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ABSTRACT
We enable preemptive force-feedback systems to speed up
human reaction time without fully compromising the user’s
sense of agency. Typically these interfaces actuate by means
of electrical muscle stimulation (EMS) or mechanical actu-
ators; they preemptively move the user to perform a task,
such as to improvemovement performance (e.g., EMS-assisted
drumming). Unfortunately, when using preemptive force-
feedback users do not feel in control and loose their sense of
agency. We address this by actuating the user’s body, using
EMS, within a particular time window (160 ms after visual
stimulus), which we found to speed up reaction time by 80
ms in our first study. With this preemptive timing, when
the user and system move congruently, the user feels that
they initiated the motion, yet their reaction time is faster
than usual. As our second study demonstrated, this particu-
lar timing significantly increased agency when compared to
the current practice in EMS-based devices. We conclude by
illustrating, using examples from the HCI literature, how to
leverage our findings to provide more agency to automated
haptic interfaces.
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• Human-centered computing → Haptic devices; Ges-
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1 INTRODUCTION
While computer interfaces have excelled at supporting in-
tellectual augmentation [16], only recently have these in-
terfaces started to provide physical augmentations, such as
assisting motion (e.g., learning drumming [14] or learning
medical procedures [63]). This type of augmentation hap-
pens through the assistance of force feedback devices that
are able to actuate the user’s body, such as by means of elec-
trical muscle stimulation (e.g., [14]) or mechanical actuators
(e.g., [63]). These haptic actuated systems offer the potential
to speed up the user’s physical reaction time by means of
preemptive actions—the system actuates the user faster than
their normal speed to perform a task that the user alsowants
to perform. For instance, these systems have been used to
preemptively steer the user into safety (e.g., Pedestrian Nav-
igation [50]) or to correct the user in timing-sensitive tasks
(e.g., keeping a steady rhythm [14]).

However, an interactive system that acts automatically
and preemptively (be it physical or cognitive) will reduce
the user’s sense of being in control [5, 42]—the user loses
their sense of “I did this”. Speed et al. argued that automated
interactionswith objects (e.g., as inAffordance++ [38]where
an object forces the user to act) cause a shift in agency, re-
moving the user’s agency [54]

In this paper, we investigate how to enable preemptive
haptic systems to actuate users in a way that accelerates
their reaction time, yet, alsomaximizes their sense of agency.
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2 OUR APPROACH: PREEMPTIVE ACTION
At first glance our proposal might seem paradoxical: if a sys-
tem actuates so the user moves faster than they do normally,
how could the user still feel as if they initiated themovement?

We propose that the solution to this paradox lies in the
fact that our conscious awareness of intention takes a mo-
ment to arise, around 200 ms [30, 31, 40, 53]. These findings
suggest a time window between a volitional action and our
sense of agency for this action [40]. We exploit the fact that
this time window offers flexibility to attribute agency to a
preemptive action (Figure 1), i.e., one that was externally
generated by a haptic device (e.g., electrical muscle stimu-
lation) and is aligned with the user’s intention. For this hy-
pothesis to work, one needs find out exactly when a preemp-
tive actuation should be delivered so that it maximizes the
user’s agency.

preemptive action

electrical muscle stimulation

preemptive gain

sense of 
agency

Figure 1: We reveal the relationship between a user’s agency
and the preemptive gain enabled by automated haptic inter-
faces (here, a system that speeds up the user’s tapping using
electrical muscle stimulation).This allows researchers to de-
sign preemptive actuation systems that now maximize the
user’s agency.

As depicted in Figure 1, we found and validated the key
relationship between agency and the gain in preemption
(i.e., how much a system speeds up a user). We did this by
means of two user studies that we present in this paper.This
agency-preemption relationship (depicted by the model on
the right side of Figure 1) allows researchers to optimize
their haptic actuated systems accordingly to their needs, i.e.,
maximize either for agency, reaction time or even both.

3 RELATED WORK
Our approach builds on the areas of human augmentation,
contemporary theories of agency in neuroscience and cog-
nitive psychology, and electrical muscle stimulation.

Sense of agency
The sense of agency, or sense of control, is a neural mech-
anism that drives one’s awareness of initiating, executing,

and controlling our own voluntary actions in our surround-
ings [24]. The sense of agency allows us to recognize our-
selves as the agent of a particular behavior, enabling us to
build a self that is independent from the external world [24];
it is thus one of the most primal mechanisms.

Wegner proposed three principles that condition the sense
of agency, which they demonstrated to affect agency in VR
experiences [59].These principles are: “(1) priority: conscious
intention to perform an act must immediately precede the
action, which should precede the outcome; (2) consistency:
“the sensory outcome must fit the predicted outcome”; and,
(3) exclusivity: “one’s thoughts must be the only apparent
cause of the outcome”. Jeunet et al. showed that a manipula-
tion of any of these three principles changes the perceived
causality of an event, which in turn affects agency [26].

The neural origin of the sense of agency
In the field of neuroscience there are different views that
suggest a neuralmechanism that handles our sense of agency.
One view, which is of relevance to our research, places the
motor system (i.e., the neural apparatus that controls volun-
tarymovements) at the center of the question of agency [18].
In their experiments, Frith et al. showed that participants
with lesions on the motor cortex (but no lesions on the sen-
sory organs or pathways that allow to feel touch, etc.) ex-
hibited a decreased sense of agency [18]. This theory states
that the agency is dependent on the comparison between
the prediction of a movement and its outcome.

While much is still not understood regarding the inner
workings of our sense of agency, we do know it is not a static
and immutable state asmany experiments have shown, such
as: the rubber hand illusion [7, 32, 62], randomly generated
feedback [15, 26], inversion of user’s movements [26], dis-
tortion of the haptic feedback [60], deception [48], and de-
lays or sped-ups in feedback [15, 26]. The latter is especially
important for our investigation of agency in preemptive in-
teractive systems. We believe the time window in which the
system provides its preemptive feedback offers the biggest
design opportunity.

Interaction between time and the sense of agency
A series of studies have shown that the perception of time
is what binds together the degree of association we creat-
ing between a voluntary action (our intention) and outcome
(the result of our intention); this has been shown to drive the
sense of agency by Libet et al [31] and Haggard et al. [21]—
just to cite a few. These findings (e.g., Libet’s clock exper-
iment) found the existence of a time delay between a voli-
tional action and our sense of agency for this action [40].
One key conclusion of all these studies in neuroscience is
that “temporal sensorimotor discrepancies reduce the sense
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of agency” [12]. This has been shown countless times by off-
setting the onset of the expected outcome in visual, tactile
or auditory modalities [15]. Thus, time is a key in preserv-
ing the sense of agency. We argue that this is the parameter
that preemptive interactive systems must tune in order to
provide more agency to their users.

Designing for the sense of agency (Agency in HCI)
While designing interactive systems, the sense of agency is
key to achieve a user experience that grants a sense of con-
trol to the user. Unfortunately, achieving this becomes more
challenging with assistive systems, i.e., those that automat-
ically change the system to facilitate interactions [41, 42].
For instance, Coyle et al., found that, when a user controls a
mouse cursor, changing the amount of assistance the inter-
active system provides (e.g., predictive mouse acceleration)
has a significant impact on the user’s sense of agency [11].

In fact, understanding this relationship between time and
agency is so crucial to designing interactive systems that
the HCI community has deepened that understanding: McE-
neaney et al. found that machine-induced mouse clicks af-
fect the user’s perceived agency [41]; Coyle et al. found that
themouse cursor speedmanipulations can affect agency [11];
and, Bergstrom-Lehtovirta et al. found that on-skin inter-
action improves the sense agency vs. a traditional button
press [6].

Besides investigations that probe how feedback timing af-
fects the user’s sense of agency, it has also been shown that
the feedback modality has an impact as well. For instance,
Martinez et al. found that the sense of agency varied during
a mid-air touching task, across different feedback modali-
ties, such as visual, audio or vibration [9]. They found that
both auditory and haptic feedback modalities were superior
to the visual-only baseline in terms of increased sense of
agency. Likewise, Limerick et al. showed that, in speech-
based interfaces, the voice input modality reduces agency
when compared to keyboard input [33].

Unfortunately, while these projects have investigated the
role of timing and feedback in HCI systems (e.g., mouse-
based or mid-air interactions), nothing is known about the
effect that timing has on the user’s sense of agency in haptic
systems capable of actuating the user.

Haptic actuation systems
The type of haptics we discuss in this paper are strong force
feedback systems that are capable of moving a user’s body,
even against their own volitional force (this effect is also of-
ten referred to as force feedback). There are two kinds of ac-
tuators that provide enough output force to actuate human
limbs: mechanical actuators (e.g., large robotic arms or ex-
oskeletons) or electrical muscle stimulation. The traditional
type ofmechanical force feedback devices consists of having

users hold on to a handle, which is then actuated by a robotic
arm or by pulley system (e.g., SPIDAR [44]). An alternative
to stationary haptic devices are ungrounded haptic devices:
these are mechanically actuated devices that provide forces
by pulling the user’s limbs against the mounting point on
the user’s body. Exoskeletons are the canonical example of
wearable ungrounded haptic devices; they can actuate the
user’s arms [57] or fingers [19].

Electrical Muscle Stimulation
Electrical Muscle Stimulation (EMS) originated in rehabili-
tation medicine as a means to restore lost motor functions,
e.g., after spinal cord injuries [55]. Only more recently have
researchers in HCI started to explore EMS, e.g. Kruijff et al.’s
EMS desktop gaming [29] or the Possessed Hand [57].

When surveying interactive systems based on EMS, we
found a clustering around three research topics: (1) increas-
ing realism in virtual experiences by creating involuntary
force feedback [17, 34, 36, 39]; (2) tutorial/training systems [14,
38, 46, 50, 57] and (3) information access [37, 47].

From these EMS-based devices, the area of training sys-
tems is of particular relevance to our case of preemptive ac-
tuation since most of these scenarios involve actuating the
user quicker than their normal reaction time. For instance,
in Stimulated Percussions, an EMS-based system actuates
to user’s hands, as they hold on drumsticks, to automati-
cally make the user drum on the correct tempo [14]. Also,
the aforementioned Affordance++ [38] actuated users to au-
tomatically perform certain tasks, such as to shake a spray
can. Lastly, as an additional example, Wired Muscle [46] is a
system that enables speeding up a user’s reaction time with
EMS so that they can pass the pen-drop test, a common fit-
ness test also known as the ruler drop test, in which one
must grab a falling ruler, reacting only to the visual stimuli
of another user dropping the ruler.

Loss of agency in actuated haptic systems
While researchers are excited about the prospects of EMS
as a way to miniaturize haptics [35], it is not known what
effects the electrically induced involuntary actions have on
the user’s agency. This shortcoming is where we draw in-
spiration for our research question. In fact, the studies con-
ducted on these EMS-based interactive systems point to a
loss in agency. For example, in Affordance++ participants at-
tributed agency to the object they manipulated (e.g., a spray
can that shakes) rather than to themselves [38]. Likewise,
in Proprioceptive Interaction, participants often voiced not
feeling in control, e.g., “it was so remarkable to see my hand
moving without my intention” [37].
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4 USER STUDY 1: MEASURING AGENCY IN
PREEMPTIVE HAPTIC SYSTEMS

Theobjective of our first experiment was to understand how
timing affects perceived agency in a preemptive haptic sys-
tem. In the particular case of this experiment, we created a
preemptive system that actuates the user using EMS. We de-
signed a tapping study based a canonical psychophysics task
to measure reaction time (e.g., [23, 33, 45]). We engineered
the system to deliver the stimuli preemptively, i.e., before
the user has time to react to it. Our first hypothesis (H1)
is that any preemptive stimulation will result in a shorter
reaction time, but will also decrease agency. Our second hy-
pothesis (H2) is that there is a timing sweet spot that still
offers preemption (i.e., faster than ordinary reaction time)
without drastically decreasing agency.

Apparatus
Our experimental setup is depicted in Figure 2. To assist
readers in replicating our experiment, we provide the nec-
essary technical details and the complete source code1.

vibration 
motors

muscle stimulator

EMS electrodes
(under the strap) 

EMS ground electrode

finger 
base

Figure 2: Setup for our preemptive action experiment.

Stimulation apparatus: Participants were actuated us-
ing a bioSync EMS stimulator (same as in [47], but removed
of wireless communication to reduce latency). The stimula-
tor’s intensity was adjusted per participant to operate pain-
free, yet rapidly and robustly actuate their ring finger.

Electrode placement: Two pairs of electrodes are used:
One pair, which sits at the flexor digitorum profundus mus-
cle, provides sufficient intensity for flexing the user’s ring
finger. We actuated the ring finger since we can found (via
pilot testing) that we could robustly actuate it without any
1https://github.com/shks/PreemptiveAction

parasitical motion of neighboring muscles. The second elec-
trode pair, attached to the flexor pollicis longus muscle (just
a centimeter away from the first electrode pair), is used in
the sham-condition, providing a typical tingling sensation
without causing any finger flexion. During pilot testing we
confirmed that this sensationmimics effectively the tingling
effect of the first electrode pair.

Calibrating the EMS stimulation: We iteratively ad-
just the stimulation parameters by adjusting the pulse width
(from 30 – 500 µsec), the pulse frequency (from 10 – 100 Hz),
and, lastly, the amplitude (from 1mA to 10 mA) for each par-
ticipant. The stimulation was one EMS pulse only. Thus, the
stimulation duration was same as the selected pulse-width,
i.e., 30 – 500 µsec: we chose this since prior research sug-
gests that short stimulations are less noticeable [36]. Prior
to starting the trials, we guaranteed that participants’ finger
was actuated via the EMS to tap the surface and was always
recognized by the touchscreen.

Masking the “tingling”: To allow our study to conclude
precisely on what preemptive EMS actuation does to the
user’s sense of agency, we controlled for external confound-
ing factors, such as the EMS’ tingling sensation on the par-
ticipant’s skin [37, 57]. Using the approach described in [37],
we masked the tingling sensation by attaching two large vi-
bration motors (with off-axis weights) to the participant’s
arm. We used the following procedure to confirm that this
vibration effectively masks the EMS tingling sensation: (1)
We calibrate EMS to tingle the skin but not strongly enough
to actuate the arm, (2) We run the vibration motors which
vibrate the participant’s arm. (3) We ask the participant to
say when they feel skin tingling among the vibrations. (4)
We turn on the EMS at a random point in time. (5) If partic-
ipants still feel the skin tingling, we lower the EMS (never
below the point of tingling) and increase the intensity of the
vibrations. (6) We ensured all participants’ responses to this
were below or around random (<=50%).

Touchscreen: Below the participants’ hands we placed
a Razer Blade’s touch screen (model from 2017, running at
120Hz).

Finger support: We created a 3D printed finger base that
supports participants’ hands as they hover the touchscreen;
the base leaves the ring finger free to flex and touch the
screen. This approach is commonly used in psychophysics
too, asmeans to ensure that only one particularmuscle causes
the observable result [2]. Furthermore, this prevents partic-
ipants’ muscles from getting tired quickly.

System’s latency: As with any computer-based system,
our implementation has an intrinsic latency of less than 40ms
between the software generated stimulation command and
the muscle activation (this accounts for the complete loop:
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Touch

Rate
1 2 3 4 5 6 7

1 = I did not do it
7 = I did it

3-5s

-200

+400
0

[ms]

Figure 3: Our tapping task.

USB, stimulator’s microcontroller and human muscle con-
traction time). Also, our system has a latency of 60 ms in
logging the touch events, which we will later subtract.

Task
The task was a simple tap test, depicted in Figure 3; our task
was modeled after the psychophysics task that measures re-
action time [23, 45]. We asked participants to tap a target
that appears on screen as fast as possible.

The target locationwas stationary and the period between
trials was randomized (between 1 and 4 s) to keep partici-
pants attentive. After each tap on the screen, participants
were presented with a questionnaire regarding their per-
ceived sense of agency for this screen tap.We follow the typ-
ical agency questionnaire, i.e., a Likert scale question with
1 = “I did not do it” and 7 = “I did it”.

The time window of preemptive stimulation ranged from
200 ms (i.e., prior to the target showing up) to 400 ms after
the target shows up. To sample this time interval as much
as possible, we randomized the preemptive stimulation for
every trial.

Procedure
Before engaging in the study task, participants performed a
training phase consisting of a maximum of 10 trials. After
this, participants were asked to perform 10 trials to record
their average reaction time. Then, we asked participants to
perform the task, i.e., 50 taps on the target. Each trial was fol-
lowed with the aforementioned agency questionnaire. After
all trials were completed, we gave participants an opportu-
nity to provide open-ended feedback.

Participants
We recruited 12 participants (1 female, avg = 26.5 years old;
std.dev. = 5.4) from our local institution. With their prior
written consent, we transcribed their comments. An addi-
tional 3 participants were recruited, but excluded since the

placement of the EMS did not result in a precise tapping mo-
tion. Participants received 17 USD as compensation for their
time.

Results
We collected 600 trials from all participants, with two data
points per trial: reaction time and assessment of agency. Also,
we found participants’ average reaction time at the start of
the study to be 267.3 ms (std.dev. = 32 ms), which is aligned
with findings in psychophysics research that found a reac-
tion time of 250 ms in response to visual stimuli [23]. Fur-
thermore, we did not observed a decrease of EMS stimula-
tion efficacy over time, since we found no correlation be-
tween the trial index and the time between EMS trigger and
screen tap (R2 = 0.0042).

100 200 300

EMS offset time[ms]

-200 -100 0

7

6

5

4

3

2

1

P
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ce
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g
en

cy
 s

co
re

Figure 4: Perceived agency score vs. EMS preemptive time.
0 ms denotes the moment the visual stimulus appeared and
the vertical lines represent a particular participant’s typical
reaction time. Colored data points represent the different
participants.

H1: preemption decreases agency. As Figure 4 depicts,
we found that preemption impacts agency, i.e., as we sped-
up the reaction time by providing more preemption to the
system (i.e., EMS acted earlier), participants perceived less
agency. To illustrate this we can pick two time windows in
Figure 4, such as [–10, 10] ms and [290, 310] ms. In the first
case, between [–10, 10] ms (i.e., actuation in syncwith visual
target), the average perceived agency was barely none (avg
= 1.25; std.dev = 0.43). Here, the participants’ reaction time
was shortened under the typical human reaction time (avg
= 47.5 ms; std.dev. = 20.2 ms). On the second case, when the
EMS was offset to act between [290, 310] ms after the visual
stimulus (i.e., system stimulated close to the human reac-
tion time), the perceived agency approached the maximum
(avg= 6.81; std.dev. = 0.39). However, there was no preemp-
tive gain (reaction time avg = 281.9 ms;std.dev. = 43.6 ms).
This validates H1, which is in conformity with previous re-
search in neuroscience for visual tasks, but had not been
shown with haptic actuation.
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H2: there is a sweet spot that preserves agency. Now,
what we are looking for is for a point in between “maximum-
agency but no speed up” and “no agency due to too much
speed up”. First, let us examine Figure 4, this time from the
perspective of the vertical lines, which denote a participant’s
typical reaction time. For every participant there are many
high scored points (e.g., maximum ratings of agency) be-
fore their usual reaction time; this implies there is a point in
which EMS can speed their reaction time and provide more
agency—this is the focus of our next analysis.

Let us confirm that indeed this EMS actuation did result
in an overall speed up in reaction time. Figure 5 depicts the
relationship between EMS offset and total reaction time. We
found this relationship to be clearly linear between -100 and
250 ms, i.e., the earlier the EMS acts, the faster the reaction
time is; this implies that EMS is solely responsible for the
speed up in reaction time. Later than 250ms, as we approach
the participants’ usual reaction time, the data variance in-
creases since it is not only the EMS that is responsible for
the reaction time at these speeds. Note that all our measures
of reaction time were obtained with the same experimen-
tal setup and thus contain approximately 60 ms of latency.
Therefore, from here onward, we subtracted the aforemen-
tioned touch screen latency (60 ms) from the reaction time.

y = 0.99 x + 41.6

R = 0.91
2

-200 -100 100 200 3000

100

200

300

0

EMS offset time

[ms]

 R
e
a

c
ti

o
n

 t
im

e

400 [ms]

Figure 5: EMS offset time vs. reaction time. Due to the limita-
tion of experimental system, measured reaction time of less
than -60 ms (with the system latency already subtracted),
then the data point was capped at -60 ms.

Now, as we have established the positive effect of the EMS
actuation in shortening reaction time, let us observe how
the agency scores distribute over total reaction time; Fig-
ure 6 depicts this relationship. Again, we observed that a
large percentage of maximum agency ratings occurred ear-
lier than the participants’ usual reaction time (i.e., high rat-
ings before the vertical bars).
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Figure 6: Perceived agency score vs. preempted reaction time
(Tp ). The vertical lines indicates each participants’ usual re-
action time (Tb ).

These findings confirm our H2; they suggest that there
is a point in which we can speed up reaction time without
compromising the sense of agency. However, we can also
observe that each participant’s data points seem to fall on a
slightly offset curve, whichwe decided to investigate further
in order to establish more precisely how early is the ideal
preemption that does not compromise agency relative to a
participant’s usual reaction time?

Investigating the precise curve per participant. We
modeled each participant’s perceived agency as a colored
curve, depicted in Figure 7.

Preemptive gain [ms]

1

0.5

0

-100 -200 400  300  200  100 0
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)

P6

P3

Figure 7: Normalized perceived sense of agency [0-1] vs. re-
sulting preemptive gain.The solid lines represent regression
curves derived from a logistic regression for each partici-
pant.

To achieve this, (1) we normalized the data by subtracting
each participant’s baseline reaction time to each reaction
time (with EMS actuation). This allows us to instead depict
the time gained by means of preemption, which we denote
as Pд . Then, (2) we normalized the agency axis from 0 to 1
and the horizontal axis to depict -400 to 400 ms. Lastly, (3)
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the logistic regression computes the relationship between
the perceived agency and the preemptive gain, per partici-
pant. Then, (4) from all the curve fits we computed a mean
fit of R2 = 0.62 (with std=0.086, min=0.50, max=0.79) for
our logistic model. This demonstrates that the curves are in
most cases very similar and relatively consistent among all
users (as suggested by the low standard deviation), but with
slight shifts in the preemptive gain (i.e., they start in a dif-
ferent timing).

As we can observe, these curves afford a similar drop-off
rate, which seems to cluster around a preemptive gain of
80 ms. This suggests that there is a dramatic drop in agency
if we set up the EMS stimulus in a way that the preemp-
tive gain is larger than 80 ms. To demonstrate this, let us
illustrate the average agency in a particular window before
and after 80 ms: we found that the average agency found in
the window between 80–0 ms is 5.13 (std.dev. = 2.16) in [1-
7] scale. On the other hand, the agency dramatically drops
in the window after 80 ms of preemptive gain, for instance
at 160 ms we recorded a perceived agency of 1.89 (std.dev. =
1.51) in [1-7] scale.This result reinforces our H2, pointing to
the time window in which it is feasible for a preemptive sys-
tem to offer faster-than-normal reaction time without dra-
matically compromising agency. Our model suggests that
such a system should actuate 160 ms after visual target, re-
sulting in 80 ms speed up of the user’s reaction time.

Obtaining amodel of agency under preemption.Our
simple model to assist in explicating how the sense agency
is affected by a preemptive stimulus is:

A = 1/(1 + e−k(Pд−to))

The logistic regression allowed us to model the sense of
agency (A) normalized from 0–1 as a sigmoid function de-
pending on the parameters Pд (the preemptive gain), t0(time-
shift of the curve’s starting point) and k(models the flexi-
bility of a participant’s sense of agency, i.e., whether is it
binary, such as agency vs. no-agency, or continuous).

We observed that the parameter k has an actual world
cause: it models how participants opted for different strate-
gies to evaluate their sense of agency. To illustrate we pick
two extremes of the k parameter, depicted in Figure 7’s call-
outs: P6’scurve (k=0.033, t0=128 ms) suggests a clear distinc-
tion between having agency or not and affords a longer pre-
emption gain; during the post-task interview, P6 stated to
“have confidence with their agency judgment at all times”.
On the other hand, P3’s curve (k=0.012, t0=118 ms) depicts
a more ambiguous sense of agency; during the interview, P3
noted: “I was not always confident about my answers”.

Qualitative results
The most exciting of our findings is that many participants
felt in control evenwhen the actionwas triggered by EMS as
voiced by the participants’ comments at the end of the task.
We summarize these: 8 participants voiced remarks at the
end of the study such as “even I did not notice that I’ve got
EMS” or “I rated 6 or 5 when I felt some EMS sensation but
still I believe I control my finger”, “When I rated 7, I think
there was not EMS and I solely touched the screen by my
own”. In particular, P2 noted that, with an early-stimulation
of -200 ms, “it’s too fast, it moves before I do”. This further
emphasizes that, at this timing, participants are able to dis-
tinguish the order of these two events, i.e., they realized the
EMSmoved them before theywanted tomove—alignedwith
Wegner’s agency principles. Conversely, when stimulated
in a timing around 160 ms after the target appeared, the
same P2 stated “I know I felt some tingling but I thought
it was some weak feedback, but, now [in hindsight] I actu-
ally believe I moved my finger too”; we observed analogous
comments from other participants—this depicted a timing
alignment that enabled participant’s “thought” to first arise
(preserved the priority principle) and to be consistent with
the outcome, which was the on-screen feedback after tap-
ping the screen (consistency principle). P5 even stated “I
know this [the EMS] moved my finger, at some point, but I
feel this [EMS] and my movement to get integrated, rather
than just moved by it”. Interestingly, two participants did
not realize that, during the trials, the stimulus timing was
being manipulated, as P6 puts it: “I did not notice that tim-
ing was controlled. I just thought that only difference is the
strength of this [EMS]”. P6 added “When I answered 7, I did
not notice that I was moved by the EMS [although it was the
EMS that responded faster than P6, in many of these trials].
When answered 6, I partially felt the sensation but I still be-
lieved that I was the one who moved [although in many of
these trials, the EMS moved faster than the participant]”.

5 MODELLING PREEMPTIVE ACTION WITH
AGENCY

While in Study 1 we obtained one model per participant, the
goal here is to inform future interactive systemswith amore
generalizable model. Ultimately, this will allow future pre-
emptive actuation systems to maximize for agency based on
how much they want to sacrifice in reaction time (or vice
versa).

We start by decomposing a user’s reaction time it into its
constituents (based on Card’s Human Processor Model [8]),
as depicted in Figure 8. In a voluntary action our reaction
time is comprised of perception, cognition, and motor ac-
tion. However, if we are preempted to act (e.g., by means of
EMS) we can gain a speed up in the final reaction time of,
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for instance, 80 ms (if we select our previously found pre-
emptive gain).

EMS 

 Preemptive

Action

Voluntary

EMS Trigger Touch

de
EMS actuation Delay

Tb (msec) 
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reaction time
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preempted
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Time of 
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The Human
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Touch

Preemptive gain

Figure 8: Decomposing the user’s reaction time into its con-
stituents: perception + cognition + motor action. Our ap-
proach speeds up total reaction time by advancing themotor
reaction component ahead of time (i.e., by preempting it).

From this timeline the key parameter that enables the pre-
emption is Pд(preemptive gain). In an ideal setting, as we
did in Study 1, this parameter is dependent on the user’s
own reaction time. However, if we are looking for a more
generalizable result to be applied to a broader set of applica-
tions, we must create one single model that generalizes all
the data. To do this, we analyze data from all participants
via the logistic regression to yield a single model function,
which uses the preemptive gain and the perceived sense of
agency as independent variables (x and y, respectively). Fig-
ure 9 shows the yielded sigmoid curve function that we will
take as our working model. Here, we found a model fit of R2

= 0.56.
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Figure 9: Our model derived from Study 1’s data. We high-
light a critical point where both agency and reaction time
are maximized, allowing for an 80 ms gain in the user’s re-
action time.

Thismodel is useful because it allows a designer to choose
how to optimize for agency and/or reaction time. For in-
stance, if we wanted to equally optimize for both agency

and reaction time we would select 80 ms of preemptive gain
, which offers a 50-50 ratio between agency and speed gain
(marked by the label (P∗

д) in Figure 9). This preemptive gain
of 80 ms means our actuation is 80 ms faster than the user’s
own reaction time; this is the value we will verify in Study 2
in order to understand whether it outperforms the existing
approaches and baselines.

Once we decided the preemptive gain Pд = 80, we can
determine the time of triggering EMS from the visual onset
(TEMS ). For instance, assuming average of reaction time is
280 ms and the latency (dEMS ) from triggering EMS to touch
is 40 ms, TEMS is determined as:

Tb − Pд − dEMS = 160ms

6 USER STUDY 2: USING OUR MODEL TO
OPTIMIZE FOR BOTH AGENCY AND REACTION
TIME

While our first study focused solely on understanding how
the preemptive EMS timings affect agency, the objective of
our second experiment was threefold: (1) to provide a com-
parison between our newly found optimal timing (from Study
1) and the approach used in the EMS state-of-the-art; (2) to
isolate and explain the effect that preemptive actuation has
on the user’s own agency, independent of the skin-sensations
caused by EMS; and, (3) to unveil how the user’s agency
is impacted by the usage of preemptive EMS stimuli, when
compared to their own volition.

For this, we setup a similar experiment as in Study 1 by
asking participants to tap on a screen as fast as possible.This
time, we utilized only two timings for delivering the hap-
tic stimuli: our previously found timing sweet spot against
the traditional approach in preemptive interactive systems,
which is to actuate the user as early as the interface needs
it.

Hypotheses
In this experiment ourmain hypotheseswere as follows:H1:
our approach, using optimal preemptive timing, speeds up
standard reaction time by actuating the user. H2: our ap-
proach provides more agency than the common practice in
EMS today, which is to actuate the user as early as the inter-
face needs it. To gain a deeper understanding of the mech-
anisms that underlie the perception of agency under EMS,
we added:H3: our EMS-based actuation was responsible for
speeding up reaction time and not just merely cueing the
user when to move. H4: our approach is able to maintain
agency because the user’s intention is also to move their
finger.
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Interface conditions
Participants touched the screen in four distinct conditions
for the same simple button press task, which are depicted in
Figure 10.

Rate

1 2 3 4 5 6 7

1 = I did not do it

7 = I did it

“Touch or Relax”

“Touch”

160ms
Action

Preemptive

“Touch”
Baseline

Time

“Touch”
Sham 160ms

Sham EMS

EMS

“Relax”
EMS Only 160ms

EMS

EMS

Figure 10: Summary of procedure for Study 2.

The four conditions were parameterized as follows:
A. PreemptiveAction:Both the participant and the EMS

stimulation contract the user’s finger (System+User move).
The EMS is triggered at TEMS = 160 ms, which should yield
an improvement of 80 ms in reaction time, according to our
model.

B. EMS-Only:Only the systemmoved the finger and par-
ticipants were asked to relax (System moves) using the same
preemptive timing.

C. Sham:The participant moves their finger voluntarily
(User moves). They also felt an EMS impulse, triggered at the
same preemptive timing, but this impulse was calibrated to
only provide skin sensation (tingling) and was not enough
to actuate—we use this as a sham condition [22]. Note that
we utilized a secondary pair of electrodes (1cm apart from
the actuating pair) since our hardware does not allow to
stimulate the same pair of electrodes with two different in-
tensities after the calibration phase. We verified during pilot
studies that the tingling sensations from sham and actuation
are perceived as equivalent.

D. Baseline: Both the participant and the EMS stimu-
lation contract the user’s finger (System+User move). How-
ever, here, EMS timing is triggered exactly when the appli-
cation needs it, i.e., when the visual target shows up. This
depicts the current approach in interactive systems based
on EMS.

It is important to emphasize that participants were not
aware of four distinct interface conditions; we simply in-
formed participants that the stimulation would assist them
in different ways to tap the target.

Experimental design
This study was a within-subject design with randomized
condition order and 10 trials per condition.

Participants
We recruited 12 new participants (2 female, avg = 24.6 years
old, std.dev. = 4.85) from our local institution; none had par-
taken in Study 1. Participants received 17 USD as compen-
sation for their time. Furthermore, we measured the partic-
ipants nominal reaction time prior to the study by averag-
ing 10 practice trials (M = 229 ms, std.dev. = 46.5 ms, max =
350 ms, min = 180 ms); this value serves as a purely volun-
tary baseline.

Results
We analyzed the dependent variables reaction time and re-
ported agency score in our 4 interface conditions. Regard-
ing normality using the Shapiro-Wilk Test: all reaction time
data was found to be normal, with the exception of the Base-
line condition; and, only the agency scores of Preemptive
Action were found to be normal. Therefore, we utilized a
non-parametric test. A Friedman test revealed a significant
effect of all conditions on the reaction time (χ2(3)= 32.8; p<
0.01) and on the reported agency score (χ2(3)= 32.3; p<0.01).
All pairwise comparisons were Bonferroni-adjusted for all
variables. As in the previous study, we found no correlation
between trial index and reaction time in all EMS-related con-
ditions (withR2 < 0.005 for baseline and Preemptive Action
and R2 < 0.01 for EMS-only); this suggests that EMS effi-
cacy was not decreased over the duration of the study. We
now investigate each of our hypotheses:
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Figure 11: Results for the user’s reaction time (median) in
each condition for our tapping task.

H1: our approach improves human reaction time.
Figure 11 shows the average reaction time per condition. A
post-hoc test using Wilcoxon signed-rank showed the sig-
nificant differences between all combination (p < 0.05), ex-
cept between the reaction time of Preemptive Action and
EMS-Only (p > 0.05). As expected, the fastest condition was
Baseline (Md = 19.1 ms; avg= 17.4 ms; std.dev. = 11.92 ms)
since the EMSwas triggered 160 ms earlier than in all others
conditions. Also, we found that our Preemptive Action was
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significantly faster than participants’ own reaction time, i.e.,
it outperformed the Sham condition (p = 0.01); this validates
our H1.

H2: our approach improves agency. Figure 12 depicts
the average perceived agency per condition. A post-hoc test
using Wilcoxon signed-rank found statistically significant
differences between all combinations (p < 0.05), except be-
tween EMS-Only and our the Baseline (p > 0.05); this in-
dicates that the current practice in HCI provides no more
agency than asking the user to stand still and let the EMS
act. As expected, our Preemptive Action scored significantly
higher on agency than Baseline (p = 0.01); this validates our
H2.
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Figure 12: Results for the user’s perceived agency (median),
for each condition.

Also as expected, we found Preemptive Action to provide
less agency than Sham (p < 0.05) because actions during
the Sham condition were voluntary action. Additionally, the
perceived agency in the Sham condition (Md = 6.95; avg= 6.4;
std.dev. = 1.18) suggests that some users loss agency simply
due to feeling the tingling sensation.

While the two hypotheses above were our main premise
(i.e., our approach does speed up the user beyond their usual
reaction time while providing more agency), we wanted to
shed light into what drives the faster reaction (H3) and what
drives the sense of agency (H4).

H3: EMS-based actuation is responsible for speeding
up:When comparing the reaction time in the Preemptive Ac-
tion with the Sham, we found that Preemptive Action is sig-
nificantly faster (p = 0.01): this demonstrates that the EMS
tingling is not sufficient to cue a participant and speed up
their reaction time. This further suggests that the reaction
time is driven by the EMS actuation. In addition, it is notable
that there is no significant difference in reaction time be-
tween Preemptive Action and EMS-only (p>0.05), suggesting
that the user’s voluntary action did not affect the reaction

time, placing the EMS as the main driver to speeding up the
action; these results validate our H3.

H4: Requirement of participant’s congruent inten-
tion. We observed barely any perceived sense of agency in
the EMS-only condition (Md = 1.0; avg= 1.1; std.dev. = 0.23);
in fact, EMS-only was significantly lower than Preemptive
Action (p=0.01) and Sham (p = 0.01); this suggests the ex-
pected result: without the user’s intention to do an action,
there is no possibility for agency to arise.

7 LIMITATIONS OF OUR STUDY DESIGNS
When researchers apply our findings to new domains and
applications, it is worth keeping in mind the inherent limi-
tations of our study designs.

Agency measurement: In our study we measured the
user’s perceived agency via a questionnaire, i.e., by directly
inquiring the user regarding their experience. We opted for
a direct measure instead of using other study paradigms
that indirectly measure agency, such as Intentional Bind-
ing (IB) [9, 10]. The IB paradigm uses a delay between the
user’s action and the feedback (usually a auditory feedback).
If this delay is perceived shorter by user than it actually is,
the user feels more agency regarding this pair of action and
outcome. However, our preemptive action includes a EMS-
induced tap (involuntary) that might be followed by a later
(voluntary) finger tap as users still press the screen after the
EMS has tapped it. Even if IB paradigm does find a shift
in the perceived delay between action and outcome, there
is an ambiguity in whether the binding was with the in-
voluntary movement (EMS) or in the later voluntary move-
ment (the extra screen push). This could present a severe
confound to the study as the side effects are unknown at
this point. Therefore we opted for a direct measure; how-
ever, we believe it might be interesting to explore whether
IB can still be used during EMS preemption in the future.
Lastly, it is worth noting that previous research has shown
that both indirect and direct measures are valid ways to as-
sess agency [13, 43].

EMS-specific: Both our studies were focused on EMS as
force feedback generator. We chose EMS since: (1) it allows
us to actuate the user rapidly yet safely at speeds faster than
human reaction time, and (2) this is a emergent area in HCI,
which appears to most researchers as the most promising
approach in miniaturization of haptic actuation [34, 36, 38,
39].

No-choice experiment: Experiments that present sub-
jects with a possible choice found that participants ratio-
nalize choices after they made their decision; this widely
studied phenomenon is called postdiction [52, 56, 59]. While
we believe haptic actuation can be used as means of actuat-
ing a forced-choice that participants will later justify using
postdiction, we designed our studies to not be confounded
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by these effects. Thus, in our experiments, we purposely re-
moved any possibility of choice.

8 DEMONSTRATING HOW TO APPLY OUR
FINDINGS

Wenow illustrate the applicability of our findings to researchers
working on haptic interfaces at the example of improving an
existing interactive system based on EMS to provide more
agency to its user. As an example, let us use the aforemen-
tioned Wired Muscle [46], depicted in Figure 13 with con-
sent of the authors.

Figure 13: Wired Muscle, an EMS-based interface for speed-
ing up reaction time. While in its original form it did not
consider the loss in sense of agency, using preemptive ac-
tion, it can still retain functionality and boost the perceived
agency.

While the original system achieves the goal of speeding
up reaction time so that an untrained user passes the pen-
drop test, it did not consider the loss in the user’s sense of
agency.The system uses an electromyography sensor (EMG)
attached to the extensor muscle of the user holding the pen.
The EMG records the extensor’s electrical activity and thus
measures the onset of movement that releases the pen. The
system uses a fixed threshold to detect this peak in the exten-
sor’s EMG activity and immediately issues the command to
stimulate the flexormuscle of the user trying to grab the pen.
This results in an EMS preemptive actuation that is delayed
only by 60 ms from the moment of peak detection of the
EMG. This latency includes 10 ms of communication delay
and 50 ms until the EMS-induced grasp is completed (data
from [46]).

Recalling our model, stimulating 60 ms after the stimu-
lus onset, results in a preemptive gain of 190 ms (i.e., that
much faster than the standard reaction time of 250 ms). Un-
fortunately, as depicted in Figure 14, this is a point in the
curve with very low perceived agency of 0.18 (0–1 normal-
ized scale). Thus, this system in its original form does not
provide their users with a sense of “I grabbed this pen”.

Now, if we re-implement the Wired Muscle system we
could take our findings as a way to maximize agency with-
out sacrificing functionality. Researchers found that 200 ms
reaction time is required to successfully catch the pen.Thus,
computing backwards from the maximum time needed to
still grab the pen, we obtain through our model a new 50 ms
preemptive gain (Pд) that still allows the user to catch the
pen while providing a sense of agency of 0.65 (normalized
scale). The improved system actuates the user 150 ms after
the pen was released, instead of the old 10 ms. Thus, using
our model we tripled the perceived agency without com-
promising the Wired Muscle system’s functionality, as de-
picted in Figure 14.
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Figure 14: A researcher can optimize their system’s agency
by choosing a new timing for their preemptive actuation;
here, we illustrate this at the example of improving the
agency in the Wired Muscle system.

The same reasoning could be used to improve other sys-
tems from the prior art, such as Affordance++ [38] or Stim-
ulated Percussions [14], just to mention a few. In the case
of Affordance++, the original system is based on trigger ac-
tions (e.g., “user grabs the spray can”), detected via optical
tracking, which in turn activate muscle stimulations (e.g.,
using EMS “the spray can shakes itself”). Again, this system
immediately triggers the EMSwhen the user grabs the spray
can, even if the user actually wants “to shake it”. Authors
found in their studies that these automated actions shifted
agency from the user to the object (e.g., “it [the spray can]
wants to shake” [38]. Now, if we re-implement such a sys-
tem, we could tune its temporal behavior to trigger the mus-
cle stimulation later in the preemption-agency curve. In fact,
in the case of Affordance++, we could select a timing around
the user’s average reaction time (e.g., 300 ms), which would
grant much more perceived agency for the case in which
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both the user and the system decide to perform the same
action.

9 GROUNDING OUR RESULTS IN THE
LITERATURE

We now discuss how our results can both find validity in
existing research and help shape current theories of agency.

How can someone feel in control with EMS
actuation?
The most intriguing and exciting of our findings is not that
our approach provides more agency than the current prac-
tice, but that so many participants felt in control even when
the action was triggered by EMS. These participants voiced
remarks at the end of the study such as “I did not notice that
I’ve got EMS”, “I felt some EMS sensation but still I believe
I control my finger”, and so forth. To this end, the cognitive
neuroscience literature provides a plausible explanation: as
demonstrated by Libet et al., the “desire to act” can arise, in
consciousness, after the motor commands have been issued,
i.e., after starting to move [31]. Thus, by designing our pre-
emptive timing to provide a stimulus 80 ms before the par-
ticipants’ average reaction time, we have purposely inserted
the involuntary muscle motion in Libet’s range, i.e., around
200-300 ms before the conscious act manifests itself. Thus,
the origin of the motion (EMS) gets obfuscated in this time-
line.

The role of causality in our sense of agency
Wenowanalyze our findings in light ofWegner’s three agency
principles [59]. Regarding the consistency principle, Wen et
al. challenge it with their findings [61], they found that per-
formance (i.e., quality of the outcome) was more important
to participants’ sense of agency than the action-feedback
association. With regards to the priority principle, David
et al. found that, in an AR experiment where both the out-
come (system’s auditory response to a movement) and the
participant’s own movement were temporally manipulated,
“participants were more sensitive to delays of outcome than
to delays of movement execution”. This speaks in favor of
our approach, which provides an active manipulation of the
movement execution (by preempting it), but attempts to pre-
serve an optimal time in outcome presentation (by not pre-
empting it too much). Also, it is worth noting that fact that
our preemptive action improved agency but never provided
a sense of complete agency for all participants in all trials;
this suggests that our results are in line with Haggard et al.’s
four stages of agency [21], which postulates a stage inwhich
our brain can veto a motor response [20].

Sense of agency vs. sense of ownership
Most contemporary theories argue that the sense of agency
(“I did that”) influences and is influenced by the sense of
ownership (“that is me”). However, research suggests that
these are distinct neural mechanisms [27, 58, 64]. Much like
agency, the ownership can be modulated using virtual rep-
resentations of one’s own body (e.g., avatars in VR [4] or
proxy objects such as a rubber hand [7, 32, 62]). This manip-
ulation of the sense of ownership has been shown in some
cases to also affect the sense of agency [3, 4].

In our investigations, we explored how to actuate users
while maximizing their sense of agency. In fact, our choice
of using electrical muscle stimulation as a haptic actuator,
granted that users always felt (via their proprioception) that
it was their own body moving—we did not received com-
mentary typical of participants experiencing a loss in sense
of ownership. Thus, the choice of EMS as our haptic actua-
tor puts aside, in broad terms, the concern of compromising
the sense of ownership. However, if researchers would ap-
ply our ideas to other haptic actuators that might be decou-
pled from the user’s own body (e.g., teleoperating a robotic
arm [49]), the interaction effects between preemption and
sense of ownership might be worth investigating.

10 OUTLOOK AND FURTHER IMPLICATIONS
We believe our findings will inspire areas in which inter-
faces have not benefited from any possibility of haptic au-
tomation. On the most immediate level, we strongly believe
our findings will provide more agency to the status-quo of
interactive systems based on EMS; this includes possible im-
provements of commercially available force-feedback devices
based on EMS (e.g., UnlimitedHand2).

Further along, we believe these findings will inspire re-
search that will extend their impact to mechanically actu-
ated haptics. Here, the potential is to enable exoskeleton-
like interfaces to provide agency to the user. For instance,
in the automated haptic juggling system by Ruffaldi [51],
our findings could be used to tune their control loop to pro-
vide more agency to the user as the robotic actuator throws
the balls for them. This opens a broader scope of haptic sys-
tems thatmight be subject to improvement through our find-
ings, especially those that deal with haptic training, such as
sports (e.g., catch-ball [25], Ping-Pong [17, 28], boxing [36],
juggling [51], biking [1] or music [14, 57].

11 CONCLUSIONS
Wedemonstrated that it is possible to tune preemptive force-
feedback systems to provide their users with more agency.
In our first study, we uncovered a particular timing that is
optimal to deliver the haptic actuation (by means of EMS)
2Unlimited Hand, http://unlimitedhand.com/, last accessed in 17/09/2018
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without drastically reducing the user’s sense of agency.With
this preemptive timing, when the user and system move
congruently, the user feels that they initiated the motion,
yet their reaction time is faster than usual. Then, in our sec-
ond experiment, we found that our preemptive timing sig-
nificantly increased agency when compared to the current
practice in EMS-based devices.We concluded by illustrating,
using examples from the HCI literature, how to leverage our
findings to provide more agency to automated haptic inter-
faces.
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