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Abstract 

 

We attach an inexpensive pressure sensor to the side of a PDA and use it as three 

input devices at once. Users can squeeze the device to provide near-continuous input to 

applications. At the same time the drivers interpret a sudden full squeeze as the push of a 

virtual button. A user's sudden pressure release while squeezing is detected as the push of 

a second virtual button. We briefly describe our hardware and signal processing 

techniques. The remainder of the writing describes an experiment that explores whether 

users can cope cognitively with the 3-in-1 control. We compare against a three-control 

setup consisting of a jog wheel and two physical buttons. We show that the 3-in-1 control 

enables a 13% faster reaction time over the three-control, but that the 3-in-1 suffers a 4% 

penalty in the accuracy of users choosing between the two buttons in response to cues 

from an application. We show that a good choice of application cue is more important for 

assuring accuracy in the 3-in-1 than in the more traditional set of separate controls. In 

particular, we examined four types of cues. One abstract cue, one cue with clear semantic 

relevance to the application, one symbolic, and one textual cue. 

 

Keywords: tactile, haptic, pressure sensor, FSR, PDA input 
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I. Introduction 

 

Mobile devices by their nature present two intrinsic challenges. The first is screen 

size. The second is user input. There are, of course, other critical technical and social 

issues yet to be addressed. For example, at the hardware level, further improvements in 

battery power thrift and network connectivity are crucial to the continued expansion of 

Personal Digital Assistants (PDAs) into multimedia. At the user end of the problem 

spectrum the matter of attention management continues to be at issue. PDAs and cellular 

phones have penetrated many social venues, and the devices are ports through which 

device owners receive an increasing amount of information. The management of these 

channels is a formidable problem. 

Nevertheless, though difficult, we can at least sketch roadmaps towards solutions 

to many of these problems. Components with ever lower power requirements, for 

example, continue to be developed. Information flow can be filtered, automatically filed, 

or simply throttled. Small screen size, on the other hand, is what defines palm-sized 

devices. Even foldable screens will not help users who wish to consult their PDA on the 

run, or unobtrusively during a meeting.  The second problem, of entering information into 

PDAs, and of controlling their operation is another challenge, which we cannot 'develop 

away' through improvements in existing hardware, or for which we can fall back on our 

experience with desktop machines. The core of this writing focuses on a piece of the 

solution to this input problem.  

A variety of input modalities have made their way into PDA interaction. Right 

from the start, text input by stylus required approaches that improved on insufficient 

character recognition capabilities. Unistroke [12] and Palm, Inc.'s Graffiti [3] are 

examples for these early adjustments to the PDA form factor. The success of the 

Blueberry [18, 19, 28] has since encouraged the introduction of very small thumb-

operated keyboards for text input [13, 20, 27]. Beyond text, Palm-sized devices suggest 

input modalities that are altogether foreign to the desktop machine. For example, [2, 14, 

22, 23] experimented with detecting when users tilt the device. They constructed a virtual 

Rollodex that 'flipped' address cards in response to the user's tilting the PDA forward or 
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back. Another example is [26], which introduces spatial awareness into the device. The 

PDA’s location in space determines what information the PDA displays on the screen.  

As a more concrete example for how these more unusual input modalities can be 

applied, consider the scenario of a physician wishing to scan through a time series of vital 

sign measurements. These data were collected at regular intervals during a patient's 

transport by ambulance, and were transferred directly to a PDA. Clearly, the small screen 

will prevent the physician from viewing the entire set of time series data at once. Time 

pressure on this user, and maybe a requirement for single-handed operation complicate 

this otherwise well-suited application of a PDA. In order to make up for missing screen 

space we need to ask the physician to invest a bit more time into viewing the data than 

would be required on a large screen: the data is passed across the screen, using some 

appropriate visualization.  

In the simplest case the 'visualization' would be a series of numbers for the 

physician to scroll through. Alternatively, one might imagine a set of parallel ticker tapes 

with graphs rolling across the screen. At the high end of the solution spectrum, the 

animation of a model could present the data changing over time. All of these alternatives 

unavoidably have the physician 'pay' (with units of time) for an intrinsic limitation of the 

device. This cost makes it essential to afford the physician control over the speed of the 

presentation, preferably in near-continuous increments. Similar requirements arise for 

zooming, control over volume or speed of voice reproduction, map panning, or even 

color modifications for improving visibility of an object on the screen.  

One mechanism for having users deliver almost continuously adjustable input 

level values is a 'squeeze sensor' [10, 11, 14, 15, 16]. A pressure sensor is attached to the 

side of the PDA. By squeezing the device's housing ─ and thereby the sensor ─ the 

operator communicates numeric values to the PDA. The values are roughly proportional 

to the pressure that the user's finger exerts on the sensor (see Figure 1.1). 
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Figure 1.1: Holding the Assembly (left); Sensor Location on the PDA (right); 

Given such a squeezable interface, the physician of the scenario would be able to 

control how fast the progression of vital sign data is presented. The scenario, however, 

requires additional control input. The operator needs the ability to stop the animation to 

examine particular data more closely. In addition, it would be desirable that the physician 

be able to release her finger's pressure once she reaches a comfortable viewing speed. 

The presentation would then continue on its own at constant speed. This facility would 

help prevent fatigue or even allow her to put the PDA down on a table while data display 

continues to progress. 

Even this very moderate interaction complexity illustrates another fundamental 

difficulty with the PDA form factor: Device surface area for buttons and other physical 

controls is just as limited as screen real estate. Without that limitation one might, for 

example, add two (physical) buttons on the PDA housing to support this scenario. One 

button would cause the presentation to continue at its current speed. The second would 

stop the presentation and magnify the data that is currently in view. The pressure sensor 

would be dedicated to speed control. With proper placement, this design would still allow 

for single-handed operation. For practical applications the downside of this approach 

would be the associated significant consumption of device surface area. 

Another solution is to introduce two soft buttons for the stop-zoom and steady-

speed functions. The advantage of this approach is that the application could label these 

buttons to reflect their current function. One disadvantage with this design is that two 
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hands are now required for operation. A more critical drawback, however, is that this 

solution consumes screen real estate and thus competes with the central goal of 

maximizing screen space for displaying data.  

The scarcity of both screen and physical surface requires much more careful 

justification for every new input facility than designers are used to in the more lavish 

desktop environment. We are convinced that the use of squeezing as PDA input modality 

is promising, one example being the physician scenario above. But would such a squeeze 

control weigh in heavily enough to justify the addition of a pressure sensor, given the 

competition for physical space on the device? If two buttons could be had for free with 

the squeeze control hardware, then the control's chances in the race for surface space 

would be increased.  

Our approach therefore, is to use a pressure sensor not just for delivering 

continuous numeric values to the device, but also to detect two events: a 'push' and a 

'release.' These event sources are equivalent to two additional virtual buttons at no cost in 

screen or device surface area. We wrote a driver that observes the user's acceleration 

during squeeze input. When the driver detects a very sudden, large squeeze acceleration, 

it interprets that event as the push of one virtual button. Similarly, when observing a large 

decceleration, the driver assumes that the second virtual button has been pushed.  

Two potential problems arise with this approach. The first is the button push 

detection procedure itself. One user might be slow and smooth in his squeezing behavior, 

while another could be aggressive and erratic. Is it possible to detect push and release for 

both types of user without training? Exacerbating this behavioral challenge is that low-

cost sensors are inaccurate, adding to the technical difficulty of detecting push and 

release. The second potential problem with combining the sensor and buttons into one 

physical element is whether users can distinguish between the two buttons. Will, for 

example, a user be able comfortably to choose between pushing and releasing in response 

to an event on the screen? We have constructed a prototype on which we conducted early 

informal experiments with squeeze input. We have the ability to animate multiple 

information 'tickers' at once, and to flip at varying speeds through a virtual pile of 

photographs. 
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Here we report on two more formal experiments with this prototype. We answer 

the following questions: (1) what signal processing is required to enable the 

implementation of pressure sensing and two virtual buttons using a single, cheap 

hardware component? And (2), we answer whether such a combination is usable for 

human operators. In the first experiment we tested combinations of 18 digital signal 

processing algorithms to determine which combination, and which operating parameters 

are best suited for this task.  

In the second experiment we explored two dimensions. The first dimension is the 

question of how a pressure sensor with two-button functionality compares to the 

combination of a jog wheel and two physical push buttons. The second dimension is the 

question of how successfully human operators can interact with the sensor/button 

combination when presented with different kinds of cues. We varied these cues on a 

spectrum of lacking completely in contextual meaning, to a condition where the cue and 

the action of pushing vs. releasing 'made sense.' 

Related Work 

 
The importance of touch sensing and force feedback in human-machine 

interaction has been well recognized [4, 7, 15].   With the availability of inexpensive but 

very capable sensors [9], a number of research efforts have explored the use of sensors to 

provide additional input degrees-of-freedom for mobile devices.  The Chameleon project 

[10, 11] includes a 6D input sensor to provide x, y and z position information and 

orientation. Harrison et al. [14] detect contact with handheld devices using pressure 

sensors, and demonstrate interaction techniques for scrolling and for automatically 

detecting the user's handedness. Hinckely and colleagues [15] introduce and integrate a 

set of sensors, including a pressure sensor, into a handheld device. Their research 

provides several new functionalities engendered by the sensors, such as automatically 

powering up the device when the user picks it up, and scrolling the display using tilt. 

Hinckely and Sinclair  [16] introduce the TouchTrackball and the Scrolling TouchMouse, 

which use unobtrusive capacitance sensors to detect contact with the user's hand without 

requiring pressure or mechanical actuation of a switch.  In the ComTouch project, Chang 

et al. [8] use a pressure sensor to translate hand pressure into vibrational intensity 
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between users in real-time. Poupyrev et al. [21] investigates the sense of touch as a 

channel for communicating with miniature handheld devices.  They design and 

implement TouchEngine(tm) - a thin, miniature low-power tactile actuator and embed it 

into a PDA.  Other sensing techniques have been explored for handheld devices as well. 

Rekimoto [22] uses tilting for menu selection and map browsing. Harrison et al. [14], 

Small &Ishii [23], and Bartlett [2] use tilt sensors to scroll through and select information 

on a handheld device.  

We begin with a description of the hardware and the results of our investigating 

filter requirements for the sensor readings. The remainder of the sections describes 

respectively the experiment for testing how meaningful cues need to be for users to 

succeed with the three-in-one sensor component, the results of this experiment, a 

discussion, and conclusions. 

 

II. Hardware and Signal Filters 

Only two types of devices are readily available for sensing pressure. One is a 'load 

cell,' which costs hundreds of dollars. The other is a Force Sensing Resistor (FSR), which 

costs less than $4 even in small quantities, but is much less accurate than a load cell.  It is 

commercially unrealistic to add significant cost to a PDA, so we decided to use FSR 

technology for our prototype. Figure 2.1 shows a load cell and an FSR for comparison.  

 

 
Figure 2.1: Load Cell (left) and Force Sensing Resistor (FSR) 

Both types of sensors operate by the same principle.  The application of pressure 

to the unit's sensing surface changes the unit's resistance to electrical current.  When a 
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constant DC voltage is applied across the sensor, the varying resistance causes 

corresponding changes in the flow of electrical current through the sensor. Appropriate 

circuitry in turn continuously measures this fluctuating output current and converts these 

measurements into a stream of digital signals. Figure 2.2 illustrates this setup.  

 

 
Figure 2.2: Transducing Force Into Digital Readings 

Voltages across the sensor output are in the mV range and need to be amplified. 

In our setup a programmable microcontroller combines A/D conversion and the RS-232 

(serial) interfacing to the PDA.  The PDA can control the rate at which the pressure 

changes are sampled. Our setup measures at 100 samples per second, and a resolution of 

10 bits, providing a theoretical range of 1024 values for the user interface to distinguish 

among.  The practical range spans about 900 distinct values.  

We gutted the PCMCIA sleeve of an iPaq 3970 PDA and inserted the circuitry of 

Figure 2.2. Standard manufacturing techniques could, of course, significantly reduce the 

bulk of the hardware.  Still, even small hands (~ 7 inches) can cradle the assembly and 

reach the pressure sensor with one of several fingers. 

2.1 Signal Processing Requirements 

Force Sensing Resistors are quite sensitive.  They react to smaller force variations 

than humans can comfortably control.  Also, related to the low cost of the sensor, the 

output signal is noisy. If these noisy pressure readings were in turn directly delivered to 

squeeze-sensitive applications, the end user would experience a lack of control over the 

user interface. Well-known filter algorithms are available that remove signal noise [24].  

However, most of these algorithms involve parameters that need to be adjusted for each 

filter's intended application. Our environment is demanding in that filtering is needed for 

not one but two applications simultaneously: well-controlled squeezing, and the detection 
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of push and release events. Figures 2.3 illustrate how messy the output of the FSR looks 

before and after filtering and outlier removal. 

 

Figures 2.3a/b: FSR Signal Before and After Treatment (x-axis: time in sec; 
y-axis: signal strength from sensor). In 2.3b all the zero crossings preceded by 

negative slopes are true releases. Peaks are true push events, rather then dropout 
recoveries as in 2.3a.  

We briefly present the filter-related considerations for these two tasks, followed by the 

result of an extensive study that identified the best combinations of filters and settings. 

2.1.1 Signal Filtering for Squeezing 

Fortunately, human tactile facilities are adaptive [17, 25]. They can, for example, 

quickly adjust to differences in the feel of brake pedals across cars. None-linearity or 

excessive noise, on the other hand are more difficult to accommodate. A gas pedal that 

significantly changed the acceleration per inch of travel as the pedal is pushed from rest 

to the floor would require effort to operate. These human perceptual characteristics 

dictate some of the choices for the squeeze pressure filters. In addition, another well-

documented characteristic of human perception is that for human users to perceive a 

direct cause-effect relationship between their actions and the corresponding effects on the 

screen, the delay between the two events must not exceed 0.1 seconds. This requirement 

also impacts the choice of filter setup [6].  

Signal filters trade off the amount of noise reduction with a delay in signal 

delivery. The smoother the desired signal, the larger a delay is introduced between the 
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user changing squeeze pressure, and the application being aware of the change. This 

tradeoff is mirrored at the user level. Too little noise reduction and the interface will feel 

unpredictable. Too much and the excessive delay causes the input device to feel sluggish. 

The design challenge is thus to match filter type and parameters such that users 

experience a sense of 'feeling the road' without being tossed about by small bumps in the 

surface. Matching human tactile facilities to the sensing machinery is, however, just one 

of the necessary deployments of filters in our context. 

2.1.2  Signal Filtering for Button Functionality 

The same types of noise filters that can improve pressure readings delivered to 

squeeze-aware applications are candidates for use in improving button event detection. 

This application imposes yet another requirement on filtering: signal changes must not be 

rounded out so much that significant pressure changes are no longer distinguishable. One 

question we asked in our study is whether the application-related filters and the filters for 

button event detection can be the same, or whether different filter varieties need to be 

deployed for the two purposes. 

2.1.3 Detecting Button Activation 

A brute force approach to detecting pushes and releases would examine the 

stream of measurements, and would consider any force change beyond a particular 

threshold to indicate a button event.  We call this method a Threshold Detector (TD).  A 

potential problem with this approach is that it does not consider the differences between 

an aggressive and a timid user.  The aggressive user might habitually accelerate the 

application of force rapidly, generating above-threshold readings frequently, without 

intending a button push. The timid user, on the other hand, might tend to increase force 

gradually, with pushes and releases generating a much more modest amplitude impulse in 

the signal. One hypothesis is therefore that no single threshold setting will work well for 

both of these usage profiles at once. If this hypothesis holds, an adaptive algorithm might 

well be a more appropriate button event detector. Such a device would look for a force 

change that is 'significantly' (at least two standard deviations) larger than observed past 

incremental pressure boosts by the same user. We call this class of push detectors 

Statistical Detectors. 
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In order to test these hypotheses and find the proper filter settings, our prototype 

squeezable PDA included a collection of threshold and statistical filters. We explored by 

means of qualitative and quantitative user testing how best to meet all of the requirements 

for filtering and button event detection. Figure 2.4 summarizes the signal paths we 

discussed above and examined in the study. The result of our experiments was that for the 

application filter a 'moving average' with a window size of 16 provided for the smoothest 

operation at the application level.  

 
Figure 2.4: Overview of Filter Arrangement 

Signal preparation for the push and release detection is a statistical filter that in 

addition to smoothing the signal also discards short-duration signal dropouts that are 

caused by the inaccurate FSR. Without this spike removal many false positives and 

negatives would plague the push/release detection. The best button event detector was a 

threshold-based approach with a threshold of 575 units for push detection, and 10 units 

for release detection 

Note that even the final signal is not clean (Figure 2.3b). The signal is, however, 

clean enough for a smooth squeeze experience. We observed a 96% button detection 

accuracy. This result was measured across 840 button events, executed by 21 subjects of 

different ages and gender. The button events were evenly divided among push and 

release, but randomly presented to subjects.  

Even assuming perfect button event recognition, an important question remains: 

how well can users operate a one-dimensional input device that is overloaded with three 

functions? In particular, how reliably can users decide in any given moment of running 
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an application whether they are expected to push or release?  We used the hardware 

described above to conduct an experiment that answers this question. 

III. Experiment 

We designed our experiment to answer the following questions: 

- Can human subjects equally well operate a PDA interface through our 3-in-1 

device (squeeze, push for virtual button 1, release for virtual button 2), as they can 

through three separate physical controls? 

- Is subject performance significantly impacted by the choice of cues that an 

application provides when calling for the operation of one virtual button vs. 

another? 

- How do subjects react subjectively to the 3-in-1 device? 

Twenty-one subjects participated in our experiment. Thirteen were male, eight were 

female. Ages ranged from 19 to 53. One subject was left-handed, the others were not. 

Eighteen subjects used their left hand to hold the PDA. We did not require use of a 

particular hand. All subjects were given the same squeezable PDA (iPaq 3970) for use in 

the experiment. They were presented with an application on the PDA that had them use 

squeeze functionality (see below). At various points during these interactions with the 

application, the application would suddenly provide a cue for the user to operate a 

particular one of the two virtual buttons. 

We measured subject 'performance' by way of two indicators (our dependent 

variables): reaction time and reaction correctness. The reaction time is the time between 

the application presenting the cue and the subject executing the required action. 
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Figure 3.1: Experiment Application 

Figures 3.1 show screen shots of the experiment's application. At the outset, the 

screen shows Figure 3.1a. Two vertical bars define the space where the majority of the 

experiment takes place. Initially the subject squeezes to move the ball from the far right 

to anywhere between the two bars. The harder the subject squeezes, the further the ball 

moves to the left. Once the ball is in between the bars, the subject holds the ball by 

retaining constant pressure. 
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3.1 Cues 

Once the ball has been in place for a randomly varied time between two and four 

seconds, one of two versions of a cue appears on screen. Depending on the cue, the 

subject is expected either to push, or to release the sensor.  We used four different sets of 

cues. These cues were intended to cover a spectrum from completely abstract to 

semantically meaningful. The first ('Color') was a color cue: the initially gray ball turned 

to orange when the subject was meant to push, or to blue when release was called for 

(Figure 3.1b) 1. The second cue ('Arrow'), was the most symbolic (Figure 3.1c). A left 

arrow called for push, a right arrow solicited a release. The third cue ('Text') showed the 

word ‘PUSH' to request a push, or ‘RELEASE!' for release (Figure 3.1d). The final cue 

('Semantic') placed a red block either below or above the bars (Figure 3.1e). Instructions 

explained that this element represented a brick, which the subject was to hit with the ball. 

When the brick appeared above the bars, a push would project the ball upwards towards 

the brick. A brick below the bars called for a release, which dropped the ball down onto 

the brick. 

Every subject worked with each of the cue sets for 14 trials. We rotated subjects' 

cue exposure to counterbalance for learning effects. Written instructions before each trial 

series explained the respective cue and expected responses. Subjects filled out a 

questionnaire after each set of trials. 

3.2 Baseline 

As described so far, the experiment design has a weakness. It is not powerful 

enough to compare whether subjects would do better or worse if one sacrificed device 

surface area and provided three physical controls, one each for squeeze, button 1, and 

button 2. We therefore included a baseline condition that would allow us to make the 

comparison.  

The closest commercially used, single-handed, somewhat continuous-value PDA 

input mechanism is the jog wheel. Short of modifying a PDA by adding the two 

                                                 
1 RGB(gray) = {180, 180, 180}; RGB(orange) = {255, 150, 0}; RGB(blue) = {0, 0, 255};  
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necessary buttons to an existing jog wheel, we used a commercial device that is intended 

for multimedia editing (Figure 3.2a).  

Figures 3.2: Setup for Jog Wheel Plus Two Physical Buttons 

a: Contour input device,  b: Complete Jog Setup   

We modified this device by gluing a disk of neoprene on top of the device's jog 

wheel, which is flat and intended to be used with an index finger from above. We 

mounted the modified input device to the underside of a tilted writing surface. On top of 

this surface we placed a tablet computer, which ran the same application as the PDA in 

the Sensor setup. We ensured that the screen area occupied by the application on the 

tablet matched the screen of the PDA. Figure 3.2b shows this Jog wheel setup.  

3.3 Measurements 

All subjects ran through all trials on both the Sensor and the Jog setup. The 

experiment was thus a 2x4, within-subject, repeated-measures design.2  We instrumented 
                                                 
2 Because of a system failure, five of the Jog setup measurements were lost. We consequently conducted all analyses 

twice; once using the twenty Sensor and sixteen Jog data points, and once using data from only sixteen subjects for 

both setups. There was no significant difference between these sets of analyses. We therefore report all analyses based 

on the 21/16 ratio. 
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the application to record for each trial how much time elapsed between the cue appearing 

on screen, and the subject responding. We also recorded whether the subject performed 

the correct action: push vs. release for the Sensor setup, and correspondingly, pushing the 

correct button in the Jog setup. For each new set of trials (i.e. change to a new cue) we 

discarded the first four trials to avoid outliers as subjects first gained experience with the 

new cue.  

Special consideration was required for measuring response correctness for the 

Sensor setup. As mentioned, our FSR setup does not yet provide 100% accuracy for 

button events. In order to avoid errors in the correctness measures, we had subjects 

indicate after each trial which action they had intended to perform in response to the cue. 

This data was collected by providing three buttons on the screen after each trial: 'Pushed', 

'Released', and 'Did Nothing.' Subjects tapped on the appropriate button with the PDA 

stylus. In order to evaluate the accuracy of subjects' reporting their intention, we had 

subjects use the reporting procedure for the Jog setup as well as for the Sensor, even 

though the separate physical buttons in the Jog setup assured perfect recognition of which 

action the subject actually performed. The incidence of misreporting was about 1%. 

III. Results 

We ran several oneway ANOVA computations as follows ('intent correctness' and 

'accuracy' both refer to the subjects' indication of which action they were intending):  

• Compare reaction times of the Sensor setup across cues 
• Compare reaction times of the Jog setup across cues  
• Compare intent correctness of the Sensor setup across cues 
• Compare intent correctness of the Jog setup across cues 

 
We ran T-tests to examine whether reaction time or accuracy performance differed 

between push and release (for Sensor), or was dependent on which of the two virtual 

buttons was called for in the Jog setup. For measuring learning effects we partitioned the 

14 trials into three groups and compared performance averages of those groups to each 

other. Please see Figure 4.1 and 4.2 for a graphical representation of results. 
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Figure 4.1: Reaction Time on Sensor and Jog For Different Cues 
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Figure 4.2: Intention Correctness on Sensor and Jog for Different Cues 

 

We found that for Sensor only the color cue had a significant impact: the color cue 

negatively impacted the reaction time (RT) to a highly significant degree (p<.01). All 

other cues had no impact on either RT or intent accuracy for either setup.  For our 

experiment, the best cue for Sensor turned out to be 'Arrow,' for both RT and accuracy. 

For Jog the Semantic (brick) cue was optimal for both measures.   
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Averaged across all cues, the RT for Sensor is significantly better than the 

corresponding RT on Jog (p<.02). For accuracy across all cues Jog is superior to Sensor 

(p<.01). When comparing RTs for the best cues across setups (Arrow for Sensor; Brick 

for Jog), Sensor is marginally better than Jog (p<.07). Comparing the performances of 

push/release in Sensor and the impact of which virtual button was requested of the 

subject, we found that only RT was impacted in Sensor: When Release was called for, 

subjects had a significantly lower RT (13%) than when Push was expected of them 

(p<.01). No other button choice effects were present for either Sensor or Jog.  

We discovered only one significant learning effect. On Sensor subjects improved 

over time in that they scored fewer 'did nothing' results than at the outset of their trials. 

V. Discussion 

The overall performance between the 3-in-1 mechanism and the more traditional 

separate-controls design was comparable. However, the Sensor setup consistently elicited 

a faster response from subjects than the Jog setup. On the other hand, when examining 

the correctness of subjects' choices in reaction to cues, Jog outperformed the Sensor. For 

both designs one particular cue provided the best results for both reaction time and 

accuracy. For Sensor this cue was the arrow. For Jog, the optimum was the semantic 

(brick) cue. That said, there were significant effects on how cues impacted reaction time 

and accuracy. 

5.1 Sensitivity to Cues 

We had expected that the nature of the cues would have the same impact on 

performance for both the Sensor and Jog setups. This was not the case. The color cue 

caused a highly significant degradation in reaction time for the Sensor setup. We had 

anticipated this result from our own experience. The abstract nature of the color cue 

makes it very difficult to choose the correct response action. In the Jog setup, however, 

the color cue's impact on reaction time was equivalent to the other three cues (text, arrow, 

and semantic). In fact, for Jog, no cue provided an advantage in either reaction time or 

correctness. Regarding correctness, Sensor followed the Jog setup: no cue prevailed to a 

significant level. 
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This result suggests that for PDAs equipped with a 3-in-1 solution the application 

designer must be careful to choose at least a reasonable cue for button operations. 

Otherwise the users' reaction time will suffer. This fact is, of course, not surprising. What 

is surprising at first glance is that the same does not seem to hold for the Jog setup, given 

its insensitivity to cue.  

A comparison of correctness and reaction time within the two devices provides a 

clue as to how this discrepancy arises. Reaction time for the Jog setup was worse by 

about 100msec compared to the Sensor arrangement (p<.02). On the other hand, the Jog 

setup consistently outperformed the Sensor in correctness by 3-4% (p<.01).3 It seems, 

then, that subjects were more 'trigger happy' with the Sensor than the Jog setup. This 

hesitation in the Jog setup might account for Jog's superior correctness. The necessary 

decision of which finger to use may cause enough delay that the correct choice was made 

more frequently. In contrast, the Sensor, where the necessity for choosing a finger is 

eliminated, invites an immediate reaction. It is as if the complexity of decision making in 

the Jog setup triggered an altogether different strategy in subjects' minds that emphasized 

a cautious, 'safe' approach, while the Sensor setup spoke more to the subjects' reflexes. 

Back, then, to the question of why cue had no impact in the Jog setup, while 

Sensor was sensitive to the difficulty of the color cue.  The difference might be explained 

by that hesitation and consequent care in choosing the correct action that we observed in 

the Jog setup.  The hesitation induced by the decision process around which fingers to use 

seems to be strong enough to overwhelm any cue sensitivity.  

5.2 Pushing vs. Releasing 

Application designers who require the use of both buttons in their 3-in-1 PDA 

interface may wish to consider whether they should choose 'push', or 'release' for their 

application's most frequently used button. Similarly, if only one of the two virtual buttons 

is needed, the designer may wish to use the 'best' one. 

                                                 
3 Recall that we measured correctness by users' indication of which button they had activated. So the sensor's current 

4% detection error rate is adjusted for in these numbers. The 1% misreporting, however, is not compensated for. 
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We therefore compared the reaction time and accuracy performance of push vs. 

release on the Sensor setup, and (separately) the two physical buttons on Jog. We had 

anticipated based on our own experience that pushing would be the more frequently 

successful action on Sensor. The tensing of our hand in response to a sudden change on 

the screen had been a strong reflex for our personal trials on the device. The experiment's 

results, however, prove this expectation wrong.  

On Sensor the reaction time was 13% faster when a release was called for (793ms 

for push vs. 691ms). This result is highly significant. Jog, on the other hand, is neutral as 

to which of the two buttons is called for. This lack of correlation extends to correctness 

for both Sensor and Jog. That is, for correctness, push is equivalent to release. 

Equivalently, no button provides a correctness advantage over the other in the Jog setup.  

As in cue sensitivity, this result suggests that the design of applications demands 

ore attention to detail for PDAs equipped with a 3-in-1 device than a Jog setup. 

5.3 Learning Effect 

Even though we designed the experiment to compensate for learning effects by 

rotating subjects' exposure to cues and setups, we measured overall learning effects and 

effects per cue.  Only two learning effects were significant. For the Sensor setup subjects 

improved in their ability to indicate their push/release intention through the sensor. In the 

beginning, some subjects seemed not to react at all when a cue appeared on the screen. 

This was often due to them not pushing or releasing 'with zest.' This shortcoming faded 

very quickly, mostly within the initial four trials which we discarded for purposes of the 

analyses discussed earlier. 

The second learning effect was observable in the reaction time on the Jog setup. 

Subjects improved throughout the trials in their reaction time. As discussed above, 

however, subjects never reached the level of reaction time performance that they 

achieved on the Sensor setup.  

5.4 Subjective Measures 

As explained in the description of the experiment, subjects' filled out 

questionnaires after running through each new experimental condition. We asked a 
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number of questions about subjects' feelings about the experiment's application (the 

manipulation of the ball), and about their interactions with the device. Examples of our 

questions are: [you felt] 'At Ease,' 'Out of Control,' 'Strained.'  Subjects marked their 

responses on a 10-point Likert scale from 'Describes Very Poorly' to 'Describes Very 

Well.'  A factor analysis reduced the indicators to five: 'Naturalness,' 'Strain,' 'Error 

Susceptibility,' 'Ease of Learning,' and 'Controllability.'  As we had hypothesized, 

subjects judged the Sensor setup to be much more natural than Jog (p<.01). Interestingly, 

there was no difference in subjects' perception of which of the two setups was more or 

less error-prone, easy to learn, or control. This, of course, stands in contrast to actual 

performance. Subjects introduced more errors on the Sensor setup than on Jog.  

There was across the board agreement on which cue was 'best.' The ranking (best 

to worst) was the same for Sensor and Jog: arrow, semantic (brick), text, and color. Even 

though color was not technically different from other cues for Jog, subjective ranking 

placed the color cue at the bottom. 

 

VI. Conclusion  

We observed that PDA development is constrained not only by the devices' small 

screen, but also by their housing's physical surface area. At the same time, multimedia 

applications are advancing onto the PDA platform. Such applications currently include 

games, music players, video, and other facilities. As PDA processing power and screen 

quality continue to improve, simulations and interactive data visualizations are likely to 

join these consumer level applications. As an example, we sketched the scenario of 

medical transport teams loading vital sign measurements onto a PDA while en route to 

their base hospital from an outlying clinic or from an accident scene. Receiving 

physicians currently spend valuable time perusing this data, each specialist being 

interested in different measurements and portions of the time line. In less dramatic 

circumstances of daily hospital routine physicians also frequently need to peruse patient 

history, which could be made available on their PDA. 

For such scenarios special input controls are desirable. We introduced our version 

of a pressure sensing input facility that allows users to squeeze their PDA. The exerted 
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pressure is delivered as numeric data to interested applications. Users can thereby control 

applications such as visualizations of time line data with a single hand. Our main focus, 

however, was to explore whether we could put such input hardware to multiple uses. We 

examined whether we could have the pressure sensor perform triple-duty, by interpreting 

certain pressure change patterns as the pushing of two virtual buttons.  

We summarized our work on finding the optimal filtering and button push 

detection algorithms. We then presented a human subject experiment that explored 

whether users can effectively operate the 3-in-1 control. We found that subjects 

performed comparably on the 3-in-1 control as on an alternative that consisted of a jog 

wheel and two physical buttons. Subjects' reaction speed on the 3-in-1 control was 

superior by 17% (657ms vs. 753ms), especially when operating the release button. But 

the new control suffered from a 3% greater error rate (97% correctness) than the 

alternative baseline, which accomplished 100% correctness. Nevertheless, the two setups 

are close enough that given the physical space limitations of PDAs and other mobile 

devices, the 3-in-1 control deserves further consideration. 

A good amount of work remains to be carried out. Especially the still imperfect 

button push detection needs to be improved as far as possible. The current miss rate is 

4%. A particularly promising improvement to our control would be feedback. FSR based 

sensors have no perceivable physical travel. Users therefore do not receive feedback 

while squeezing. Similarly, the push and release operations do not provide feedback other 

than what the application chooses to provide. Evidence in the literature suggests [1] that 

the addition of both tactile and auditory feedback would be beneficial for the 3-in-1 

control. 

Further study is needed to examine wrist strain from the use of squeezing. 

Fortunately, FSRs are responsive enough that squeezing can be made almost arbitrarily 

sensitive. By sacrificing portions of the pressure range, one could minimize the pressure 

that users need to exert to reach any given application-specific maximum value. Strain 

can also be relieved by having all squeeze-sensitive applications provide a facility for 

arresting the pressure at a particular setting. Once the pressure is arrested, the user could 

stop supplying force to maintain pressure constant at that setting. Even beyond these 
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simple measures, the issue of strain requires further study. Once these problems are 

addressed, new kinds of applications can be constructed that use pressure sensitivity. 

Apart from the medical example, we plan to integrate the 3-in-1 control into the operation 

of a PDA-based photo browser.  

PDA devices have reached a plateau in their development, now that most of the 

straight-forward applications have been developed. For the next steps new hardware and 

software mechanism must be built and examined. We intend this writing to contribute 

one step towards this exploration. 
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