ +cw gauges are placed on the transparent film using a microscope.

wheree,, is assumed in [3] to be a sinusoidal modulation dBY this means all positioning errors are reduced to a minimum,
€w. Thus, and as examined in our testing station to other placement
] methods, the sensing inaccuracy is minimized. When the
€1 — €2 = 26 + Wosin(25) (@) strain-gauges are mounted on the transparent film as illustrated
In order to cancel the modulatiohy sin(2/3) and to detect the " Fi9- 5, the transparent film is placed on the flexspline
actual torsional strain, the information from strain-gauges2nd the strain-gauges are cemented on the surface. The final
Rs, and R, is necessary. These strain-gauges are located alc&qflguratlon of the wired strain-gauges are illustrated in
angle of 90 from Strain-gauge$?; and R., and therefore: Fig. 6.
c3 — €4 = 26; + W sin(20 — 3
R & + Wosin(2f — 7) 3) IV. TORQUE SENSOR CALIBRATION
Therefore, a Wheatstone bridge, constructed from strain—ty examine the dynamics of the torque sensor and to

gaugesk; to R, is sufficient to produce a difference voltag&jiprate it, we locked the harmonic drive wave generator, and
proportional to the torsional straip as following applied a known torque on the flexspline. The locking device
K is a simple shaft resembling the motor shaft, which can be

Bou = Z(el tes— e —e)Bup fixed to the ground. The output torque is applied using arm

= KBy (4) and weight method. The torque calibration details of loading
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Fig. 8. Measured Torque and velocity and the power spectrum of the

Torque Sensor Calibration measured torque with peaks at multiples of the velocity.

8 T T T T T T T T

(denoted®) and can be expressed as:
i A0 =b+n (5)

. where in general is anm x n matrix called theobservation
matrix, 8 is ann x 1 column vector of identification parameters

] called parameter vectqrb is anm x 1 column vector called

the measurement vectoand n is anm x 1 vector called

the measurement noisa&vheren is assumed to be zero-mean.

If there is more measurements than unknowns,he> n,

(5) constitutes overdetermined system of equations. The extra
measurements are used to offset the effects of the noise. The
objective of least-squares estimation is to find an estimate of

& s ; ; j i j ; ; 1 the model parameter, calléy which approximately solves
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Fig. 7. Torque sensor calibration results for full-range loading.

with minimum least-squares error. Equation (6) is called a

TABLE | linear regression modebnd 0 is called the least-squares
TORQUE SENSOR CALIBRATION RESULTS solution If A is of full column rank, the least-squares solution
T S Gai Consist " can be expressed in terms ®&loore—Penrose generalized
orque sensor i=ain onsistency Measure inverseor pseudo-inversef the rectangular matri,
6.60 Nm/V 2% . t
6=A'b @)
where
and unloading some weight on the arm, in both direction.
. . . . . . A'|'_ ATA—lAT 8
This experiment is repeated at different flexspline positions, to = ( ) (8)

check the position dependence of the torque sensor. Also low- ) ] ) )
range and full-range loading experiments are tested at eacl:rhe estimated torque sensor gain for each experiment is

position to evaluate the nonlinearity of the torque sensor. %Iculated from (7). However, this gain is deemed acceptable,

tpical result for full-ranae loading exoeriment is shown ir?nly if it is consistent for other experiments. By consistency
yp 9 9 exp we mean a statistical measure, nantbly ratio of the standard

Fig. 7. These dgta e_1re best fitted by a straight _Ilne .usmg Iea&.I:"viation to the average value of estimated parameter for
squares approximation. In least-square approximation, a Mogfferent experimentfL5]. If this measure is small, we have a

representation is assumed for the input-output relationshiyod consistency for different experiments, and the final gain
In this representation the explicit relationship between the obtained from the average value of the estimated gain for
unknown quantities (in this case only the sensor gain) and thi€ferent experiments. The final gain is obtained by this method
measurements are an affine function of the unknown quantity eight experiments, and the result is given in Table |, where
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Fig. 11. Kalman filter performance to cancel torque ripples, and misalign-

. ) . ment torque for two typical experiments.
Fig. 9. Kalman filter performance to cancel torque ripples. Dotted: Measurec!a q P P

torque, Solid: Kalman filtered torque.

measurement, because of the direct attachment of strain gauges
on the flexspline.

Since the flexspline has an elliptical shape, strain gauges
mounted on the flexspline are subjected to unwanted strain
caused by the elliptical shape. Hashimoto [3], proposed using
at least two pairs of Rosette strain gauges to compensate for
this unwanted strain. However, ideal compensation is possible
10 only if there is no positioning error of strain-gauges. As

explained in Section Il it has been shown however, that using
four Rosette strain-gauges, and using an accurate method to
mount the strain-gauges will reduce the amplitude of the torque

the gain is 6.6 Nm/V, with a low consistency measure of 205iPPle to a minimum. Unfortunately the frequency of torque

Note that to experiment the thermal stability of the system, tfi@ples (in radians per second) introduced by the nonideal
calibration tests are performed under different temperatur@ghavior of the sensor is also twice the motor speed (in radians
ranging from 5 to 35°C. The change of operating temperaturper second), since the major axis of the ellipse is traveling
cause no significant effect on the calibration results. The lawice as fast as the wave generator. This make it impossible
consistency measure in the result illustrates that the torquediscern the true ripples caused by the gear meshing vibration
sensor is quite linear, it is not position dependent, and it figm that caused by nonideal measurement. As illustrated in
not sensitive to operating temperature. Moreover, the tOrgggy g, the power spectrum of the measured torque plotted for
sensor gain is consistent for different operating conditions. he time interval 0.8 to 1.1 s when the velocity is almost flat

and about 156 rad/s shows two peaks at 312, and 624 rad/s.
This confirms the existence of the fundamental frequency of
the oscillation as twice the velocity and shows the significance
One important characteristic of harmonic drive torque tranef the next important first-harmonic frequency of four times
mission as observed in free motion experiments, is a highe velocity. The dependence of the frequency content of the
frequency oscillation in output torque signal (See torqugrque ripples on the velocity makes it possible to model them
curve in Fig. 8). These oscillation, named torque ripples, Wegg 4 simple harmonic oscillator, and to employ a Kalman filter
also observed by other researchers [1]. Torque ripples @€predict and filter them from the torque measurement. If

caused mainly by harmonic drive gear meshing vibratioBPly low-frequency torque control is desired [12], the high-

Harmonic drive gear meshing vibration introduces a re?re uency riooles mav be removed by estimating them via
torque oscillation which can be observed in the end effector O y 1pp y y 9

motions of robots using harmonic drives and even senséaln_qan filtering. This is more efficient than simple low-pass
by hand when back-driving the harmonic drive. Its principaﬂ!te“ng’ because it uses the known structure of the torque
frequency of oscillation (in radians per second) is twice th@gnal.

motor velocity (in radians per second), for the gear teeth inA fourth-order harmonic oscillator error model can char-
harmonic drives are meshing in two zones. A small fractioacterize both the fundamental and first-harmonic frequency
of the torque ripples are caused by the nonideal torqaentent of the torque ripple. This can be represented by the

Torque Drift

T T T T T T

Measured Torque

Torgue N.m

Time (sec)

Fig. 10. Misalignment torque signature on the measured torque.

V. TORQUE RIPPLE COMPENSATION
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following time-varying discrete state space form: kHz to estimate and filter the torque ripples for two typical
&.(k) | 0 experiments, in whichQ = 103 I, and R = 1. The
x(k+1) = | x(k) + w(k) performance of the Kalman filter for torque ripple cancellation
(9) is shown to be quite fast and accurate.
0 | ®2(k)
yky=[1 0 1 0]x(k)+v(k)

VI. MISALIGNMENT TORQUE COMPENSATION
where

The Kalman filter can be used not only to estimate the
(10) torque ripples, but also to cancel any mechanical misalignment
torque signature on the measured torque. Many torque sensors

in which 7, is the sampling period, and; (k) = 26(k), exhibit the Iimitation of b_eing sensitiye to the torques applied

wy(k) = 49'(@' and é(k) is the motor shaft velocity in rad/s " the direction perpendicular to their axis of me_asurement. In
at time stepk, hence®; (k) is a time-varying matrix adapting OUr Setup after. repeated use of the harmomc drive system for
with changes in the velocity. Moreovay,is the torque ripple, different experiments, a similar torque signature was observed

which needs to be observed from the torque measurement)the measured torque. Fig. 10 illustrates a simple experiment
having a crude model for the expected torque. If measur&yWhich the harmonic drive is driven by a constant velocity

torque is indicated byTj.e.., and the expected torque isbut the measured tor_qu_e e>_(h|b_|t a sm_usmdal trend. The ex-
indicated by 7., then torque rippley(k) = Tieas(k) — pected torque, the solid line in Fig. 10, is constant after a short

Tep(k), While the difference between true torque and thme of acceleration, but the measured torque, dotted lines,
crude estimate of the expected torque is encapsulated by #gPlays a sinusoidal behavior. After examining the system
measurement errors in(k) in (9). Therefore, no accurateaccurgtely, the source of this torque signature is found to be
model for the expected torqu,,, is necessary and hence, forthe mlsahgr_lment of the harmonic drive shaft and the_ Ioagl. By
free motion experiments the expected torque can be estimaiégpssembling the system and carefully reassembling it, the
simply by the inertial part of the output torque which is th@€ak to peak amplitude of this misalignment signature was
load inertia multiplied to the load acceleration. The first twgfduced from 10 Nm to less than 2 Nm. However, in practice
elements of the state consists of the component of thell IS duite expensive, and probably infeasible to perfectly align
torque ripple due to the fundamental frequeney, and its all the moving components. Fortunately, the sinusoidal feature
derivative, while the next two elements are those componefifsthis misalignment torque makes it possible to accurately
of torque ripple due to the first-harmonic frequengy, and €Stimate them with an error model. _ .
its derivative. Therefore, the total torque ripple is calculated The frequency of misalignment torque (in radians per sec-
by adding the first and third element of the state(k) ond), as it can be intuitively identified from its source of
characterizes the other frequency components of the tordifgheration, is exactly the same as the output shaft velocity
ripples which will not be estimated in this model. in radians per second). Therefore, adding another block to
Using the fourth-order harmonic oscillator model for thé€ harmonic oscillator model [given in (9)] of the system
torque ripples, a prediction-type time-varying Kalman filWith frequencyws(k) = vel(k)/(Gear Ratio), will estimate
ter algorithm is applied to estimate the torque ripples [7&2,e misalignment component of the measured torque. Using
A prediction-type estimate is computationally faster than &S sixth order mo_del for_the torque ripple and m_|sal|gnment
current-estimate type of Kalman filter, and therefore preferagffdue together, Fig. 11 illustrates the Kalman filter perfor-
for online implementation. Assuming that the process noigaance in canceling those elements for two typical experiments.

w(k) and measurement noisék) are zero-mean GaussianTne Kalman filtered torque is shown to cancel the torque
white and have covariances defined @yand R as ripples and misalignment torque quite accurately. These results
are obtained using an online Kalman filter implementation on

E{w(k)yw"(k)} =Q, E{v(k)v"(k)} =R (11) the system with sampling frequency of 1 kHz. In contrary
to low-pass filtering which is incapable of extracting the
mr"fll'isalignment torque from the measurements, Kalman filter
estimation proved to be fast and accurate to filter both torque
%(k+ 1) = ®(k)%(k) + K (k)[y(k) — C(k)%(k)] (12) ripples and misalignment torque. Moreover, it is a reliable
method for different operating ranges, and therefore, preferable
in which the Kalman filter gairK. (k) will be updated from  for torque feedback.

K.(k)= @(/ﬂ)P(/@)CT(/{)[R(k) + C(k)P(k)]CT(k)]_l
(13) VIl. CONCLUSION

Pk +1) = Q) + [B(k) — K (5)CR)PR)BT (k). (14) In this paper the built-in torque sensor for har.moni'c drive'
systems as first proposed by Hashimoto is examined in detail.

Since the measurement signgk) is a scalar, its covariance By this method strain-gauges are directly mounted on the
matrix R(k) is also a scalar, and no matrix inversion iflexspline, and therefore, no extra flexible element is intro-
required for online implementation of the Kalman filter gaimluced into the system. To have minimum sensing inaccuracy,
given in (13). Fig. 9 illustrates the performance of the Kalmafour Rosette strain gauges are employed using an accurate
filter implemented on line with a sampling frequency of Inethod of positioning. An accurate drawing of the strain-

cos(w;(K)Ty)  sin(w;(k)T5)

P, (k) = —sin(w;(k)T;)  cos(w;(k)T})

the states estimates is calculated using Kalman filter for
lation [7] as
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