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A BSTRACT
This paper describes a technique for unwarping encoder ripple in
a low cost haptic interface prototype. We previously demonstrated
how using a low-resolution optical encoder to electrically commutate a stepper motor can produce high torque levels with low ripple. The optical encoder scheme produces a pair of quadrature
voltages that are approximately sinusoidal functions of rotor position. However, because of variations in the optical return from
the low-precision encoder disk, quadrature phasing and signal amplitude vary over a mechanical turn. In this paper, we discuss an
effective self-calibration technique for unwarping the encoder ripple. The technique is used in a one degree-of-freedom haptic interface prototype, and experiment results quantifying the improved
performance due to encoder unwarping are presented.
CR Categories: H.5.2 [User Interfaces]: Haptic I/O
Keywords: self-calibration, high-resolution, damping rendering
1 I NTRODUCTION
Haptic interfaces have been in use for over four decades in a range
of force-feedback applications, ranging from teleoperation systems
to scientific data visualization to virtual training systems. Haptic interface designs span a wide range for these disparate applications,
from power-grip interfaces to more dextrous finger-grip haptic interface designs [1, 2, 4, 5, 11]. The primary technical difficulty in
all these designs is providing accurate, high frequency force information to the user, in multiple degrees of freedom, and with large
range of motion. This poses unique challenges in mechanism and
control design [1, 2, 3, 4, 5, 7, 10, 11, 12, 17]. To achieve hard
“crisp” surfaces needed in many haptic interface applications [3, 6],
smooth velocity measurements with small computational delay are
required [8]. This is often provided via position sensing, resulting
in requirements for position sensor resolution that far exceed what
users can kinesthetically distinguish. High bandwidth force transmission to the fingers requires a lightweight, stiff transmission, and
a low mass actuator with high force capability and low friction and
ripple forces.
We recently described a motor and encoder approach [8] for
haptic interfaces aimed at achieving these design objectives while
keeping hardware costs to a minimum. We have also shown how the
motor and encoder can be combined with a new bow spring and tendon design that provides a compact, large range of motion prismatic
actuator [9], as shown in Figure 1. The motor and encoder design
uses a low-cost stepper motor and a low line-count optical encoder,
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together with high speed digital signal processing to achieve high
torque levels with low ripple, as well as high-resolution position
and velocity sensing. While this approach requires more involved
electronics and signal processing, these components see wide use in
other high-volume products, resulting in advantageous cost reductions compared to motors and sensors. We believe this approach
will lead to high performance haptic interfaces which are significantly lower in cost.
High resolution position and velocity sensing is achieved using a low-line count encoder disk by placing optical sensors such
that the voltages produced by the sensors are in quadrature. However, the low-cost (low-precision) encoder disk results in variation
in optical sensor voltages from one optical period to another, resulting in sensed signals that vary in amplitude and in quadrature
phasing, in turn producing errors (warping) in the measured position [15].
In this paper, we discuss a technique for unwarping the
encoder ripple. Section 2 briefly reviews the haptic interface
setup [8, 9] and the control approach used. Section 3 discusses the
approach to data collection and fitting to achieve a self-calibrating
unwarping method. Experimental results using this method are presented in Section 4, quantifying the performance improvement of
encoder unwarping in a simple damping rendering task.

Figure 2: Prototype of a 5 degree-of-freedom haptic interface using bow spring and tendon actuators and integrated stepper motor/optical encoder units.
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(a)
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Figure 1: (a) Bow spring/tendon actuator shown in mid extension, (b) close-up of stepper motor and low line-count optical encoder.

2

L OW C OST H APTIC I NTERFACE P ROTOTYPE

Figure 1 shows the prototype one degree-of-freedom low cost
haptic interface we recently developed [8, 9], showing the bow
spring/tendon actuator, the motor/encoder, as well as a low-cost
force sensor located at the distal tip of the actuator near the stylus attachment. The current prototype has a prismatic motion range
of 41 cm, an angular motion range at the base attachment of 180 degrees about the pulley axis, and unlimited rotation about the pivot.
Forces are transmitted to the stylus by varying tension forces in the
thin, stainless steel tendon (of 76 µm by 2.5 mm cross-sectional
area) connecting the motor to the stylus. The tendon is lightweight
yet very stiff in tension. The bow spring is a length of 1.25 mm
diameter music wire that provides a preload of approximately 5 N
in the tendon, enabling bi-directional forces up to ±5 N to be transmitted to the user. The tendon is simply wrapped on a 22.8 mm
diameter pulley to convert motor rotation to prismatic motion. As
discussed in [8], the stepper motor is capable of relatively large
torques due to its many, closely spaced salient poles (50 per mechanical turn), so gear reduction is not required. This “electromechanical gearing” enables a stiff, low friction, zero backlash transmission from electromechanical torque to the forces on the user’s
fingers.
Several of these one degree of freedom (DOF) actuators can
be attached to a haptic interface grip (e.g., a stylus) to produce a
parallel, compact multi-DOF interface with a relatively large range
of motion. Figure 2 shows a prototype 5-DOF configuration.
A new stepper motor drive was presented in [8] that uses an
inexpensive low-resolution optical encoder to electrically commutate the motor, producing high torque levels with low ripple. Compared to a number of motor options [8], the hybrid stepper motor
used provides significantly reduced moving mass for the same delivered torque and motor temperature. Figure 1(b) shows the prototype stepper motor and encoder, where the motor body is 42mm
× 42mm × 34mm. The encoder disk is 25mm in diameter, and
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the low cost reflective optical sensor electronics are visible in the
figure.
Our particular design uses a 50 pole stepper motor that has a
step size of 1.8 deg: 4 steps per pole × 50 poles per mechanical
turn. Due to mechanical imperfections in manufacturing the teeth
of the rotor and stator poles, the torque τ developed in the motor
is only approximately sinusoidal. Thus, the actual torque produced
by the motor consists of sinusoidal components, plus a ripple torque
τR which is a function of both rotor-stator angle and coil current.
Our approach to commanding the motor is to use sine wave
commutation. However, successful sine wave commutation requires that the angular position of the rotor be known to a small
fraction of an electrical turn so that the resulting motor current can
be a smooth sinusoid. Further, we also want to cancel the ripple
torques τR , which are the differences between the actual torques
and the assumed sinusoidal torques. This requires that additional
feedback torque be provided that is a function of rotor position [9].
In order to significantly reduce the residual torque ripple, it is necessary to measure these ripple disturbances sufficiently accurately.
Data is taken in both directions because Coulomb friction in the
motor results in a torque offset in the data that differs in the distal
and proximal motion directions. We have shown that a combination of control system motion and force feedback compensation (as
shown in Figure 3) provides significant reduction of undesirable
forces due to bow spring bias, Coulomb friction, and stepper motor
torque ripple [9].
While optical encoders with sufficient lines per turn are available to provide the position and velocity sensing resolution required
in haptic interface applications, these higher line count encoders are
large and expensive. In our recent design [8], the optical encoder
scheme developed produces an analog output instead of a digital
quadrature output. By choosing the optical and electrical parameters appropriately, it is possible to produce a pair of quadrature voltages that are approximately sinusoidal functions of rotor position,
periodic on the angular spacing of the optical stripes on the encoder
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Figure 3: Overall block diagram of the tendon bow actuator control system, indicating feedback of both motions and forces to compensate for
bow spring bias, step motor friction, and step motor ripple torques. This paper compares the effects of using warped position data x̂ versus
unwarped data x̃.

disk. Quadrature phasing of the two optical sensors can be provided
by locating the two optical sensors at an appropriate spacing around
the circumference of the encoder disk, requiring only one track of
lines on the disk. The angular position of the rotor within one optical period can then be computed by taking the arctangent of the two
quadrature signals. Total angle can be computed by accumulating
the changes of this optical angle, as in a conventional incremental
encoder.
While many different optical periods could be used, it is most
convenient for commutating the motor to match the optical period
to the electrical period, so the encoder signals have the same period
as the motor quadrature torques. This way, the position within an
electrical turn can be known absolutely, with no issues of initialization or slip that occur with incremental measurements. In our
design, since our stepper motor has 50 electrical turns, this requires
only a 50 line optical encoder disk, which can be small and inexpensive to produce.
Variations in optical reflectance and eccentricity in mounting
the optical encoder disk occur, primarily because precision manufacturing and alignment were avoided in this design to lower costs.
This results in a non-circular and variable (warped) relationship between the quadrature signals, which leads to smooth, but inaccurate
position measurement via the arc tangent function [13, 15]. The
next section discusses a method for unwarping these measurements.
3

U NWARPING E NCODER R IPPLE

If an accurate measurement of position x were available, it would
be straightforward to unwarp the encoder-derived positions x̂, since
deviations
∆x = x̂ − x = f (x)
(1)
from the true position could be modeled, e.g., with the approximate
function f˜(x) and subsequently subtracted from the encoder mea-

surements, i.e., x ≈ x̃ = x̂ − f˜(x). However, this would require a
high-accuracy measurement instrument to be connected to the motor to provide x for unwarping calibration. Instead, we investigate
a self-calibration method which requires no external equipment. In
the approach of [15], multiple read stations are averaged to obtain
estimates of the true position. The approach of [13] assumes a fixed
mechanical load on the motor, which is modeled by a Kalman filter to predict actual position x. In haptic interface applications, the
mechanical load is varied by the user’s grip impedance and exerted
voluntary forces, which are difficult to model. Here we describe a
method that is independent of mechanical load. It utilizes a spline
fit of encoder data taken in a single off-line, high-speed motion
experiment. A similar approach [16] utilizes a neural network to
produce parameterized data fits.
Suppose the motor could be made to move at an approximately
constant velocity over an encoder ripple period. Then an accurate
estimate of the motor position versus time could be determined by
fitting a constant velocity x̄ function to the measured x̂ data. An obvious approach to prescribing velocity is to use a velocity control
loop to force measured velocity to follow a desired reference. Unfortunately, the only measurements available here are derived from
the encoder position, which has embedded warping errors. This
would result in ripple in the closed-loop motor velocity ẋ, even
though the measured velocity would appear to be equal to the constant reference velocity. No estimate of the true velocity would be
available. But suppose a mechanical means could be devised to regulate the motor velocity, then deviations caused by encoder warping could be estimated. In fact, a constant velocity (as assumed
in [14]) is not really needed, only a velocity that is approximately
constant over the period of the encoder warping. Due to the large
number (fifty) of encoder periods in one mechanical turn, all that is
needed is a motor velocity that varies smoothly enough from turn to
turn. Since the bow spring in the actuator provides a self-generated
torque on the motor, and this torque is slowly and smoothly varying
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x̂ = x + f (x) = g(x)

−→

x̂ ≈ g(x̄)

(2)

Now an estimate x̄ for the true position can be calculated from
warped measurements x̂ if the function g −1 can be modeled off
line, and interpolated during real-time operation. We actually use
a slightly modified form of this, where the deviations ∆x are expressed as an explicit function of measured position x̂ for spline
fitting
(3)
∆x = x̂ − x̄ = x̂ − g −1 (x̂) = h(x̂)
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as the bow spring extends, it was thought that this could produce a
motor speed that was sufficiently smooth over a mechanical turn.
The idea is to use motor torque to wind up the tendon from its
distal stop by several turns, compressing the bow spring. Then release the spring to accelerate the motor through several turns. Taking data over a full turn during this acceleration (and before the
distal stop is encountered) would provide a position trajectory that
is at an approximately constant velocity over an encoder warping
period. By fitting a low-order polynomial to this data over a full
mechanical turn, the polynomial approximation provides an estimate x̄ of the actual motor position x, forming the reference from
which to calculate encoder warping deviations f (x̄).
There are two problems with this idea. The first problem is
that the stepper motor has significant cogging torques, which are
not smooth over an encoder period. In fact, the ripple torques in
the motor are quasi-periodic on this same period by design, so that
the encoder provides an absolute measure of motor position within
this period for reliable winding commutation (see [9] for more details). These torque ripples can cause velocity variations within
an encoder period which will corrupt the estimate of true velocity.
That is, variations in measured velocity can no longer be attributed
solely to encoder warping, and the resulting deviations from the
polynomial fit will overcompensate for encoder warping.
Consider the effect of unreeling the motor with the bow at various speeds. The motor ripple torques are fixed in amplitude (since
they are due to variation in motor reluctance with angle), and occur at higher frequencies as the motor velocity increases. These
higher frequency disturbance torques cause less change in motor
velocity due to the smoothing effects of the motor moment of inertia: the torque to velocity frequency response for mass decreases at
20 dB/decade as frequency is increased. This suggests that if higher
velocity can be obtained during the position data recording interval,
then the effects of motor torque ripple can be reduced. This effect
can be studied by winding up the tendon to varying distances, providing larger initial bow spring torque and longer acceleration times
before the distal stop.
Figure 4 shows data from an experiment taking encoder position x̂ data over the same range of positions, but at various speeds
during passive bow extension from a wound-up position. The data
shown is the residual deviation ∆x = x̂ − x̄ from 6th order polynomial fits x̄ over one mechanical turn. The top plot corresponds
to slow average velocity (about 0.5 m/s), with increasing average
speeds in the lower plots (0.65 m/s and 1.0 m/s, respectively). Note
that the encoder-period ripple in these plots is not varying with average motor speed, but there are longer-period variations that are
reduced in amplitude as speed in increased. These latter components of the observed ripple are due to torque ripple in the motor. Only the geometric encoder warping is independent of velocity, hence independent of the frequency-dependent filtering of the
motor dynamics. Clearly, the high velocity experiment is preferred
for estimating x̄.
The second problem is that the estimates x̄ of actual position
are only available in post-processing of data over a whole turn, and
are not available during normal operation, hence the function approximation f˜(x̄) cannot be obtained for real-time unwarping. This
can be addressed by writing the measured position x̂ in (1) as an explcit function of the estimated motion x̄
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Figure 4: Encoder deviation ∆x versus fit position x̄, for average
velocities of 0.5 m/s (top), 0.65 m/s (center), and 1.0 m/s (bottom).

and the unwarped estimate x̃ of position is recovered by differencing the interpolation h̃ of h with the measured position:
x̃ = x̂ − ∆x = x̂ − h̃(x̂)

(4)

This approach begins with x̂(ti ) data from a high-speed bow
extension experiment, fitting this data with a 6th-order polynomial approximant x̄(t) over one mechanical turn. Interpolating this
function at times ti provides a x̄(ti ) corresponding to every value of
x̂(ti ) measured. The function ∆x(ti ) = x̂(ti ) − x̄(ti ) = h(x̂(ti ))
is then fit with a cubic spline, using 500 control points ti per mechanical turn (10 control points per encoder period), with 10 points
of additional data before and after the one-turn interval to reduce
fitting errors on the one-turn boundary. The spline fit approximates
the h(x̂) data by a smooth function
h̃(x̂) = A∆xj + B∆xj+1 + C∆xj + D∆xj+1

(5)



where the indicates second-derivative estimates from sampled
data, and the interpolation coefficients are given by [18]:
A≡

x̂j+1 − x̂
,
x̂j+1 − x̂j

B ≡1−A=

1 3
(A − A)(x̂j+1 − x̂j )2 ,
6

x̂ − x̂j
x̂j+1 − x̂j

(6)

1 3
(B − B)(x̂j+1 − x̂j )2
6
(7)
The real-time unwarping code implements this by determining
which interval [x̂j , x̂j+1 ] the measured data x̂ resides, then computes the interpolation coefficients A, B, C, D, and then looks up
the values ∆xj , ∆xj+1 in a previously stored data table. The interpolated value x̃ = x̂ − h̃(x̂) from (5) is then used as the unwarped
angular position estimate.
C≡

4

D≡

E XPERIMENTAL R ESULTS

The above method for encoder unwarping is applied in the block
diagram of Figure 3 in the feedback portion of the position control
loop. The motor ripple torque compensation can be based on either the warped or unwarped encoder measurements, since all that
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damping rendering block in Figure 3 when the raw (warped) position measurements x̂ are used. Peak-to-peak ripple of approximately 0.5 N can be seen in this motion. If the unwarped positions x̃ are used instead, the force commands shown in Figure 6
are obtained. The ripple at the encoder warping period is indistinguishable from random noise, showing that the unwarping method
discussed above is quite effective.
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Figure 6: Force commands fb resulting from using unwarped encoder measurements x̃ in rendering a 13 Ns/m damping field.

Next, we address the question of the difference in forces fˆm
produced at the distal tip of the tendon/bow actuator, near the stylus
attachment. Figure 7 shows the force measured by the force sensor,
which connects the tendon to the bow spring and stylus, for the case
where the warped encoder measurements x̂ are used. The flat portion in the plot is due to slack in the tendon during part of the motion. Figure 8 shows the corresponding tip force when the unwarp-
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Figure 5: Force commands fb resulting from using warped encoder
measurements x̂ in rendering a 13 Ns/m damping field.

A simple experiment was conducted where the user moves the
stylus back and forth in an approximately sinusoidal displacement
covering a distance of about 10 cm in a period of approximately
1 sec, producing a maximum velocity of about 30 cm/sec. A virtual damper with damping constant B = 13 Ns/m was rendered by
the position control loop, using finite differences of the measured
position (either x̂ or x̃ in Figure 3) to obtain velocity. A low pass
filter within CV was applied to these velocity estimates with a corner frequency of 30 Hz to reduce noise accentuation. This corner
frequency is well above the motion frequency, but lower than the
main encoder ripple frequency for this motion (210 Hz), hence this
filtering attenuates the encoder-period ripple in the force command.
However, this filtering is the same for both warped and un-warped
cases.
Figure 5 shows the resulting force command fb from the
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Force [N]

Force [N]

is necessary there is that the proper torques as a function of measured angle are applied. However for the position loop, the warped
position data may cause perceptible vibrations. In the case of a
damping control law CV (s) = Bs, smooth mechanical motion
produced by voluntary user motions produce measured velocities
that contain velocity variations. In turn, these produce force commands fb which contain ripple. If these are at an amplitude and
frequency that can be perceived at the stylus grip, a rough (rather
than smooth) damper results. In the case of virtual surface rendering via the control block CP , sliding along a smooth virtual surface, say in three degrees of freedom, should produce smooth forces
normal to the virtual surface. However, if the encoder signals are
warped, smooth mechanical motion produces measured motion that
appears to undulate. When compared to the smooth virtual surface
reference location, periodic surface penetration is calculated by the
control loop, resulting in ripple in the applied reaction force fd by
the virtual surface impedance. This could result in a rough surface
perceived by the user.
Since a single degree of freedom is used in this study (only
one tendon/bow actuator), the virtual surface effects of encoder ripple cannot be evaluated. Instead, we examine the case of virtual
damping rendering. We wish to measure the effects of using the
raw encoder data x̂ versus the unwarped data x̃ on the forces f b
applied at the actuator (CF is unity in Figure , on the forces fˆm
measured by the force sensor near the stylus grip, and on the forces
fu perceived by the user. This provides a first step in quantifying
the benefits of unwarping on the quality of haptic rendering.
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Figure 7: Measured tip force fˆm when warped encoder measurements x̂ are used to render a 13 Ns/m damping field.

ing function is used. The difference in tip force between the two
cases is less pronounced than for the commanded forces (Figures 5
and 6). Still, force ripple at most positions is noticeably smaller in
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Figure 8: Measured tip force fˆm when unwarped encoder measurements x̃ are used to render a 13 Ns/m damping field.

this plot than in the warped case. Evidently, there are imperfectly
canceled torque ripples in the actuator, which produce measurable
tip forces despite the absence of significant force commands in the
unwarped case. In the warped case, tip forces are increased, but
relative to the baseline torque ripple, by a smaller factor than in
the commands. More significant, however, is that no difference between these two cases could be felt by the authors. Apparently,
the difference in force produced at the motor using warped and unwarped position measurements is below our discrimination threshold, at least when the masking effects of residual motor torque ripple are present. If motor torque ripple could be reduced further,
the advantage of encoder unwarping may become more apparent.
Further, other rendering modes (e.g., virtual surfaces) may be more
sensitive to encoder warping.
5 C ONCLUSIONS AND F UTURE W ORK
A low cost encoder that provides high resolution, but low accuracy,
was studied for use in haptic interfaces. This produces warped position measurements which can cause unwanted vibration and roughness in rendered haptic effects. A method to calibrate-out (unwarp)
these measurements was presented which does not require a highaccuracy reference sensor. This approach allows the encoder to be
self-calibrated using the actuator motor and integral bow spring.
Although the unwarping was shown to be effective in reducing ripple forces in a damping rendering example, it was also shown that
these ripple forces are at a frequency and amplitude, in this case,
such that they are filtered by the tendon/bow to a level below the
user’s discrimination threshold. That is, the unwarping did not result in perceptible improvement in forces at the user’s stylus grip in
this rendering mode. Further testing is needed to determine if unwarping is necessary in other modes. If unwarping is not needed,
then the low cost encoder is in itself sufficient. If unwarping is
necessary in some rendering scenarios, the unwarping method presented here provides a simple, practical, and effective technique for
haptic interfaces.
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