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Sense of Agency and User Experience: Is There a Link?

JOANNA BERGSTRÖM, University of Copenhagen

JARROD KNIBBE, University of Melbourne

HENNING POHL, Aalborg University
KASPER HORNBÆK, University of Copenhagen

Sense of control is increasingly used as a measure of quality in human-computer interaction. Control has

been investigated mainly at a high level, using subjective questionnaire data, but also at a low level, using

objective data on participants’ sense of agency. However, it remains unclear how differences in higher level,

experienced control reflect lower level sense of control. We study that link in two experiments. In the first one

wemeasure the low-level sense of agencywith button, touchpad, and on-skin input. The results show a higher

sense of agency with on-skin input. In the second experiment, participants played a simple game controlled

with the same three inputs. We find that on-skin input results in both increased sense and experience of

control compared to touchpad input. However, the corresponding difference is not found between on-skin

and button input, whereas the button performed better in the experiment task. These results suggest that

other factors of user experience spill over to the experienced control at rates that overcome differences in

the sense of control. We discuss the implications for using subjective measures about the sense of control in

evaluating qualities of interaction.
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1 INTRODUCTION

Sense of control is considered an important quality of human-computer interaction (HCI). For ex-
ample, the classic user interface design principles, such as those of Shneiderman [45] and Nielsen
[38], include a sense of control as one of the factors influencing usability and user experience. Over
the past decade, then, HCI research has started adopting both objective and subjective measures
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of the sense of control in evaluating user interfaces and in assessing the quality of interaction.
However, it is unclear whether the objective and subjective measures relate to control in the same
sense.
Measuring a user’s sense of control objectively in HCI is hard. Cognitive neuroscience offers

objective paradigms [e.g., 17, 36, 37] that measure the immediate and pre-reflective experience
of control, that is, the sense of agency. Since Coyle et al. [7] introduced the field of HCI to these
measures, we have seen that sense of agency is greater when tapping the skin than when tapping
a button [2, 7], that mid-air interactions and haptics increase our sense of agency [6], and that
increased system automation and speech interfaces decrease our sense of agency [7]. However, a
paradigm for objectively measuring SoA (called intentional binding) is hard to integrate with HCI
experiments for two reasons. First, the task relies on low-level inputs, such as individual, binary
button clicks, from which the participants estimate the time from the action to the outcome. As
a result of this, the task cannot be incorporated into real-world interactive tasks relevant for
HCI [e.g., 24] such as tasks with a sequence of button presses (e.g., typing), or other actions (e.g.,
pointing). Second, the task is demanding for participants, because it regularly requires over 20
minutes per individual condition [6], during which the participant must pay close attention and
perform many repetitions of millisecond level time estimations from the button clicks to the
position of the arms of an on-screen clock. Thereby, already performing the tasks for the measure
takes a significant portion of the experiment duration, and makes adding another interactive task
and other measures relevant for HCI on top challenging.
Subjective measures provide an attractive alternative to objective measures, as they are easy to

use after any interactive task. The subjective sense of control can be measured with questionnaires
[e.g., 18, 37]. These questionnaires were first adapted by psychologists to measure the embodiment
of avatars in virtual reality [16, 32] combined with a questionnaire of body ownership [3]. Since
then, they have been adopted more widely in HCI to evaluate the quality of interaction in virtual
reality [e.g., 14, 15, 19, 31, 39, 41, 48]. However, it is unclear what these subjective measures
show about the sense control in HCI. First, how do they relate to the objective measures? If
the subjective measures reflect control in the same sense as the objective measures, then the
objectively measured sense of agency should be reflected in the subjective experience of control.
Second, how do they relate to other measures of user experience? If the sense of control is an
important quality in interaction, it should be reflected in the overall measures of user experience.
To understand these links between the measures better, we study in two experiments whether

interactions with known differences in objectively measured sense of control also differ (a) in ex-
perienced control, and (b) in other factors of user experience. We depart from our prior work on
the sense of agency - the pre-reflective sense of control - with a button, a touchpad, and on-skin
input [2]. Experiment 1 introduces these three input styles and their differences in the sense of
agency. The results show that the sense of agency is significantly higher with on-skin input com-
pared to either the touchpad or button input. In Experiment 2, we measure the user experience in
interacting with the same button, touchpad, and on-skin devices as in Experiment 1. To do this,
we use a simple game that introduces interaction in which the experiences can be measured, and
does so with the same input style as in Experiment 1: binary input by tapping. We measure expe-
rience of control, physical effort, and pragmatic and hedonic quality by using AttrakDiff [22], and
NASA-TLX questionnaires [20], and a set of questions related to control and ownership derived
from the literature measuring subjective experience of control. We find that on-skin input results
in an increased sense of control both with objective and subjective measures compared to touch-
pad input. However, the corresponding difference is not found between on-skin and button input.
These results suggest that other factors of user experience spill over to the sense of control. We
discuss the implications of this for evaluating HCI with the measures about the sense of control.
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2 RELATEDWORK

Control is an important design factor in HCI. Earlier design guidelines, such as those of Shnei-
derman [45] and Nielsen [38], emphasized allowing users to be free initiators and in full control
of their actions with user interfaces. In contrast, current interaction techniques may directly
influence control, such as to improve target acquisition by sharing the control of one’s virtual
body [19] or improving reaction time with electrical muscle stimulation [25]. As the user interface
design influences the user’s control over their actions, the user’s sense of control has also been
considered important to measure. Exploring sense of control has indeed gained popularity in
HCI [e.g., 2, 5–7, 29], under the assumption that an increased sense of control is a desirable user
interface quality and design goal.
The sense of agency refers to a users’ feeling of “I did that” [12] or of being the author or controller

of one’s actions [4, 9]. Importantly, a distinction is drawn between two levels of agency [46]; a
low-level, implicit sense of control, and a higher-level, explicit experience of control. However, we
are yet to fully understand whether there is a correlation between the objective measures on the
sense of agency and the subjective measures on user experiences. It may be that any implicit sense
of agency is not manifested in any explicit experiential quality, whether about the experience of
control or other factors of user experience. Furthering our understanding here will allow the HCI
community to reflect on the utility of the sense of control as both a desirable quality of interaction
and the usefulness of its measures. Next, we provide a background on measuring the sense of
control in neuropsychology and in HCI, as well as on the possible links between different measures
for it.

2.1 Objective Measures of Control

There are two popular techniques for measuring the implicit sense of control: temporal binding
and sensory attenuation [10]. Sensory attenuation looks to identify the reduction in the intensity
of self-initiated action effects [10], but has not gained much traction in HCI. Therefore, we focus
here on the temporal binding methodologies.
The temporal binding paradigms build on the finding that voluntary actions and outcomes

are perceived to occur closer together in time [17, 28]. There are two prominent methods to
measure temporal binding: intentional binding and interval estimation [7]. With intentional
binding, participants are asked to report either the timings of their actions (e.g., a button press)
or their associated outcomes (e.g., beep sounds) across multiple repetitions and conditions. A
popular version of this task involves showing participants a Libet Clock to assist with timing cues
[17, 28]. Recently, both haptic and auditory stimuli have also been shown to provide suitable cues
[6]. While intentional binding offers the most accurate results for temporal binding, this method
requires the participants’ focused attention and many repetitions, with even simple one-to-one
input comparisons, easily summing to an hour of study time [e.g., 7]. The demands of intentional
binding studies, therefore, leave little opportunity for additional data collection or incorporation
into anything but the experimental task [7].
Through the intentional binding method, research in HCI has shown that speech interfaces can

have reducing effects for sense of agency [29], while mid-air [5], haptic, and skin-based interfaces
provide a heightened sense of agency compared to a button or touchpad [2, 7].
An alternate approach to measuring temporal binding is using interval estimation [12]. Here,

participants are asked to guess an interval duration (in milliseconds) between input and output
events [7]. This does not demand visual attention from the participant and, as such, can be used in a
wider range of experimental tasks. However, it is generally considered less robust than intentional
binding, and perhaps because of that has not gained much popularity in HCI.

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 28. Publication date: March 2022.
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2.2 Subjective Measures of Control

Explicit measures typically rely on asking participants how much agency they feel, using rating
scales to indicate ownership (“I did X” ) or causation of an event (“I caused X” ) [10, 36]. For example,
in Ebert and Wegner’s studies, consistency between actions and consequences was manipulated
during a push/pull task using a joystick as the input device. The authors used one question rated on
a 7-point scale “Indicate how much it felt like moving the joystick caused the object on the computer
screen to move” as a measure of explicit sense of agency [11].

Such control judgments have also been shown to relate to other measures of explicit sense of
agency. For instance, Barlas and Kopp manipulated action and outcome congruencies and mea-
sured the explicit sense of agency with one item asking participants to indicate the degree of
control they have felt over the changes on the screen [1]. Longo and Haggard [30] also developed
items to measure senses of ownership and agency over a virtual hand. One example item for the
sense of agency was “It felt like I was in control of the hand I was looking at”.

2.3 Correlations Between the Measures

The correlations between both temporal binding and agency, and between implicit and explicit
measures of agency, are still broadly debated by the wider research community (see [10] for a dis-
cussion). For example, cognitive neuroscience has questioned the efficacy of the techniques used
to measure sense of agency [e.g., 40]. Research has shown that intentional binding, the technique
popular for measuring our sense of agency [17], can be modulated independently of whether the
person is the author of action [35]. For example, Poonian et al. [40] and Moore et al. [35] demon-
strated intentional binding for both self-created and observed actions. Other research has failed
to find any correlation between implicit and explicit measures of control, both with traditional
methods [10] and through neurophysiological correlates [26]. For example, Dewey and Knoblich
[10] found no correlation between implicit and explicit measures of sense of agency. They also
found no correlation between sensory attenuation and temporal binding - both measures of im-
plicit sense of agency. Saito et al. [42] reported no correlation either between the implicit and
explicit measures of agency. And Kuhn et al. [26] found different neuro correlates for implicit and
explicit measures of agency in an electrophysiology study (N1 components for expected action
effects and P3 components correlated with judgments of agency).
As the paradigms for measuring the sense of agency continue to gather interest in HCI, it is

apparent that their links to each other and to other factors of user experience are still uncertain.
Therefore, while control is an important design consideration for any interface [45], we so far have
not been able to reflect upon the measures we use in HCI for assessing the sense of control. In the
experiments that follow, we study whether user interfaces with known differences in the implicit
sense of agency also differs in experienced control and in other factors of user experience.

3 EXPERIMENT 1

This first experiment is our prior work on the sense of agency with a button, a touchpad, and
on-skin input [2]. The purpose of this experiment was to show the differences of these three input
styles in the sense of agency with an objective measure.
We replicated an experiment on the sense of agency with on-skin and button input by Coyle

et al. [7] with an extension of adding a touchpad as a third input. The motivation behind this was
to pursue further insights into whether the difference Coyle et al. found in intentional binding
(the objective measure for SoA) relate to using a body versus an external device for input, or to the
input method, that is, taps versus presses. Therefore, our main hypothesis for Experiment 1 is that
H1: There is a difference in the sense of agency between on-skin and device inputs. We

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 28. Publication date: March 2022.
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Fig. 1. Time perception in an intentional action (a) and an unintentional action (b). For intentional actions,
the perceived interval between action and outcome is shorter than the actual interval, while for unintentional
actions the perceived interval is longer than the actual.

hypothesised that the smaller intentional binding with button presses is caused by the intrinsic
difference in the input modalities. The rationale behind this is that a button press involves three
states (released, touched, and press) whereas a tap on the skin involve two (released and touched).
Furthermore, the selection time with a button press can be ambiguous (i.e., whether the selection
happens during a button press, at the bottom of it, or when releasing). Therefore, we added the
touchpad condition to Coyle’s experiment, which allows us to compare a two-state input method
similar to tapping on the skin, but on an external device, and thus address whether an increased
sense of agency is a result of skin input or touch input in general.

3.1 Libet Clock Method

The method we used for measuring the sense of agency is called the Libet Clock method. Coyle
et al. [7] introduced the Libet Clock method to HCI a decade ago. The method was developed by
Haggard [17], built it on the work of Libet et al. [28]. The method is used for empirically mea-
suring the sense of agency from changes in perceived time. It builds on the phenomenon that the
perceived time interval between intentional actions and their outcomes is shorter than the actual
time interval (Figure 1). For example, when a person presses a button that causes a beep after a
short time interval, it is likely that the action is perceived to have happened later and the beep
earlier than they actually did. The first of these phenomena is called action binding, and the latter
outcome binding. The sum of these factors describes the main dependent variable, called intentional
binding, which correlates with a sense of agency.

3.2 Task

The Libet Clock (Figure 2) consists of a clock face with an arm that rotates clockwise through a
full cycle once every 2,560 ms. The participant sits in front of the screen looking at the clock, and

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 28. Publication date: March 2022.
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Fig. 2. The protocol for the active conditions in the experiment. Baseline conditions omit either the action
or the beep. The Libet Clock on the right as shown on a display in the experiment.

is asked to report where the rotating arm on the clock was pointing when an action (input) was
performed, or when an outcome (beep) was observed.

3.3 Design

The experiment followed a within-subjects design with the three input interfaces as levels of
the independent variable (Button, Skin, and Touchpad). For each interface four measurements
are collected: Action Baseline, Action Active, Outcome Baseline, and Outcome Active. Figure 3
illustrates these four measurements and the calculations for the intentional binding effect. The
conditions for measurements are described below in the section on the procedure.
The order of the interfaces and the order of themeasurements with each interface were balanced

using Latin Squares. The input interfaces were used one at a time to collect all the measurements.
We used 30 repetitions to maintain an experiment duration (approximately 80 minutes) which
prevents excessive fatigue and loss of attention despite three input conditions.

3.4 Apparatus

The experimental setup is shown in Figure 4. The three interface conditions were set up as follows:

Button: We used an Enter -key of a USB -connected numpad for the Button condition.
Skin: For the Skin condition we used a piezo-electric contact microphone. The piezo sensor with

a diameter of 2.7 mm was wrapped on the participant’s forearm with a medical bandage.
The piezo was located on the posterior side of the arm because that allowed the participants
to maintain a natural and comfortable posture, and us to place each input interface to the
same location on the table in front of the participant. The piezo sensor was connected to
the computer running the experimental software via a high-fidelity soundcard (Focusrite
Scarlett 6i6 2nd Gen).

Touchpad: The MacBook’s touchpad was used for the Touchpad conditions. The tap could be
performed anywhere on the touchpad’s active area. The keyboard and the screen of the
MacBook were not used during the study and were covered with black cardboard to prevent
participant distraction. No audio feedback was used with the touchpad because the beep
sound in this Libet Clock experiment is already used for measuring perception of outcome.

A designated area on the table, in front of the participant, was used as the input area for each
interface condition (Figure 4). The touchpad and the numpadwere stowed away behind the desktop
display during other conditions, and the left armwas kept on the side of the table during Touchpad
and Button conditions.
Coyle provided the experimental software used in their original Libet Clock study. We used

the software for displaying the Libet Clock, running the trials, and for logging the actual times
and the reported perceived times. In our experiment the clock size was the same 100 pixels in
diameter, and it was displayed on a screen with 1,920 × 1,080 resolution. We used a MacBook Pro
(2013) for running the software and collecting the data. The original software could process sensor

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 28. Publication date: March 2022.



Sense of Agency and User Experience: Is There a Link? 28:7

Fig. 3. The measurements and calculations used to assess Intentional Binding for an action/outcome condi-
tion, using the Libet Clock method. A fixed action/outcome interval of 250 ms is used for all active trials.

signals and recognise taps on the skin, and register actions from button presses. The software was
extended to support the Touchpad condition.

3.5 Procedure

Before starting the Libet Clock trials, the experimenter ensured that all the input interfaces worked
reliably. The signal processing features for detecting taps on the skin were adjusted (increasing
sensitivity from the default settings) until 10 subsequent taps could be detected.
The participants were first introduced to the tasks of recording the perceived action and out-

come times from the Libet Clock. The participants then had a practice round for each of the four

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 28. Publication date: March 2022.
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Fig. 4. Setup for the three input conditions: Skin, Touchpad, and Button. The input interface was always
brought in front of the subject on a designated area (the black rectangle marked on the table). A separate
screen displayed the interface and the Libet Clock. On the image, the Skin interface is shown.

measurement types with each interface. The touchpad was used by tapping (i.e., lifting the finger
instead of holding it on the surface and clicking), and the skin was instructed to be used in the
same way.
Before beginning the blocks of 30 trials for each interface and each measure, the participants

viewed on-screen instructions telling them to record either (a) the perceived action or (b) the
perceived outcome time. After reading the instructions, the experimenter revealed the clock face
on the screen.
The procedure for the trials is depicted in Figure 2. To start a trial, the participant pressed a foot

switch. This caused the clock arm to appear at a random position and start to rotate. In the three
trials requiring an action, participants were instructed to wait for the clock arm to rotate through
at least one full round before performing the action. The random starting point and waiting for
the arm to rotate before performing an action helped to discourage planning of action times.
At a fixed 250 ms interval after the action, a buzzer sound was played as an outcome. In the

outcome baseline condition where no action was performed, the sound was played at a random
time between 5,000 and 7,500 ms after the foot switch was pressed to start the trial. After the
action or the outcome, the clock arm continued to rotate for a random time (between 1,500–2,500
ms) and then disappeared. When the clock arm disappeared, the participant told the experimenter
the perceived time of action or outcome, depending on the current condition. The experimenter
typed the time on an input dialogue on the screen. The purpose of telling the perceived times to
the experimenter instead of simply typing those themselves was to encourage the participants to
pay attention to the task. This way, the participant was also able to double-check that there are no
errors in the reported times.

3.6 Participants

Data were collected from 24 right-handed participants (10 females, with an average age of
30.95 years). All of them used a computer keyboard and a laptop touchpad daily.
In two cases our system for capturing touches on the skin was not working effectively. However,

this behavior was detected already at the beginning of the experiment, and the experiment was
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Fig. 5. The upper values and the bars denote the mean action, outcome, and total binding times in ms for
each input condition in the present experiment, as well as the total binding times from Coyle et al. Higher
binding values, indicate a greater sense of agency. Standard deviations in brackets and in error bars.

discontinued. The next participants were allocated to replace the discontinued ones, resulting in
a complete data set of 24 participants.
Three participants, however, misinterpreted experimental instructions in one of the conditions.

By examining the action and outcome binding values, we found that two participants had over
200 ms values in action binding, and one participant in outcome binding with one of the input
interfaces. Because the outcome was played always at a 250 ms interval after the actions, these
high values imply that the participants had incorrectly reported either outcome values (beep time)
when the instructions were to report action values (input), or the opposite. Therefore, all data from
these three participants were excluded, leaving 21 participants for the analysis.

4 RESULTS OF EXPERIMENT 1

Figure 5 shows the results from the Libet Clock experiment. A one-way repeatedmeasures ANOVA
shows a significant difference between the intentional binding values with the three interfaces,
F (2,20) = 8.19, p = 0.001, showing a medium effect size of eta squared η2 = 0.09. A posthoc analysis
with a Bonferroni corrected paired sample t-test shows this difference is significant between two
pairs: Skin and Button (p = 0.005), and Skin and Touchpad (p < 0.001), with respective effect sizes
of Cohen’s d = 0.55 and d = 0.67. No significant difference was found between the mean total
binding values with Button and Touchpad.

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 28. Publication date: March 2022.
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A Bonferroni corrected paired sample t-test further shows significantly higher outcome binding
with Skin input compared to Button (p = 0.007) and to Touchpad (p < 0.001).

These results replicated the significant difference Coyle and colleagues found between the in-
tentional bindings with the Skin and the Button. Moreover, the average values and the difference
are consistent: Input on the skin (mean total binding of 95.53 ms) in this experiment increased
intentional binding compared to Button (54.28 ms) and Touchpad (41.32 ms), while Coyle et al. [7]
reported the total binding of 109.47 ms for Skin and 42.92 ms for Button. Their effect size was
d = 0.91. The total binding is further consistent with earlier binding experiments using button
input for actions [18, 34].

Our findings on outcome binding values (70.52 ms for Skin and 36.60 ms for Button) are also
consistent with those of Coyle and colleagues (79.82 ms for Skin and 36.11 ms for Button). In
contrast, the action binding values for Button in our study were on average higher than in Coyle’s,
thus also leaving the difference to Skin smaller in action binding.
Our effect is medium-sized, and falls within the confidence intervals of the effect size of the study

by Coyle et al. (ours: d = 0.55 , 0.95 CI = [0.19, 0.90]; Coyle et al.: d = 0.91, 0.95 CI = [0.37, 1.44]).
We obtained the per participant averages of total binding values found in the original study. We
used these to calculate the overall estimation of the effect size. For these two studies, the combined
effect size is d = 0.710.
We also conceptually replicate the finding of Coyle et al. by showing that intentional binding

is higher with the skin than when interacting with a touchpad (d = 0.67, again a medium effect).
This is significant because it rules out the explanation that the difference was incidental to the
button used. In particular, it invalidates the concern that taps and presses make a difference to this
effect. Thus, our findings support the idea that the difference in the sense of agency is due to using
the skin as an input device.

5 EXPERIMENT 2

The purpose of this experiment was to understand if and how interfaces that provide different
levels of sense of control with objective measures also differ in subjective measures of the sense
of control and other factors of user experience they provide.
We study interfaces that Experiment 1 [2] has shown to differ in the provided implicit sense of

agency, namely on-skin, touchpad, and button input. The same interfaces and input methods (bi-
nary tapping or pressing) that were used in previous work were also used here. In sense of agency
studies using the Libet Clock, the measurement procedure is the task; in contrast, we introduce
a real-world task in the form of a game. The game allows us to measure user experience using a
variety of questionnaires that focus on technology perception, workload, and overall satisfaction.
This has not been possible within Libet Clock experiments.

Our main hypothesis in Experiment 2 is that H2: Differences in experienced control corre-

late positivelywith the sense of agency. We also expect that interfaces associated with a higher
sense of control (e.g., on-skin input) will be experienced more positively (as per other components
of user experience) than interfaces associated with a lower sense control (e.g., button input). The
rationale behind this hypothesis is that for the measures of experienced control to be relevant in
HCI, they should reflect the lower-level sense of control, and have some effect on higher-level
overall experiences with user interfaces.

5.1 Participants

We collected data from 42 participants (21 females, with a mean age of 27.10 ± SD of 4.89 years).
All of them used a keyboard daily, and 27 of them a touchpad.
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Fig. 6. The screenshot on the left shows the reaction time test to ensure the equivalent technical performance
of the input interfaces. The screenshot on the right shows the game used as the experiment task.

We aimed for the statistical power required to detect effects of a size similar to those found
in previous studies of the agency. Earlier studies of agency in HCI have typically found sense of
agency to be a medium to large effect: Coyle and colleagues [7] found an effect of d = 0.91 and
we in Experiment 1 [2] found an effect of d = 0.55, with a combined effect size of 0.71 [2]. Of
course, these effect sizes might not hold for explicit user experience measures as they are likely
more variable, and we collect them only once instead of repeated measures as in the earlier Libet
Clock studies. But the previous effects provide an initial estimate. According to an a priori power
analysis using G*Power [13], we needed a sample size of 37 to find pair-wise differences using
t-tests at 0.90 power, given the effect size of d = 0.55. To have a sample size above that 37, and to
counterbalance for the three input interfaces, we recruited 42 participants.

5.2 Design

The experiment followed a within-subjects design with three input interfaces (Button, Skin, and
Touchpad). The order of the interfaces was counterbalanced. After the participants completed the
task with one of the interfaces, they filled in a set of questionnaires measuring the explicit user
experiences with that interface.

5.3 Task

The experiment task was to play a simple game, using either the button, the skin, or the touchpad
for input. In the game, the participants shot at passing targets (Figure 6 on the right).
In the game participants saw a spaceship in a static position at the bottom of a window. A tap

or a press launched a bullet from the tip of the spaceship. The task was to hit as many targets
as possible. The targets were UFOs that traveled with constant speed on a horizontal path across
the window. The UFOs flew into the view from a random position above the tip of the spacecraft.
Every other UFO flew in from the left, and every other from the right. The participant had only
one bullet available for each target UFO. If a target was hit, it froze for 1,000 ms before the next
target appeared, and if it was missed, it continued its travel outside the window before the next
target flew in. The interface displayed the hit ratio of the targets.
The game served three purposes in the experiment. First, the experiment needed to incorporate

real-world interaction in order to measure user experiences with the input interfaces. The game
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could provide such interaction instead of the experimental tasks used in measuring implicit
sense of agency. Second, the interaction needed to be similar to that in previous experiments
of sense of agency: binary selection. The game was therefore controlled by pressing or tapping
one of the three input interfaces. This was needed to allow relating user experience to findings
on implicit sense of agency. Third, a measure of performance was needed as a control measure
for the measures of user experience. We found temporal pointing to provide such a measure for
interacting with the interfaces with binary input. However, merely using a temporal pointing
task would not have met the first requirement for real-world interaction. We, therefore, designed
a game that only takes binary input, provides a performance measure based on temporal pointing,
and provides the needed level of interaction to measure user experience.

5.4 Procedure

Participants performed four reaction time tests in addition to the experiment task. The first re-
action time test was performed before the experiment started. It served as a practice round for
on-skin input, which the participants were not familiar with. Lower performance with the skin
condition was a concern, as participants were likely experts with keyboards and touchpads. In
that initial reaction time test, the participants practiced arm taps in blocks of 10 trials until one
blockwas performedwithout missing any taps. The three other reaction time tests were performed
before each input condition and consisted of one block of 20 reaction time trials. The purpose of
these was to ensure high input accuracy for all input interfaces.
In the reaction time tests, participants were asked to fixate on a blank window displayed on a

screen until a green circle appeared in the middle of it (Figure 6 on the left). We asked the par-
ticipants to react to circle appearances by pressing the button, tapping their arm, or tapping the
touchpad as quickly as possible. We registered success for such a trial where a tap or press hap-
pened within 700 ms. This value was determined through pilot studies. If the participants needed
to attempt a second tap for a missed one, reaction times were always longer than 700 ms. A cor-
rectly registered tap with a normal reaction and attention resulted in reaction times faster than
700 ms, even when the participants fixated elsewhere on the screen. The green circle appeared
with a random delay of 1,500ms to 2,000ms after the previous response (or after starting a block
of trials).
The main experiment task—playing the game—was performed with each input interface after

these blocks of 20 reaction time trials. The participants were instructed to try to hit as many targets
as possible and informed about having only one bullet available for each target. The game always
lasted for three minutes for each input interface. This allowed us to ask participants about their
perceived game duration. A fixed duration also allowed to minimize interference of performance
and duration with the user experience measures.

5.5 Questionnaire on User Experience

User experience was measured with questions 1–10 presented in Table 1. We used AttrakDiff [22]
because it focuses on technology perception (rather than on system features or a task). It further
allows us to distinguish pragmatic qualities, which should also reflect the task performance with
the interfaces, and hedonic qualities, which may reflect experiences specific to interfaces, such as
novelty. We used the English version of AttrakDiff [21].

We also asked about the usability of the interface with one two-question UMUX-LITE [27]. A
recent study found UMUX-LITE to work well for measuring perceived usability [27].

To measure intentional physical effort, we used NASA-TLX to assess experienced workload
in terms of physical demand. NASA-TLX also provides further measures on perceived temporal
demand, performance, and effort. We used the standard NASA-TLX, including all the scales, but
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Table 1. Our Questionnaire for Measuring Explicit User Experience

Nr Questionnaire Type Question Scale Levels

1 AttrakDiff Pragmatic I found the device Confusing—Structured 7
2 AttrakDiff Pragmatic I found the device Impractical—Practical 7
3 AttrakDiff Pragmatic I found the device Complicated—Simple 7
4 AttrakDiff Pragmatic I found the device Unpredictable—Predictable 7
5 AttrakDiff Hedonic I found the device Dull—Captivating 7
6 AttrakDiff Hedonic I found the device Tacky—Stylish 7
7 AttrakDiff Hedonic I found the device Cheap—Premium 7
8 AttrakDiff Hedonic I found the device Unimaginative—Creative 7
9 UMUX-LITE 1 Usability This system’s capabilities meet my requirements Strongly disagree—Strongly agree 7
10 UMUX-LITE 2 Usability This system is easy to use Strongly disagree—Strongly agree 7
11 NASA-TLX Mental Demand How mentally demanding was the task Low—High 21
12 NASA-TLX Physical Demand How physically demanding was the task? Low—High 21
13 NASA-TLX Temporal Demand How hurried or rushed was the pace of the task? Low—High 21
14 NASA-TLX Performance How successful were you in accomplishing what

you were asked to do?
Low—High 21

15 NASA-TLX Effort How hard did you have to work to accomplish
your level of performance?

Low—High 21

16 NASA-TLX Frustration How insecure, discouraged, irritated, stressed,
and annoyed were you?

Low—High 21

17 Body Ownership Ownership It felt like the device I was using was part of my
body

Strongly disagree—Strongly agree 7

18 Agency 1 Agency It felt like I was in control of the movements
during the task

Strongly disagree—Strongly agree 7

19 Agency 2 Agency What is the degree of control you felt Lowest (1)—Highest (6) 7
20 Agency 3 Agency Indicate how much it felt like pressing/tapping

the button/touchpad/arm caused the space craft
to shoot

Not at all—Very much 7

21 Time perception Time Perception of task duration Seconds numerical

The second column shows the name of the questionnaire, the third the quality it addresses, the fourth the actual

question, the fifth its scale as expressed on the questionnaire, and the last the levels of the measure.

without weighting. Weighting was not included as the experiment task was a game, and there-
fore the importance of sub-questions of NASA-TLX were considered irrelevant for participants to
evaluate.
The explicit sense of agency was measured with items related to the experience of being in con-

trol, consistency between actions and outcomes, and exerting intentional physical effort. These are
facets of the explicit sense of agency that have been shown in previous studies as indicators of
authorship of one’s actions [11, 30, 33]. The feeling of control judgments has reliably been shown
to be related to an explicit sense of agency. For instance, Barlas and Kopp manipulated action and
outcome congruencies and measured the explicit sense of agency with one item asking partici-
pants to indicate the degree of control they have felt over the changes on the screen [1]. We used
this item also as an agency measure (Question 19 in Table 1).
Longo and Haggard [30] also developed items to measure senses of ownership and agency over

a virtual hand. One example item for sense of agency was “It felt like I was in control of the hand I
was looking at” rated on a 7-point Likert scale, +3 indicating strong agreement and −3 indicating
strong disagreement. We modified their questions to match the present study’s input interfaces
(Questions 17 and 18 in Table 1).

In Ebert andWegner’s studies, consistency between actions and consequences was manipulated
during a push/pull task using a joystick as the input device. The authors used one self-report
question “Indicate how much it felt like moving the joystick caused the object on the computer screen
to move” as a measure of explicit sense of agency, also rated on a 7-point scale anchored at 1, 4, and
7, with “not at all”, “somewhat”, and “very much”, respectively [11]. We also modified the wording
of this item to match the input categories we have instead of the joystick (Question 21 in Table 1).
Time perception is also related to both agency and user experience; the implicit agency is mea-

sured by perceived time in both Libet Clock and interval estimation paradigms, and experienced
task duration reflects task performance in interaction. We use the game with a constant duration
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Fig. 7. The study setup. The image above presents a participant tapping their arm for input. The image below
shows the three input interfaces: a touchpad, a numpad for button input, and the piezo-electric sensor for
on-skin input.

of 3 minutes, and an explicit question on game duration to measure how time is subjectively per-
ceived. This is similar to a measure called Subjective Duration Assessment [8].

5.6 Apparatus

The input interfaces are shown in Figure 7. We used the Enter key of a USB-connected numpad for
button input, and a MacBook for touchpad input. The whole area of the touchpad was available for
tapping, and the users were instructed to tap, not click it. The screen and keyboard of the MacBook
were covered to prevent distraction.

For sensing taps on the arm, we used a piezo-electric contact microphone with a diameter of
27mm attached to the left arm of the participant with a medical bandage, similar to previous
work [2, 7]. It was placed on the non-dominant arm to tap on the skin with the dominant index fin-
ger. The piezo sensor was connected to theMacBook Pro (2013) running the experimental software
via a high-fidelity audio interface (Focusrite Scarlett 6i6 2nd Gen).
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To track taps on the skin, we continuously sampled the microphone at 44.1 kHz frequency
and performed peak detection on blocks of 1,000 samples. We defined a peak as a sample that
exceeds an absolute signal magnitude threshold as well as an absolute gradient threshold. These
thresholds were defined by piloting. Thus, a tap needs to be of sufficient magnitude, but also needs
to exhibit a sharp rise in amplitude. The low signal-to-noise ratio of the microphone allowed us to
configure the two thresholds for reliable detection with no false positives, and yet to be sensitive
enough for light taps. Every tap results in a series of peaks in the signal. We only considered
the first peak for a tap and blocked subsequent peaks in a 200ms window. This further helped
sensitivity and was allowed by the experiment task design, as only one bullet, that is, one tap was
in use for each target in the game.
Wemarked an area on the table with tape to ensure that all input was given at the same location,

at a constant distance from the display, and at a comfortable distance from the user to rest the arm
and the wrist of the inputting hand on the table. The input interfaces were stowed away when not
used. The experiment tasks were displayed on a Samsung SyncMaster 244T LCD display with a
1,920 × 1,200 resolution. The table height was adjusted for each participant as needed.

6 RESULTS OF EXPERIMENT 2

We first analyse data from the reaction time tests to ensure a high level of precision in sensing
input with each interface. We then report the results on task performance with the game. Finally,
we report the user experiences based on questionnaire data.

6.1 Input Accuracy

Reaction time tests were used for ensuring high accuracy rates of input with all interfaces. In
reaction time tests, the average error rates (reaction times > 700 ms) were 7.98% for touchpad,
7.86% for on-skin, and 2.26% for button input. A one-way repeated measures ANOVA shows a
significant difference between the error rates with the three interfaces, F (2, 41) = 11.43, p < 0.001.
A posthoc analysis with a Bonferroni corrected paired sample t-test shows the difference in error
rates is significant between two pairs: touchpad and button (p < 0.001), and skin and button
(p < 0.001). These results suggest that while taps are registered equally well between skin and
touchpad, button input outperforms skin and touchpad in binary input.
Average reaction times (excluding the trials with over 700 ms reaction times) were 424.12 ms

for touchpad, 364.17 ms for on-skin, and 340.47 ms for button input. A one-way repeated mea-
sures ANOVA shows a significant difference between the reaction times with the three interfaces,
F (2, 41) = 40.33, p < 0.001. A posthoc analysis with a Bonferroni corrected paired sample t-test
shows the difference in reaction times is significant between all pairs: touchpad and skin, touchpad
and button, and skin and button (p < 0.001).
As we found no difference in the accuracy between touchpad and skin, the differing reaction

times are likely caused by inherent differences of the input modalities rather than user perfor-
mance. For example, a finger can be rested on the button to allow fast reaction time, whereas with
skin and touchpad input the finger waits in the air at a distance to react, possibly increasing the
reaction time.

6.2 Task Performance

We collected hit rates in the game to analyse task performance with each interface because perfor-
mance can influence user experiences. Even if input accuracies do not differ, the performance in
the game may vary due to other factors, including previous experience with an input interface.
In the game, the mean performances as a hit rates were 92.06% (73.86 hits and 6.36 misses) for

touchpad, 92.19% (74.64 hits and 6.29 misses) for on-skin, and 95.92% (78.33 hits and 3.33 misses)
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Fig. 8. The results from the User Experience questionnaires for the three input interfaces. The scores are
normalized to 0..1 (except for the time perception with an open answer, which is normalized to the proportion
of the actual duration of the task). The variables correspond to questions on Table 1 as follows: Pragmatic
is an average of Q1–Q4, Hedonic is an average of Q5–Q8. Umux 1 is Q9 and Umux 2 is Q10. NASA-TLX is
normalised and averaged for Q11–Q16. Ownership is Q17. Agency1, 2, and 3 are Q18–Q20, respectively. Time
perception is Q21. The error bars are 0.95 confidence intervals. The asterisks denote significant differences
between pairs in t-test: * corresponds to p < 0.05, ** to p < 0.01, and *** to p < 0.001.

for button input. A one-way ANOVA shows a significant difference between the hit rates with the
three input types, F (2,41) = 6.27, p = 0.003. A posthoc analysis with a Bonferroni corrected paired
sample t-test shows this difference is significant between two input interface pairs: touchpad and
button (p = 0.001), and skin and button (p < 0.001). This result allows us to eliminate the influence
of performance on ourmeasures of user experience for analysing differences between the touchpad
and the skin. However, the better performance with button input may positively influence user
experience with it, in particular when compared with either of the two other interfaces.

6.3 User Experiences

For analysing the user experiences with the questionnaire data, we first normalized all scores. The
scores were normalized by dividing each individual measure by the levels of their scale (the scales
are presented in Table 1). Except for five scales of the NASA-TLX questions, all scales position pos-
itive end at the higher boundary. Therefore, we reversed the scores of NASA-TLX for all questions
but the question on Performance, so as to have the positive end of the scale at 1 (after normalizing
the scores). Note, that the scores on Time perception are based on open numerical answers, and can
thus have values over 1 (indicating that game duration was perceived longer than it actually was).
Figure 8 shows the results from the user experience questionnaire. All data from the question-

naires were analysedwith paired t-tests between on-skin and touchpad input, and between on-skin
and button input. We are only interested in these comparisons because a sense of agency in earlier
studies was found higher for on-skin input compared to the two other input interfaces. Below, we
also report the effect size for all significant differences as Cohen’s d values.
Pragmatic quality of button input (mean score = 0.960) was found to be significantly higher

than that of on-skin input (mean = 0.819,p < 0.001,d = 1.24). In contrast, no difference was
found between on-skin and touchpad input. On-skin input was rated higher in hedonic quality
(mean = 0.759) compared to both button (mean = 0.495,p < 0.001,d = 1.51) and touchpad input
(mean = 0.537, p < 0.001,d = 1.42).

UMUX-LITE question 1 did not show differences between input interfaces, but button was rated
as easier to use (mean= 0.956) in UMUX-LITE question 2 compared to on-skin input (mean= 0.871,
p = 0.002, d = 0.63).

The overall normalized mean scores for NASA-TLX were 0.758 for touchpad, 0.741 for on-skin,
and 0.786 for button input. The difference in these scores is significant between on-skin and button
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input (p = 0.035,d = 0.30). Among the individual NASA-TLX questions, differences were found
in scores for perceived mental demand and effort, and between both pairs (on-skin and touchpad,
and on-skin and button input). Mean scores for mental demand were 0.730 for on-skin, 0.797 for
touchpad, and 0.8141 for button input. The difference in mental demand was significant between
touchpad and on-skin input (p = 0.045), and between on-skin and button input (p = 0.012). Mean
scores for effort were 0.712 for on-skin, 0.644 for touchpad, and 0.721 for button input. The dif-
ference in perceived effort was significant between touchpad and on-skin input (p = 0.048) and
between on-skin and button input (p = 0.031).

The skin was rated significantly higher in a question for ownership of the input interface
(mean = 0.816) compared to both touchpad (mean = 0.367,p < 0.001,d = 2.06) and button
input (mean = 0.415,p < 0.001,d = 1.72). In all of the explicit questions on control over the ac-
tions and outcomes, on-skin input (means for Agency 1 = 0.816, Agency 2 = 0.796, and Agency
3 = 0.769) was rated higher compared to touchpad (Agency 1: mean = 0.367,p = 0.003,d = 0.62;
Agency 2: mean = 0.670,p = 0.028,d = 0.43; Agency 3: mean = 0.687,p = 0.002,d = 0.75). The
button was found to provide a higher degree of control (mean = 0.844) than on-skin input (mean
= 0.769) in question 2 on agency (p = 0.029,d = 0.40), and no significant difference was found
between the on-skin and button input in the two other questions on agency.
No differences were found in perception of the duration of the game between the three input

interfaces.
In summary, experienced control seems to reflect the difference in the sense of control between

the on-skin input and touchpad. However, such a relationwas not found between on-skin input and
button input. The only measures where on-skin input resulted in more positive user experiences
compared to both button and touchpad inputwere hedonic quality and ownership. Therefore, other
factors appear to overcome the differences in the sense of agency when measured subjectively as
experiences of agency, also hiding how the experienced control may spill over to other components
of user experience.

6.4 Performance and User Experience

Performance in both hit rates and reaction times was higher with button input. Therefore, per-
formance might be one of the factors which overcome how the sense of control is reflected in
the higher-level experience of control. Therefore, we analysed the possible effects of performance
on user experience measures with partial correlations adjusted for internal variables: hit rate and
reaction times. Here we report the correlation coefficients (Pearson’s r ) and their significance as
p-values using a Student’s t distribution.

The correlation coefficients and corresponding p -values for partial correlation between the hit
rate and each of the user experiencemeasures (adjusted for the reaction times) showed significance
for four measures: Pragmatic quality (r = 0.208,p = 0.022), UMUX-LITE question 2 (r = 0.205,p =
0.024), NASA-TLX (r = 0.331,p < 0.001), and Agency 2 (r = 0.219,p = 0.015). These correlations
are unsurprising as the differences in experiences between the better performing button and on-
skin input were found in scores for these same measures.
However, no correlations could be found between reaction times and user experiences. This

suggests that such low-level performance in input as the reaction time may not affect subjective
experiences. In contrast, the higher-level performance measure of hit rate appears to influence
subjective experiences.

7 DISCUSSION

We set out to explore the links between objective and subjective measures of the sense of control,
and their relationship to user experience. Specifically, we were interested in whether different
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levels of sense of agency are also reflected in experienced control and in other components of user
experience. We have done so by relying on known differences in sense of agency between input
interfaces. Those interfaces were compared experimentally by having participants play a game
and produce reports on user experience. Next, we discuss the key findings about this link, address
some limitations of our work, and outline future work.

7.1 Links from Agency to User Experience

The studies show two main results across the interfaces, one related to the comparison of skin and
touchpad (i), and one related to the comparison of skin and button (ii). In Experiment 1, the skin
showed a higher sense of agency in comparison with both the touchpad and the button.
For (i), the results are clear. In Experiment 2, we find an increase in the subjective sense of control

with on-skin input over touchpad input, measured by three questionnaire items about control.
These findings echo those captured by the objective sense of agency measures in Experiment 1,
which show increased binding of 96 ms for skin input, compared to 41 ms for touchpad input. We
also find a significant difference in the hedonic quality of on-skin input, as well as in ownership.
All of these measures favor the skin.

These findings suggest that the benefits of skin input for our sense of control spill over into
the user experience. The three questions on explicit agency in Experiment 2 (questions 18–20
in Table 1) show medium to large effect sizes (d = 0.62,d = 0.43, and d = 0.75, respectively).
These are of similar size to the effects found in implicit agency measures for this comparison in
Experiment 1 (d = 0.55 , 0.95 CI= [0.19, 0.90]). The finding on hedonic quality may be related
to differences in agency, but could also be a form of novelty effect, in that participants find the
interface captivating and fun.
We find it important that the objective data on performance for skin and touchpad were similar;

hit rate is less than 1% different and reaction times varied less than 60 ms. This similarity makes
the comparisons above very clean.
For (ii), the comparison of skin and button, results are less clear. In Experiment 2, we find a

significant difference in one of the three questions about control, where button scores 9.7% percent
higher than the skin; the other two questions are not different. In Experiment 1, the button scored
significantly lower than the skin in the objective measure of control. The result of Experiment 2 is
therefore opposite to the hypothesis that the differences found in the objectively measured sense
of control are also shown in subjective measures of control.
In the other measures of user experience in Experiment 2, the skin is associated with higher

hedonic quality (being more “creative”, “stylish”, and “captivating”) and a higher degree of own-
ership than the button. In contrast, the button performs better on pragmatic quality, NASA TLX
(particularly, mental demand and effort), and one of the UMUX components (about whether the
system is “easy to use”). All of these last differences are about classic aspects of usability. Recall,
for instance, that pragmatic quality is about being “structured”, “practical”, and “predictable”.
The differences in performance between skin and button are small. Despite our pilots and at-

tempts to make performance similar, the button was 4% more accurate than the skin but had only
a 24 ms difference in reaction time. The 4% difference in accuracy means that participants in the
skin condition missed 3 UFOs more during the 3-minute game than with the button.
We found correlations between performance in the game andmeasures of user experience. How-

ever, we found no correlation between reaction times and user experience. One explanation of this
difference is that those low-level performance differences in reaction times are not perceived by
users, while the higher-level performance of hit rates are. In the game, the participants perceived
feedback of missing a target, and the hit ratio was also displayed to them. In reaction time tests,
however, participants could not perceive success in similar ways as in the hit-or-miss setting of the
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game. Therefore, performance in reaction time may have been left unnoticed by the participants,
unlike their performance in the game, and that perceived performance may have increased their
positive user experiences with the button, including that of control.

7.2 Is There a Link, Then?

Across similar performance rates, the implicit sense of control emerges as explicit experiences
of control in the responses to our agency questions across skin and touchpad input. However,
with differences in performance, these same correlations are not observed. As such, our current
interpretation of the data suggest that implicit sense of control influences explicit sense of control;
however, differences in the perceived performance appear to moderate this influence.
The finding of the moderating effect of performance is consistent with the literature on objec-

tive/performance versus subjective/experience components of usability [e.g., 23, 43]. Although this
literature generally finds separate components, in all studies there is a substantial correlation be-
tween these components. We suspect such a correlation might be influencing our study as well, so
that with the higher performance with the button, the differences on the experience of control are
diminished below significance. In general, however, the inference process involved in user experi-
ence questionnaire answers is complex [47] so it is difficult to propose a more specific explanation.

In summary, where the literature has not found a clear link between intentional binding and
explicit judgements of control [10], we find a correlation between objective and subjective mea-
sures of control, as well as between the objective measure of control and other components of
user experience. However, this correlation may be moderated by performance. These findings, in
concert with those of the literature, then, do not fully support a clear argument for either measure
of control as a standalone metric of quality in HCI.

7.3 Limitations

Experiment 2 and our interpretation of it have a number of limitations. Most importantly, we
assume that input interfaces can be equated with differences in sense of agency. This assumption
is based on Experiment 1 and earlier work which has investigated these differences [2, 7], and their
findings seems large and robust. However, we do not have actual, per-participant agency measures
due to this setup, which would have allowed us to do a more detailed analysis of correlations.
Another issue, which we worked extensively with in piloting the study for Experiment 2, is

that controlling performance between conditions is difficult. The differences that do remain in
the study, for instance in hit rate, likely shape our findings. They appear in part, however, to be
related to inherent characteristics of button and touchpad input (for example, the finger rests on
the button, whereas in tapping a touchpad the aiming phase happens without contact and may
thus increase reaction times and accuracy of the temporal tap) so in the current setup they are
difficult to mitigate.
We used a gaming task in Experiment 2. Games likely come with particular expectations on part

of the participants about control. Shneiderman [44], for instance, has suggested that game players
compete with the system, while other (application) users prefer a stronger sense of control and
of being in charge. Therefore, game playing may change the correlations between experiences of
control and other user experiences, compared to interacting with an application. This might have
influenced the results.
Finally, in this study, we considered three input styles that all exhibited intentional bindings

in their original studies [2, 7]. Our pursuit of correlations with other user experience measures is
based on significant differences in those bindings, but bindings existed for all three input styles
nevertheless. It could be that the moderating effects of performance that we see are a result of only
small (yet significant) differences in binding effect (approximately 40 ms between skin and button,
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for example). A deeper exploration of scales of binding effect with user experience measures re-
mains an avenue for future work.

8 CONCLUSION

Both objective and subjective measures of control are increasingly applied in HCI to compare the
qualities of user interfaces. To date, however, the wider literature has been unable to establish a
clear link between the implicit sense of agency and higher-level user experience, calling into ques-
tion the suitability of the current measures of the sense of control in HCI. We have added to the
knowledge of the relationship between implicit and explicit senses of control, but further ques-
tions remain. We examined the user experience of three input interfaces with known differences
in objective measures of sense of agency: button, skin, and touchpad input. We also examined
the complementary effect of task performance on user experience. We found that, across input
styles that performed similarly (touchpad and skin input), sense of agency did indeed correlate
with known UX measures of control. However, when performance differed (between skin and but-
ton input), these correlations could not be found. Our results suggest that neither subjective nor
objective measures alone make that clear contribution to our understanding of control and user
experience as we previously thought.
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