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Abstract. We have designed and built a passive haptic display by inte-
grating an electromagnet into an infra-red optical mouse. When the elec-
tromagnet is not energized, the mouse acts normally, with the same low
friction and only a slight increase in mass. Energizing the electromagnet
attracts the mouse towards a ferromagnetic mouse pad, increasing the
normal force, and thus the frictional force, between the mouse and the
mouse pad. This allows a two-dimensional display of varying frictional
forces. Our hypothesis was that an increase in friction over particular
targets could enable the user to travel more quickly between those tar-
gets. In addition to several demonstrations, we designed a performance
experiment to quantitatively determine how user performance is affected
by friction feedback during a targeting task. The results of this exper-
iment show a conclusive relationship between the field strength of the
magnet and the targeting time.

1 Introduction

1.1 Motivation

Our goal was to build a practical haptic interface by adding frictional feedback
to a familiar computer tool. Many people are familiar with a mouse interface to a
computer; 51% of American households own at least one computer [3] and 90% of
American children age 5 to 17 use computers [8]. A mouse is usable by the vast
majority of people, regardless of hand size, finger thickness, and handedness.
We also chose a force implementation that is quite simple. Electromagnetic,
frictional feedback requires only a minimum of additional hardware and has
no moving parts. However, since an increase in frictional force is passive and
non-directional, this device cannot offer true force-feedback to the user, but we
believe that increased frictional forces may be a useful way to present haptic
information to the user. There is zero additional friction on the mouse when the
electromagnet is not energized, unlike other haptic devices which use DC motors
and kinematic linkages. It is possible that a future version of our prototype could
be manufactured quite cheaply.
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1.2 Background Information

The idea of a friction-feedback device constructed through electromagnetic actu-
ation is not completely novel [1]. Our main contribution in this paper is practical
implementation and use of this device to improve user performance for a target
acquisition task. There are other examples of magnetically actuated haptic de-
vices in other configurations [2, 4] and haptic feedback, in the form of vibration
feedback, in commercially available mice [5].

2 Device Construction

We augmented a common optical mouse with an electromagnet and placed it
over a steel mouse pad to create the additional frictional force. Our control
software allows us to read the position of the mouse cursor and output a voltage
to the electromagnet, resulting in a frictional force that is continuous across the
range of forces of the magnet.

2.1 Hardware

The mouse is a modified Hewlett-Packard 5187-1556 optical mouse, purchased
for $9 from an online retailer. We chose an optical mouse because it has more
space internally than a standard mouse to accommodate an electromagnet. The
electromagnet is 19.2mm (3/4”) diameter by 15.9mm (5/8”) tall with a maxi-
mum normal force of 26.7 N (6 lbf) at 24VDC ($26.50, A.P.W. Co, Inc., model
607R 0.75). The magnet is recessed into the base of the mouse to minimize the
distance to the steel mouse pad and achieve maximum magnetic force. An alu-
minum bracket, shown in Fig. 1, holds the magnet in place above the mouse
pad, in order to keep the magnet from being pulled out of the mouse. We mea-
sured the coefficients of friction between the mouse and the steel mouse pad as
approximately 0.15 for dynamic friction and 0.23 for static friction. With this
magnet, the maximum applied friction force between the mouse and the mouse
pad was measured at 2.0 N (0.44 lbf).

The controller receives the mouse position through a standard Microsoft Win-
dows interface and outputs voltage commands to the electromagnet through a
digital to analog board. Commands ranging from 0 to 10 volts from the controller
are passed through a simple non-inverting amplifier circuit with a 2.4:1 gain so
that 0 to 24 volt commands are passed to the electromagnet. The electromagnet
requires 44 to 171 mA from the power supply, depending on the output voltage,
making it viable to receive power through a USB interface.

Our first design consisted of a 8.9 N (2 lbf) electromagnet in the base of the
mouse. It is slightly smaller and lighter than the current magnet and fit into
the mouse more easily. While the smaller magnet had enough power to provide
some haptic feedback to the user, it was certainly limited in its maximum force
and was not as strong as desired. In contrast, the larger magnet provides enough
friction at maximum voltage to greatly inhibit a user’s movement. Thus, we
could determine the force ranges in which the device could both help and hurt
a user’s ability to target an object.
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Fig. 1. 24VDC Electromagnet mounted inside a Hewlett-Packard optical mouse

2.2 Software

To provide a demonstration for the friction-feedback mouse, we created sev-
eral programs to illustrate a few proposed applications. Because the mouse is
applying friction to the user, our first algorithms used a proportional velocity
damping to apply forces. However, the Windows interface to the mouse encoders
only supplies position information at approximately 75 Hz, which we found much
too slow to calculate accurate velocity values. We decided to vary voltages based
only on the current cursor position.

Our demonstrations are titled “Boxes,” “Gradients,” and “Textures.” “Boxes”
provides 9 boxes of increasing voltage to show the user the varying forces that
can be applied through the mouse. “Gradients” demonstrates three continuous
gradient fields to determine how much voltage is required for the user to feel
additional friction. “Textures,” shown in Fig. 2, provides a two-dimensional grid
of regions with and without friction. As the user moves the cursor over these
regions, the frictional forces are cycled on and off based on cursor position, giv-
ing the illusion of texture bumps. Each of these programs merely illustrates the
functionality of the device. A fourth program was used to evaluate the influence
of this device on the performance of a user during a targeting task.

3 Targeting Experiment

3.1 Experiment Design

In order to evaluate the performance and usefulness of our haptic mouse, we
designed a simple targeting experiment in which subjects acquired targets as
they moved the cursor back and forth across the screen. Participants were asked
to click on a dark gray block as it alternated between two fixed, upper and lower
positions, shown in Fig. 3. They were instructed to acquire each target as quickly
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Fig. 2. “Texture.exe” provides a hap-
tic sensation of texture bumps based on
cursor position. White(off), Gray(on)

Fig. 3. Clicking on alternating targets,
users were assisted by frictional forces
within the targets

and as accurately as possible. As the mouse cursor arrived within the block tar-
get, voltage was applied to the mouse to increase the friction force. The force was
varied in five discrete increments over the output range of the electromagnet,
including zero output. However, instead of completely randomizing the applica-
tion of frictional forces to the user, the force levels were randomly presented in
groups of 15 correct clicks, allowing the user to anticipate the assistant force and
plan their motions accordingly. As we will explain in the Discussion section, we
have determined through experiments that this information is both reasonable
and necessary to improve the performance of this device.

We were concerned that there might be a short adjustment period at the
beginning of a trial, as the user gets “used to” the repetitive action of acquiring
targets. Thus, five additional dummy targets, with zero friction feedback, were
added at the beginning of the trial. The total experiment length for all users was
less than two minutes.

3.2 Data and Results

16 participants, 12 male and 4 female, between the ages of 18 and 32 years
old, performed this experiment. All were computer literate and regularly use a
mouse. Participants varied widely in experience with haptic devices, some with
little or none, and others considering themselves at the “expert or designer” level
of experience.

Table 1 contains the statistical data for a mixed-effects Analysis of Variance.
Field Strength is a fixed-factor and Subject is a random-factor [6]. Calculations
show p-values < .001 for both factors. This provides more than 99.9% confidence
that these factors, and their combination, are all related to Time.

This result supports our original hypothesis that the Field Strength would
effect the performance of the user. A plot of the mean values of Time per level of
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Field Strength from the ANOVA table output, Fig. 4, shows that the magnitude
of Field Strength is inversely related to the amount of time it took to acquire
the target. Therefore, performance was not only effected, but improved. The
ANOVA table also shows that each subject had an effect on the time to acquire
a target. This is a result of each subject having different methods and speeds
for completing the experiment. Finally, there is also a Subject/Field Strength
interaction, meaning that different subjects perform optimally at different Field
Strength levels.

A pairwise comparison of the Field Strength levels using the Scheffe method
shows the confidence levels that these factors are significantly different from each
other. As shown in Table 2, using the standard 95% confidence level, we found
that the differences between the current standard Field Strength, 0 Volts, and
12, 18, or 24 Volts are statistically significant. From this, we can conclude that
the user’s improved performance was a result of Field Strength levels greater
than 12 Volts.

Table 1. Analysis of Variance Model

Df Sum of Sq (III) Mean Sq F Value Pr(F)

Field Strength 4 3187327 796831.8 20.68605 < 0.001

Subject 15 4439080 295938.7 7.68268 < 0.001

Field Strength:Subject 60 4109269 68487.8 1.77797 0.00033

Residuals 1120 43142668 38520.2

Table 2. Linear Combinations, by the Scheffe Method

Voltage Estimate Std.Error Lower Bound Upper Bound

0-6 45.700 17.9 -9.59 101.0

* 0-12 124.000 17.9 68.60 179.0

* 0-18 124.000 17.9 69.20 180.0

* 0-24 123.000 17.9 67.90 178.0

* 6-12 78.200 17.9 22.90 133.0

* 6-18 78.800 17.9 23.50 134.0

* 6-24 77.500 17.9 22.20 133.0

12-18 0.612 17.9 -54.70 55.9

12-24 -0.708 17.9 -56.00 54.6

18-24 -1.320 17.9 -56.60 54.0

* Statistically significant difference
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Fig. 4. The Average Time to move between targets for each level of Field Strength
from the ANOVA Table

4 Discussion

The experiment presented Section 3 was actually not our first attempt at isolat-
ing and identifying the relationship between the frictional force from the mouse
and the time required to acquire a target. A previous experiment required users
to acquire 95 circular targets. For each target, the location, radius, and amount
of friction feedback were randomly varied and presented to the user. Friction
feedback for each target was given as a map between the distance from the
current cursor location to the target center and the voltage commanded to the
electromagnet. Once the subject had successfully clicked inside the target, it and
its associated friction field disappeared, and a new target with associated fric-
tion field was presented. In accordance with work from MacKenzie and Buxton
regarding two-dimensional tasks, we used Shannon’s formulation of Fitts’ Law
to mathematically describe the relationship between the time it takes to move
between two targets, the distance between those targets, and the width of the
destination target. According to Shannon’s formulation, the time t to acquire a
target of width w which lies at distance d varies as

t = a + b log2

(
d

w
+ 1

)
(1)

where the log term is called the index of difficulty, and a and b are constants
from linear regression of the data. Shannon’s formulation differs from other for-
mulations of Fitts’ Law only in its calculation of index of difficulty. It is preferred
over other formulations because it fits better with observations and always gives
a positive value for the index of difficulty. Although originally designed for one
dimensional fields, this one dimensional model of human performance remains
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valid because the width of the circle is always the same, regardless of the angle
of approach [7].

Our first experiment was much more complicated then our second experi-
ment, and the standard deviation for time to acquire targets was too great to
provide strong statistical confidence that the field strength was improving the
user’s performance. Since the targets were randomly generated, user’s had to first
locate the target and then move toward it. This location may be significantly
more difficult for the smaller targets, effecting the time through the indirect path
of “user reaction time.” ANOVA testing of these results looked promising, but
not conclusive, so we began looking for ways to improve the experiment.

Our first step was to simplify the experiment to reduce the standard deviation
of the task. We wanted to isolate the field strength and time from everything
else. We also changed the format from randomly presenting the field strengths
to the user to presenting groups of one field strength together. Our intuition led
us to the analogy of the hypothetical experiment of telling a man to step up to
the edge of a cliff as fast as possible. Obviously, he would like to get to the edge
quickly but without going over. If we had control over an invisible wall to prevent
this overshoot but did not tell him, he would still cautiously approach the edge,
afraid of falling, regardless of the fact that all risk was removed. However, if he
knew the wall would stop him, he would just walk up to the edge and stop at
the wall. Thus, in our first experiment, users approached the target without the
knowledge that anything would be there to prevent overshoot. However, with
this knowledge during the second experiment, users felt much more comfortable
moving quickly between targets when a higher field strength was presented.

5 Conclusions and Future Work

We have built an inexpensive and easy-to-assemble two-dimensional passive hap-
tic display. While the concept of the magnetically actuated mouse may not be
novel, we have demonstrated a practical system and used it to characterize user
performance. Field Strength levels above 12 Volts provided a statistically signif-
icant performance improvement over no friction feedback, conclusively showing
that we can use friction as a parameter to be altered and cycled for the benefit of
the user. By applying friction at the target only, users were able to move quickly,
anticipating the assistance of that friction to slow or stop them at the target.

Through our experiments, we also received excellent subjective feedback from
our users, both positive and negative. Users noted, “The increased friction defi-
nitely helps me to stop at the right places.” The most notable problem was that
the magnetic force did not apply torque against rotations around the magnet,
localizing the magnetic force to the rear of the mouse. To prevent this problem,
our next prototype might include two smaller electromagnets, instead of one
large magnet, located some distance apart within the mouse. Even a small dis-
tance might provide enough torque to provide rotational force feedback as well
as mask the location of the magnets within the mouse.



8 A Magnetically-Actuated Friction Feedback Mouse

Acknowledgment

We would like to thank Jake Abbott for his help with the statistical analysis
and the participants of our experiments for their time and feedback.

References

1. M. Akamatsu and S. Sato. A multi-modal mouse with tactile and force feedback.
Int. J. Human-Computer Studies, 1994, pp443-453.

2. P. Berkelman, R. Hollis, and D. Baraff. Interaction with a Realtime Dynamic En-
vironment Simulation using a Magnetic Levitation Haptic Interface Device. IEEE
International Conference on Robotics and Automation, 1999, pp3261-3266.

3. M. Pastore. Computer, Net Access Standard for Many Americans.
http://cyberatlas.internet.com/big_picture/demographics/article/0,

1323,5901_879441,00.html; accessed Feb 16, 2004.
4. R. Hollis and S. E. Salcudean. Lorentz Levitation Technology: a New Approach to

Fine Motion Robotics, Teleoperation, Haptic Interfaces, and Vibration Isolation.
Int’l Symposium for Robotics Research, 1993.

5. Immersion Corp. Immersion TouchSense-enabled peripherals. http://www.

immersion.com/consumer_electronics/applications/mice_trackballs.php;
accessed Feb 16, 2004.

6. D. G. Kleinbaum, et al. Applied Regression Analysis and Other Multivariable
Methods. Duxbury Press. New York, 1998.

7. I. S. MacKenzie and W. Buxton. Extending Fitts’ Law to Two Dimensional Tasks.
CHI ’92 Conference of Human Factors in Computing Systems, 1992, pp219-226.

8. D. Evans, et al. A Nation Online: How Americans Are Expanding Their Use of the
Internet. U. S. Department of Commerce. Feb 2002. http://www.ntia.doc.gov/
ntiahome/dn/html/execsum.htm; accessed Feb 16, 2004.


