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Characterizing Detection Thresholds for Six
Orthogonal Modes of Vibrotactile Display Via Stylus
With Precision Grasp

Ruisi Zhang

Abstract—In this paper, we characterize the detection
thresholds in six orthogonal modes of vibrotactile haptic display
via stylus, including three orthogonal force directions and three
orthogonal torque directions at the haptic interaction point. A
psychophysical study is performed to determine detection
thresholds over the frequency range 20-250 Hz, for six distinct
styluses. Analysis of variance is used to test the hypothesis that
force signals, as well as torque signals, applied in different
directions have different detection thresholds. We find that
people are less sensitive to force signals parallel to the stylus than
to those orthogonal to the stylus at low frequencies, and far more
sensitive to torque signals about the stylus than to those
orthogonal to the stylus. Optimization techniques are used to
determine four independent two-parameter models to describe
the frequency-dependent thresholds for each of the orthogonal
force and torque modes for a stylus that is approximately
radially symmetric; six independent models are required if the
stylus is not well approximated as radially symmetric. Finally, we
provide a means to estimate the model parameters given stylus
parameters, for a range of styluses, and to estimate the coupling
between orthogonal modes.

Index Terms—Pen-hold grasp, tool-mediated vibrotactile per-
ception, magnetic haptic interface.

1. INTRODUCTION

IBROTACTILE haptic display of high-frequency vibra-
tions enables event-based feedback [1], [2], the display
of textures [3]-[6] and patterned surfaces [7]-[13], and even
musical haptics [14], which can significantly enhance haptic
fidelity of tool-mediated interaction with virtual or telemani-
pulated environments [15], [16]. Of particular interest is vibro-
tactile display with a pen-like stylus using a precision grasp
(Fig. 1); the precision grasp is commonly used to manipulate a
tool [17], and stylus-based haptic devices are commonly avail-
able commercially [18].
Although there has been significant research on chara-
cterizing humans’ vibrotactile perception in terms of
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displacement [19]-[22], humans mainly sense acceleration
during vibrotactile perception [22]-[24], which motivates
studies that have considered acceleration for vibrotactile dis-
play [4], [13], [25], [26]. However, it is challenging to gener-
ate a desired vibrotactile perception in terms of acceleration
since many vibrotactile displays are designed primarily to dis-
play force- and/or moment-driven vibrations in an open-loop
fashion, using either the haptic device’s native actuators or
auxiliary actuators attached to the haptic device. There are
two principal approaches to display a desired acceleration.
One approach is to attach auxiliary accelerometers to close the
control loop, which does not require any model, but there will
be some latency in achieving the desired acceleration [4],
[23], [25]. The other approach, which does not require any
modification of the haptic device, is to convert desired acceler-
ations to the corresponding torques and/or forces using an
inertia model [26].

Prior works have developed dynamic models for the human
hand-arm system to understand how force-driven vibrations
transmit to the hand based on finite-element analysis [27],
mass-spring-damper systems [28]-[33], or mechanical imped-
ance [21], [34]. A state-of-the-art method for haptic texture
display used stylus mass as a simplified inertia model to con-
vert desired accelerations to their corresponding forces, which
are then fed into the native actuators of a three-degree-of-free-
dom kinesthetic device [26].

Stylus-based kinesthetic haptic interfaces can render up to
6D vibrotactile stimuli—typically either 3D, 5D, or 6D—at
the haptic interaction point (HIP). However, until recently,
there has been little known about vibrotactile perception
using torque signals (about any axis), nor how torque signals
can be mapped to accelerations using inertia models. It is
also unclear if the simplified inertia model used in [26] can
be extended to a moment-driven vibrotactile display, since
the sensation associated with a given vibration intensity is
largely invariant to the direction of a force-driven vibra-
tion [20], [23], [35]-[38], but the same cannot be said for
moment-driven vibrations [36]-[38]. Without an accurate
inertia model—which must account for not only the inertia
of the stylus (which is known), but also the effective inertia
of limb (which is likely poorly understood, especially for a
moment-driven vibration)—it is unclear how to display some
open-loop force and/or moment to achieve a desired
acceleration.
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HIP

Grasp Location

Fig. 1. Posture of a precision grasp, shown with the stylus of the magnetic
haptic interface used in this study. Forces and torques are applied at the haptic
interaction point (HIP). The coordinate system used defines z along the stylus,
y pointing upward, and z pointing toward the subject when the stylus is held in
front of the subject as shown. In general, the HIP and grasp location are sepa-
rated by distance d. The stylus shown is stylus S} in this study.

Due to the complexity of modeling the limb-stylus inertia,
in this paper, we consider vibrotactile perception in terms of
the mechanical source variables (i.e., force and torque) for
vibrotactile display, which directly maps the device’s input
variables to humans’ sensations without any preconceived
inertia model. Our preliminary study on which this paper is
based considered each of the six orthogonal modes of stylus-
based vibrotactile display and found that humans are far more
sensitive to torque about the shaft of the stylus than torque
orthogonal to the shaft for the frequency range of 20-250 Hz,
and are less sensitive to force along the shaft than force
orthogonal to the shaft at very low frequencies [36]. Our latest
study proposed a weighting function that describes how the
six orthogonal modes mix in the mapping to 1D vibrotactile
perception [37], [38], motivated by the fact that humans can-
not distinguish the direction [39] or phasing [9] of high-fre-
quency vibrations. However, in both of these studies, we only
considered a single stylus, and there is little known about how
stylus parameters affect vibrotactile perceptions.

In this paper, we conduct two psychophysical experiments
to determine the vibrotactile detection thresholds in each of
the six orthogonal modes applied in a standard coordinate
frame located at the HIP, for styluses held with a precision
grasp (Fig. 1). The response variable that we use to quantify
the detection threshold is the amplitude of the sinusoidal force
or torque signal. We consider precision grasp holistically,
without any preconceived notions about the relative sensations
between the stimuli applied in the six orthogonal modes. The
first experiment, which is an extension of [36], explores how
the vibrotactile detection thresholds vary as a function of the
frequency of the vibrotactile stimuli (i.e., the sinusoidal force
or torque signals) and provides critical comparison between
six orthogonal modes of vibrotactile display; this experiment
considers ten frequencies within the frequency range of 20—
250 Hz. The second experiment, which considers a variety of
custom styluses, explores how the vibrotactile detection
thresholds vary as a function of stylus parameters such as iner-
tia, diameter at the grasp location, and the distance between
the HIP and the grasp location; this experiment considers three
frequencies, based on the results of the first experiment: low
(20 Hz), medium (108 Hz), and high (250 Hz).

Following the two psychophysical experiments, we find
minimal-parameter models, in each of the orthogonal modes,
that accurately describe the vibrotactile detection thresholds

across frequencies. Each model has just two free parameters
that must be determined (e.g., experimentally calibrated) for a
given stylus. Finally, we propose functions that can be used to
estimate these free parameters for a given stylus based on the
stylus parameters (i.e., without any experimental calibration).
This function will be locally accurate for styluses with proper-
ties comparable to those considered in our experiments.

In our experiments, we use a magnetic haptic interface com-
prising an electromagnetic field source and a fully untethered
stylus that has a permanent magnet attached at one end, the
center of which serves as the HIP (Fig. 1). Our interface is
capable of rendering vibrotactile sensations in each of the six
orthogonal modes, independently, with a single stylus that can
be designed as any desired shape, making it ideal for this
study. Magnetic haptic interfaces differ from traditional haptic
interfaces that utilize one or more back-drivable motors in a
kinematic chain [1], [21], [26], [40] or one or more vibrotac-
tile actuators attached to the stylus to render vibrations [4],
[18], [33]. The dynamics of a kinematic chain may affect
vibration transmission and users’ vibrotactile perception. A
vibrotactile actuator can only render 1D vibration, driven by
either force or moment, making it challenging to render inde-
pendent vibrations in different directions while controlling for
actuation authority and stylus inertia properties. Although our
experiments use a magnetic haptic interface, the results of our
study generalize to any haptic interface using a stylus, pro-
vided the actuation applied at the HIP is a force or moment
(i.e., the interface is “impedance-type”).

II. EXPERIMENT 1: EFFECT OF FREQUENCY AND MODE
ON DETECTION THRESHOLDS

We conducted the first psychophysical experiment to gener-
ate a human-subject data set of detection thresholds for the six
orthogonal modes of vibrotactile display in the frequency
range of 20-250 Hz using a pen-shaped aluminum stylus. The
data set was used to test the hypothesis that force signals, as
well as torque signals, applied in different directions have dif-
ferent detection thresholds. Much of Experiment 1 was pre-
sented in [36]. Here, we went beyond [36] by adding two
additional human subjects (from 10 to 12), and including a
power analysis on force and torque directions for which a sig-
nificant difference was not found.

A. Materials and Methods

1) Human Subjects: The psychophysical study was per-
formed by 12 (seven male, five female) right-handed subjects,
ages 23-31, who were student volunteers that gave informed
consent. Subjects have normal tactile sensation and normal
(corrected) vision by self-report. The study was approved by
the University of Utah Institutional Review Board (IRB
#00096461).

2) Apparatus: This study utilized a magnetic haptic inter-
face (Fig. 2) that comprises two separate parts: an electromag-
netic field source known as an Omnimagnet, and an
untethered stylus with a cubic permanent magnet rigidly
attached to one end using beeswax. The experimental
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Fig. 2. (Left) Experimental setup. The magnetic haptic interface comprises
an Omnimagnet electromagnetic field source and an untethered magnetic sty-
lus. The subject holds the stylus with a precision grasp, with her forearm rest-
ing on an armrest. The monitor displays simple prompts. (Right) Close-up
showing the magnetic haptic interface. The subject places the stylus’s magnet
at a location indicated by a given nonmagnetic rod extending from the Omni-
magnet, without contacting it. Note, the configuration shown corresponds to
Fig. 4(f), and the stylus shown is ;.

apparatus enabled us to display pure forces and torques at the
HIP of the stylus, which was the center of the permanent mag-
net, without any confounding factors related to the configura-
tion-dependent inertia and friction found in tradition linkage-
based haptic interfaces. The magnetic field from the electro-
magnet generates a force f = V(m - b) (units N) and torque
T=m X b (units N - m) on the stylus’s magnetic dipole m
(units A - m?), which can be modeled as being at the center of
the cubic NdFeB permanent magnet [41]. In this experiment,
we use a 12.7-mm magnet (||m|| = 2.15 A - m?, 15.4-g mass).
The experimental characterization of the magnetic haptic
interface is described in Appendix A.

We used a radially symmetric aluminum stylus, S (Figs. 1,
2, and 3), which was similar to a common pen, and which was
also used in [37], [38]. A 4-mm-wide red band located at the
stylus’s center-of-mass indicates the desired resting position
of the stylus on the subject’s middle finger. The cubic perma-
nent magnet was attached on one end; the black mark indi-
cates the direction of the magnet’s dipole moment (i.e.,
pointing from the south pole to the north pole), which was
orthogonal to the stylus’s = axis.

3) Design: We designed this experiment to enable us to
investigate two distinct hypotheses. Hypothesis 1.1: There is a
difference in detection thresholds between the three orthogo-
nal force modes. Hypothesis 1.2: There is a difference in
detection thresholds between the three orthogonal torque
modes.

This experiment used a full-factorial repeated-measures
design with two factors: the configuration of the magnetic
haptic interface (Fig. 4) and the frequency of the vibration.
We considered six configurations of the magnetic haptic
interface (i.e., six orthogonal modes), three of which corre-
sponded to a pure force along one of the three orthogonal
axes of the stylus, and three of which corresponded to a pure
torque about one of the three orthogonal axes. The ten vibra-
tion frequencies considered in this experiment were spaced
evenly in a log,, scale within the frequency range of 20—
250 Hz. This range was chosen because humans are able to
detect vibrotactile stimuli in the frequency range of 20-
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1000 Hz [39], and most haptic interfaces cannot correctly
render vibration beyond 250 Hz [1]. The above factors
yielded 60 distinct combinations. The authors verified that
the direction of vibration was not detectable across the entire
frequency range, as expected [39].

We are interested in characterizing the vibrotactile detec-
tion threshold of the amplitude (i.e., half peak-to-peak) of the
sinusoidal force or torque signal applied at the HIP, as a func-
tion of a variety of variables of interest. We used an adaptive
tracking procedure (see Section II-A4) to determine the vibro-
tactile detection threshold of each subject for a given combi-
nation of variables. This procedure resulted in a number of
reversals, which ultimately led to six best-estimate-threshold
(BET) values for each combination, which were used as
repeated measures in the analysis of variance (ANOVA). We
performed all statistical analysis on the log,BET values,
since humans’ cutaneous systems perceive vibrotactile stimuli
in this scale, based on Stevens’ power law [42]. We used a
mixed-effect ANOVA model to determine statistical signifi-
cance in an experiment with response variable log,,BET,
with blocking factor subject treated as a random-effect vari-
able, and treatment factors mode and frequency treated as
fixed-effect variables. The Tukey post-hoc pairwise compari-
son test was run for factors found to be significant. The con-
ventional significance for the entire analysis was determined
at o = 0.05, two tailed. Statistical analysis was performed
with SPSS and MATLAB R2020a.

We performed post-hoc power analysis for the pairwise
comparisons of mode that were found to be not significantly
different. We considered each pairwise comparison to be suffi-
ciently powered if it would be capable of detecting a differ-
ence equal to the just noticeable difference (JND) in
amplitude discrimination if such a difference existed (using
the conventional power of 1 — 8 = 0.8, two tailed). The dif-
ference Au that could have been detected is

Sz s2
1 _27

ny N2

Ap =t (1)

where S is the standard deviation in log ;,BET of data set j,
n; is the sample size for data set j, and ¢* is the critical value.
The Bonferroni correction suggested using a significance of
o =a/10 =0.005 for each of the ten individual pairwise
comparisons (i.e., ten frequencies), which corresponds to a
critical value of 2.8. Combined with a critical value of 0.84
for the desired power of 0.8, we considered a total critical
value of t* = 2.8 + 0.84 = 3.64. Prior studies reported the
JND in amplitude discrimination of 0.4-6 dB (for various
quantities) in the frequency range of 20-250 Hz, which
reached its highest value (i.e., 6 dB) when the intensity of the
vibrotactile stimulus is close to the detection threshold [22],
[43]-[47]. Thus, we concluded that there was sufficient power
for any individual pairwise comparison (i.e., between two par-
ticular modes at a given frequency) when the difference Au
calculated using (1) was not greater than log,,2 (i.e., 6 dB con-
verted to a log ,, scale).
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(a) Six styluses fabricated for this study.

Ln t L L L;
Sl S
d £ IS
Sd @ g
(b) Definition of stylus parameters.
S1 S2 S3 S4 S5 Se
m (g) 41.2 20.7 26.0 41.2 28.8 84.9
L (g-mm?) 719 283 352 1.05x10° 731 2.83x10"
L(gmm®) | 8.67x10" | 3.54x10* | 4.33x10* | 1.28x10° | 9.30x10* | 8.67x10°
d (mm) 44.1 44.7 44.5 44.1 43.6 22.0
D (mm) 9.53 9.53 9.53 4.76 4.76 9.53
¢ (mm) 4.00 4.00 4.00 4.00 4.00 2.03
L (mm) - 26.0 - 26.2 26.2 5.08
D; (mm) - 4.00 - 14.4 3.81 67.3
L>(mm) 127 38.6 68.4 101 90.9 96.5
L (mm) 12.7 9.53 9.53 12.7 12.7 12.7
L3 (mm) - 65.6 61.8 12.7 10.2 37.1
ID; (mm) - 7.62 7.01 - - -
OD: (mm) - 9.53 9.53 16.9 17.4 4.06

(c) Stylus parameters. In S>—Sg, the parameters highlighted gray are held approximately constant with
respect to the corresponding parameters of S;, and the parameters highlighted pink are varied by a factor of
approximately 2 relative to those of Sj. The direction of x, y, and z are consistent with Fig. 1. I, and I, are

obtained about the center-of-mass of the stylus, not the HIP. | =

I, = I; indicates the rotational inertia

about both axes that are orthogonal to the axis of stylus.

Fig. 3.

Styluses used in this study. Each stylus comprises (at most) three cylindrical sections, with a cuboid section on which a cubic permanent magnet is

attached. The center-of-mass of the complete stylus is indicated by the red band.

4) Procedure: Experiment 1 was conducted in six ses-
sions, each considering a single mode and lasting 35-50
minutes per subject. For a given subject, the sessions were
separated by at least 48 hours to mitigate the effect of the con-
figuration order [48]. The order of the sessions was random-
ized for each subject.

At the beginning of a session, the subject sat in front of the
table with the apparatus on it (Fig. 2). A 100-mm-long non-
magnetic rod attached to a given side of the Omnimagnet indi-
cated the desired position of the stylus. The subject was

instructed to rest their forearm on the armrest, hold the stylus
using a precision grasp with the center of the middle finger
contacting the red band, and place the center of the stylus’s
permanent magnet very close to the end of the given rod with-
out contacting it. Before the experiment began, the subject
was allowed to adjust the height of the chair, the height of the
armrest, and the position of the Omnimagnet on the table to
facilitate a comfortable posture while holding the stylus in a
precision grasp. Subjects were instructed to use a grasp force
consistent with how they would comfortably hold a pen for
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Fig. 4. The six configurations of the magnetic haptic interface used in this study, which each excite one of the six orthogonal modes. When current i flows
through the electromagnet as shown, it generates the corresponding dipole moment M located at the electromagnet’s center. The permanent magnet’s dipole
moment m is located at its center. The top three configurations correspond to a force mode along a given orthogonal axis, due to the spatial derivative of the field:
f = YV(m-b). The bottom three configurations correspond to a torque mode about a given orthogonal axis, as the stylus’s dipole attempts to align with the field:
T = m x b. When the current is varied sinusoidally in time, the magnitude of the resulting force or torque varies sinusoidally in time as well.

writing. We note that all six configurations (Fig. 4) enabled the
subject to hold the stylus in the same orientation. The subject
wore ear muffs for the duration of the experiment to eliminate
audio cues from the device and other distractions. A 508 mm
(20 in) monitor, placed at an approximate distance of 700 mm
from the subject, provided a visual display.

In a given session, the order of the ten frequencies was ran-
domized for each subject. The subject was given no informa-
tion about the vibration parameters. The procedure to
determine the BET for a given frequency was as follows. A
two-interval forced-choice (2-IFC) psychophysical design [49]
and a one-up, two-down adaptive tracking procedure [50] was
used to determine the BET of the subject for a given fre-
quency. A single 2-IFC trial included two samples: one sam-
ple that did not vibrate the stylus, and one that did, presented
in a random order. Each sample lasted 1.5 s with a number
“1” or “2” simultaneously displayed on the monitor. Each 2-
IFC trial forced the subject to choose which sample had the
vibration (whether or not they could perceive one). There was
a pause after each trial to allow the subject to indicate, either
verbally or with a show of fingers, which sample had the
vibration; the response was manually recorded by the experi-
menter, after which she began the next trial. The one-up, two-

down adaptive tracking procedure determined the amplitude
of the vibration signal for each trial. This procedure was
started at a high amplitude that is easily felt (determined dur-
ing pilot testing among the authors), decreased after two suc-
cessive correct responses, then increased after any single
incorrect response, and finally stopped at the 15th reversal.
The amplitude was multiplied/divided by 2 for an increase/
decrease, respectively, in the first three reversals, and then by
/2 in the remaining 12 reversals. The final 12 reversal ampli-
tudes were used to estimate the threshold for a given fre-
quency, which in turn is the threshold for a given
combination. Each reversal amplitude corresponding to a
change from increasing to decreasing was paired with the next
reversal amplitude corresponding to a change from decreasing
to increasing. The BET for each pair was computed as the geo-
metric mean of the two reversal amplitudes [51]. Each fre-
quency (i.e., combination) resulted in six BETs (from the final
12 reversals), which were used as repeated measures in the
ANOVA.

After half of the session was complete (i.e., after five fre-
quencies were complete), the subject was forced to take a break
of at least 5 minutes to eliminate fatigue. The subject could also
take a break at any time during the session if requested.
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Fig.5. BET (means with 95% CI) for the orthogonal force modes, for all fre-
quencies and subjects tested, where f, U f. is the union of the f, and f. data
sets.

B. Results

1) Comparison of Force Modes (Hypothesis 1.1): Figure 5
shows the experimental results for BET, for all frequencies
tested, for the three pure-force configurations (Figs. 4(a), 4(b),
and 4(c)). For each of the three orthogonal force modes (i.e.,
the three pure-force configurations), there was a clear trend of
BET being relatively high (i.e., the subjects are relatively
insensitive) at the lowest frequencies, with the BET decreas-
ing with increasing frequency to a minimum value (i.e., fre-
quencies at which the subjects are most sensitive), and then
BET increasing with further increases in frequency. After ver-
ifying the normality and sphericity assumptions are met, a
within-subjects two-way ANOVA with mode, frequency, and
their interaction for all three orthogonal force modes (i.e., 30
combinations) showed the effect of mode was statistically sig-
nificant (F' = 11.3, p < 0.01), as was the effect of frequency
(F =179, p < 0.001), but the effect of their interaction was
not significant. A Tukey post-hoc pairwise comparison test for
mode showed the difference between f, and f, and the differ-
ence between f, and f, were statistically significant
(p < 0.001 in each case), but the difference between f, and
f- was not significant.

A post-hoc pairwise power test between f, and f. for all
frequencies tested indicated that the desired power of 0.8 was
reached for all frequencies except 189 Hz. Considering the
substantial overlap of the confidence intervals at 189 Hz, we
felt comfortable reaching the conclusion that f, and f. were
largely equivalent across frequencies. This enabled us to
establish a new data set f, U f., which is the union of the f,
and f. data sets, in order to increase the power of the statistical
tests to follow.

Using the two data sets f, and f, U f., after verifying the
normality and sphericity assumptions are met, a within-sub-
jects two-way ANOVA with mode, frequency, and their inter-
action for both orthogonal force modes (i.e., 20 combinations)
showed the effect of mode was statistically significant
(F =381, p < 0.001), as was the effect of frequency
(FF'=19.0, p < 0.001), but the effect of their interaction was
not significant. A Tukey post-hoc pairwise comparison test
between f, and f, U f. for all frequency tested showed the dif-
ferences at 20-35 Hz and at 142 Hz were statistically signifi-
cant (p < 0.005 in each case), but the differences at all other
six frequencies were not significant. For each of these six

g
£
2 I
=2 -Fn -
= _'I_' Tz { N1
—+rur
20 40 60 80100 200 300

Frequency (Hz)

Fig. 6. BET (means with 95% CI) for orthogonal torque modes, for all fre-
quencies and subjects tested, where 7, U 7 is the union of the 7, and 7. data
sets.

frequencies, a post-hoc pairwise power test between f, and
fy U f. indicated that the desired power of 0.8 was reached.
For each of the four frequencies found to have significant dif-
ferences, log,;oBET due to f, was higher than due to f, U f.,
meaning subjects were less sensitive to force signals along the
shaft of the stylus than to the two force signals orthogonal to
the shaft (which were the same as each other) at these
frequencies.

2) Comparison of Torque Modes (Hypothesis 1.2):
Figure 6 shows the experimental results for BET, for all fre-
quencies tested, for the three pure-torque configurations
(Figs. 4(d), 4(e), and 4(f)). As with forces, for each of the three
orthogonal torque modes (i.e., three pure-torque configura-
tions), there was a clear trend of BET being relatively high
(i.e., the subjects were relatively insensitive) at the lowest fre-
quencies, with the BET decreasing with increasing frequency
to a minimum value (i.e., frequencies at which the subjects
were most sensitive), and then BET increasing with further
increases in frequency. After verifying the normality and
sphericity assumptions are met, a within-subjects two-way
ANOVA with mode, frequency, and their interaction for all
three orthogonal torque modes (i.e., 30 combinations) showed
the effect of mode was statistically significant (F' = 176.0,
p < 0.001), as was the effect of frequency (F = 17.4,
p < 0.001), but the effect of their interaction was not signifi-
cant. A Tukey post-hoc pairwise comparison test for mode
showed the difference between 7, and 7, and the difference
between 7, and t, were statistically significant (p < 0.001 in
each case), but the difference between 7, and 7. was not
significant.

A post-hoc pairwise power test between 7, and 7, for all fre-
quencies tested indicated that the desired power of 0.8 was
reached for all frequencies except 250 Hz. Considering the
substantial overlap of the confidence intervals at 250 Hz, we
felt comfortable reaching the conclusion that 7, and 7, were
largely equivalent across frequencies. This enabled us to
establish a new data set 7, U 7., which is the union of the 7,
and 7, data sets.

Using the two data sets 7, and 7, U 7, after verifying the
normality and sphericity assumptions are met, a within-sub-
jects two-way ANOVA with mode, frequency, and their inter-
action for both orthogonal torque modes (i.e., 20
combinations) showed the effect of mode was statistically
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significant (F' = 287.2, p < 0.001), as was the effect of fre-
quency (F' =174, p < 0.001), but the effect of their interac-
tion was not significant. A Tukey post-hoc pairwise
comparison test for frequency and mode showed that, at all
frequencies, the differences between 7, and 7, U 7, was statis-
tically significant (p < 0.005 in each case). BET due to 7,
was significantly lower than due to 7, U T at all frequencies,
with a large effect size; the BET means of t, were approxi-
mately three times lower than the BET means due to 7, U 7, at
the lowest frequencies, and were approximately 25 times
lower at the frequencies of peak sensitivity. This means that
subjects were substantially more sensitive to torque signals
about the shaft of the stylus than torque signals about the two
axes orthogonal to the shaft (which were the same as each
other).

III. EXPERIMENT 2: EFFECT OF STYLUS PARAMETERS ON
DETECTION THRESHOLDS

The results of Experiment 1 are for a specific stylus. We
conducted the second psychophysical experiment to generate
a human-subject data set of detection thresholds for the six
orthogonal modes of vibrotactile display, for a variety of cus-
tom styluses, for three frequencies (based on the results of the
Experiment 1): low (20 Hz), medium (108 Hz), and high
(250 Hz). The data set was used to test the hypothesis that
detection thresholds are affected by a number of stylus param-
eters: inertia, diameter at the grasp location, and the distance
between the HIP and the grasp location.

A. Methods

1) Human Subjects: The same human subjects that partici-
pated in Experiment 1 participated in Experiment 2.

2) Apparatus: This experiment utilized the same magnetic
haptic interface described in Experiment 1. We used five alumi-
num styluses, So—Sg (Fig. 3). Using S; from Experiment 1 as
the reference stylus, we designed the five new styluses to each
reduce one parameter by a factor of 2—including the mass
(55), moment of inertia about three axes (.53), the diameter of
the cylindrical section at the grasp point (S and S;), and the
distance between the center of the permanent magnet (i.e., the
HIP) and the stylus’s center-of-mass (.Ss)—while holding other
relevant parameters constant. We assume that the other uncon-
trolled parameters will not affect the vibrotactile perception in
a given mode, due to the expected dynamics of the vibration
mode. In this experiment, we used two different permanent
magnets: a 9.53-mm magnet (|m| =1.02 A - m?, 6.48-¢g
mass) for styluses S; and S3; and a 12.7-mm magnet
(|m|| = 2.15 A - m?, 15.4-g mass) for styluses Sy, S5, and Sg.

3) Design: We designed this experiment to enable us to
investigate ten distinct hypotheses, as enumerated in Table I.
Each hypothesis considers if a certain stylus parameter affects
the detection threshold in a certain direction, and that test
involves a comparison between two styluses. For example,
Hypothesis 2.1 considers if stylus mass m affects the detection
threshold for f,, and it involves a comparison between sty-
luses S and Ss.

IEEE TRANSACTIONS ON HAPTICS, VOL. 15, NO. 1, JANUARY-MARCH 2022

TABLE I
THE TEN HYPOTHESES OF EXPERIMENT 2 AND THEIR RESULTS
Hypotheses Results

#  |Hypothesis Styluses|F  |p Correlation
2.1 |m affects f, S1, 82 123.3]0.001 |positive
2.2 |D affects f, S1,84 [5.5 |0.04 positive
2.3 |I, affects f,Uf;|S1,S3 [15.4/0.002 |positive
2.4 |D affects fyUf; |S1,Ss |34.0/<0.001 |positive
2.5 |d affects fy,Uf, |S1,S¢ [62.6/0.006 |negative
2.6 |1 affects T, S1,83 7.4 10.02 positive
2.7 |D affects 7, S1, 85 10.01]0.9
2.8 |I, affects 1,U7;|S1, S35 [22.6/0.001 |positive
2.9 |D affects t,UT, |51, S5 |54.2|<0.001 |positive
2.10|d affects T, U7, |S51,8¢ |22 |0.2

Experiment 2 uses a fractional-factorial repeated-measures
design with three treatment factors: the mode (Fig. 4), the fre-
quency of vibration, and the stylus (Fig. 3). We consider the
same six configurations as in Experiment 1, but at only three
vibration frequencies (20 Hz, 108 Hz, and 250 Hz), which are
a subset of the ten frequencies considered in Experiment 1.
The results from Experiment 1 showed a similar trend of BET
for all six modes within the frequency range 20-250 Hz for
S1. The three frequencies that were chosen to capture the over-
all trend: 20 Hz and 250 Hz are the lowest and highest fre-
quencies within the frequency range tested, with moderate
sensitivity, and the BET at approximately 108 Hz reaches the
minimum value, where subjects are most sensitive. We implic-
itly assume that a change of stylus parameters will not sub-
stantially affect this overall trend. The three stylus parameters
considered in this experiment are the stylus inertia, the stylus
diameter at the grasp location, and the distance between the
HIP and the grasp location. The distance between the HIP and
the grasp location is considered for the four modes f,, f., 7,
and t; the other parameters are considered for all six modes.
We only consider the stylus inertia in the direction of the cor-
responding vibration mode and assume the unconsidered iner-
tias do not affect the vibrotactile sensations in that mode. The
mass corresponds to f,, the moment of inertia about the axis
of the stylus corresponds to 7,, and the moment of inertia
orthogonal to the axis of the stylus corresponds to f, f., 7y,
and .. We tested the following stylus-mode combinations: 5o
and Sy with f; S5 and S5 with all modes excluding f,; and S
with all modes excluding f, and 7,. This yields 48 distinct
parameter sets.

We use a mixed-effect ANOV A model to determine statisti-
cal significance in an experiment with response variable
log 1(BET, with blocking factor subject treated as a random-
effect variable, and treatment factors treated as fixed-effect
variables, which are frequency for all Hypotheses 2.1-2.10,
inertia for Hypotheses 2.1, 2.3, 2.6, and 2.8, diameter for
Hypotheses 2.2, 2.4, 2.7, and 2.9, and distance for Hypotheses
2.5 and 2.10.

We performed post-hoc power analysis for the pairwise com-
parisons of styluses that were found to be not significantly
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different. We consider each pairwise comparison to be suffi-
ciently powered if it would be capable of detecting a difference
Ap from (1) equal to the just noticeable difference (JND) in
amplitude discrimination if such a difference existed (using the
conventional power of 1 — 8 = 0.8, two tailed). The Bonferroni
correction suggests to use a significance of «* = «/3 = 0.017
for each of the three individual pairwise comparisons (i.e., three
frequencies), which corresponds to a critical value of 2.4. Com-
bined with a critical value of 0.84 for the desired power of 0.8,
we consider a total critical value of ¢* = 2.4 4 0.84 = 3.24.
Similar to the post-hoc power test for Experiment 1, we conclude
there is sufficient power for any individual pairwise comparison
(i.e., between two particular modes at a given frequency) when
the difference Ap calculated using (1) is not greater than log;,2
(i.e., 6 dB converted to a log ;, scale).

4) Procedure: Experiment 2 was conducted in 6 sessions,
with each session considering a single mode (i.e., configura-
tion) and lasting 35-50 minutes per subject. Most of the proce-
dure was the same as previously described for Experiment 1.
However, we made the following changes for Experiment 2.
The subject was required to change stylus once or twice within
the session, with the order of the styluses, and subsequently
the frequencies, in a given session randomized. The subject
was forced to take a break of at least 1 minute when the exper-
imenter changed the stylus (i.e., after three frequencies are
complete). Finally, the subject manually input their response
using a numeric keypad.

B. Results

After verifying the normality and sphericity assumptions
were met, a within-subjects two-way ANOVA with frequency,
the specific stylus parameter of interest, and their interaction
for each hypothesis was performed. For all ten hypotheses, the
main effect of frequency was statistically significant (as
expected from Experiment 1). The results for the main effect
of the specific stylus parameter of interest are provided in
Table I; we include the F statistic and p value. For each param-
eter in which a significant effect was found, we indicate if
there was a positive or negative correlation between a change
in the stylus parameter of interest and the respective detection
threshold. For all ten hypotheses, the interaction between fre-
quency and the stylus parameter was not statistically
significant.

There were two hypotheses for which a statistically signifi-
cant effect of the stylus parameter on the respective detection
threshold was not found. For Hypothesis 2.7, a post-hoc pair-
wise power test between .S; and S; for all three frequencies
tested indicates that the desired power of 0.8 was reached for
all frequencies tested except 20 Hz. For Hypothesis 2.10, a
post-hoc pairwise power test between S, and Sg for all three
frequency tested indicates that the desired power of 0.8 was
reached for all frequencies tested.

IV. PARAMETRIC MODELING OF DETECTION THRESHOLDS

In this section, we utilize the results of Experiment 1 to first
develop a parametric model that characterizes the role of
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Fig. 7. Measured BET values for stylus .S} (mean with 95% confidence inter-
vals in log;, scale) and estimated BET values using four independent five-
parameter models.

frequency on detection thresholds in each of the six principal
modes. Then, using the results of Experiment 2, we expand
the model to incorporate the role of stylus parameters and
identify model parameters that are invariant to stylus
parameters.

A. Characterizing the Role of Frequency

We propose a simple yet effective model that characterizes
the detection thresholds (units N for the force modes and units
N - m for the torque modes) as a function of the frequency w
(units Hz) of the sinusoidal vibrotactile stimulus displayed at
the HIP. After observing the shape of the curves in Figs. 5 and
6 from Experiment 1, and inspired by frequency-response
plots of transfer functions (i.e., Bode magnitude plots), we
hypothesized that we could fit a five-parameter model of the
form

(1+ wi/2)"

3ET(w) = k
BET(w) (14 wi/p)”

(@)

to each of the principal modes, where ¢ is the imaginary unit.
The performance of such a model, for mode j, can be evalu-
ated using the mean square error

N —_—
MSE, = 5l (BT, (o) ~ logsy (BET, )

3)

where log;,BET(w),) is the mean value across all subjects,
and BET(w,) is the model’s predicted threshold, for each of
the N = 10 frequencies tested. We consider the threshold val-
ues in a logy, scale because humans’ cutaneous sensing per-
ceives vibrotactile stimuli in this scale [42].

Using our complete data set for stylus S7, we use gradient-
descent to minimize MSE for each of the four models
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B. Incorporating the Role of Stylus Parameters

Next, we determine the role of stylus parameters in the five-
parameter models, using the data set of Experiment 2. We
simultaneously identify parameters in those models that are
invariant to stylus parameters and can thus be considered con-
stant. The result is minimal-parameter models for each of the
principal modes.

Let us begin with our model for the f, mode, which will
enable us to describe our methodology that we will apply to
all of the independent modes. From Experiment 2, we know
that both the inertia m (i.e., S5 vs. S7) and diameter D (i.e., Sy
vs. Sp) affect the detection thresholds in the f, mode, but
what is not clear is which of the five parameters in the model
of 1 must be changed in order to account for changes in these
parameters. Beginning with the model for S7, we allow each
of the five parameters to vary one at a time, and then two at a
time, and fit new minimum-MSE models (now with N = 3) to
the f, mode for each of Sy and S5;. As shown in Fig. 8, a
model with just two free parameters is sufficient to describe
the f, mode across stylus parameters:

(14 wi/61)"

~1: w :kl
felw) = ki, (11 wifp)”

“4)

The other three parameters in the original five-parameter
model can be treated as constants that are invariant to stylus
parameters. We can now repeat this process for the other
modes.

We know that the inertia I,, = I.. (i.e., S3 vs. S}), the
diameter D (i.e., S5 vs. S7), and the distance d (i.e., Sg vs. S7)

and Sg (mean with 95% confidence intervals in log;, scale), and estimated
BET values using the recommended two-parameter model. (Right) MSE for
styluses S5, S5, and Si in which only one or two parameters are varied from
the baseline model for 5. Note: Measured BET is not presented at 250 Hz for
Se because four subjects could not detect even the highest-magnitude force
signals (7.70 mN) that our experimental system can render at 250 Hz.
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Fig. 10. (Left) Measured BET 7, (w) values for styluses S; and S3 (mean
with 95% confidence intervals in log; scale), and estimated BET values using
the recommended two-parameter model. (Right) MSE for stylus S3 in which
only one or two parameters are varied from the baseline model for .S;.

affect the detection thresholds in the f, and f. modes. As
shown in Fig. 9, a model with just two free parameters is suffi-
cient to describe the f, and f, modes across stylus parameters:

; 21
fy(@) = f.(w) = ky, . M

(5)
(1+ wi/ps,. )"

We know that the inertia I, (i.e., S5 vs. S1) and the diameter
D (i.e., S5 vs. S1) affect the detection thresholds in the 7, mode.
As shown in Fig. 10, a model with just two free parameters is
sufficient to describe the T, mode across stylus parameters:

Authorized licensed use limited to: The University of Utah. Downloaded on March 21,2022 at 22:17:50 UTC from IEEE Xplore. Restrictions apply.



ZHANG AND ABBOTT: CHARACTERIZING DETECTION THRESHOLDS FOR SIX ORTHOGONAL MODES OF VIBROTACTILE DISPLAY VIA STYLUS

_ (1+0i/z)" N ~ (1+coi/122)6'5
BET(w)=k| 7-———=w S1: H(w)=7(0)=3.9e-5|~—"—775
( ) (1+(Dl/p)u/ B 1 y( ) Z( ) © (1+(l)i 61)4.2
. . (1+wi/122)73
S3: H(w)=T;(w)=19e—5|~—"—75
: 5(0)-%(0) ree
.. 0.045 T p
4| 8 00361
Hé, Z o 20027 [- = =5, 7, = 7. r 1
= % = 0018 ® S5 Ty =T. |4 e
8 5 0.009 Y recommended
5| = CCCLLI®led 1]
= 20 40 60 100 200 300 0 kzzbznk;kkpppTsz
Frequency, w (Hz) pYznyznznn
57
- - (1+wi/122)
S5 Ty(w)=7;(w)=2.4e—5|~—"—7175
50 Ty(0)=%(0) ‘ (I+wi/61)*2
alz — 5,7, =7, 015 =
2| B 0.12 S 7 — 7
— |z 1_\ 5, Ty = T2 o ST ="
£ \5 T -~ 2 0.09 % recommended
g Z10° o = 0.06 i
[a *-__—I 0.03 o o.....*ooo.o
20 40 60 100 200 300 0
k kkEkEk
Frequency, w (Hz) B pYzn ﬁ g % fl
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values using the recommended two-parameter model. (Right) MSE for sty-
luses S5 and S5 in which only one or two parameters are varied from the base-
line model for 5;.

(wi/143)"

7, (w) = 1.4e—5 (i) 28)"

(6)

Finally, we know that the inertia I, = I.. (i.e., S3 vs. S1),
the diameter D (i.e., S5 vs. S}), and the distance d (i.e., Sg vs.
S1) affect the detection thresholds in the 7, and 7. modes. As
shown in Fig. 11, a model with just two free parameters is suffi-

cient to describe the 7, and 7. modes across stylus parameters:

(1 + wi/122)"=

RS it A 7
(14 wi/61)** @

(@) = T(0) = k.

V. DISCUSSION

Using the results of this study, it is possible to utilize the geo-
metric and inertial properties of the stylus of a haptic display to
estimate how a given high-frequency sinusoidal force or torque
rendered at the HIP compares to the threshold that will be
detected. If this result is combined with the maximum force and
torque values that can be commanded at the HIP of a given hap-
tic display, one can determine the most efficient way to deliver
vibrotactile sensations, potentially considering actuation author-
ity that is already being used for the kinesthetic display.

It is important to remember that the results of this study are
most applicable to stylus’s that have geometric and inertial
properties similar to that of S;. Our local sensitivity analysis
only considered changes in those properties by a factor of two.
For a new stylus that differs from S; more substantially, the
models developed here may lose accuracy, so extrapolation
should be done with caution.

The result that fy = fz and 7, = T, should be assumed to be
contingent upon the stylus in question being accurately
approximated as radially symmetric. If that were not the case,
we would expect that separate model parameters would be
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required for each of these four modes. As a result, we would
expect a total of 12 independent parameters, rather than eight,
to be required.

Below, we discuss some of the ways in which our results
might be extended for practical application with a given haptic
display.

A. Estimating Model Parameters From Stylus Parameters
Using Linear Interpolation

The four models derived in Section IV-B have a total of
eight independent parameters to characterize a given stylus.
For a new stylus, these parameters could be fit experimentally.
Here, we provide an alternative method to estimate the param-
eter values by linearly interpolating the models that were fit to
the six styluses of this study. We provide equations that can
be used to estimate each of the model parameters, as well as
the range of the stylus parameters for which the model is an
interpolation of experimental values. We note that we have
not shown that the model parameters are linear with respect to
the stylus parameters, so this method should be viewed as an
approximation. Further, additional care should be taken when
applying these equations for stylus parameters that are outside
of the range provided.

The model parameters k;, and p;, can be estimated over the

range of stylus parameters m € [20.7,41.2] g and
D € [4.76,9.53] mm as
kg, = (2.015e—5)m + (2.110e—4)D — 4.617e—4  (8)
pr, = (1.567e—1)m — (2.041le—1)D + 35.14 )

The model parameters ky, . and py, . can be estimated over the
range of stylus parameters [, = I, = I.. € [8.67e4,9.30e4] g -
mm?, D € [4.76,9.53] mm, and d € [22.0,44.5] mm as

ky,. = (7.45Te—9)I, + (8.772e—5)D — (9.239e—6)d
—3.901e—4 (10)

py,. = (9.466e—6)1, — (2.802e—1)D — (1.962—1)d
+91.86 (11)

The model parameters v/, and 7, can be estimated over the
) 2

range of stylus parameters I,, € [352,719] g - mm* as
V., = (2.166e—3) 1., + 2.037 (12)

Finally, the model parameters k., . and e, can be estimated
over the range of stylus parameters I, = I wy = L. € [4.33e4,
9.30e4] g - mm? and D € [4.76,9.53] mm as

k. = (4.471e—10)I, + (3.593e—6)D — 3.421e—5

—(1.739e—5)I, + (1.378¢—1)D + 6.699

(14)
(15)

Ty.z

Ney. =
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B. Dimensional Reduction

In this study, we characterized six orthogonal 1D vibrotac-
tile stimuli independently, each as a function of frequency and
stylus parameters. In our prior study [37], which only consid-
ered a single stylus (S7) and a single frequency (108 Hz) as
noted earlier, we considered a full 6D vibrotactile stimulus
and found that a quadratic weighting function of the form

P=vV'wv (16)

can be used to predict the 1D normalized stimulus (i.e., the
detection threshold is indicated by pP= 1), where V =
e fy f- 101y rz]T is the signed magnitudes of the six princi-
pal modes at a common frequency, and W is a positive-semi-
definite weighting matrix whose elements serve a dual
purpose of normalizing the stimulus values and describing the
coupling between the six orthogonal modes. It is our conjec-
ture in [37] that a simple fitting procedure may be possible
with only knowledge of the diagonal elements of W: experi-
mentally determine the diagonal elements, then set Wy =
W32 = W22W33 and W4O = W54 = 0.1\/W44W55 to main-
tain the coupling relationships.

We can now combine our current and prior results. We can
view the weighting matrix W for a given stylus as a function
of frequency:

W =
ﬁ 0 0 0 0 0 ]
0 .fy(toﬁ f;,(w)liz(w) 0 0 0
0 fl,<w>1;<w> "7&))2 0 0 0
0 0 0 (lw)Q Toew O
0 0 0 RO @,ﬁuy 0
0 0 0 0 0 M{D)Q_
(7

where the values in W can be found using (4)—(7). This makes
the assumption that the coupling relationships observed for
stylus 57 at 108 Hz will hold for different styluses and fre-
quencies. We note that (17) assumes neither fy = fz nor 7, =
7., such that it will generalize to a stylus that cannot be accu-
rately approximated as being radially symmetric. It is also
interesting to note that 7, and 7, are coupled in their percep-
tion, whereas we have shown herein that it is 7, and 7. that
can described by the same functions (assuming a radially sym-
metric stylus). Using the above formulation, we can predict
the 1D normalized vibrotactile stimulus for a given 6D vibro-
tactile stimulus in the frequency range of 20-250 Hz, assum-
ing the stylus under consideration has properties that are
comparable to those of the six styluses considered here.

If the new stylus is substantially different from S, and it
was determined that (17) was not properly capturing the cou-
pling relationship, a new weighting matrix could be found
using the methodology of [37], [38].
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VI. CONCLUSION

In this paper, we characterized the detection thresholds in
the six principal modes of vibrotactile haptic display via sty-
lus, including three orthogonal force directions and three
orthogonal torque directions at the haptic interaction point. A
psychophysical study was performed to determine detection
thresholds over the frequency range 20-250 Hz, for six dis-
tinct styluses. Analysis of variance was used to test the
hypothesis that force signals, as well as torque signals, applied
in different directions have different detection thresholds. We
found that people are less sensitive to force signals parallel to
the stylus than to those orthogonal to the stylus at low frequen-
cies, and far more sensitive to torque signals about the stylus
than to those orthogonal to the stylus. Optimization techniques
were used to determine four independent two-parameter mod-
els to describe the frequency-dependent thresholds for each of
the principal force and torque modes for a stylus that is
approximately radially symmetric. Six independent models
are required if the stylus is not well approximated as radially
symmetric. Finally, we provided a means to estimate the
model parameters given stylus parameters, for a range of sty-
luses, and to estimate the coupling between orthogonal modes.

APPENDIX A
CHARACTERIZATION OF THE HAPTIC INTERFACE

The magnetic haptic interface (Fig. 2) used in this study
comprises an Omnimagnet (i.e., electromagnetic field source)
and an untethered stylus with a permanent magnet attached,
which is used to display pure forces and torques at the HIP of
the stylus.

An Omnimagnet [52] comprises three mutually orthogonal
nested coils with a spherical ferromagnetic core in the center,
with a design that was optimized to maximize the accuracy of
the dipole field model as a description of its field:

_ Mo
47||p

(3PPT - HpIIQI)M (18)

where M (units A - m?) is the dipole moment of the Omni-
magnet, p (units m) is a vector measured from the center
of the Omnimagnet to a point of interest, u, = 4w x 1077
T - m-A~! is the permeability of free space, I is the identity
matrix, and b (units T) is the resulting magnetic field vector at
the point of interest. To avoid confounding factors, in this
study we utilize only the middle coil of the Omnimagnet. Its
dipole strength is proportional to its current ¢ (units A) as
IM|| = 6.87i A- m?.

We characterized the frequency response of the coil using a
dynamic signal analyzer (Hewlett Packard 35665 A), as shown
in Fig. 12. The gain data set can be interpolated for any fre-
quency in the range of interest. This enables us to compensate
for high-frequency attenuation, and generally have an under-
standing of what currents (and thus, what magnetic fields) are
being generated at any given frequency given some sinusoidal
voltage input. We are not concerned with phase lag, since it
cannot be perceived [9].
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The electromagnet is powered by a class D audio amplifier
(Crown XLS 2002), capable of 1050 W of maximum output
power for frequencies of 20 Hz to 20 kHz. The frequency
response of the amplifier connected to (i.e., loaded by) the coil
was measured by the dynamic signal analyzer in the 20-250 Hz
frequency range; the results are shown in Fig. 13. The amplifier’s
gain can be approximated as constant at 48.5 with less than 2.9%
error across the frequencies of interest. The amplifier’s phase
plot appears to show a combination of a 1.3 ms delay and a high-
pass-filter behavior; however, we are not concerned with the
phase lag, since it cannot be perceived [9].

The amplifier is given an audio signal from a PC running a
MATLAB program that creates sinusoidal voltage signals,
which are generated by a onboard sound card (Realtek ALC
887). These sinusoidal signals are fed into the amplifier, which
outputs a sinusoidal voltage to the electromagnetic coil. The
gain between the commanded MATLAB signal and the mea-
sured output voltage from the sound card is 2.44 in the fre-
quency range of 20-250 Hz.

The amplitudes of the resulting force and torque are propor-
tional to current ¢ that flows through the middle coil of the
Omnimagnet. To verify the expected linear relationship
between input current and the resulting force and torque, we
characterized the device by measuring the static force and tor-
que on a permanent magnet in the same location used in our
study. We used an ATI Nanol7 six-axis force/torque sensor
with a National Instruments PCle 6320 data acquisition card

Omnimagnet

\

Permanent Magnet

3D-printed Rod" .
Force/Torque Sensor

Fig. 14. Experimental setup for characterizing quasistatic force and torque.
A permanent magnet is rigidly connected to a force/torque sensor using a 3D-
printed fixture at the desired location. The distance between the center of the
permanent magnet and the center of the Omnimagnet is 0.16 m.

with a 1 kHz sampling rate. We fabricated a custom fixture that
rigidly fixed the permanent magnet of the device directly above
the sensor (see Fig. 14), with the device in the configurations
used during the human-subject studies (Fig. 4). In those studies
we consider six configurations corresponding to six orthogonal
modes, but magnetically there are just two distinct configura-
tions used: pure force and pure torque. As shown in Fig. 4, a
pure-force configuration happens when the dipole of the perma-
nent magnet is parallel to the dipole of the Omnimagnet, and a
pure-torque configuration happens when the direction of the
permanent magnet is orthogonal to the dipole of the Omnimag-
net; by changing the location and orientation of the stylus
(including how the permanent magnet is attached to it) and the
orientation of the Omnimagnet, we can direct force or torque in
the desired direction (i.e., in each of the three orthogonal axes).
To characterize force and torque as a function of current, we
consider these two distinct configurations. We commanded DC
current throughout the range of 0.5-4.5 A with a 0.5 A incre-
ment. We gathered data for five runs at 5 s of data per run.
Before each run we gather 3 s of data, which is averaged and
subtracted off to remove any bias from the measurements.

Figure 15 shows the measured force and torque in the con-
figurations intended to generate pure force f, or pure torque
7,; linear least-squares regressions are also shown. In each lin-
ear fit, the offset term represents the best estimate of the bias
in the force sensor used to gather the data, and the slope repre-
sents the best estimate of the actual force/torque generated by
the haptic interface, which is known a priori to be linear with
respect to current ¢ [41]. In the pure-force configuration, the
measured value was f, = 5.94¢ mN/A, whereas the model-
based value was f, = 6.07¢ mN/A (i.e., the model overesti-
mated by 3%). This discrepancy is due in part to the model
assuming the magnet is touching the 3D-printed rod in
Fig. 14, whereas during the actual experiments (and when
used in the human-subjects studies) there was a small air gap
between the magnet and the rod. In the pure-torque configura-
tion, the measured value was 7, = 0.3027 mN - m/A, whereas
the model-based value was 7, = 0.310¢ mN - m/A (i.e., the
model overestimated by 3%).

Authorized licensed use limited to: The University of Utah. Downloaded on March 21,2022 at 22:17:50 UTC from IEEE Xplore. Restrictions apply.



176
T fo o fr=59i-022 | T T T T !
2501, ==1,=0.14i +0.20 e 7
Z ool 1 f: = = J. = —0.038i+0.065 e |
B . =
) e i )
2 I i ,
T — = |
0 Pt l it e e i, S L R
0 0.5 1 1.5 2 25 3 35 4 45
Current, ¢ (A)
(a) Force in “pure-force” configuration
T 7y v 7 = 0.0117 + 0.0080 E
a 0087 7y ===, = —0.0011i + 0.00030
£ 006 L™ == 7 =0.0022i +0.00010
2 [t
oMl L] f
g 002¢ I .......................... ]
S I ol B S D S P
5 1o do--
S 0 =-=-f=.z.gnil E 'I [ 1 :
&= t T E 1 I i L I
-0.02 : : : : — : :
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Current, 7 (A)
(c) Torque in “pure-force” configuration
Fig. 15.

rations intended to generate pure force f, or pure torque .

Let us consider the effect of the confounding force-tor-
que components at the threshold detection values of f_, and
7., individually. Over the entire frequency range of inter-
est, using the BET values from Fig. 7, we constructed the
W matrix in (17), and then calculated P from (16) using
the respective values from Fig. 15 to form the V used in
(16) at the ¢ valued needed to achieve the desired f, or 7,,
respectively. At each frequency, we computed the error in
P from the expected value of P =1. We found that the
maximum error was |P — 1|/1 = 0.059, which occurred at
the frequency of 108 Hz, where subjects are most sensi-
tive. This value is much lower than the most-conservative
Weber fraction of 0.2 in intensity of vibrotactile stimuli
reported in the literature [22], [43], [44]. This suggests
that the confounding force-torque components are not of
sufficient magnitude to impact our study.
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