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Figure 1: Wearable Electrode Sleeves. (1) The Calibration Sleeve; (2) the Manufacturing Sleeve; and (3) the Typing Sleeve.

ABSTRACT
Many existing explorations of wearables for HCI consider function-
ality first and wearability second. Typically, as the technologies,
designs, and experiential understandings develop, attention can
shift towards questions of deployment and wearability. To support
this shift of focus we present a case study of the iterative design
of electrode sleeves. We consider the design motivations and back-
ground that led to the existing, prototype EMS sleeves, and the
resultant challenges around their wearability. Through our own
design research practice, we seek to reveal design criteria towards
the wearability of such a sleeve, and provide designs that optimise
for those criteria. We contribute (1) new electrode sleeve designs,
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which begin to make it practicable to take EMS beyond the lab,
(2) new fabrication processes that support rapid production and
personalisation, and (3) reflections on criteria for wearability across
new eTextile garments.
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1 INTRODUCTION
Currently there is a paradigm shift away from computers as some-
thing we consciously control – mostly with our hands and fingers –
to computers which engage directly with our body [42]. This ranges
from continuously warn physiological tracking devices [22], to in-
terfaces that modulate their function based on cognitive load [73]
or complex epidermal biometric devices [44]. Within the human-
computer interaction (HCI) community, such technologies are often
presented as working prototypes, with the goal of demonstrating
their functionality; typically within a controlled setting. For exam-
ple, Affordance++ [37] presents a powerful concept and working
prototype of using electric muscle stimulation (EMS) to convey ob-
ject affordances, and Cruise Control for Pedestrians [51] prototypes
steering people whilst they walk. These deployments in controlled
lab settings typically require expert assistance and, as such, do not
easily transfer to day-to-day social life.

With the increasingly sophisticated functionality of such proto-
types, however, deployment outside of laboratory settings becomes
increasingly desirable. To support this, one must also consider the
context in which the technology will be used. A cognitive load
monitoring interface, or a device which subtly conveys additional
affordances, are of little value in practice if the user cannot conve-
niently wear them. The effort of wearing the technology must not
outweigh the benefit it provides. As such, more attention should
be provided to how these technologies might practically be used in
day-to-day settings – to how wearable they are.

We explore wearability through the iterative design of Skill-
Sleeves. We envision Skill-Sleeves as EMS training and performance
sleeves, with the ability to capture and analyze human muscle ac-
tivity, and selectively adjust the activity by stimulating the required
muscles. For example, a skill sleeve might help a novice pianist
play polyrhythms, such as triplets with the right hand and doublets
with the left hand. Alternate use cases might include helping a
tennis player with the perfect top-spin, or supporting a surgeon
in complex procedures. We consider this vision as an alternative
to the classical concept of augmented feedback discussed in motor
control theory [67] and implemented in haptic guidance devices
such as Flow [19].

We present and reflect on the iterative design process of Skill-
Sleeves to identify strategies and design considerations towards
making complex technology easier towear. Skill-Sleeves are an ideal
candidate for such a case study. First, they require a solidmechanical
and electrical connection to the body, inheriting constraints from
where and how the device is to be worn. Skill-Sleeves use a large
number of components, in this case electrodes, each requiring an
independent electrical connection. This creates a high demand on
the layout of the garment and on cable management. Finally, Skill-
Sleeves are intended to support sports and other high-performance
applications, which requires that they not impede movement or
hamper performance in any way.

We present four designs1, starting with the default approach
– using off-the shelf electrodes, and then continuing with three
implemented sleeves.With each iterationwe highlight what worked
well, and the constraints we met which required development of the
next prototype. Finally we synthesize these reflections in design

1Additional documentation at https://skillsleeves.github.io/

recommendations, which may act as a set of design guidelines
complementary to those already present in the related work. Unlike
previous explorations of wearability [12, 17], which have mostly
presented top-down approaches focusing on considerations such as
ergonomics [17], sensor placement strategies [80], or social factors
[29], our approach is rooted in craft and practice. Therefore, the
guidelines we derive are primarily focused on materials, design, and
manufacturing processes as well as deployability and customization.
Additionally, we share many of the insights we have collected over
the course of multiple years of prototyping work.

2 RELATEDWORK
2.1 Electric Muscle Stimulation
Electric Muscle Stimulation (EMS) has emerged as a popular input-
output modality in HCI, affording the computer physical control
of the user. This is achieved by passing small signals to the users’
muscles through surface-based electrodes; stimulating muscle con-
tractions.

Across numerous systems and studies, we are gaining an under-
standing of the opportunities that EMS presents, for example in
conveying information ([21, 38]), working dynamically with the
user to improve performance (both overtly [39, 78] and covertly
[25]), and creating bidirectional channels of communication be-
tween user and machine (e.g., [36]).

To date, however, the examples we see remain predominantly
conceptual, considering themes of opportunities within the space of
computer-human control, as opposed to real-world, deployable sys-
tems with tangible performance gains or user experience benefits,
per more traditional HCI. A primary reason for this is the difficulty
in achieving fine-grained control through EMS [10, 28, 52].

EMS setups typically enable coarse, ballistic movements, around
large joints [28]. Existing HCI literature focuses primarily (with a
few notable exceptions, [51, 75, 78]) on stimulating the forearms
and biceps, using pairs of large electrodes to drive rotations around
the wrist and the elbow (e.g., [36, 55]). Research suggests, however,
that more complex movement patterns (i.e., individual finger-level
control) can be achieved by increasing electrode complexity [10, 28,
57, 58]. This requires rethinking our use of electrodes.

Individual electrode pads, as they are commonly available, enable
quick deployment, can be easily reconfigured, and are relatively low
cost. To achieve more degrees of control, researchers use multiple
electrodes concurrently. For example, Lopes et al. rotate the hand
up and down around the wrist with four electrodes [36] and are
able to produce five different gestures using eight electrodes [37].
Even greater resolution of control can be achieved through higher
numbers of electrodes and complex patterns of multi-electrode
stimulation. For example, Duente et al. use 20 electrodes to stim-
ulate finger movement [10]. However, with increasing numbers
of electrodes, the benefits of individual electrodes are quickly out-
weighed by their problems. The time taken to peel them off the
sheet, place them on the arm, connect them to the EMS device,
re-place them based on a calibration step (if their location does
not result in the desired movement), and continuously monitor
their physical connection, does not scale to support more complex
electrode arrangements [10, 28].
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Table 1: Electrode Garment Design Criteria based on literature

Design Focus Design Criteria Associated Questions

Technology Function Where should an antenna be placed so that it is not shielded by the body? How can
skin contact of an EMG electrode be ensured?

Information Where should an accelerometer be placed to collect the most information? What is
the ideal location for measuring blood oxygen levels?

Sensorimotor PsychophysicalHow much attention does the device demand when worn? Does it start irritating
the user after prolonged use?

Biomechanical Does the device inhibit the range of motion of the user? Can the user reach the
device?

Human Abilities Perception Does the device provide output which the user can interpret?

Reaction Time How well can the user react to information provided by the device?

Performance How well can users provide explicit information to the device?
Social Aesthetics Does the device look visually appealing? Can the device adapt to di�erent stylistic

preferences?
Acceptability Does the device draw unwanted attention? What are the e�ects on the wearer's

social image? What is the e�ect of the device on interactions with other people?

Figure 2: Tamaki et al. [75] (left) and Duente et al. [10]
(right) pioneered the use of electrode bands and 'sleeves'
for HCI. Their emphasis was on producing functional, high-
resolution prototypes. Here, we turn our attention to the
wearability of electrode sleeves.

What is needed is a simpler solution to achieve high resolu-
tion stimulation that maintains the customisability of individually
placed electrodes, while optimising for more universal usability
(i.e., ease of use, time taken to setup, etc.). Researchers have pro-
posed wearable electrode arrays [10, 28, 52] in the form of garment
sleeves, as one such solution. Tamaki et al. [75] and Duente et
al. [10] proposed strap-based electrode 'sleeves' (Figure 2), where
multiple electrodes in the form of wristbands could be wrapped
around the arm. Knibbe et al. embedded electrodes throughout an
existing sports sleeve, to cover the entirety of the forearm [28].
Recent advances in functional textile and tailoring methods for
eTextiles create opportunities for deeply integrating such devices
into garments. In this paper, we build upon the EMS literature by
exploring how such integration can improve the wearability of
complex body-mounted technologies.

2.2 Highly Integrated Electronic Textiles
To integrate electronic functionality into clothing, the simplest
approach is to mechanically attach conventional electronics. The

FLORA ecosystem (based on the Arduino Lillypad) is a prototypical
example of this. It consists of rigid electronic development boards,
containing microcontrollers, LEDs, vibration motors and other gad-
gets. These boards have holes large enough to be sewn into clothing.
A resulting wearable system then consists of soft textile, adorned
with rigid, functional electronics. While this design approach can be
found in the bulk of today's functional garments, we are at the cusp
of a trend in wearable computing to push this boundary towards
o�oading functionality into the fabric itself (e.g., [15, 60]).

Early on, for example, embroidery machines were used to create
fabric with custom capacitive input [59]. Weaving has been used to
enable the creation of photonic textiles that integrate �bre-optical
light-guides as visible output [4]. Similarly, �bres with other special-
ized properties (e.g., piezo-resistive or piezoelectric) have also been
woven [48] or knitted [56] into textiles, supporting the creation of
custom behaviors.

Further customisation can be achieved by borrowing from tradi-
tional dyeing techniques such as Ikat [64], or by knitting textiles
from functional [56] or multi-functional yarns [46, 56]. Chemical
treatments [48] and functional dyes [6, 23] provide further options
for embedding electrical functionality in textiles. For example Hon-
net et al. have demonstrated that fully functional circuits can be
integrated in fabric by selectively etching, masking and polymeriz-
ing a material [23].

In combination, these approaches can be used to create fabric
objects [3], accessories [45] and full garments [15, 16] with complex
functionality. Along the same lines, the Skill Sleeve prototypes
we present in this paper, utilize a variety of novel manufacturing
methods to create a highly integrated electronic textile. They are
heavily inspired by designs presented by Freire [15, 16]. Freire,
in turn, appropriates materials and methods usually deployed in
the manufacturing of sports garments and sneakers, in particular
the layering and bonding of multiple materials to achieve desired
functionality.
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2.3 Wearability
With the advent of wearable technology,wearabilityis increasingly
noted as a desirable, even necessary, property. In consequence,
there is a growing body of research investigating the wearability
of speci�c devices and wearability in general. Zeagler et al. provide
a useful starting point for exploring this space [80].

Wearability is investigated from a diverse set of perspectives, in-
cluding the extraction of wearability criteria from user preferences,
e.g., by analyzing online user reviews [18], and considerations of
speci�c paradigms and interface types, e.g., on-skin interfaces [35].
There is also a large body of work covering wearability aspects of
animal tagging [8], which contributes useful guidelines [47].

The design guidelines most readily applicable to the design of
future highly integrated textile devices might be clustered by the
perspective taken, focusing either on technological requirements,
general human sensorimotor activity, speci�c human abilities, or
human social interactions. We summarize their design criteria in
Table 1 and elaborate in the following.

2.3.1 Technology.Taking a technology centred perspective, the
�rst criteria for wearability is if the device canfunction as desired.
For example, an antenna should be placed so that it is not shielded
by the wearers body [80] and an EMG electrode should have a solid
contact with the human skin [40]. Going beyond functionality, a
typical design consideration is optimization of theinformation
which can be collected. For example, to detect grasping with EMG,
it is not su�cient to have a good quality contact with the skin;
the contact should also be placed where it can collect the required
information. This also transfers to other technologies, a glucose
monitor will predominantly be attached to the abdomen, and weight
distribution would be measured in shoes or on ones' buttocks [72].

2.3.2 Human-Centric: Sensorimotor.Similar placement guidelines
can also be collected by focusing on the human. When taking a sen-
sorimotor approach to wearability, one might distinguish between
two main approaches:psychophysical andbiomechanical . Ex-
emplifying the psychophysical approach, Dunne and Smyth state
that �Wearability is about texture, thermal balance, moisture trans-
port, and freedom of movement"[12]. They suggest that�wearability
can be described psychophysically as the degree to which sensory
stimuli generated by a worn object intrude into the wearer's conscious
attention�. They hypothesize that, once a wearable technology de-
mands too much attention, it is removed from our body-schema
and instead enters our peripersonal space [12]. Representing the
biomechanical de�nition, Gemperle et al. state�Wearability con-
cerns the physical shape and their active relationship with the human
form� [17]. Here wearability is concerned with not inhibiting natu-
ral motion, distribution of weight on the body, or reachability. An
important consideration here are the large diversity of human body
shapes.

2.3.3 Human-Centric: Human Abilities.Many design considera-
tions established through HCI methods focus on human abilities,
usually around the following key themes:

The �rst is human perception of system output. While psy-
chophysics perspectives aim to minimize the attention that a wear-
able device demands, there are moments when we need the device
to demand our attention. Here it is important that the channel used

matches the location selected. For example, our tactile sensory acu-
ity varies strongly by location [80]. However, this does not directly
mean that areas with high tactile acuity are better suited for tactile
communication. Israr et al., for example, demonstrate how the low
tactile acuity of the back might make it an ideal location for tactile
communication [24].

Another approach to wearability might focus on human abilities
to interact with the wearable device. One might focus on human
performance, asking question such as where on the body a user
might react to noti�cations fastest [20], or where a device should
be located so that it can be accessed with minimal temporal de-
mand [2], or how to display on-body information so that users can
understand it with minimal delay [7].

The complement to this investigates how wearables might maxi-
mize the ability of the user toprovide input . For example, Strohmeier
et al. present a preliminary investigation of the e�ect of location
on a pressure targeting task [74].

2.3.4 Human-Centric: Social.Wearables are both social (or public)
and, being close to the body, intimate (or private). As they a�ect
how wearers perceive themselves, and how they are perceived by
bystanders [30, 32], social acceptability is becoming an increas-
ingly relevant theme in HCI [29]. Social aspects are also highly
relevant for electronic garments. Worn items are an element of
self expression; they become part of the self and the public image
the wearer displays to others [76]. In consequence, wearability
also comprises social and aesthetic aspects. Wearables that deviate
from social expectations, e.g., by attracting unwanted attention,
by being conspicuous, stigmatizing or socially awkward, face is-
sues withsocial acceptability [63]; they have an increased social
weight [77]. HCI typically understands social acceptability as an
interplay between the user's self-image, and how they are perceived
by on-lookers [5, 29, 41]: a wearable that negatively impacts the
wearer's self and external image shows a lack of social acceptabil-
ity. In consequence, social acceptability is tightly coupled to visual
appearance, including both static aesthetic qualities (e.g., color, ma-
terial or style) and dynamic �interactive� qualities (e.g., visible in-
or output) [11].

Despite this overlap,aesthetic considerations also di�er from
social acceptability in several ways [26]. For instance, a plain black
wrist band would not be considered aesthetically appealing, but
is neither awkward nor stigmatizing, and does not create social
tension: it would simply not a�ect the wearer's social image. A
certain style or aesthetic might be appropriate � or acceptable � in
one social context (e.g., a tennis court), but not in another (e.g., an
opera or job interview). As a result, considerations for wearability
need to include both dimensions, fashion-oriented and aesthetic
values, as well as contextual values, based on social norms and
standards, and including associated stereotypes [69], stigmata [63,
71] and cultural expectations [62].

3 MOTIVATION
The availability of novel technologies to HCI researchers enables
the design and validation of new interaction techniques and ap-
plications in context [66]. Pioneering work on EMS in HCI has
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Figure 3: Examples of existing wearable sleeves. Top: Ges-
tureSleeve [68], A�ordances++ [37] and PneuSleeve [81].
Bottom: Textile for reconstructing joint angles [34] and
SmartSleeve [49]

provided a valuable foundation by making EMS' functionality ac-
cessible [50] and by exploring and showcasing interaction possibil-
ities [37, 39, 51]. This has paved the way for more design-oriented
considerations (e.g., fabrication), as well as more pragmatic aspects,
such as `could this be worn in day-to-day life'.

In this work, we take this closer look at the wearing context(s)
and design aspects of EMS garments by considering `wearability'
as an additional core characteristic beyond technological opportu-
nities. In particular, we exemplify the design considerations and
practices required to fabricate truly `wearable' complex electronics.
By analyzing our di�erent design iterations, we identify goals and
challenges in creating complex wearable devices like EMS/EMG
sleeves for skill augmentation that approach the day-to-day weara-
bility of ready-made garments.

Why a Sleeve?Arms present special challenges due to their mobility
and deform-ability. We move our arms during most activities, even
if arm movements are technically not required � for example when
talking. Not only do we move our arms, as our arms move they
completely deform due to the double-articulation of the elbow and
the elongation and contraction of muscles. Design choices which
can accommodate such complex shapes are likely to also transfer
to simpler shapes.

The arm has also proved both a practical and desirable body
part for augmentation. Examples include EMG-based activity de-
tection systems [14], wearable implementations of EMS as in A�or-
dance++ [37] (See Figure 3), wearable haptic feedback systems [81],
a multitude of input devices [49, 68], and health-based devices for
monitoring posture [65] or avoiding repetitive strain injuries [24].

Why EMS/EMG?Of all the existing sleeve prototypes, multi-electrode
EMS systems provide some of the most restrictive constraints. For
one, the error tolerance of where the electrode should be placed

relative to the muscle can be very low, requiring an exact �t. Then,
for EMS to work, but even more so for EMG to function, the con-
tact quality with the skin must be high. Also, the complexiy of the
cabling scales directly with the number of electrodes (compared
to, for example pressure sensitive sleeves [49, 68] which scale as a
function of the square root of pressure points).

Through three design iterations (see Figure 1), we present lessons
learned and extend upon the current literature regarding wearabil-
ity. We will introduce the concept and motivation for each iteration,
discuss how the sleeves were produced, and then re�ect on each
design.

We present re�ections on the default option - using o�-the shelf
electrodes. We then re�ect on Iteration 1, which was used for con-
ducting research on auto-calibration [28] with a main focus on
electrical functionality. We then present Iteration 2, which was
designed with a stronger focus on wearability, and �nally Iteration
3, which combined the focus on wearability of Iteration 2 with
specialized functionality.

For each iteration we will describe the manufacturing process,
and provide re�ections on how it performed, structured around the
identi�ed themes of wearability from related work (See Table 1) as
well as the speci�c design considerations we had in creating and
working with the sleeves. It should be noted that, because users
typically do not directly interact with skill sleeves, we do not discuss
human abilities. Also this case study focuses solely on the design
of the textile multi-electrode array. Considerations regarding the
wearable design and connection of the electronic EMS and EMG
devices will be presented in future work.

4 DESIGN ITERATIONS
DEFAULT: Placing Individual Electrodes
EMS requires anode and cathode electrodes (i.e., signal and ground).
Typically, these electrodes are coupled and treated as pairs (See
Figure 4.1). Many HCI EMS systems, e.g., [27, 51, 55], rely on a
limited number of pairs, with 1-3 pairs covering much of the ex-
isting literature. These sticky electrodes are placed manually. For
most systems, this placement process proceeds (approximately) as
follows: (1) the researcher develops an expectation of electrode
placement (i.e., on the lower posterior forearm, near the elbow). (2)
The researcher asks the user to palpate their muscles (i.e., quickly
and repeatedly tense and release), whilst they observe or feel for
muscle deformations, to re�ne their expected starting placement. (3)
The electrodes are individually peeled o� their protective backing
and placed in the determined location. (4) The researcher uses wires,
often using alligator or snap connectors, to connect the electrodes
to the stimulation circuitry. (5) Based on the observed results from
sample stimulation, the electrodes may be removed and replaced
(typically in small increments.) This may occur multiple times. This
electrode placement process can be time consuming - see Knibbe
et al. [28] for a more detailed discussion.

Default: Re�ections
Technological.A primarily strength of using o�-the-shelf electrodes
is the convenience for robustly prototyping simple interactions.
From a technological perspective, a bene�t of commercial elec-
trodes is thefunctional electrical connection made with the body.
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Figure 4: Placing Individual Electrodes. (1) Typically, when prototyping interactions, small numbers of electrodes are used.
These are placed and connected directly to the stimulation device. (2) As electrode numbers increase, EMS users must turn
to custom circuitry in order to support multiple channels of stimulation. (3) Connecting multiple channels of stimulation
simultaneously becomes hard to manage.

Additionally, this approach is also inherently customizable. Elec-
trodes are easily placed, moved, and altered at any stage. Further,
though more rarely seen in HCI, o�-the-shelf electrodes can be
easily trimmed down (i.e., 2.5cm2 electrodes can be comfortably
trimmed to 1cm2). This can be used to optimizeinformation �ow,
both in terms of the achievable stimulation resolution [53] as well as
optimization of data collected using EMG sensors. In principle, this
approach can scale to support complex electrode arrangements and
patterns. However, the time complexity associated with placement
and tuning of the system is impracticably large [28]. Furthermore,
the scalability of the wiring and associated management quickly
becomes infeasible.

Sensorimotor.These considerations similarly depend on the num-
ber of electrodes. The placed electrodes are independent from one
another, and so can freely deform with the body. As the number of
electrodes increases wiring can become a limiting factor � wires
pull and rub on one another and so begin to constrain movement.
Further, as more electrodes are employed, the arm is increasingly
covered in electrodes. This makes it di�cult for users to comfortably
rest their arms during use, without stressing electrode connectors
or uncomfortably pressing connectors into their arms (See Figure
4.3).

Social.The clear visibility of the individual electrodes hints at the
system's inner workings, which is a bene�t to novice EMS users,
for whom revealing the system is initially important, but often
overlooked [27]. However, the somewhat medical appeal of the o�-
the-shelf electrodes can also act as an `accentuated social signi�er'
(c.f., Li et al. [33]), which can negatively a�ect (social) wearability
by attracting pity and potentially inducing stigma:�[...] my friends
will worry whether I am sick�[31, 33]. In addition, opportunities to
tailor the aesthetics of o�-the-shelf electrodes to a desired look are
limited.

One of the main challenges we encountered is a lack of durability
and repeatability. Both electrodes and wires can easily catch on

objects, clothing, and body parts, and so become dislodged and
disconnected. The system is fully dismantled when the electrodes
are removed for cleaning or replacement, and repeat wearing is akin
to building the electrode setup from scratch. Anecdotally, we have
used ink marks on the skin to support removal and re-application
of electrodes.

In summary, for many scenarios, including design concept explo-
rations and initial lab studies, this approach to electrode con�gura-
tion is simple, practicably quick, can be tuned to support su�cient
complexity (for example, by trimming o�-the-shelf surface elec-
trodes down to a smaller size), and can work across all available
users. However, the time requirements for con�guration, the ca-
bling complexity, and the robustness of individually connected
electrodes becomes problematic before the ceiling of achievable
stimulation resolution is reached. This becomes especially problem-
atic, considering that the process must be repeated for every single
use. As such, we started designing electrode sleeves, with the in-
tention of supporting higher numbers of electrodes and e�ectively
managing the cabling requirements, while increasing the speed of
application and supporting repeated use.

ITERATION 1: The Calibration Sleeve
The �rst design iteration was primarily intended to improve thede-
ployability of Skill Sleeves. This might be done by decreasing the
time it takes toapply the EMS electrodes and enablingprolonged
use by repeated applications. This iteration of the sleeve was used
in a study on auto-calibration for EMS by Knibbe et al. [28]. A
two-fold strategy was chosen to achieve the new design goals. First,
rather than placing electrodes individually, all electrodes should be
applied together. Second, rather then considering where to place
electrodes, a concept of acomplete electrode sleevewas used. Instead
of individually placing the electrodes at the desired location, the
entire forearm was covered in electrodes. This changed the calibra-
tion problem from `where to put electrodes', to `which electrodes
to use' (c.f. [28]). In addition to potentially reducing the time it
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Figure 5: The Calibration Sleeve. This was the �rst wearable full-sleeve of electrodes for EMS for HCI. (1) The sleeve was
constructed by individually sewing electrodes into the base fabric, (2) to form a dense grid of electrodes. (3) The high number
of electrodes created wiring complexity. (4) The sleeve was designed to support donning and removal of the sleeve by the
individual.

takes to start using a skill sleeve, this approach is also a candidate
solution for increasing resolution.

Iteration 1: Fabrication
The Calibration Sleeve is fabricated into an o�-the-shelf sports
sleeve. The original sleeve (CompresSport compression sleeve) was
designed to be tight, rolled on to the arm, and provide pressure-
based support. The sleeve was cut open length-ways, and a zip
was sewn into the edge. Sixty 20x20mm square electrodes were
cut from conductive fabric (Statex Techniktex P130b) and then
individually sewn into the sleeve, along three sides, forming a
pocket (see Figure 5.1). One side of the electrode was left open, to
enable a snap connector to be connected to the outer and inner side
of the compress sleeve (blue fabric). This conductive snap connector
would form a connection from the outside of the sleeve to the
conductive fabric. On the external side of the sleeve (away from the
arm), wires were individually soldered onto the snap connectors.
For each row of 5-6 electrodes (the sleeve thins nearer the wrist,
so the number of electrodes required is reduced), the wires came
from a six-wire shielded cable (see Figure 5.3). All cables ran up
the sleeve, towards the elbow, and were gathered through a strap
around the users' bicep. Prior to use, squares of conductive gel
(AxelGaard's AG635 `Sensing' Hydrogel), were cut and placed on
the exposed side of the conductive fabric.

Iteration 1: Re�ections
Technological.Conceptually, this sleeve can support a high reso-
lution of movement control, as electrodes cover the entirety of
the forearm. The sleeve was designed to be `one size �ts many' -
inheriting the properties of the base compress sleeve. For users
with thin arms, there were too many electrodes and not all would
sit �ush to the skin. For users with larger arms, the spacing be-
tween electrodes stretched awkwardly. As such, there were large
di�erences in coverage between users. However, as the majority of
the forearm was covered across all users, and through careful per

person calibration [28]), it remained usable and, was able to collect
both rich information by using the electrodes for EMG measures,
as well as having high information output by its ability to induce
complex movements in the user.

However, even though this functionality was present, in many
ways the sleeve still was lessfunctional than the individual elec-
trodes. For example, the quality of the electrical contacts su�ered
from distortions in the fabric. The relatively rough craftsmanship
resulted in many unwanted contacts of conductive �bres, resulting
in both parasitic resistance and parasitic capacitance. This con-
strained the control resolution. While these problems could mostly
be addressed in software and by robust electronics design, there is
clear room for improvement.

Sensorimotor.To accommodate for the shape transformations that
the arm undergoes when moving, the sleeve was built around an
elastic sports-sleeve. The elasticity of the sleeve would then allow
the �nal sleeve to also conform to changing shapes. However, the
additional fabric, sewing, and wiring, heavily reduced the stretch-
ability of the sleeve. Additionally, the requirement for sticky con-
ductive gel prevents the sleeve from easily deforming with and
conforming to the arm. Further, the complexity of the cabling for
60 electrodes adds a mechanical sti�ness to the sleeve (i.e., from the
10 lines of 6-wire shielded cable), which hinders its use for highly
dynamic arm movements (for example, it could support a user in
playing piano, but could not be used for improving tennis-play).
The cables are, however, kept out of the way of the hand, supporting
free hand movement.

Social.This sleeve leaves the electrical nature and complexity of
its workings out in the open; creating a `cyberpunk'-like aesthetic.
Like the individually placed o�-the-shelf electrodes, this aesthetic
is not subtle, but rather obtrusive. For (social) wearability this can
pose a signi�cant weakness, as many HCI researchers consider
unobtrusiveness, i.e. not calling attention or revealing the technical
nature, as crucial for social acceptability [1, 9]. Nevertheless, for
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