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ABSTRACT vices by allowing eyes-free operation through screen read-
Haptic feedback provides an additional interaction channel ing, announcing menu items, and giving user interface
when auditory and visual feedback may not be appropriate. cues. [3,9]. In many situations audio feedback may be in-
We present a novel haptic feedback system that changes its appropriate, such as in social settings or loud environments.
elasticity to convey information for eyes-free interaction. Haptic perception relies on forces experienced when an
SqueezeBlock is an electro-mechanical system that can object is touched or physically manipulated. Throughout
realize a virtual spring having a programmatically con- daily life we come across a large number of different ob-
trolled spring constant. It also allows for additional haptic jects, each having several dimensions that can be perceived
modalities by altering the Hooke’s Law linear-elastic force- haptically: stiffness, texture, size, temperature (thermal
displacement equation, such as non-linear springs, size transfer), etc. Klatzky et al. showed that such dimensions
changes, and spring length (range of motion) variations. are the fundamental mechanical properties of an object that
This ability to program arbitrarily spring constants also people use to distinguish one object from another [6]. In the
allows for “click” and button-like feedback. We present context of natural user interfaces, such properties can po-
several potential applications along with results from a tentially be used by a haptic feedback system to represent
study showing how well participants can distinguish be- and distinguish between various information states that the
tween several levels of stiffness, size, and range of motion. user can then perceive in a non-visual way.

We conclude with implications for interaction design.

ACM Classification: H5.2 [Information interfaces and
presentation]: User Interfaces. — Haptic 1/0.

General terms: Algorithms, Design, Human Factors
Keywords: Haptics, springs, eyes free interaction

INTRODUCTION

Today’s mobile devices enable us to perform useful tasks
such email, social networking, and listening to music. Un-
fortunately, their current human-computer interfaces re-
quire substantial visual attention and are not well suited for
situations where computing is not someone’s primary task.
Extracting a phone from the pocket or purse to compul-

sively check the screen for new messages or respond to Figure 1: SqueezeBlock realizes virtual springs that
visual alerts has become all too frequent a behavior for can dynamically be altered to haptically convey in-
many people. This recurring need for visual interaction can formation to a user.

be frustrating and even dangerous in visually demanding In this paper, we present an eyes-free mobile haptic system
situations like driving a car. We believe this interaction that provides feedback inspired by the natural tactile di-
problem can be alleviated by designing interactions that mension that humans encounter. Our system, called the
take advantage of other human sensory channels such as SqueezeBlock (see Figure 1), conveys information by real-
auditory or, of particular interest in this paper, haptic feed- izing a virtual spring that programmatically changes stiff-
back. ness. That is, a user can interact with the device by squeez-
Auditory feedback has previously been used in mobile de- ing it, much like a stress ball, and the level of “squishiness”

or stiffness changes depending on the information being
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approach is that both the input and output can be coupled
into a single interactive gesture. Displacement of the spring
can serve as input, while feedback from the changing
spring characteristics provides the associated output. For
example, one can imagine squeezing a mobile phone and
holding it there for a brief time to put a mobile phone ring-
tone into silent mode or for changing its audio volume.

In addition to presenting the details of a working prototype,
we report the results of a user study showing that partici-
pants perceive the virtual spring’s stiffness as they would
expect from a real spring and can distinguish between sev-
eral levels of stiffness achievable by our prototype. We
conclude with some implications for interaction design.

RELATED WORK

Providing haptic feedback for mobile devices has been ex-
plored before—particularly the use of vibrotactile feedback
for providing Ul cues and generating complex vibration
patterns [8]. These approaches push information from the
device to the user or register successful completion of an
input. In contrast, the SqueezeBlock system uses the stiff-
ness property, which is inherently an information pull as
the user needs to query it by squeezing the device. Informa-
tion push interfaces are generally event driven and thus are
apt for notification purposes whereas our approach conveys
information when and for the duration someone desires.

Similar to our approach, researchers have explored shape
change (rotary deformation) and shown it to be an effective
eyes-free information display [5]. Fortunately, linear de-
formation comes as a free feature of our prototype since, to
realize a spring, one needs force and displacement and by
simply setting the displacement statically we can alter the
effective width of the prototype.

Virtual springs have been explored by researchers in robot-
ics, in high-fidelity haptic feedback for tele-operations, and
in virtual environments [7]. The joints of a robot can be
made compliant by a virtual spring-damper system [1]. In
medical haptics, similar spring-damper systems are realized
for high fidelity feedback, such as surgery simulations to
give the operator the sensation of operating on human skin
and tissue [2]. Gurari et al. built a prototype that realizes a
linear virtual spring behind a button the user pushes with a
finger to compare Weber fraction for human perception of
stiffness among various conditions [4]. Unlike this previous
work, we do not try to implement a high fidelity ideal linear
spring. Instead, our SqueezeBlock system is demonstrating
the ability to use a compact virtual spring as an effective
eyes-free output modality for mobile devices.

THE SQUEEZEBLOCK

Theory

Stiffness of an object depends on the relationship between
the force applied to it and the resulting deformation and is
defined as the resistance an elastic object exerts to defor-
mation. Elasticity is the property of a material to return to
its original shape after the deforming force is removed.
Hooke’s Law of elasticity is the relationship that defines
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the behavior of linear-elastic materials or more commonly,
linear springs. To realize a virtual spring, SqueezeBlock
should deform (displacement x) in proportion to the force
applied (F). Changing the spring constant (K) alters the
stiffness of the spring, i.e. making it larger requires propor-
tionally more force to create the same displacement.

Prototype and Implementation Details

To assess the feasibility of using stiffness for haptic feed-
back and its effectiveness at conveying information, we
developed a working prototype that is roughly the size of a
mobile phone. Although initially prototyped using a 3D
printer (FDM), we developed SqueezeBlock using high
grade aluminum for durability and resistance to high forces.

Force Sensor

PressurePlate  Body

\ Gear-shaft

Figure 2: Cross-sectional view of the SqueezeBlock
showing the mechanical components and sensors.

Rack Gear
Position Encoder

Figure 1 shows the completed prototype and Figure 2
shows the internal components. Mechanical components
consist of a Maxon® motor with a reducing gear head, a
rack and pinion gear system, and a custom metal housing
with sliding pressure plates, which was designed in CAD
and fabricated on a three axis milling machine. Sensing
components measure the force applied to the device and the
position of the motor using two FLEXIFORCE® force
sensors and a US Digital® MA3 magnetic shaft encoder.
Sensor data is processed using a 16MHz ATMegal28 mi-
croprocessor to drive the motor in real-time via a Polulu
MBDO01 motor controller. A USB connection between the
processor and a PC via FTDI TTL232R allows us to ex-
perimentally enter stiffness parameters and switch between
the haptic modes.

A single shaft turned on a lathe connects the motor, spur
gear, and encoder. A rack and pinion gear system is used to
convert rotation to linear motion. The rack gear is affixed
to the pressure plates, while the spur gear shares a shaft
with the motor, making the pressure plates move in and out
as the motor rotates. The absolute encoder reports the cur-
rent position in degrees as an analog signal ranging from 0-
5V, with a precision of better than a degree. This setup al-
lows the control software to determine the exact position of
the pressure plates and set them to any required position,
thus implementing the displacement parameter x.

The pressure plates, where someone grasps the device, con-
sist of force sensors sandwiched between an inner solid
metal plate and an outer flexible plastic plate. When pres-
sure is applied, the plastic plates flex causing the force sen-



sor to press against a raised area on the inner metal plate
and register the total amount of force being applied, which
we use as the linear-elastic force parameter F.

If the motor dynamically drives the pressure plates to a
position proportional to the force being applied multiplied
by the spring constant K, the result is a compelling virtual
spring. However, this closed-loop control must occur at a
high update rate; too much delay between the user’s appli-
cation of force and the displacement destroys the illusion of
spring-like elasticity. Our control loop on the microcontrol-
ler provides a 1KHz update rate, which is sufficient and
comparable to the update rate found in high-fidelity haptic
systems. The control loop itself is implemented as a PID
(Proportional-Integral-Derivative) controller.

Achievable Feedback Behaviors

Since we implement the entire linear elasticity equation in
software, we can also simulate non linear springs and other
arbitrary relationships between force and displacement.
Figure 3 shows force versus displacement curves for sev-
eral types of spring-like interactions.

Click Short Length
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Linear Springs
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Figure 3: Simulated linear-elastic behaviors

Perception of detents or clicks as the device is squeezed can
be simulated by one or more discontinuities between force
and displacement. The total displacement range or travel
distance can be altered by a function that holds displace-
ment constant after a defined point; increasing force does
not cause the device to yield. Setting the displacement
statically, independent of the force applied, allows for
changing the size of the device. Finally, arbitrary functions
allow for complex state machines, e.g. SqueezeBlock can
mimic the sticky behavior of a foot-maneuvered car park-
ing break or a two-state stay-on push button.

EXAMPLE APPLICATIONS

The SqueezeBlock spring behaviors can be applied to con-
vey discrete or continuous state information. For example,
by setting the spring constant as a function of the number
of crucial email message the device may feel stiff when the
number of messages is above a certain threshold or soft
otherwise. Together with the “clicks” feature, one could
also count the number of such crucial messages, or more
simply, the presence of a click could indicate the presence
of a message from a particular important sender. The inter-
action is not only limited to the perception of an absolute
stiffness level, but can be enriched by using relative change
in stiffness of two consecutive squeezes, for example, using
increasing stiffness to indicate ring volume.

The multistate function that mimics a parking brake can be
used as an input gesture, where squeezing keeps the device
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deformed until squeezed again. Deforming the device could
map to reducing the ringer volume. Another application is
using the change in size to indicate upcoming calendar
events such as an appointment where the size could be
made to shrink as the meeting time draws near, thus allow-
ing a user to probe this information without requiring a
person to take the mobile device out of the pocket or purse.

USER STUDY

To validate our assumptions about individuals being able to
perceive various changes using a virtual spring, we per-
formed a laboratory study with our prototype. Ten people
(3 female) age 22-46 (median 28) from our lab who were
unfamiliar with the prototype and its haptic modality vol-
unteered for the experiment. Prior to the experiment each
participant was told what the prototype did and the tasks
they would be completing. They were allowed to get famil-
iar with SqueezeBlock and explore its behaviors using a
graphical control tool running on a PC. Another PC tool
allowed us to automate setting behaviors and log partici-
pant’s responses to the force and displacement changes.

Participants all completed the same seven tasks. The first
six tasks test detection of relative differences (pairs of test
were generated and the participant rated the second in
comparison to the first) followed by absolute values (label
each test case on a given scale) for stiffness (K-change),
size, and travel distance. In the seventh task, participants
probed the device five times and reported when they felt a
click. The SqueezeBlock was placed in an opaque bag dur-
ing all tasks to approximate the scenario of reaching for a
mobile phone in a purse or pocket and, more practically, so
that visual cues did not bias participants’ responses. Par-
ticipants also wore noise-suppressing headphones playing
pink noise during the tests so that mechanical sound varia-
tions (however slight) did not bias their responses.

To evaluate relative detection, participants were shown all
pair-wise combinations. For example, in the K-change test
where there are 5 levels of stiffness, participants were ran-
domly given all 25 stiffness pairs and for each pair they
responded whether the second felt softer, stiffer or the same
as the first. To test absolute detection, participants were
shown a single state and asked to assign an absolute map-
ping. Absolute states were randomly drawn with the con-
straint that every level was shown at least once. For exam-
ple, in K-change participants would squeeze the device and
choose the value from 1 to 5 which they believed matched
the stiffness. For simplicity, we rendered the absolute input
as a virtual fuel gauge (as on a car) with 1 corresponding to
Empty and 5 corresponding to Full. Size (25 pairs) and
travel distance (16 pairs) were tested similarly.

RESULTS

Figure 5 depicts accuracy in perceiving relative changes at
different granularities. For example, the third bar of the
second group shows that participants had a mean accuracy
of 83% for detecting all Smm differences in travel distance
(i.e. this bar includes 5 versus 10, 10 versus 15, and 15 ver-
sus 20 since all these cases are Smm variations).
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Figure 4: Confusion matrices for participants' absolute perceptions of stiffness, size, and travel distance.
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Figure 5: Accuracy in perceiving different granulari-

ties of relative change in K, size & travel distance.
We observe that when the variation is at least 2 K-levels or
10mm of size or travel distance, accuracy is above 95%.
Participants were also good at noticing when size did not
change, but performed poorly in correctly identifying small
size variations, which suggests that varying size may be
good to convey when something has changed but poor for
communicating the direction or magnitude of that change.

Figure 4 shows confusion matrices for the absolute percep-
tion tests. Travel distance (right) was perceived most accu-
rately, which correlates with participants’ comments that
they felt most confident about it. Four participants com-
mented that the speed with which they could reach the end
point gave an additional cue to the travel distance, which is
valid since a small spring length doesn't allow the squeez-
ing speed to build up. K-value (left) is detectable in the
extremes, but was shown to be moderately difficult to dis-
tinguish as 5 absolute levels. Participants tended to strictly
overestimate size (middle), which may be related to their
difficulty in perceiving small relative size variations. For
the clicks test, every participant correctly identified when a
click was present in all cases.

CONCLUSION

Travel distance variations of 5-10mm over 4 levels per-
formed well in both relative and absolute tests so we be-
lieve it is a good approach to convey 4 or 5 bits of absolute
information, such as the battery level of a mobile phone.
Size and stiffness variations perform less well in absolute
and may be more suited to binary or ternary data, but they
seem better at conveying dynamic changes, for example to
confirm the increase of a phone’s ring volume in an eyes-
free way. Size appears particularly effective as an indicator
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that something has changed, but it performs poorly for
communicating the direction or magnitude of that change.

A final note is that eight of the ten participants commented
that they felt more confident on size and travel distance
when they probed the gap between the force plates with
their hands and fingers. These were unexpected comments
and we think they suggest a ripe opportunity to explore
programmatic manipulation of gaps, voids, separations, and
contour variations on devices instead of (or in addition to)
changes in absolute size. These more nuanced variations
are potentially mechanically simpler and smaller allowing
multiple haptic displays to fit into a single mobile device.
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