
Understanding the Influence of Electrical Muscle Stimulation on
Motor Learning: Enhancing Motor Learning or Disrupting

Natural Progression?
Steeven Villa
LMU Munich

Munich, Germany
villa@posthci.com

Finn Jacob Eliyah
Krammer
LMU Munich

Munich, Germany
finn.krammer@campus.lmu.de

Yannick Weiss
LMU Munich

Munich, Germany
yannick.weiss@lmu.de

Robin Welsch
Aalto University
Espoo, Finland

robin.welsch@aalto.fi

Thomas Kosch
HU Berlin

Berlin, Germany
thomas.kosch@hu-

berlin.de

���
�������
������� �������

��
��
��
�
��

��

��
��
��
�
��

��

��
��
��
�
��

��

������

����������

����������

������

����������

����������

������

����������

����������

Figure 1: In this paper, we compared Electrical Muscle Stimulation (EMS) and electrotactile feedback against a no feedback

control condition for evaluating motor learning consolidation. Our results show that EMS enhances motor skill acquisition

despite a lower initial learning rate.

Abstract

Electrical Muscle Stimulation (EMS) induces muscle movement
through external currents, offering a novel approach to motor learn-
ing. Researchers investigated using EMS as an alternative to con-
ventional non-movement-inducing feedback techniques, such as
vibrotactile and electrotactile feedback. While EMS shows promise
in areas such as dance, sports, and motor skill acquisition, neuro-
physiological models of motor learning conflict about the impact
of externally induced movements on sensorimotor representations.
This study evaluated EMS against electrotactile feedback and a con-
trol condition in a two-session experiment assessing fast learning,
consolidation, and learning transfer. Our results suggest an overall
positive impact of EMS in motor learning. Although traditional
electrotactile feedback had a higher learning rate, EMS increased
the learning plateau, as measured by a three-factor exponential de-
cay model. This study provides empirical evidence supporting EMS
as a plausible method for motor augmentation and skill transfer,
contributing to understanding its role in motor learning.
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1 Introduction

The human nervous system learns and refines motor movements
through repetition, enabling humans to acquire motor skills when
repeating a particular movement over and over again [33]. How-
ever, motor acquisition is not trivial, requiring humans to repeat
their actions in a trial-and-error fashion [8]. Although the mul-
tiple repetitions of motor movements may enhance the skill ac-
quisition of other motor tasks [65], many task-specific repetitions
are still necessary to observe learning effects. To speed up learn-
ing new motor skills, researchers in Human-Computer Interaction

https://orcid.org/0000-0002-4881-1350
https://orcid.org/0009-0001-2620-5157
https://orcid.org/0009-0001-2620-5157
https://orcid.org/0000-0003-1125-7963
https://orcid.org/0000-0002-7255-7890
https://orcid.org/0000-0001-6300-9035
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3706598.3714183
https://doi.org/10.1145/3706598.3714183


CHI ’25, April 26–May 01, 2025, Yokohama, Japan Villa et al.

(HCI) have turned their attention to wearable haptic devices. In
this context, Electrical Muscle Stimulation (EMS) [44] emerged as
an explicit feedback modality for motor skill training. EMS is a
noninvasive technology that activates muscles by small electrical
currents through electrodes attached to the user’s skin. Extensively
researched in the medical field, EMS has shown significant bene-
fits in health, well-being, and muscle recovery therapy. Evidence
supports that EMS offers advantages such as muscle strengthen-
ing, pain relief, and enhanced recovery, setting EMS as a potential
technology to support motor activities [53].

In the field of HCI, EMS has gained recognition as a powerful
explicit feedback mechanism, enhancing user experiences across
various domains such as Virtual Reality (VR) and Augmented Real-
ity (AR) [79], sports training [22], gaming [55], music, and commu-
nication applications [57] (for a comprehensive review, see Faltaous
et al. [15]). This broad applicability has inspired a wide range of in-
novative uses. Notably, EMS has been applied to support tasks such
as navigation [59], redirected walking [3], skill acquisition [12, 36],
posture correction in sports [14], and exergames [56]. Additionally,
studies have shown that prolonged use of EMS can lead to measur-
able improvements in reaction time [27] and dexterity [73]. EMS has
frequently been applied in HCI research to support motor skill ac-
quisition, as it provides clear and actionable feedback and can guide
user movements via external actuation [15]. Zhou and Segawa [85]
used EMS to improve hand-eye coordination, while Faltaous et al.
[13] applied it to golf training, focusing on swing correction. Simi-
larly, Niijima [47] showed that EMS improves temporal accuracy
in motor tasks. In more complex motor skills, Tamaki et al. [74]
developed an EMS system for learning finger-based languages, and
Nishida et al. [50] speculated it could aid in acquiring time-sensitive
skills through enhanced kinesthetic feedback.

Yet, motor learning frameworks [10, 18, 61, 69, 80] emphasize
that awareness, agency, and reflection are essential. Previous re-
search suggests that externally actuating users during learning, as
with explicit EMS feedback, only provides short-term motor skill
acquisition [75]. Simultaneously, prior work suggested that feed-
back methods, such as vibrotactile or electrotactile feedback, can be
used for reflection rather than actuation, thus aligning better with
these frameworks to support motor learning. For example, evidence
suggests that vibrotactile haptic feedback positively contributes
to motor learning [24, 29, 72]. Therefore, it is essential to examine
the friction between recent empirical findings on EMS for motor
skill transfer in HCI and established motor learning frameworks
from neurological research [10]. Investigating this relationship can
provide the basis for more effective EMS feedback in motor learning
and offer valuable insights for interpreting EMS study outcomes
within these frameworks.

In this paper, grounded on Doyon et al. [10] model for motor
learning, we investigate the contributions of explicit EMS feedback
to motor learning through a between-subjects lab study. Thirty-six
healthy volunteers were randomized into EMS, Electrotactile
stimulation, or a Control group. The study spanned two sessions,
with two training blocks and four assessments. Our findings show
that EMS improved motor skills immediately after training, posi-
tioning it as a strong candidate for augmenting motor skills. This
effect extended into the consolidation phase, contributing to both
motor skill retention and transfer. While Electrotactile feedback

resulted in a higher learning rate, EMS achieved a higher abso-
lute learning gain, as learning through Electrotactile feedback
reached a plateau earlier than EMS. This paper, therefore, provides
empirical evidence on how and at which stages EMS supports motor
learning compared with typical feedback modalities and practicing
without any feedback.

2 Related Work

We investigated relevant literature regarding EMS, EMS for inter-
active systems, and foundations of motor learning [67].

2.1 Electrical Muscle Stimulation

EMS is a technique that uses electrical impulses, delivered through
skin electrodes, to stimulate muscle contractions [5, 19]. EMS was
designed to aid motor function recovery by mimicking the brain’s
natural signals to trigger muscle activity. EMS sends controlled
electrical impulses through electrodes on the skin, replicating the
nervous system’s signals to initiate muscle contractions. These im-
pulses activate motor neurons, causing the muscle fibers to contract.
By adjusting the intensity, frequency, and duration of the impulses,
EMS can be tailored to strengthen muscles, improve endurance, en-
hance recovery, or reduce tension. This process bypasses the brain’s
direct control, simulating voluntary muscle contractions [31]. Dif-
ferent intensities and frequencies have different effects on the per-
ceived stimulation. Moreno-Aranda and Seireg [45] showed that
high-frequency alternating current signals trigger powerful muscle
contractions with minimal discomfort, for example, when treating
paraplegic or quadriplegic patients. In this context, EMS expanded
to rehabilitation and medical settings [54] or support fitness train-
ing [77]. In rehabilitation, EMS helps prevent muscle atrophy and
promotes muscle re-education, while athletes use it to enhance
strength and endurance [60]. Recently, EMS has gained significant
traction in HCI research to provide feedback and steer the physical
movements of users [58].

2.2 EMS for Motor Augmentation and Learning

in HCI

Over the past decade, EMS has emerged as a fundamentally different
interaction modality to methods such as auditory, vibrotactile, or
visual cues [15]. Unlike these conventional interfaces, EMS allows
for direct manipulation of body movements. For example, Pfeiffer
et al. [59] explored how EMS could support user navigation. By
electrically stimulating the sartorius muscle, they induced leg rota-
tion during the swing phase, though users retained enough control
to counteract the movement as needed. Extending this work, Auda
et al. [3] created an infinite walking experience VR by manipulat-
ing users’ leg movements through EMS, causing them to walk in
circles in the physical world while maintaining a straight path in
the virtual environment.

EMS has also been explored as a technique for motor augmenta-
tion and learning; notable examples include improving hand dex-
terity. Takahashi et al. [73] enhances finger control by enabling
independent EMS flexion of each finger, addressing the limitations
of often triggering unwanted movements in adjacent fingers.
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In a complementary approach, Nith et al. [52] enhance EMS
performance by incorporating mechanical brakes to control fin-
ger positions and prevent unintended movements. This solution
increases the independence of finger joints and reduces oscillations,
further expanding EMS applications in areas such as fingerspelling
and VR-based interactions.

Furthermore, EMS has been employed to enhance users’ reaction
times while maintaining their sense of agency. Kasahara et al. [26]
investigated preemptive force-feedback systems, such as EMS, for
tasks such as drumming, addressing a common issue: preemptive
guidance often reduces the user’s sense of agency. The authors dis-
covered that applying EMS within 160 ms of a visual cue reduced
reaction times by 80 ms without compromising agency. A follow-
up study confirmed this timing strategy significantly enhanced
users’ perceived control compared to existing EMS-based systems.
In later work, Kasahara et al. [27] examined whether reaction time
improvements from EMS persisted after its removal. They found
that the EMS condition led to a lasting reduction in reaction time
(8 – 20 ms) after EMS was removed, suggesting immediate benefits
in performance augmentation. Similarly, Nishida et al. [50] used
EMS to synchronize muscle activity between two individuals, en-
abling quicker responses than those prompted by visual stimuli.
While visual responses typically take about 250 milliseconds, the
EMS system detected muscle activity in one person and triggered
a corresponding movement in another within approximately 60
milliseconds. Some participants even reported feeling as though
they initiated the movement themselves.

EMS was explored to improve sports performance. Faltaous et al.
[14] studied an EMS system to help crossminton players maintain
the ready position. They compared EMS and vibrotactile feedback.
The results indicated that the EMS system enabled coaches to guide
players in real-time, which could potentially reduce delays in skill
acquisition. Other sports, such as golf, have also benefited from
EMS, where it has been used to correct the hit angle during putting
[13]. The potential of EMS to facilitate motor learning has been
hypothesized in various studies. For example, Hassan et al. [22]
suggested that EMS could enhance motor learning for foot strikes.
Additionally, EMS has been used to assist users in performing rhyth-
mic patterns [11, 12] and tremolos on the piano [49]. However, these
studies did not investigate the learning effects of EMS across multi-
ple training sessions, leaving the effectiveness of EMS in fostering
motor learning inconclusive. Also, Niijima et al. [48] investigated
EMS-supported piano techniques, finding improved efficiency for
certain playstyles, yet no empirical evidence of learning effects
beyond a motor skill augmentation.

Overall, EMS is a technique used to enhance motor skills by
directly influencing physical movements, with applications in areas
such as sports performance, navigation [59], virtual reality [3], and
improving dexterity [73]. However, prior research has primarily
evaluated the benefits of EMS within a single session or without
accounting for the effects of a sleep session in between, leaving
its contribution beyond this learning largely unexplored. While
some studies suggest that EMS may facilitate motor learning in
specific contexts [11, 12, 22, 48–50], there is still a considerable gap
in exploring its learning effects beyond performance enhancement
while using the technology.

2.3 Neural Basis of Motor Learning

Motor skills are developed through different cognitive stages [64],
with information moving from short-term to long-term memory,
which includes explicit and implicit types [7]. Long-term memory
is the brain’s ability to store and retrieve information over extended
periods, ranging from days to a lifetime, enabling learning, reten-
tion, and knowledge consolidation. Explicit memory is conscious,
while implicit memory is not, and it is challenging for individuals to
articulate it in detail. In motor skill learning, explicit memory forms
in the early stages and is later consolidated into implicit memory,
requiring less conscious attention. Motor skills can be retained for
years. Various models explain the neurobiological processes behind
implicit memory storage [10, 17, 30, 37, 41] and brain region contri-
butions during learning [82], such as the medial temporal lobe in
fast learning and cortical motor regions in slow learning. Among
the various motor learning models studied, the framework pro-
posed by Doyon et al. [10] is particularly relevant to our research.
This model outlines five phases of motor skill acquisition and reten-
tion: (1) Fast (early) learning, where rapid improvements occur;
(2) Slow (later) learning, characterized by gradual performance
gains; (3)Consolidation, during which learned skills are stabilized;
(4) The automatic phase, where skilled behavior becomes more
effortless and consistent; and (5) Retention, which describes the
maintenance of skills after long periods without practice.

The fast (early) learning phase is characterized by significant
improvements in motor behavior. This stage requires high levels of
attention and generates substantial cognitive workload, especially
when a task is encountered for the first time [68]. Fast learning is
typically observable from the first session, and research shows that
proper feedback provides significant benefits during this phase [83].
Additionally, error correction plays a critical role in early learning,
being more important at this stage than in later phases [41].

The slow learning phase, spanning multiple sessions, is char-
acterized by a deceleration in progress as motor skill performance
stabilizes and becomes more consistent. Motor learning is inher-
ently time-dependent, with consolidation serving as an interme-
diate process between practice sessions. During this phase, explicit
knowledge of the motor skill transitions into implicit memory. No-
tably, evidence suggests that sleep plays a crucial role in motor
memory consolidation [10, 39, 81]. Beyond sleep, factors such as in-
terest, motivation, attentiveness, vigilance, and levels of distraction
also significantly influence how well a memory is retained [7, 38].
Motor consolidation is key to embedding the skill into the body’s
memory, eventually leading to the automatic execution phase.
This last stage occurs when the task can be performed without
conscious effort, indicating that the motor skill has become au-
tomatic. The retention phase is achieved when this skill can be
recalled after a significant period without practice, remaining intact
in long-term memory.

Most HCI studies on motor learning primarily focus on the fast-
learning phase. A variety of interfaces have been proposed to sup-
port motor learning during this phase, often through augmented
feedback mechanisms, such as vibrotactile feedback. These mech-
anisms aim to enhance awareness of movements and errors, sup-
porting reflection and adjustment. Such approaches fit coherently
within motor learning frameworks, as they improve awareness by
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providing additional information, enabling users to reflect on their
actions, adjust motor behavior, and thus learn more effectively.

2.4 EMS Action Planning and Execution in HCI

Faltaous et al. [15] states that the action-perception-reasoning and
perception-reasoning-action models describe two fundamentally
different interaction paradigms in HCI, particularly relevant to
systems including EMS. Drawing on Dourish [9] work, they state
that in the perception-reasoning-action model, which aligns with
traditional interaction paradigms, the flow begins with perception:
the user first perceives information, engages in reasoning to inter-
pret and plan a response, and then executes an action accordingly.
This process is often seen in conventional interfaces, such as vi-
brotactile cues or visual notifications, where users observe cues,
decide on their response, and act upon them. In contrast, the action-
perception-reasoning model represents a paradigm shift introduced
by EMS systems. Here, action is initiated before conscious percep-
tion or reasoning, as the EMS system directly actuates the user’s
muscles to produce movement. This inversion of the traditional
sequence means that users first experience an action (e.g., their
arm moving involuntarily), which they perceive and cognitively
interpret to understand its purpose or intention.

3 Experimental Design and Hypotheses

EMS introduces a new paradigm by reversing the typical motor
learning sequence. Traditional approaches focus on deliberate prac-
tice and user adjustments [78], following a perception-reasoning-
action cycle. However, EMS-augmented actions occur before reflec-
tion, in the order of action, perception, and reasoning [15]. This
can hinder reflective practice and sensorimotor learning Proteau
et al. [61]. For example, Tatsuno et al. [75] found that participants
trained with EMS in a wrist rotation task compensated for EMS-
induced movements after removing stimulation, although this com-
pensatory effect diminished over time. Similarly, Nishikawa et al.
[51] recently found that EMS use during hand gesture learning led
to higher errors.

We operationalized motor learning through the Mirror Drawing
(MD) task across two distinct sessions, a common task that has been
employed in previous research [28, 62, 70]. The MD task measures
motor learning through both within-session performance (Post-
Training 1 and 2 Assessments - fast learning phase) and across-
session performance (Consolidation Assessment - consolidation
phase). We assessed learning using two metrics: (1) the distance
traced within a fixed time and (2) the total time to trace a complete
shape. Participants showmotor learning by tracing longer distances
in the given time and completing shapes faster. To examine learning
transfer, we introduced an unfamiliar shape at the end of the second
session, evaluating the participants’ ability to apply their acquired
motor skills to a new context. To assess learning rates and gains, we
use an exponential decay model. Based on this experimental design
and in light of previous work, we derived the following hypotheses:

H1 There will be a performance difference between the Electro-
tactile, EMS, and Control conditions during the motor
learning task, with Electrotactile showing better results
than the Control and EMS conditions.

• We expect a similar, though less pronounced, effect on within-

session performance. During the initial phase, motor adapta-

tion is still occurring, and both Electrotactile and EMS have

shown potential benefits at this stage. However, Electrotac-

tile feedback is more established and likely to provide more

consistent improvements.

H2 Electrotactile stimulation will result in significantly bet-
ter motor skill consolidation performance compared to both
EMS and the Control condition.

• This is because it does not interfere with the sensorimotor

representation during the task and aligns with the traditional

training sequence of perception, reflection, and action.

H3 Learning rate will be higher with Electrotactile stimula-
tion compared to EMS, as indicated by the 𝛼 parameter of
the exponential decay model.

• We anticipate that these factors will influence not only the

amount an individual learns but also the speed at which they

acquire new skills.

H4 Electrotactile stimulationwill lead to greater overall learn-
ing, as measured by the𝐴 parameter of the exponential decay
model, compared to both EMS and the Control condition.

• Electrotactile feedback provides individuals with additional

sensory information related to the task, allowing them to form

a more accurate sensorimotor representation based on both

perception and reflection.

H5 The EMS condition will show significantly lower perfor-
mance in the learning transfer task compared to the Con-
trol group.

• Since sensorimotor representations play a critical role in consol-

idatingmotor skills, we hypothesize that a weaker sensorimotor

representation will limit the ability to transfer learned skills to

a new context.

Having these hypotheses, we tested the following conditions,
following the procedure outlined in Figure 2:

• EMS: Participants in this group received Kinaesthetic EMS
feedback. This type of feedback provides electrical impulses
that stimulate muscle contractions. Thereby applying a cor-
rective movement in the correct direction through partici-
pant’s muscle exertion.

• Electrotactile: Participants in the Electrotactile group
received electrotactile feedback. This approach involves the
delivery of electrical stimuli directly to the skin to create
vibration sensations without inducing muscle contractions.

• Control: The Control group did not receive any form of
haptic feedback. This group served as a baseline to compare
the effects of the two haptic feedback methods against no
feedback at all.

3.1 Participants

A total of 36 participants (N = 36; 14 males, 20 females, 2 non-
binary) participated in this study, each completing two sessions,
resulting in 72 sessions. The participants had an average age of 25
years (M = 25.91, SD = 4.86). This sample size aligns with those
typically employed in motor learning research [1, 2, 4, 6, 28, 62]
and EMS studies [15]. Participants were compensated €6 per 30
minutes of participation. Each participant attended two sessions on
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Figure 2: Procedure of the experiment. Our participants were assigned to their condition and got familiarized with the setup

and task. Then, the participants started with the first assessment, a break, and a second assessment. After a long-term break,

participants participated in a third and fourth session. Finally, we assessed transfer learning using a transfer assessment.

separate days, with an average interval of 6 days between sessions
(M = 6.73, SD = 4.60). No significant differences were observed
between groups regarding the time between sessions. Each session
lasted approximately 75 minutes, totaling 2.5 hours per participant.
Participation was voluntary, and participants were informed that
participation could be terminated.

Group Allocation Check: 1. Self-reports: To control for potential
effects of group allocation, we collected data on participants’ domi-
nant hand and their drawing skills, measured by the average hours
spent drawing per week (self-reported). Additionally, we gathered
information on the average hours spent playing video games per
week (self-reported). Out of all participants, two reported being
left-handed, and they were assigned to different groups; previous
work revealed that left-handed individuals did not significantly
differ from right-handed individuals in the MD task [4]. As the
hours per week self-reported data was found not to be normally
distributed, we conducted a Kruskal-Wallis test to determine if there
were statistically significant differences between the distributions
of Control, EMS, and Electrotactile groups. The test did not
show a statistically significant difference between the groups for
hours drawn per week 𝐻 (2) = 0.593, 𝑝 = 0.743, nor for hours play-
ing games 𝐻 (2) = 0.059, 𝑝 = 0.970. 2. Pre-training Performance:

Additionally, to control for a priori motor skills of participants, we
assessed performance before the first training session consisting
of three trials. We conducted a Kruskal-Wallis test to compare the
means of Control, EMS, and Electrotactile groups. The anal-
ysis showed that there was no statistically significant difference
between the groups, 𝐻 (2) = 4.38, 𝑝 = 0.112. These results suggest
that the differences between groups at the start of the experiments
are not significant and provide a ground for further statistical dif-
ferences to be influenced by the interventions made during the
sessions.

3.2 Experimental Design

We conducted a between-subjects study to evaluate the effective-
ness of the different haptic feedback methods mentioned above.
Participants were randomly assigned to one of three experimen-
tal groups: the EMS group, the Electrotactile group, and the
Control group. The study consisted of two sessions; each session
involved two assessment stages (i.e., at the beginning and 10 min-
utes after the training session) and a training session; each training
session involved 30 trials, while the assessment involved three tri-
als each. Additionally, the first session included a familiarization
stage for the participants to understand and ask about the task and

the setup. The last session included a Learning Transfer Test stage
for assessing how well participants transfer the knowledge to a
different shape.

3.3 Feedback Rendering

The feedback was rendered using an FDA-approved Sanitas 41
generator connected to a “Let Your Body Move” toolkit [58]. We
used Axion EMS/TENS 32mm diameter round electrodes for easier
placement and muscle targeting. The electrodes were adhesive and
adhered to the user’s arm.

3.3.1 EMS Feedback. In this condition, EMS was applied to par-
ticipants’ arms to provide explicit kinaesthetic feedback, guiding
them to correct their movements. The feedback was designed to
influence muscle contractions, helping participants stay on the
intended path without overshooting and avoiding additional cor-
rections. Therefore, corrective actuation was triggered whenever
participants deviated from the specified path, which is a common
approach in HCI research on motor skill transfer and learning using
EMS [13, 14, 22, 27]. The frequency and pulse width of the EMS
were set to 150 Hz and 100𝜇𝑠 , respectively, and the intensity was
calibrated before the study.

3.3.2 Electrotactile Feedback. In this condition, electrotactile stim-
ulation was applied through the same set of electrodes that par-
ticipants in the EMS group received feedback. Participants in this
group received electrical pulses directly to the skin, which created a
tingling sensation. The stimulation intensity was adjusted to be no-
ticeable, but without exerting any movement on the participant, the
electrode location was similar to that of the EMS group. This type
of feedback is analogous to explicit vibrotactile feedback, which
serves as a notification indicating that a correction is necessary.
Yet, it does not actuate the participants’ bodies but makes them
aware and lets them correct themselves; this type of feedback is
also typical in HCI [22, 76].

3.3.3 Electrode Placement. To achieve control of two-dimensional
movement in the vertical plane, we focused on four key muscle
groups at the forearm, the most common location for EMS actuation
in HCI [15] that facilitate wrist motion. Radial deviation (leftward
movement) is controlled by the Extensor Carpi Radialis (ECR), while
Ulnar deviation (rightward movement) is driven by the Extensor
Carpi Ulnaris (ECU).Wrist flexion (downwardmovement) is primar-
ily managed by the Flexor Carpi Ulnaris (FCU), and wrist extension
(upward movement) is enabled by the Flexor Carpi Radialis (FCR)
[35, 84]. We selected the electrode placement following the setup
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Figure 3: Illustration of wrist movements and associatedmus-

cle activations. Radial deviation (left) is facilitated by the

Extensor Carpi Radialis (ECR), while Ulnar deviation (right)

is driven by the Extensor Carpi Ulnaris (ECU). Wrist flexion

(downward movement) is primarily controlled by the Flexor

Carpi Ulnaris (FCU), andwrist extension (upwardmovement)

is enabled by the Flexor Carpi Radialis (FCR). The diagram

indicates the specific muscle groups responsible for each di-

rectional movement

described by Lopes et al. [36], effectively supporting this range of
motion. The specific electrode placements are illustrated in Figure 3.
For more detailed information on the electrode placement, we refer
to [36, 42].

3.3.4 Control. Participants in the Control group received no
feedback while performing the task. They completed the task with-
out any external cues, relying solely on their proprioception and
observation.

3.4 Mirror Drawing Task

The MD task, a well-established method for studying skill learning
since 1910 [28, 62, 70], involves participants tracing a shape (typi-
cally a polygon, such as a star, diamond, square, or triangle) while
remaining within the boundaries of a double line. The key challenge

Starting 

Point Cursor

Starting 

Point Cursor

Experimental

Shape

Transfer Test

Shape

Figure 4: Shapes used in the MD task. Left: Shape extracted

from [72] and used in the main experiment. Right: Shape

generated for the transfer test. The starting point was the

same as the endpoint and was depicted in the interface as a

green point; the participant cursor was displayed as a withe

circle.

is that participants can only see an inverted reflection of their hand
through a mirror or, in modern setups, a mirrored input mapped in
the screen. This setup allows researchers to study how new asso-
ciations are formed between visual input and corresponding arm
movements [43].

The MD task utilized in this experiment is an implementation of
the original MD task by Snoddy [69], further developed by Strat-
ton et al. [71], and more recently adapted for delta robot input by
Sullivan et al. [72]. In this experiment, participants were asked to
repeatedly trace an abstract shape displayed on a computer moni-
tor as quickly and accurately as possible. They interacted with the
system using a Novint Falcon delta robot, with position data sam-
pled at 200 Hz. A stiff virtual spring was applied along the Falcon’s
third degree of freedom (DOF) to constrain movement to a verti-
cal plane parallel to the computer screen. This setup ensured that
the horizontal and vertical movements of the Falcon were directly
translated to the corresponding movements of the on-screen cursor.
However, the horizontal axis was inverted: moving the Falcon to
the left caused the cursor to move right, and vice versa.

Shape Selection. In this study we used two shapes in the MD
task; First, a Test Shape: In previous research, Saquares or star
shapes have often been used in the MD task due to their simplicity
[4, 6, 25, 28]. Yet, for healthy users, this shape can be overly simple
in healthy adults. To introduce a higher level of complexity for
our experiment, we selected a shape that has been validated in
the literature as sufficiently complex within the context of motor
learning [72]. Second, for Motor Transfer, we needed a shape that
participants had not encountered before [6]. Consequently, we
designed a new geometrically irregular shape. Both shapes are
illustrated in Figure 4.

3.5 Apparatus

The experimental setup utilized a Novint Falcon device for input,
constrained to two dimensions, allowing users to move the robot’s
end-effector within a 2D plane, similar to the setup described by
Sullivan et al. [72]. The device was connected to a Dell G5 laptop
running Windows 11, and the experiment was programmed using
Unity 3D version 2024.1. To provide different feedback modalities,
we used two FDA-approved EMS signal generators (Sanitas 41) and
two “Let Your Body Move” toolkits, initially reported by Pfeiffer
et al. [58]. This configuration allowed us to utilize four EMS chan-
nels. Additionally, a Manfrotto armrest was employed to prevent
participant fatigue and minimize using non-target muscles during
the task. The complete setup is illustrated in Figure 5.

3.6 Calibration Procedure

We first focused on the muscle groups mentioned above for the
calibration procedure. The participants were instructed to tense
the target muscle in the desired direction, and the experimenter
positioned two electrodes in the skin over the muscle. The EMS
device was then incrementally adjusted, increasing the intensity
step by step until either movement was observed or the participant
reported mild discomfort.

Once the movement was successfully induced, we transitioned to
the computer, where the calibration scenewas prepared.We initially
set the EMS generator to the intensity at which movement was first
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Figure 5: Left, User performing the experimental task. Right,

Experimental setup featuring a Novint Falcon device con-

strained to one dimension for input, connected to a Dell G5

laptop running Windows 11, and programmed using Unity

3D version 2024.1. Feedback modalities were provided using

FDA-approved EMS signal generators and "Let Your Body

Move" toolkits, utilizing four EMS channels. A Manfrotto

armrest was employed to prevent participant fatigue and

ensure proper muscle usage.

observed. The participant’s arm was then positioned and secured
using the armrest. They moved the mouse to center the cursor on
the screen, where a green circle appeared at the start of the test.
After informing the participants of the upcoming stimulation, they
were instructed to remain still while the EMS was active.

When the participant kept the cursor inside the green circle
for 3 seconds, the target muscle was stimulated for one second,
after which the EMS was deactivated. This process allowed us to
assess the effect of EMS on wrist movement under experimental
conditions. If the movement was too pronounced or absent, the
intensity was adjusted accordingly. The goal was to achieveminimal
yet observable movement to avoid overcorrections during the task.

The procedure for the electrotactile group was identical; how-
ever, in this case, the stimulation intensity was gradually increased
until participants could perceive the feedback without inducing
any movement. After the electrodes were placed, the participant’s
hand was placed on the armrest, with their hand in the grip; the
experimenter gradually increased the intensity until the participant
reported they could clearly identify the feedback.

3.7 Experimental Procedure

Participants attended two experimental sessions. Upon arrival at
the first session, they were informed about the study’s purpose
and provided with an informed consent form. Participants were
informed of their right to withdraw from the study without explain-
ing or impacting their compensation. After providing consent, each
participant was randomly assigned to an experimental group and
seated before a screen. Feedback calibration was performed, and
their arm was positioned on the armrest with the elbow resting
on the table. The chair height was adjusted for comfort, and the
armrest was positioned to support the arm and prevent fatigue,
ensuring minimal muscle use during the task. The distance from
the Novint Falcon device was also adjusted for comfortable wrist
movements.

We explained the MD task to the participants and instructed
them to complete the trials “as fast and accurately as possible,” fol-
lowing the practice from previous studies [6, 72]. They were given

three practice trials without feedback to familiarize themselves
with the setup and could ask questions before beginning the exper-
iment. Once the participant confirmed their understanding, they
completed a 3-trial pre-intervention motor skills assessment. This
and all subsequent assessments were conducted without feedback
across all groups.

Following the assessment, the first training session began, con-
sisting of 30 trials with feedback provided based on the participant’s
group. After the training session, participants took a 10-minute
break before performing a second assessment. The first session
concluded afterward, and participants were dismissed.

In line with motor learning theory, which emphasizes the im-
portance of sleep for consolidation [39], participants returned for
the second session after at least one night of sleep. The second
session began with a third assessment and another training session
with group-specific feedback. After a 10-minute break, participants
completed a fourth assessment and a motor transfer test using a
different MD shape. Participants completed NASA-TLX [21] and
System Usability Scale [34] assessments during both sessions. An
overview of the experimental process is illustrated in Figure 2.

3.8 Measures

In this study, we investigate the impact of EMS feedback on motor
learning using the well-established MD task [6]. This task is fre-
quently used to assess motor learning, with two notable variations:
measuring the time after completing a fixed length (i.e., time to
trace the full shape) [28, 32, 72] or path length/number of shapes
achieved within a fixed timeframe [40, 66, 86]. We analyze both
metrics across the three primary motor learning assessments (Post-
training assessments 1 and 2 and Consolidation assessments) and
during a motor transfer assessment conducted in the second ses-
sion. The following section provides detailed descriptions of these
measures.

3.8.1 Path Length: We measured the distance a participant could
accurately trace along a shape’s path in 5 seconds. The metric
reflects the path length, adjusting for errors where the tracing devi-
ates outside the shape’s boundaries. Only correctly traced portions
within the borders and in the clockwise direction are counted, with
higher values indicating better performance.

3.8.2 Total Time: The total time, measured in seconds, that a partic-
ipant takes to complete a shape. This metric indicates the efficiency
of the participant’s performance, with shorter completion times
being better.

3.8.3 Path Exits: The number of times a participant crosses the
boundaries of the shape, specifically when they leave the main body
of the shape, is counted. However, the times when the participant
re-enters the shape are not included in this count.

3.8.4 Learning Assessments: To evaluate motor learning in partic-
ipants, we assessed their motor skills using the metrics outlined
above (Path Length, Total Time, and Path Exits) at different time
points: after each training session (Post-Training), and after learning
consolidation at the beginning of the second session. All assess-
ments were conducted without providing any feedback across the
three groups.
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• Post-Training 1: This assessment took place 10 minutes
after the training trials at the end of the first session. It
evaluates motor learning during the Fast Learning stage. A
significant performance improvement is expected compared
to the Pre-training assessment.

• Post-Training 2: A similar assessment was conducted at
the end of the second session. As with Post-Training Perfor-
mance 1, a substantial performance improvement is expected
compared to the Pre-training assessment.

• Consolidation: This assessment occurred at the beginning
of the second session, after participants had completed the
first training session and had a night of sleep but before
undergoing any further training. This session evaluates the
consolidated motor skills in the Slow Learning phase. While
performance is expected to be better than the Pre-training
assessment, it may not surpass the Post-Training assessment,
as participants rely on the knowledge consolidated from the
previous session, which may not encompass all the gains
achieved during the session.

3.8.5 Motor Transfer Assessment. To evaluate the generalizabil-
ity of the acquired motor knowledge to different motor tasks, we
performed a motor transfer assessment, consisting of the Mirror
Tracing task with a previously unseen shape.

3.8.6 Learning Rate. We employed an exponential decay function
with an asymptote to model the learning across the three feed-
back groups [80]. Exponential decay models are frequently used
to quantify learning rates in motor learning processes [23, 63]. We
fitted a three-parameter model to the training data from both ses-
sions in sequence to capture this learning process. Specifically, we
concatenated the trials from both training sessions, allowing us to
account for trial-level learning throughout the training period. The
fitted model was initially proposed by Newell and Rosenbloom [46],
which is the following:

𝐸 (𝑅𝑇 ) = 𝐴 + 𝐵𝑒−𝛼𝑁 (1)
Where 𝐸 (𝑅𝑇 ) is the expected value of the Response Time (𝑅𝑇 )

under evaluation on practice trial 𝑁 ; 𝐴 is the expected value of the
𝑅𝑇 after practice has been completed (asymptote parameter). This
parameter can also be viewed as the minimum response time that
can be achieved after all the practice trials; 𝐵 is the change in the
expected value of the RT from the beginning of practice to the end
of practice (change score parameter); 𝛼 is the exponential learning
rate parameter [80].

3.8.7 Additional Measures: We assessed the perceived usability of
the system using the System Usability Scale (SUS). While the SUS
was initially developed for evaluating software usability, it has been
widely adopted as a standardized and validated tool for assessing
the usability of diverse technologies, including those involving
sensory feedback. In this context, SUS was chosen for its ability
to provide a consistent and comparative evaluation of the user
experience across the two feedback conditions including EMS and
electrotactile feedback. Although SUS does not capture domain-
specific aspects of motor learning, it complements the empirical
performance metrics by offering insights into user comfort and
system integration. Participants completed the SUS questionnaire

after the study. We also measured task load using the NASA Task
Load Index (NASA-TLX [21]). Participants filled out the NASA-TLX
questionnaire at the end of each session.

4 Results

To determine the appropriate statistical tests for analyzing the vari-
able of interest, we first assessed the normality of the data using
the Shapiro-Wilk test across all groups. For each group, we com-
puted the test statistic and the corresponding 𝑝-value. If all groups
were found to be normally distributed (𝑝 > 0.05), we proceeded
with a one-way ANOVA to evaluate the differences between the
groups, followed by Tukey’s Honest Significant Difference (HSD)
test for post-hoc analysis in cases where a significant effect was
observed. However, if at least one group violated the normality
assumption (𝑝 < 0.05), we employed the non-parametric Kruskal-
Wallis test instead. When the Kruskal-Wallis test indicated a statis-
tically significant difference between groups, Dunn’s post-hoc test
with Bonferroni correction was used for pairwise comparisons.

4.1 Path Length

We evaluated the Path Length across the three main assessments:
Post-Training 1, Consolidation, and, Post-training 2 across the three
experimental conditions (Control, EMS, and Electrotactile).
We report the results in the following.

Post-Training 1. To evaluate differences in Path Length in the
Post-Training 1, we conducted a Kruskal-Wallis test, as the data
did not meet the normality assumptions required for parametric
tests. The test revealed a statistically significant difference between
the groups, 𝐻 (2) = 6.51, 𝑝 = .03. Subsequent pairwise comparisons
using Dunn’s post-hoc test with Bonferroni correction indicated
that the EMS condition significantly outperformed the Control
condition (𝑝 = .03). No statistically significant differences were
found between the other pairs (all 𝑝 > .05). The performance
ranking, based on mean values, suggests that participants in the
EMS group (M = 4.51, SD = 1.84) achieved the highest performance,
followed by the Electrotactile group (M = 3.59, SD = 1.22), and
the Control group (M = 3.45, SD = 1.82). These results indicate
that the EMS feedback led to longer path length compared to the
Control feedback (see Figure 6 for an overview).

Consolidation. We conducted a Kruskal-Wallis test to evaluate
Path Length in the Consolidation assessment. The test did not re-
veal a statistically significant difference in Path Length between the
Control, EMS, and Electrotactile groups, 𝐻 (2) = 5.81, 𝑝 = .05.
Despite the lack of statistical significance, the mean performance
values suggest a trend where participants in the EMS group (M
= 4.08, SD = 1.83) performed better on average than those in the
Electrotactile (M = 3.27, SD = 1.15) and Control (M = 3.18,
SD = 1.63) groups. The median values further support this trend,
with EMS showing the highest median performance (3.61), followed
by Electrotactile (3.20) and Control (2.85). The groups were
ranked accordingly, with EMS achieving the highest rank, followed
by Electrotactile and Control.

Post-Training 2. We conducted a Kruskal-Wallis test to evaluate
the differences in Path Length in Post-Training 2. The results
revealed a statistically significant difference between the groups,
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𝐻 (2) = 11.911, 𝑝 = .003. Post-hoc pairwise comparisons using
Dunn’s test with Bonferroni correction indicated that the EMS
group significantly outperformed the Control group (𝑝 = 0.002).
At the same time, no significant differences were observed between
the Electrotactile and Control groups (𝑝 = .98) or between
the EMS and Electrotactile groups (𝑝 = .05). Based on mean
performance values, the EMS condition ranked highest (M = 6.04,
SD = 2.32), followed by the Electrotactile condition (M = 4.68,
SD = 1.76), and finally the Control condition (M = 4.46, SD =
2.35). These findings suggest that the EMS feedback led to superior
overall performance compared to the other feedback groups.

4.2 Total Time

We evaluated the Total Time across the three main assessments:
Post-Training 1, Consolidation, and, Post-training 2 across the three
experimental conditions (Control, EMS, and Electrotactile).
The results are as follows.

Post-Training 1. To investigate the differences in Total Time in
Post-Training 1, we performed a Kruskal-Wallis test due to violating
normality assumptions in at least one group. The Kruskal-Wallis test
revealed a statistically significant difference between the groups,
𝐻 (2) = 9.15, 𝑝 = .01. We conducted Dunn’s post-hoc test with
Bonferroni correction to identify the specific group differences.
The results showed a significant difference in Total Time between
the Control and EMS groups (𝑝 = .007), while no significant
differences were observed between the other pairwise comparisons
(all 𝑝 > .05).

The group performance ranking, based on mean values, indi-
cated that the EMS condition had the lowest mean Total Time (M =
26.97, SD = 9.74, median = 27.27), followed by the Electrotactile
condition (M = 31.70, SD = 12.48, median = 27.88), and the Control
condition had the highest mean Total Time (mean = 34.43, SD =

11.39, median = 33.16). These results suggest that the EMS condi-
tion led to significantly faster completion times than the Control
condition. In contrast, the Electrotactile condition did not differ
significantly from either the Control or EMS conditions.

Consolidation. We evaluated the differences in Total Time in the
Consolidation assessment using the Kruskal-Wallis test due to the
non-normal distribution of the data. The test revealed a statistically
significant difference between the groups, 𝐻 (2) = 6.79, 𝑝 = .034.
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Dunn’s post-hoc test with Bonferroni correction was conducted
to investigate these differences further. The results indicated a
significant difference in Total Time between the Control and
EMS groups (𝑝 = .02), while no significant differences were found
between the other group pairs (all 𝑝 > .05).

The mean Total Time for the EMS group was 35.86 seconds
(SD = 10.68), followed by the Electrotactile group at 40.73 sec-
onds (SD = 11.21), and the Control group at 45.89 seconds (SD =
18.07). Ranking the groups based on mean values, the EMS group
performed the best, followed by the Electrotactile group and
the Control group. These results suggest that the EMS condition
led to a significantly lower Total Time compared to the Control
condition in the consolidation test.

Post-Training 2. To examine the differences in Total Time in Post-
Training 2, we performed a Kruskal-Wallis test due to the non-
normal distribution of the data. The Kruskal-Wallis test revealed a
statistically significant difference between the groups, 𝐻 (2) = 8.98,
𝑝 = .01. Post-hoc pairwise comparisons using Dunn’s test with
Bonferroni correction indicated that the EMS condition significantly
differed from the Control condition (𝑝 = .008). At the same time,
no significant differences were found between the other pairs (all
𝑝 > .05).

Ranking the group performances based on mean Total Time,
the EMS condition had the shortest mean time (𝑀 = 35.14, SD =
13.49), followed by the Electrotactile condition (𝑀 = 37.08, SD
= 6.64), and the Control condition had the longest mean time
(𝑀 = 44.22, 𝑆𝐷 = 15.81). These results suggest that EMS was the
most efficient condition in terms of total time in Post-Training 2,
while the Control condition required the most time on average.

4.3 Path Exits

We evaluated the Path Exits across the three main assessments:
Post-Training 1, Consolidation, and, Post-training 2 across the three
experimental conditions (Control, EMS, and Electrotactile).
The results are as follows.

Post-Training 1. To evaluate the differences in Path Exits in
Post-Training 1, we conducted a Kruskal-Wallis test due to the
non-normal distribution of the data. The test revealed a statistically
significant difference between the groups, 𝐻 (2) = 10.33, 𝑝 = .006.
Post-hoc pairwise comparisons using Dunn’s test with Bonferroni
correction indicated a significant difference between the Control
group and the EMS group (𝑝 = .006). Although no significant
differences were found between the other group pairs (all 𝑝 > 0.05),
the ranking of group performance based on mean values showed
that the EMS condition (M = 2.42, SD = 2.36) had the highest number
of path exits, followed by the Electrotactile condition (M =
2.03, SD = 2.56), and the Control condition (M = 1.14, SD = 2.27)
had the lowest. These results suggest that the EMS condition led
to a significantly higher number of path exits compared to the
Control condition.

Consolidation. We conducted a Kruskal-Wallis test to evaluate
the differences in Path Exits in the Consolidation, as the data
did not meet the assumptions for parametric testing. The Kruskal-
Wallis test revealed no statistically significant difference between
the groups, 𝐻 (2) = 3.42, 𝑝 = .18.
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Post-Training 2. To analyze differences in the dependent variable
Path Exits in the Post-Training 2, we conducted a Kruskal-Wallis test
due to the non-normality of the data. The test revealed a statistically
significant difference between the groups, 𝐻 (2) = 6.11, 𝑝 = .04.
Post-hoc pairwise comparisons using Dunn’s test with Bonferroni
correction showed no significant pairwise differences between any
two conditions (all 𝑝 > 0.05).

4.4 Transfer Tests

We analyzed the Motor transfer with a different shape in the MD
task at the end of the last training session. Here, we analyze the
motor transfer performance across the main motor learning oper-
ationalization of the MD task: Path Length, Total Time, and Path
Exits; the results are as follows.

Path Length. To assess the feedback impact on Path Length for
motor transfer, we conducted a one-way ANOVA followed by
Tukey’s (HSD) post-hoc test. The ANOVA revealed a statistically sig-
nificant effect of condition on Path Length, 𝐹 (2, 𝑛) = 6.81, 𝑝 = .002.
Post-hoc comparisons using Tukey’s HSD test showed that the
mean difference between the Control and EMS groups was sig-
nificant (MD = 1.26, 𝑝 = .001), with the EMS group demonstrating
a higher mean Path Length. However, no significant differences
were found between the other group pairs (all > 𝑝 = 0.05). The
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ranking of group performance based on mean values was as fol-
lows: EMS (M = 4.45, SD = 1.52), Electrotactile (M = 3.76, SD
= 1.41), and Control (M = 3.19, SD = 1.45). These results suggest
that the EMS condition led to a significantly higher Path Length

compared to the Control condition.

Total Time. To evaluate the differences in Total Time in the
motor transfer test, we conducted a Kruskal-Wallis test, as the
assumption of normality was not met. The results indicated a sta-
tistically significant difference between the groups, 𝐻 (2) = 13.73,
𝑝 = .001. Post-hoc comparisons using Dunn’s test with Bonferroni
correction revealed significant differences between the Control
group and both the EMS group (𝑝 = .004) and the Electrotactile
group (𝑝 = .004), while no significant difference was found between
the EMS and Electrotactile groups (𝑝 > .05).

The mean Total Time values for each group ranked the EMS
condition as the fastest (𝑀 = 26.88, 𝑆𝐷 = 6.92), followed by the
Electrotactile condition (𝑀 = 28.73, 𝑆𝐷 = 12.86), and the Con-
trol condition being the slowest (𝑀 = 34.48, 𝑆𝐷 = 9.86). These
results suggest that both the EMS and Electrotactile conditions
resulted in significantly faster task completion times compared to
the Control condition, with the EMS condition being the most
efficient overall.

Path Exits. To evaluate the differences in Path Exits in themotor
transfer test, we conducted a Kruskal-Wallis test due to the non-
normal distribution of the data. The Kruskal-Wallis test revealed a
statistically significant difference between the groups, 𝐻 (2) = 9.06,
𝑝 = .01. Subsequent pairwise comparisons using Dunn’s post-hoc
test with Bonferroni correction indicated a significant difference
between the Control and Electrotactile conditions (𝑝 = .012),
while the comparisons between Control and EMS and between
EMS and Electrotactile were not statistically significant.

Group performance rankings, based on the mean values of Path
Exits, indicate that the Control group had the lowest mean (M
= 1.06, SD = 1.82), followed by the EMS group (M = 2.03, SD =
2.01), and the Electrotactile group with the highest mean (M
= 2.61, std = 2.72). These results suggest that participants in the
Control condition experienced fewer path exits compared to those
in the Electrotactile condition, with the EMS condition showing
intermediate performance.

4.5 Learning Model Parameters

Using nonlinear least squares (NLS) regression, we fitted an expo-
nential decay model to the response times across the three experi-
mental conditions on a population level [23, 80]. We dynamically
estimated starting values for the model parameters to improve the
fitting process. We then extracted the coefficients (𝐴, 𝐵, and 𝛼) from
the fitted models. A visualization of the fitted models is shown in
Figure 9, and the resulting parameters are presented in Table 1

Based on the extracted coefficients of the Exponential Decay
model, the Control condition shows a higher asymptotic response
time (𝐴 = 33.019) compared to EMS (𝐴 = 24.802) and Electrotac-
tile (𝐴 = 34.553), indicating that participants in the EMS condition
achieve the fastest minimum response time after practice. The EMS
condition also demonstrates themost significant change in response

Table 1: Model Coefficients for the Exponential Decay Model.

𝐴 represents the asymptotic response time, 𝐵 reflects the

performance improvement, and 𝛼 denotes the learning rate.

The EMS condition achieved the lowest final response time

(𝐴 = 24.802) and largest improvement (𝐵 = 34.602), while the

Electrotactile condition showed the highest learning rate

(𝛼 = .094).

Condition A B 𝛼

Control 33.019 25.813 .046
EMS 24.802 34.602 .053
Electrotactile 34.553 29.297 .094

time from the beginning to the end of practice (𝐵 = 34.602), sug-
gesting an improvement in performance over time. Interestingly,
the Electrotactile condition exhibits the highest learning rate
(𝛼 = .094), implying that participants in this group adapted more
quickly during practice, even if their final time (as reflected in 𝐴)
was not as short as in the EMS condition.

4.6 Task Load

To evaluate the differences in Task Load Across conditions, we
conducted Kruskal-Wallis test across the six subscales of the NASA-
TLX questionnaire, as the data did not meet the assumptions for
parametric testing. The Kruskal-Wallis test revealed no statistically
significant difference between the groups in any subscale (all 𝑝 >

.05). The individual subscale scores are depicted in Table 2.

4.7 Usability

To analyze differences in the System Usability Scale (SUS) scores
across the three conditions a one-way ANOVA was conducted. The
ANOVA revealed a statistically significant difference between the
groups, 𝐹 (2, 36) = 3.976, 𝑝 = .028. Post-hoc analysis indicated a
significant difference between the Control group and the Elec-
trotactile group (MD = 14.90, 𝑝 = .023), with the Electrotactile
group demonstrating higher SUS scores. No significant differences
were found between the other group pairs (all 𝑝 > .05). We refer
to Table 2 for the detailed SUS scores per condition.

5 Discussion

In this paper, we present an empirical evaluation of the effects
of EMS on motor learning, comparing it to two other conditions:
an Electrotactile feedback condition, representing the state-of-
the-art feedback type, and a Control condition with no feedback
intervention as a baseline. Our study examined motor learning
across three key phases: fast learning, consolidation, and motor
transfer. We aimed to explore the tension between recent HCI
research, which suggests that EMS can enhance motor learning, and
traditional motor learning theories that emphasize the importance
of repeated practice for the creation of sensorimotor representations
through perception, reflection, and correction of motor actions.
Our findings reveal that the EMS group outperformed both the
Electrotactile and Control groups across all phases of motor
learning, with the Electrotactile condition yielding intermediate
results. However, there are important considerations when selecting
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Figure 9: Exponential decay model fitted to the data for the experimental groups. The lines represent the model’s predicted

values, while the scatter points indicate the actual Total Time data recorded for each trial under each condition. The Total

Time to complete the shapes was used as the Response Time variable in this analysis.

Table 2: Descriptive Statistics for NASA-TLX Subscales and System Usability Scale (SUS). The table presents mean values for the

six NASA-TLX dimensions (Mental Demand, Physical Demand, Temporal Demand, Performance, Effort, and Frustration) and

the SUS scores across three experimental conditions: Control, EMS, and Electrotactile. Standard deviations are provided in

parentheses. Lower scores for NASA-TLX dimensions indicate lower workload, while higher SUS scores reflect better perceived

usability.

Condition Mental (SD) Physical (SD) Temporal (SD) Performance (SD) Effort (SD) Frustration (SD) SUS (SD)

Control 12.77 (3.56) 12.77 (4.62) 9.92 (3.73) 11.08 (4.31) 12.31 (2.87) 10.92 (4.54) 56.35 (15.13)
EMS 13.85 (3.60) 11.23 (5.02) 9.15 (2.82) 12.00 (2.86) 13.00 (3.70) 8.38 (4.35) 65.77 (13.48)
Electrotactile 11.83 (5.06) 8.42 (5.47) 7.17 (2.82) 13.17 (2.92) 15.00 (2.49) 7.75 (5.82) 71.25 (11.15)

feedback mechanisms for motor tasks, which we discuss in detail
in this section:

5.1 EMS as Augmentation Technology for Motor

Skills

Previous research has consistently shown the efficacy of EMS in tem-
porarily enhancing motor skills, such as reaction time and posture
correction. While EMS has been associated with improved motor
skill transfer, questions remain as to whether these improvements
reflect genuine learning or are merely temporary augmentations
dependent on active stimulation. In this paper, we present empiri-
cal evidence confirming that EMS-supported motor learning can
result in lasting skill acquisition, extending beyond temporary per-
formance gains. Our results demonstrate that EMS outperforms
electrotactile (non-movement inducing) haptic feedback during
sessions, corroborating the immediate augmentation potential re-
ported by Kasahara et al. [26] and Tatsuno et al. [75]. However,
we show that EMS not only enhances immediate performance but
also promotes motor skill learning, suggesting a deeper connection

between augmentation and learning than we previously assumed.
In this sense, H1 could be rejected, as during the motor learning task,

EMS showed better results than Electrotactile and Control.

5.2 Typical Feedback Modalities Remain Useful

for Motor Learning

Our experimental results show that while Electrotactile feed-
back led to lower performance in some assessments, it significantly
outperformed the Control condition, making it a viable alternative
for learning. According to the exponential decay model, Electro-
tactile feedback yielded a higher learning rate than EMS, reaching
stable performance faster, though less intensively than EMS. De-
spite this, Electrotactile feedback demonstrated its effectiveness.
Additionally, it offers practical advantages: it is easier to implement,
requires less exhaustive calibration, and is more suitable for a wider
range of users, as EMS can cause discomfort for some and targeting
specific muscles can be challenging. Thus, Electrotactile feed-
back is not necessarily inferior to EMS but may be better suited
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for different scenarios depending on user goals. However, we re-
ject H2, as Electrotactile feedback did not result in better motor

skill consolidation than EMS. Nonetheless, the results support H3, as
Electrotactile feedback led to a higher learning rate than EMS.

5.3 EMS for Motor Learning: Does EMS Support

the Learning Process?

Our results provide empirical evidence that EMS not only enhances
motor skills during use but also facilitates motor learning, viewed
as the sustained improvement of a skill even after the removal of the
EMS device—both immediately following training and after a delay
of one or more days. Furthermore, the findings demonstrate that
Electrotactile feedback also supports motor learning, consistent
with prior research suggesting similar feedback mechanisms can
promote learning. Contrary to our initial hypotheses, which were
informed by the literature, EMS in this experiment led to greater
overall motor learning compared to the Control condition across
various assessments and metrics, although the rate of learning was
lower than that observed with Electrotactile feedback alone. In
consequence, given that EMS led to a higher overall learning, we reject

H4.

5.3.1 EMS and Electrotactile Feedback for Motor Transfer. Similarly,
the effects of EMS extended to new motor tasks, indicating that the
learning was not confined to the original motor skill but had been
sufficiently internalized to transfer across different contexts. Elec-
trotactile feedback demonstrated comparable performance under
the conditions reported in this experiment. Given this evidence, H5
does not hold, as, contrary to our initial hypothesis, EMS did not lower

the performance but instead resulted in a higher performance than

the other two conditions.

5.4 Potential Neurophysiological Mechanisms

of EMS for Supporting Motor Learning

Learning models emphasize the importance of awareness during
training to enhance the effectiveness of trial and error. Faltaous et al.
[15] report that EMS first induces action, followed by perception
and reflection, which could influence the learning process. However,
as our results demonstrate, this did not hinder learning; in fact, EMS
outperformed other conditions. We attribute this to the alignment
of participant intention with EMS actuation throughout the exper-
iment. Specifically, participants aimed to correct their path, and
EMS facilitated this by actuating the wrist, potentially contributing
to a heightened sense of agency. Kasahara et al. [27] similarly found
that participants exhibited increased reaction times after EMS ac-
tuation, but only when agency was sufficiently present, whereas
conditions with no actuation or agency did not show this effect. Our
findings suggest that, beyond the action-perception-reflection se-
quence, the sense of agency—particularly how participant intention
aligns with EMS stimulation—plays a critical role in the learning
process. Therefore, future research should explore how varying
levels of agency affect motor skill training with EMS support.

Another possible explanation for this effect is that, contrary to
the sequential model proposed by Faltaous et al. [15], action and
perception may occur simultaneously. In this case, users might
be learning while EMS is stimulating their body, in addition to

subsequent reflection. Supporting this, Hagert et al. [20] demon-
strate that EMS stimulation on the wrist triggers a proprioceptive
response, which could provide supplementary feedback alongside
kinaesthetic information.

5.5 Implications for Motor Learning in HCI

using EMS

Despite previous claims regarding the potential of EMS in support-
ing motor learning, concrete empirical evidence has been lacking.
Prior research primarily focused on short-term effects, often limited
to a single session, leaving the broader impact of EMS on long-term
motor learning unclear. Moreover, the distinction between EMS
merely augmenting motor performance and genuinely supporting
motor learning has not been fully established.

Our findings provide empirical evidence that EMS not only en-
hances immediate motor performance but also contributes to long-
term motor learning. However, our results indicate that traditional
feedback mechanisms [72]—which provide users with additional
information and allow them to make their own corrections—still
lead to higher learning rates. Thus, while EMS is effective, it may
not entirely replace more conventional feedback approaches for
motor learning, especially when it comes to fostering independent
error correction and self-guided improvement.

Nevertheless, EMS shows significant promise in reducing the
learning ceiling often observed with traditional [72] feedback meth-
ods. By offering direct physical guidance, EMS can speed up the
learning process, especially for tasks where users struggle to make
appropriate corrections independently. Future research should ex-
plore the potential of EMS to complement, rather than replace,
traditional feedback systems in motor learning tasks, particularly
for users with different learning capabilities.

5.6 Real-World Implications

The findings of this work apply to motor learning using EMS at an
abstract level and have practical implications in real-world scenar-
ios. Below, we provide a non-exhaustive list of examples: Faltaous
et al. [16] explored various situations where EMS can be beneficial.
Our work aligns with their findings on action manipulation, skill
acquisition in sports, musical instrument training, specifically per-
cussion training, and learning new gestures. Similarly, Shahu et al.
[67] conducted a scenario-based investigation, where our results
are particularly relevant to motor learning contexts such as gui-
tar training. Furthermore, in the taxonomy proposed by Faltaous
et al. [15], our findings have implications for scenarios categorized
under action and augmentation. This intersection includes appli-
cations such as teaching musical instruments, facilitating sports
training (e.g., running, bowling, and golf), guiding orientation in
3D space, and VR-based skill learning. In detail, this manuscript
provides empirical support that these scenarios can improve motor
skill learning through EMS. Still, users can also perform better (i.e.,
be augmented) by using EMS during the training.

5.7 Recommended Practices for EMS in Motor

Learning and Augmentation

Based on the result presented in this manuscript, and previous
works the following best practices are recommended to ensure the
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validity and reliability of results when using EMS in motor learning
or augmentation studies:

• Differentiate Learning vs. Augmentation: Clearly distin-
guish between experiments aimed at enhancing motor learn-
ing and those focused on augmenting motor performance.
Learning should be assessed over time, whereas augmenta-
tion effects can be measured immediately after, or during
EMS intervention.

• Allow Time for Learning:When testing for learning out-
comes, provide adequate time for participants to consolidate
motor skills, either during or after the session. For motor
learning studies, schedule sessions with sufficient time in
between, ideally with a sleep interval, as this supports skill
consolidation [39]. To accurately assess motor learning, de-
sign studies ideally would involve at least two sessions, sep-
arated by a period of sleep. This helps isolate the long-term
effects of EMS on learning from short-term performance
enhancements.

• Ensure Agency: Guarantee a sufficient sense of agency
during EMS interventions. Participants should feel that their
intentions and actions are aligned with EMS stimulation, as
agency is a crucial factor in effective motor learning and
performance augmentation.

• Skill Assessment Before Intervention: Assess partici-
pants’ baseline motor skills before introducing EMS. This
will provide a clearer understanding of the effects of EMS
on motor learning or augmentation and allow for a more
personalized approach to EMS intensity and feedback.

• Avoid Repeated Measures for Learning Assessments,

Introduce rest intervals forAugmentationAssessments:

When testing motor learning, avoid using repeated measures
designs that could confound results with practice effects. If
augmentation is being assessed, introduce a rest interval
between blocks to account for the immediate effects of EMS,
as demonstrated in the findings of Kasahara et al. [27]

5.8 Limitations

While this work aims to comprehensively address the effects of
EMS feedback on motor learning, several limitations of the current
setup must be acknowledged. First, although we cover multiple
phases of motor learning, we do not extend to the most advanced
phases, such as automatic execution. This would require a signifi-
cantly higher number of sessions, which, given the three conditions
and participant numbers, would be resource-intensive. However,
these post-consolidation stages are equally important for the motor
learning process, particularly for participants aiming to achieve
high levels of skill in a given task. Additionally, our measurements
were limited to behavioral responses, lacking physiological data
such as EEG or fMRI that could provide further insights into the
mechanisms of EMS in motor learning. Also, although we stud-
ied motor learning in multiple stages and sessions, the timeframe
studied in the current manuscript might be insufficient to provide
definitive insights about the long-term effects of EMS on motor
learning; future works should consider longitudinal studies to ad-
dress this. Finally, we did not evaluate participants’ sense of agency,

which could offer valuable information about the impact of agency
levels on learning effectiveness.

5.9 Next Steps in Motor Learning using EMS

In advancing our understanding of motor learning with EMS, sev-
eral avenues for future work are identified; Exploring the un-

derlying mechanisms of EMS in motor learning: While the
current research demonstrates the potential of EMS in enhancing
motor learning, a deeper investigation into its physiological mech-
anisms is necessary. Utilizing tools like EEG or fMRI could provide
valuable insights into how EMS influences neural pathways and
motor control systems during learning. Determining the ceiling

effect of EMS in motor learning: It remains unclear whether
there is a point at which EMS reaches a threshold of effectiveness
in motor learning. Future studies should aim to identify whether
there is a diminishing return in skill acquisition with prolonged
EMS exposure or if it continues to offer incremental benefits over
time/sessions. And, finally Agency as a critical factor: Preserving
a sense of agency remains a key consideration in EMS-based inter-
ventions, as highlighted by Kasahara et al. [27]. Understanding how
different levels of agency affect motor learning outcomes will be
crucial in designing more effective EMS applications, and a logical
next step in light of the results presented in this paper.

6 Conclusion

We investigated the impact of EMS on motor learning compared to
electrotactile feedback and a control condition. Our results showed
that EMS outperformed both electrotactile feedback and the control
condition across all assessments, including within-session (fast-
learning), across-session (consolidation), and learning transfer eval-
uations. Consistent with motor learning models, electrotactile feed-
back resulted in the highest learning rate. However, EMS also
demonstrated a higher learning rate than the control condition,
indicating that it does not disrupt the sensorimotor representation
of the task. Overall, EMS led to a greater gain in learning compared
to the other two conditions. These findings offer empirical support
for the effectiveness of EMS in motor learning, reinforcing claims
in HCI literature regarding its potential in this domain.
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