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ABSTRACT
Monarch is a wearable electronics prototype that enables 
the wearer to amplify or extend body language through the 
use of a muscle-activated kinetic textile for the purpose of 
augmented social interaction. This pictorial details the second 
prototype stage with a focus on addressing the wearability 
[5,14], technical, and production challenges resulting from 
the first prototype [7]. The purpose of these improvements 
is to enable a small batch production of the prototype for 
further testing in daily life. Design decisions are brought 
to the foreground for observation and reflection, including 
those surrounding material choices and production methods. 
The result is a detailed visual account of the generative and 
evaluative discoveries [12] as well as a contribution of several 
recommendations that can be applied to small batch production 
of wearable electronic prototypes in a research lab context.
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INTRODUCTION  Monarch is a wearable electronics prototype that enables the wearer to amplify or extend body 
language through the use of a muscle-activated kinetic textile. Through the flexing and releasing of the bicep muscle 
(sensed by an electromyography sensor), the wearer is able to raise and lower wing-like textile structures located on the 
shoulders as a way to “...express enthusiasm, excitement, assertion, aggression, mischievousness, or even flirtation. It can 
be used as non-verbal communication or to accentuate a point in conversation.” [7] 

Monarch sits in the context of kinetic [8], social [3], and expressive [1,2] wearables. Related works that explore speculative 
wearables as fashion accessories include: the Linn Dress with changeable neckline expressions [9]; Kino, a kinetic 
accessory robotic system that opens to innumerable design expressions in the neck/chest/shoulder region [11]; and Priscilla: 
The Burning Bolero, a responsive and emotive shoulder accessory [13]. 

To better understand the use, behavior, and impact of social, expressive, and/or kinetic wearables it is essential to be able to 
experience and observe them in context. Designing for reliability, robustness, aesthetics, comfort, along with the challenges 
of joining hard and soft materials, power sourcing, and devising attachments for parts that move requires intensive 
prototyping. The first version of any wearable technology prototype is seldom able to address all of these concerns, and as 
such it is often difficult to produce first prototypes that are able to be tested in their desired context.

The first prototype of Monarch (V1) served as a successful proof of concept, technology, and interaction [7]. However, 
like many first wearable prototypes, it was cumbersome to wear, sized to a limited number of people, laborious to make, 
difficult to maintain, and challenging to reproduce. Moving forward, we wanted to produce a version of this wearable 
device that brought it to a next level of polish in terms of wearability and usability.

Servo Motor 
Mechanism

MONARCH V1

Wings

Harness

Circuitry
(around back)

AREAS OF REDESIGN 
FOR MONARCH V2

Wearables: Garments, costumes and jewelry DIS ’20, July 6–10, 2020, Eindhoven, Netherlands

2216



MONARCH V1 MONARCH V2

The second version (V2) aims to achieve a high enough 
production quality so as to further explore our initial 
speculations [4] on how a body-based technology can be 
used as a form of personal expression, how the behavior of 
wearable garments can be controlled through the movement of 
our bodies, and how wearable technologies can begin to feel 
like a visceral extension of self.

The purpose and intention in producing Monarch V2 is as 
follows: 

• To resolve the wearability challenges [5,14] so that 
wearers are able to focus on wearing and actuating the 
wearable, and experience the resulting social interactions 
rather than be distracted by elements of physical 
discomfort.

• To resolve technical challenges so that wearers are able 
to undertake more durational testing in an everyday 

environment without direct observation and technical 
support.

• To resolve production challenges so as to create a robust 
set of multiples that can be worn by multiple users at once 
in a larger social context. 

In this pictorial we present the generative and evaluative 
discoveries [12] made while designing our second version 
(V2) prototype of Monarch. The outcomes are presented as 
recommendations for prototyping processes of small batch 
wearable electronics prototypes produced in a research lab 
context.

The following goals were identified so as to support the 
wearability, technical robustness, and ease of production of a 
small batch of Monarch V2 prototypes for future testing in an 
everyday environment:

• To select a lighter, thinner, and more reliable servo motor

• To develop a more efficient production process for the 
pleated textile interior of the wings

• To allow for personal customization of wing and leather 
colors [10]

• To design and develop a more robust and reliable circuit

• To move the main circuit to a more comfortable location 
so as to improve weight distribution [5,14]

• To prioritize the use of digital fabrication tools  and 
practices where possible to improve efficiency in the 
production of multiple units [6]

The sections that follow detail the technical developments, 
design processes, material choices, and production methods 
used in Monarch V2 as compared to Monarch V1, particularly 
in the areas of the harness, servo motor mechanism, wings, 
and circuitry.
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The harness is the garment’s base. It provides 
housing for the circuitry and securely positions 
the motor and wings on the wearer’s shoulders. 
The top priority in redesigning the harness was 
to improve wearability. The wearability factors 
that were focused on were comfort, sizing, 
and fit. The goal was to create a garment that 
felt more polished and less out of place with a 
wider variety of styles. The same material was 
used for the V2 harness as the V1 - a 4/6 ounce 
vegetable tanned leather. In the V1 it served as 
a secure motor base. However the use of leather 
was further developed to include wet moulding 
so as to create an encasement for electronic 
components and to allow the material to better 
fit around the body.

Harness 
Comparison

MONARCH V1

MONARCH V2

The V1 waist belt caused physical 
discomfort. It also presented challenges 

in providing inclusive sizing. 

The V1 Control Panel was 
positioned on the waist, 

making it difficult to access.

The V2 Control Panel was relocated to 
the shoulder for improved reachability.

The V1 neck closure 
provided stability for 

the harness with a 2.5” 
wide elastic. It kept 

the piece from shifting 
when activated but 

was also a source of 
significant discomfort.

These thinner V2 straps go 
under the arms rather than 

around the waist, similar to the 
style of a backpack or holster.

V1 circuit boards were stored in a 
pouch on the belt. This sometimes 

impeded ease of movement.

The straps are comprised of stretch 
elastic (similar to a bra strap) 
and leather. The elastic allows for 
ease of movement and the leather 
strap and buckle allow for sizing 
adjustment. This small amount of 
movement allows for the wearer to 
easily slip the accessory on like a 
backpack, with no assistance.

V2 circuit boards and batteries 
are stored in a widened 
racerback design. Wet moulding 
the leather creates a cavity to 
act as an enclosure. A custom 
fabric lining secures boards and 
batteries in place.
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Many design options for the harness were 
explored, both in terms of straps and shoulder 
covering. Removing the waist strap from V1 
meant having to find other ways to stabilize the 
harness against the torque of the servo motor. A 
more substantial, molded base and snug straps 
under the arm served as a viable solution. These 
features, act to secure the weight of the base on 
top of the shoulders,and counteract the slight 
weight imbalance created by the electronic 
encasement on the back.

ITERATION 1

Lining was stitched to the leather with a 
saddle stitch.

A laser cut design was developed to include 
holes, cutouts for rivets and openings for the 
control panel.

 The natural veg tan leather allowed us to 
laser cut the material. This added speed 
and consistency when creating multiples.

The racer back was wet moulded to 
provide an encasement for the circuitry.

The vegetable tanned leather was dyed 
either black or brown based on the  wearer’s 
preference.

ITERATION 2 ITERATION 3

A logo was laser etched on the back of each 
harness.

Harness 
Development 
& Production

PROCESS FLOW

 A detailed lining was designed with channels 
and pockets secure the electronics. Distribut-
ing the weight of the electronics across the 
base allowed for more comfortable fit.
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Monarch’s wings are actuated by 
servo motors. The servo mechanism is 
a unit that includes the fixturing of the 
servo to the base and an attachment 
for the servo arm. 

Servo 
Mechanism 
Comparison MONARCH V1 MONARCH V2

The V1 servo mechanism used 
a total leather enclosure. Once 
installed, the larger, standard-

sized servo was inaccessible as 
the leather was attached with 

permanent rivets. 

The V2 servo mechanism 
prioritizes repairability 
and precision. A 
parametric 3D printed 
design allows for a 
potentially larger set of 
servo motor types. 

In V1 of the servo mount, all of 
the weight is placed directly on 

the servo arm. The servo arm 
is off center within the moving 

textile, further hindering 
movement of the wing.

V2 improves on the 
previous design by using 
a bracket that reduces 
the weight placed on 
the arm of the servo. 
This bracket also makes 
it possible to have the 
moving arm be in the 
center of the mount and 
the textile.

The standard size servo is replaced by a high torque, slim 
profile Futaba S3150 servo with metal gears. 
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Servo 
Mechanism 
Process

Arm fixture. A bolt 
retains the wire 

extension that lifts the 
textile wing. 

Rotation point, 
secured to the servo 
arm on one side and 
a free moving bolt on 
the other.

Servo attachment 
points. These are 

scaled to the type of 
servo used.

The channel for the 
leather strip to sit 
in. Includes a large 
opening to clear the 
rivet. 

Multiple servo types were tested, from the micro (left) 
to the standard size (right). Futaba S3150 (second from 
the left) was chosen for both its higher torque and 
smaller footprint than the standard servo.

Two rivets are used to attach the mount to the leather 
base. A leather strip with the width of the mount’s 
channel prevents unwanted motion. The slight flexibility 
of leather removes some of the strain from the 3D 
printed plastic.

The bracket was refined over multiple rapid prototyping 
iterations. In order to reduce the size of the overall 
mechanism the bracket moved from the short axis to the 
long axis of the servo. This also provided better overall 
range of motion for the wing.

Area highlighted in red represents 
the footprint of the Futaba S310 
servo. Servo and bracket rotation 
axis marked in black.
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Wing 
Comparison

From V1 to V2 there was a significant shift in material approach. Whereas V1 took a multi-material approach, V2 was able to utilize a single 
material to create the pleated form that makes up the interior of the wing.

MONARCH V1 MONARCH V2
V1 used a base textile (in this image a light denim). Laser cut felt strips 

in the shape of the negative space between folds were then adhered to 
it with iron-on interfacing. The felt gave structure to the textile, where 

the denim acted as a type of hinge to allow it to open and close without 
losing its shape. Each strip on the fabric had to be placed and ironed on 
individually. The wing construction was the most labour intensive part 
of the Monarch V1 and would not be suitable when making multiples.

V2 needed a means of creating a textile with a similar structural integrity while allowing us to 
produce the geometric shapes more quickly. For this reason V2 uses a starched canvas fabric with 
digitally printed guides for where each fold should be created. A method of ironing and starching 
was used to create long lasting pleats. The cover of the wing was created using a chrome tanned 
black leather, providing a cleaner structure than the chambray of V1 as well as better protection 
from poor weather.

The use of digitally printed fabric had the added benefit of allowing each Monarch to be customized 
by its wearers. Changing the color or graphic design of each wing would not disrupt the production 
process. The use of more neutral colours in both the harness and wing exterior allowed for the 
customized interior to pop when exposed by the wearer. This pop acts to amplify the expressive 
action of opening  the wings, visually dominating the apparatus enabling it. The addition of the 
colour pop to add drama to the expressive nature of the piece, allowed us to diminish the length of 
the wing. This allows for it to sit more inline with the natural shoulder of the wearer. The reduced 
length of the V2 wings allows for easier every-day wear and maneuvering.
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Wing 
Development

The original structure used for the interior of the wing      
(a hyperbolic paraboloid) was maintained. However extensive 
explorations took place, varying the aspect ratio of the source form, 
number of pleats, and the type of textile.

Paper tests were used to test the design and form before moving on 
to textiles. In completing these exploration we observed a number 
of principles that influenced our final designs:

• Higher density folds made it easier to flatten the finished shape

• Alternating colors in the pattern created an illusion of added 
depth and structure

• The more complex patterns seemed to flatten the shape

Fabric structures were tested with a 
stand-alone servo mount.

PAPER TESTS

DIGITALLY PRINTED FABRICS

Pleat folding process, small irons secure the final folds. Final pleated textiles before assembly.Printed textile pleat patterns.
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Circuitry
Comparison

The development of the V2 circuit focused on the ease of assembly, long term 
stability, and overall robustness.  The following key adjustments were made.

MONARCH V1 MONARCH V2

EMG Sensor 
Socket

Conventional terminal blocks 
were replaced with quick-release 

connectors, which greatly 
improved the ease of connecting/

disconnecting, removed signal noise 
due to poor connection, and relieved 

strain on the wires. The copper 
traces on the printed circuit board 

(PCB) were made larger in order to 
improve overall signal quality.

The EMG sensor remains the 
same across versions, but the 
PCB traces provide a much 
less noisy connection. The Control Panel was transitioned from a proto-board design to a PCB. As 

the design has elements that are meant to be accessed from both sides, the 
potentiometer has been flipped onto the reverse side of the PCB, allowing it 
to be accessed through an opening in the leather of the harness.

Moving from proto-board to a printed circuit board 
(PCB) increased stability of the electrical connections 
and reduced the vertical profile of the board. The use of 
a PCB also simplified the wiring and soldering needed 
for the assembly of each unit.
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Circuitry
Placement

Four 3.7V 850 mAh LiPo batteries power each 
device, two for the EMG circuit, two for the 
remaining hardware. They can be detached 
via the JST connectors for charging.

Methods for e-textile sensing were assessed. 
However in order to maintain sensor signal 
integrity,  the designers elected to maintain the 
use of wires and standard electrodes so as to 
provide a more reliable interaction experience.

In Monarch V2, the main circuit board is located 
in the slim racerback compartment of the harness 
created through the wet moulding process. The 
batteries are positioned in custom pockets in the 
shoulder area of the lining. This revised placement 
of electronic components results in improved 
comfort in the wearing of the circuitry.

Monarch V1 hip pouch with circuit and batteries.

PTSM connectors allow servo motors and control 
board to be easily attached and detached, thus 

allowing the Main Board to be completely removed 
from the wearable for repairs when needed.

CORE HARDWARE
In Monarch V1 all of the electronics were housed in a large pocket 
near the waist. The much more compact design of V2 places all the 
electronics around the upper back area. This removes the need for a 
waistband and chest strap and discreetly hides the electronics. Each 
component is designed to be detachable and replaceable.

E-textile approaches to circuit building were considered. However 
researchers elected to pursue a refined approach to traditional circuit 
building that prioritized wearability considerations such as weight 
and placement. The use of traditional circuitry elements allowed for 
more streamlined assembly and reliability of circuitry.
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        DIGITAL FABRICATION
The integration of digital fabrication processes (laser cutting, 
3D printing, digitally printed fabrics) can allow for improved 
precision and reproducibility of wearable electronics projects. 

In Monarch V2, the harness features a more comfortable 
design and its production is facilitated through the use of 
laser cutting. The servo mechanism is made more robust, 
serviceable, and modifiable through the use of 3D printing. 
The design and production of the wings are improved by 
switching to the use of digitally printed textiles.

     HYBRID PRODUCTION METHODS
Hybrid production methods are sometimes essential in order 
to address wearability priorities.

Although greatly improved by the use of digital fabrication 
methods, the assembly of a Monarch remains a bespoke 
production. Improved polish and wearability are achieved 
through advanced production methods including detailed 
machine sewing of the two-way stretch fabric lining, hand 
stitching to bind the laser cut leather of the base with the 
fabric lining, and hand-pleating the digitally printed textiles. 
Through our prototyping process, we discovered that the 
feeling of refinement, comfort, and wearability that comes 
from the V2 design is a direct result of the combination of 
the use of digital fabrication methods for the preparation 
of materials and the detailed craftsmanship involved in the 
assembly.

        MODULARITY
Modularity of parts, both electronic and not, can allow for 
repair, refinement, and customization. 

In the Monarch V2, the Main Board and Control Panel can be 
easily connected and disconnected using robust connectors. 
This supports repair processes and the use of parts and 
components across multiple units. Similarly, the wing-like 
textile structures can be completely detached and swapped so 
the wearer is able to customize pattern and color to match their 
outfit. One oversight in the initial Monarch V2 design is that 
the strapping used to secure the servo mounts was attached 
using permanent rivets. In an instance where the mount broke 
it became very difficult to replace. This will be addressed in 
future designs.

Reflection
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The goal of Monarch V2 was to produce a robust set of multiples for use in social scenarios. The aim of these physical refinements was to support the prototype’s availability for repeated, 
long term use. We wanted to produce prototypes that were not constrained to use in a highly controlled lab or user testing environment but rather could be tested in everyday life as a way 
to explore an enhanced or extended sense of embodiment through an augmented or extended body language.

Through our prototyping process, we arrived at several recommendations which emerged from concerns specific to Monarch but are able to be applied to prototyping processes for other 
small batch wearable electronics projects produced in a research lab context.

CONCLUSION AND FUTURE WORK

This overview of Monarch V2 highlights the improved material choices, production methods, 

technical developments, and design processes that resulted in improved wearability, technical 
reliability, and reproducibility. The documentation of the design and prototyping decisions as well as 
resulting recommendations are offered as a case study contribution for other researchers aiming to 
develop small batch productions of wearable electronic research artifacts for testing in an everyday 
context.

This iterative design process yielded six functionally-identical units of the Monarch V2 design that are 
well-equipped for durational testing in the context of daily life. Through future testing the aim will be 
to experience and observe the resulting social interactions, augmented body language, and new forms 
of expression that emerge through the use of this social and expressive kinetic wearable prototype.
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