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Manual Detection of Spatial and Temporal
Torque Variation through a Rotary Switch

Hong Z. Tan, Senior Member, IEEE, Shuo Yang, Zygmunt Pizlo, Pietro Buttolo, and Matthew Johnston

Abstract—We report three experiments on manual detection of torque variations experienced through a rotary switch. The
experiments were designed to investigate whether torque perception was determined by the spatial or by the temporal characteristics
of the rotary switch. In Experiment |, manual detection thresholds of torque variation were measured with raised sinusoidal torque
profiles that varied in spatial period from 2.8 degree to 180 degree per cycle. In Experiment Il, the same was measured for torque
profiles that varied in temporal frequency from 2 to 300 Hz. Experiment Il was similar to Experiment 1 except that the participants were
required to turn the rotary switch at two different speeds for each of seven spatially specified torque profiles (spatial period: 2.8 degree
to 90 degree per cycle). A comparison of the thresholds obtained in Experiment Il and those in Experiments | and Il suggests that the
detection of torque variations depends on the spatial, not temporal, specification of the torque profiles. Our results can potentially shed
new light on the design and engineering specification of rotary switches.

Index Terms—Haptic interface, rotary switch, spatial and temporal torque variation, torque perception.

1 INTRODUCTION

His study focuses on a group of common haptic objects
known as switches. Switches come in many shapes and
forms in our everyday life. They not only serve important
functions but also color our daily experience. The way a
headlight switch looks, feels, and sounds inside an
automobile, for example, influences our perception of not
only the quality of the switch itself but the automobile as a
whole. What then, are the perceptual attributes of switches?
What makes one switch feel different from another? What
engineering metrics can predict the haptic percept of a
switch? How can a target percept for a switch be translated
into engineering design specifications for mass production?
Traditionally, switch performance has been characterized
by torque versus travel profiles (see Fig. 1 for a hypothetical
engineering specification). Manufacturers of switches are
often given such profiles (the solid piecewise straight line in
Fig. 1) with tolerances (the dashed lines in Fig. 1). We argue
that these profiles are not sufficient to describe the
perception of the resultant switches. Due to manufacturing
tolerances, high- as well as low-frequency noise components
in the switch’s torque versus travel profile contribute to the
way the switch feels to the hand that manipulates it. For
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example, with some noise added to the profile (the jagged
curve in Fig. 1), the switch will still pass the inspection as
long as the jagged line stays within the tolerance boundaries
defined by the two dashed lines. However, the two switches
corresponding to the piecewise straight line and the jagged
curve feel quite different: the former smooth and the latter
rough. Our work was motivated by the desire to quantify the
minimum levels of torque variations that can be felt. These
levels can then be used as engineering guidelines to set
manufacturing tolerances so as to limit undesired torque
variations or noise.

Many studies have investigated the feel of switches and
ways of emulating switches with electromechanical devices.
Adachi etal. [1] studied the perceived quality of virtual push
buttons using rating scales and found that the introduction
of a click (a sudden reduction in force) improved the
crispness of the buttons. MacLean was perhaps the first to
propose the idea of using a haptic interface to capture the
force-distance characteristics of a switch and of using the
same haptic device to emulate the switch [2]. In the studies
that followed, an instrumented haptic object was used as an
expressive media for multimodal communication [3] and for
manipulating digital media [4], and the dynamics of
mechanical knobs were captured and played back [5] using
special-purpose haptic interfaces. Other researchers have
also simulated knobs and buttons [6] and used instrumented
probe to measure and model the force characteristics of an
automobile gearshift lever [7], computer keyboard keys [8],
and push-button switches [9], [10], [11]. Hasser and
Cutkosky [12] modeled the dynamics of a human hand
holding a haptic knob in a simple pinch grasp as a second-
order system. Such a model can lead to better algorithms for
the stable control of an active electromechanical switch.
Realizing the importance of haptic interfaces in an auto-
mobile, car manufacturers have embraced the idea of
controllers with active haptic feedback [13]. Examples
include the iDrive system co-developed by Immersion Corp.
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Fig. 1. Hypothetical engineering specifications of a detent switch.
The solid piecewise straight line and the jagged line represent two
specifications that both lie within the tolerance region defined by the
dashed lines.

and BMW,! the Haptic Scroll Wheel in a Nissan concept car,
and a high-torque rotary switch for vehicular instrument
control [14]. New commercial products are continuing to be
developed that explicitly address the cost/performance
tradeoff [15] and the issue of cognitive load associated with
the use of multifunctionality devices [16]. Despite all these
efforts, however, much work still remains for fully under-
standing the physical and perceptual attributes of a switch.
Recently, Weir et al. [17] performed a systematic measure-
ment of the physical characteristics of linear push switches
operated by human hands. The data are presented in a
“haptic profile” that captures the feel of a switch during its
operation, and minimizes the variability due to human
button-pushing actions. Reisinger et al. [18], [19] proposed
and tested the hypothesis that an energy versus angular
travel profile is a better metric than a torque versus angular
travel profile for describing the haptic perception of rotary
switches. We build on these earlier studies to further
characterize the physical and perceptual characteristics of
a switch that is independent of user actions.

As far as human perception is concerned, the basic
proximal stimulus delivered by a rotary switch is torque
variation characterized in spatial or frequency domain.
Therefore, it is important to first establish the human
detection thresholds to torque variations as a first step
toward a better understanding of how to design switches
with desired percepts. One of the earliest studies on torque
sensitivity was conducted by Woodruff and Helson [20].
Using a steel rod mounted on two ball-bearing assemblies,
they measured Weber fractions for torque discrimination
using different knob sizes and varying weights suspended
from the rod. Jandura and Srinivasan measured the
discrimination threshold for two constant torques using a
custom-built instrumented screwdriver [21]. The two
studies were similar in that they examined our ability to
discriminate two constant torque levels. Our recent work
has found, however, that humans are extremely sensitive to
small-amplitude torque variations (Experiment 1 in [22])
superimposed on a low-frequency large-amplitude torque
signal. The example shown in Fig. 1 further underlines the
contribution of high-frequency components of the torque
profile in forming a percept. Therefore, in addition to
measuring the thresholds for detecting a constant torque

1. http://www.bmw.com/com/en/insights/technology/technology_
guide/articles/idrive.html?search_type=index&article=idrive.

change, it is also important to measure the thresholds for
detecting dynamic torque variations over a large range of
frequencies. Following the typical methodology for
measuring detection thresholds as a function of stimulus
frequency [23], [24], we have used sinusoidal torque
variations in the present study to measure the torque-
amplitude detection thresholds over a range of frequencies.
To design the stimuli, we needed to decide first whether
torque variations should be specified in spatial or temporal
frequency. Manufacturers typically provide design specifi-
cations in the spatial domain (i.e., in the form of torque
versus travel curves) to their suppliers. However, depending
on how fast a switch is turned, the proximal stimuli delivered
to the hand is likely to vary in the temporal domain for the
same spatial profile of the switch. It is therefore important to
ask the question of whether thresholds depend on the spatial
or temporal characteristics of torque variations. Our ap-
proach to answering this question was to measure detection
thresholds for a set of torque stimuli designed in the spatial
domain but turned at different speeds (Experiment I11). We
reasoned that if thresholds were determined by the spatial
torque profile, then torque thresholds obtained at different
turning speeds should be the same. If, however, thresholds
were determined by the temporal torque profile, then
different thresholds would be obtained at different turning
speeds. Furthermore, by recording the actual speed at which
a switch was turned and subsequently converting the spatial
frequency to temporal frequency, we should be able to match
the thresholds obtained from turning the spatial switch at
different speeds to the thresholds obtained by using torque
variations at the corresponding temporal frequencies. This
approach required the availability of detection thresholds for
torque variations specified in both spatial and temporal
frequencies. To the best of our knowledge, however, such
data did not exist prior to the present study. Therefore, they
were estimated first in Experiments | and 11, respectively.
The main objective of the present study was to
investigate whether people are able to extract the correla-
tion between simultaneous changes in angular displace-
ment and torque profile. Put in another way, our
participants had access to two temporal signals during
active turning of a rotary switch: t (angular displace-
ment) and t (torque variation). We sought to find out if
detection thresholds for torque variations depended on the
temporal signal t alone or on the spatial signal
Three experiments were conducted, as described below.

2 GENERAL METHODS

This section covers the methods that are common to all
three experiments in the present study. Methods that are
specific to each experiment are presented later in the
respective sections.

2.1 Apparatus

The experimental apparatus consisted of a rotary motor
(Maxon RE25 118752), an optical encoder (Computer
Optical Product, CP950, 4,096 counts per revolution), a
power amplifier (Trust Automation 115), and a transformer
(CUI MPS100-24), as shown in Fig. 2. A rotary (headlight)
switch was attached to the end of the motor shaft. A
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Fig. 2. Experimental apparatus used in the present study.

mechanical stop was used to ensure that the switch always
started from the same position. A small torque in the
clockwise direction (as seen by the participant) kept the
switch against the mechanical stop when the participant
was not actively holding or turning the switch. The
participant held the switch with the thumb and the index
finger of the left hand in a pinch grasp, and always turned
the switch in the counterclockwise direction, as seen by the
participant. The resistive torque stimuli (defined to be
positive in the clockwise direction) were programmed to
follow a predefined torque versus angular position
(Experiments | and IlI) or torque versus time (Experiment
I) profile. The angular position was defined to be 0 degree
when the switch rested against the mechanical stop and
increased as the switch was turned in a counterclockwise
direction. The effective range of motion (where torque was
nonzero) was 90 degree. This was accomplished by
dropping the resistive torque to zero at the end of the
initial 90 degree travel. The participant stopped turning the
switch when no torque was felt. A small torque was then
applied to the switch in the clockwise direction to bring it
back to the mechanical stop. The torque values were
calibrated using a switch-perception measurement system
developed at Ford. A force/torque sensor (model mini40;
ATI Industrial Automation, Apex, NC) coupled to the
switch knob on one side and driven by a stepper motor on
the other was used to collect the force output of the
playback device under various velocity and acceleration
profiles.

2.2 Procedure

The participant sat in front of a table with the apparatus on
the left and a computer monitor and a keyboard on the
right. During the experiments, the participant was in-
structed to rest the left elbow on the table in a comfortable
position, and to hold the switch with the left hand in a
pinch grasp. A black curtain was used to block the view of
the apparatus and the participant’s left hand. The partici-
pant wore a noise-reduction earphone to mask any sound
emanating from the motor.
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Fig. 3. Timing diagram of a three-interval trial in Experiment II.

Detection thresholds were determined with a three-
interval forced choice (3IFC) paradigm combined with a
one-up-three-down adaptive procedure, following the re-
commendation in [24] (see also [25] and a review of adaptive
procedures [26]). Thresholds obtained this way correspond
to the 79.4 percentile point on a psychometric function [25].
On each trial, the participant felt three stimuli: two of the
stimuli were of constant torque (30 N mm) and the other
contained a sinusoidal torque variation superimposed on
the constant torque. The constant torque of 30 N mm was
selected based on the considerations that it was clearly
perceivable and that it was not too high to cause fatigue for a
typical experimental run that lasted at most 15 minutes. The
participant’s task was to indicate which of the three intervals
(“1,” “2,” or *“3”) contained the varying torque. The
magnitude of the sinusoidal torque ripple was reduced after
three consecutive correct responses and increased after each
incorrect response. The initial torque-ripple magnitude was
always set to be higher than the anticipated detection
threshold. It changed initially by 4 dB and then by 1 dB after
the first three reversals. A reversal occurred when the
torque-variation magnitude changed from increasing to
decreasing, or vice versa. An experimental run was
terminated after 12 reversals at the 1-dB step size. Each
run typically lasted 70 to 90 three-interval trials.

The timing diagram for a trial in Experiment Il is shown
in Fig. 3. On each trial, a 100-ms 2-kHz auditory tone
indicated the beginning of the first of the three intervals for
the trial. A 650-ms visual signal (a text string on the
computer monitor) indicated the current interval (“1st,”
“2nd,” or “3rd interval”). The visual and auditory signals
had the same onset time (see shaded areas in Fig. 3). The
haptic stimulus began 150 ms after the onset of the auditory
and visual signals and lasted for 500 ms. The offset of the
visual signal coincided with the offset of the haptic stimulus,
thereby serving to indicate the end of the haptic stimulus.
This was necessary when the two reference (constant
torque) intervals were presented consecutively. After a
short pause of 500 ms, the auditory and visual signals for the
next interval started all over again. The interval during
which torque variation occurred (1st interval in the example
shown in Fig. 3) was randomly selected from the three
intervals. The timing diagrams for Experiments | and Il are
similar to that shown in Fig. 3, but with the abscissa
specified in angular displacement instead of time.
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TABLE 1
Participant Information

S1 S2 S3 S4 S5 S6 S7 S8
Exp.| v v \ \ R \

Expll v v v v v
Exp.lIl N N \
A P indicates participation in the corresponding experiment.

A Drief training procedure was conducted at the begin-
ning of each run. After entering the experimental parameters
for the run, the participant was given an opportunity to feel
either stimulus alternatives (constant or varying torque) by
selecting the corresponding icon on a computer monitor. The
training was self paced and lasted as long as the participant
wished. Data collection began immediately after the parti-
cipant terminated the training. No correct-answer feedback
was provided during the experiments. Each run typically
lasted 10-15 minutes in duration. We conducted one run per
participant for each experimental condition in each of the
three experiments, from which six estimates of detection
threshold were obtained (see Section 2.3 below; also [24]).
We repeated the runs during which data failed to converge
as judged by the experimenter, which happened infre-
quently. A 5-minute break was enforced between runs to
prevent fatigue.

2.3 Data Analysis

Detection threshold was estimated by averaging the peak
and valley torque values at the last 12 reversals. To estimate
the standard error of the threshold, six estimates of the
threshold were calculated from the six pairs of the peaks
and valleys at the 12 reversals, and the corresponding
standard error was obtained [24].

2.4 Participants

A total of eight participants (two females) took part in one
or more of the three experiments. Table 1 shows which
participants were tested in each of the experiments.
Participants S1-S4 were coauthors of this paper. The age
of the participants ranged from 22 to 49 years old and
averaged 32 years old. Except for S1 who was left handed,
the participants were right handed by self-report. They
reported no sensorimotor impairment with their left hands.
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Fig. 4. An illustration of : raised sinusoidal torque variations defined
in the spatial domain (Experiment I). Shown are the torque offset
(dashed line) and the sinusoidal torque variation (solid curve) with a
spatial period of 22.5 degree.

Fig. 5. Detection thresholds for raised sinusoidal torque variations
defined in the spatial domain (Experiment I). Shown are individual
participant’s data as well as a fitting line with a slope of 1 (see text for
details). For clarity, only the data points of S1 (with the lowest thresholds)
and S4 (with the highest thresholds) are connected by dashed lines. The
standard errors (not shown) are smaller than the symbol size.

3 EXPERIMENT |: DETECTION OF SPATIAL TORQUE
VARIATION

The first experiment measured detection thresholds for
torque variations specified in the spatial domain when the
rotary switch was actively turned.

3.1 Methods

The haptic stimulus was either a constant torque of 30N mm
or a raised sinusoidal torque variation defined in the spatial
domain. Fig. 4 shows a varying-torque stimulus with a
spatial period of 22.5 degree; or equivalently, a spatial
frequency of 0.044 cycle/degree. Seven spatial periods
equally spaced on a logarithmic scale were tested: 2.8, 5.6,
11.25, 22.5, 45, 90, and 180 degree/cycle. Note that at
180 degree/cycle and with a total displacement of 90 degree,
only half a cycle of torque variation was presented to the
participants. For ease of comparison with data from
subsequent experiments, the spatial periods were converted
to their corresponding spatial frequencies: 0.006, 0.011, 0.022,
0.044, 0.089, 0.179, and 0.357 cycle/degree. The ordering of
the seven spatial frequencies in the experiment was
randomized for each participant. The participants were
allowed to turn the switch at whatever speed they desired.

3.2 Results

The detection thresholds obtained from the six participants
are shown in Fig. 5 as a function of spatial frequency. For
each participant, detection thresholds decreased as the
spatial frequency of the torque variations increased,
indicating that it was easier for the participants to detect a
fast-varying torque than to detect a slowly varying one. The
individual thresholds decreased from 14.34 N mm (S4 at
0.006 cycle/degree) to 0.05 N mm (S3 at 0.357 cycle/
degree). A one-way analysis of variance (ANOVA) per-
formed on the thresholds revealed a significant effect of
spatial frequency F 6;245 ... 91:76;p < 0:0001 .2

2. Alternatively, one threshold from each participant was used in a one-
way ANOVA. The effect of spatial frequency was still highly significant
WF 6;35 ... 14:31;p < 0:0001 .
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