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Abstract. Motivated by the need to replace plaster casts or image
acquisition approaches to capture body shapes to create orthoses, we
explored the feasibility of using smart textile sleeve enhanced with arrays
of stretch and bend sensors. The sensors’ data is interpreted by an ad-
hoc optimisation-based shape inference algorithm to come up with a
digitised 3D model of the body part around which the sleeve is worn.
This paper summarises the state of the art in the field, before illustrating
the approach we followed and lesson’s learned in developing smart textile
sleeves and the associated data processing algorithms. The unique app-
roach we followed was to realise from the ground up the sensing elements,
their integration into a textile, and the associated data processing. In the
process, we developed a technology to create stretch and bend sensing
elements using carbon black and ecoflex, improving curvature detection;
we also found ways to interconnect large arrays of such sensors, digitise
their data, and developed several mathematical optimisation models for
the inference of the sleeve shape from the sensor readings.

Keywords: Sensing sleeve · Smart textile · Body monitoring · Shape
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1 Introduction

New methods for the fabrication of personalised orthoses and prosthesis have
been developed in recent years [7]. The increasing interest in developing person-
alised medical devices has prompted the application of technologies such as 3D
printing or CNC machining to achieve this goal [1,15]. However, body acquisition
systems has not advanced in the same pace, being 3D scanning [5,6] or photogra-
metric methods [1,7] the most used for creation of 3D models of the body. These
systems can be faster, but they do not have a better accuracy or reliability
than casting methods [5]. Therefore, new technologies such as smart textiles are
required to obtain more accurate models of the body shape. The development of
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flexible sensors has giving rise to the development of smart textiles with ubiq-
uitous sensors for human motion monitoring [2,3,14], posture tracking [9], ECG
signal analysis [16], or for shape measurement [8,12]. Despite of this, there is no
register a functional textile to measure body shape.

Efforts for posture tracking includes optical fibre integrated in garments [4],
inductive sensors for posture monitoring [9], stainless steel yarns [11], silicone
with FBG sensors for lower back movement tracking [17]. Although the use of
arrays stretchable sensors have been proposed [13,14], these have been limited
to identify postures on the back.

The work here discussed is part of a project that focused on the development
of a system for body shape sensing using a smart textile and a shape inference
algorithm. The system aims to acquire body’s shape to help in the fabrication
of prostheses and orthoses. The device has been conceived as a smart textile
enhanced with and array of bend/stretch sensors. The ends of each sensors is
visualised as a node with coordinates in a R

3 space. The coordinates of each
node changes when the textile is worn, and this variation is proportional to
the strain or bending angle of each sensor. A simulation of the sensors’ array
has been developed for the shape optimisation that includes a target and an
inference meshes of n number of nodes that matches the number of the ends of
the sensors, then gradient descent algorithm is used to optimise the inference
shape to the target mesh. The system will help in the generation of accurate 3D
models of the human body.

This paper presents the practical lessons learned during the ongoing work
carried out to develop a smart sensing stretchable sleeve for body shape sens-
ing. These lessons are here documented to show the progress and drawbacks
made during the development with the intention to lead the way of those con-
sidering working on wearable technologies with similar characteristics. Section 2
presents a description of the system and shows the prototypes generated during
the research, whil the algorithm used for the shape optimisation is presented in
Sect. 3. Section 4 discusses issues presented during the development of the sleeve
and the algorithm, finishing with the conclusions and future work in Sect. 6.

2 Shape Sensing Sleeve

The underlying principle of the shape reconstruction sleeve is the integration of
flexible sensors in a stretchable textiles that will be able to measure localised
changes in a stretchable textile as this goes from a rest state to a final stretched
state. In this project this principle has been investigated with five different pro-
totypes, each one with an array of sensors placed on a stretchable textile.

2.1 Stretchable Sleeve with Commercial Strain Sensors

The first iteration was formed by a commercial sleeve (Rymora Calf Compression
Sleeves, Rymora Sports, UK) with 8 rings (Fig. 1); each ring had 8 commercial
conductive rubber sensors of 20 mm length by 2 mm (Adafruit, USA). Firstly
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each sensor was connected to 0.19 mm enamelled copper wires on each end
using conductive epoxy (CW2400, CircuitWorks, Chemtronics, Netherlands).
The rings where then formed by attaching 8 sensors to an acrylic fettuccina
yarn (Yeoman Yarns, Leicester, UK) with mouldable glue (Sugru, U.K.) sepa-
rated 5 mm from each other. This resulted in non-stretchable sections of 16.12 ±
1.32 mm between each sensor. The rings where then placed on the sleeve 13.80 ±
1.55 mm apart from each other using adhesive and sewing the rigid areas to the
sleeve. The array was connected to an interface software formed by four multi
channel analogue multiplexers (CD74HC4067) plugged to an Arduino Uno board
and the data was interface to the PC with MATLAB for data acquisition.

Sensing Rings

Sensor

Fig. 1. Sensing sleeve with off-the-shelf sensors. The sensing sleeve is formed by 64
sensors arranged in 8 rings of 8 sensors each one.

2.2 Stretchable Sleeve with a Single Ring and Conductive
Elastomer Strain and Bend Sensors

A second prototype was formed by a in house designed and fabricated stretch-
able sensors attached to a sleeve. This sensing device had a single ring formed
with stretch and bend sensors made of Conductive Elastomer (CE). The com-
posite material was created with silicone elastomer Ecoflex (00-30 Smooth-on,
Pennsylvania, United States), Carbon Black (CB) (Vulcan P, Cabot, Boston,
Massachusetts, United States), and heptane. Theses components were mixed
with in the following ratios, 10 : 1.3 : 8. CB and heptane were mixed using a
magnetic stirrer for 0.5 h, then Ecoflex part B was added and stirred for 5 h and
Ecoflex part A was added and stirred for further 0.25 h. The solution was then
degassed to remove all the air trapped during the mixing process and poured in
3D printed moulds. The 3D printed moulds were 20 mm long by 5 mm width by
2 mm thick. Each mould was prepared with fetuchina yarn to join the sensors.
To prevent the material for the bend sensors from stretching, an extra piece of
fetuchina yarn was added. Enamelled copper wires (0.19 mm) were placed on
each end of each mould once the solution was poured to create the interfacing
contacts for the sensors.
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2.3 Stretchable Sleeve with a Single Ring and CE Strain and Bend
Sensors Interfaced with Filament Wires

The third iteration was the same as the second prototype described in Sect. 2.2,
but this time the copper wires for contacting the sensors were substituted for
filament wires. The substitution was done enhance the interfacing, preventing
the loosing of the contacts after stretching the sensors. Filament wires were
selected after load and cyclic load test performed to CE interfaced with 5 different
contacting methods [10].

2.4 Sleeve with a Long Array of CE Sensors and Filament Wires

A fourth prototype was build by designing an array of 70 CE sensors. The sen-
sors are made of carbon black conductive nano particles embedded in a Ecoflex
silicone matrix, and the fabrication process is the same as the one described
in Sect. 2.2. A 3D printed mould was specially designed to generate four long
stripes of sensors that will become four rings. The rings are connected to each
other by a row of bend sensors. Each ring is comprised by a long stripe of five
stretch alternated with five bent sensors connected in series, i.e. two sensors
share a single interface. This reduced the number of interfacing wires to number
of sensors (n)+1. The formed rings will measure changes in the perimeter of the
cross section of the shapes where the sleeve is put on. The rings were joint with
3 rows of 10 inter-rings bend sensors connected in parallel to measure changes
perpendicular to the cross section; each end of these sensors was interfaced with
filament wire (Fig. 2). The sensors are 1.5 mm thick and 5 mm with lengths of
16 mm for bending sensors and 13 mm for strain sensors. The sensors are formed
by the same mixture, and although the stretch sensors is only the piezoresistive
material, the bend sensors were formed using two pieces of jute twine string fibre
with the sensors’ length which are covered in ecoflex and placed at the bottom
of the moulds. This resulted in a thin layer of the piezoresistive material cov-
ering the surface which will generate changes in resistance proportional only to
bending and not when stretching.

2.5 Sleeve with a Long Array of CE Sensors and Conductive
Thread

The last prototype was created following the same process and configuration
as the fourth prototype (Sect. 2.4), but the interfacing of the sensors was done
using nylon thread coated with silver. This was used as textiles had demon-
strated higher adhesion force to ecoflex [10]. This method improved the interfac-
ing, resulting in less change in resistance due to the interfacing of the contacts.
A data acquisition board was specially designed to acquire the data from the
fourth and fifth prototype. The sleeve was interfaced to a PCB (Fig. 3) that has 6
circuits connected to a microcontroller system (Teensy 3.2). The measurements
from the rings are acquired by four circuits with two 16 channel analogue multi-
plexers, two Op Amp, and a digital potentiometer. The values of the bend sensors
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Fig. 2. Long array sleeve. The sensing sleeve is formed by 70 sensors arranged in 4
rings of 10 sensors each one and interconnected through three rows of bending sensors.
The sensors in this prototype have been interfaced with filament wires.

connecting the rings are read by two circuits built with two 16 channels ana-
logue multiplexers, one digital potentiometer, and one Op Amp. The multiplexer
alternates each sensor to form a voltage divider with the digital potentiometer,
which adjusts its value to the sensor resistance values for accurate results. The
microcontroller is interfaced over a USB serial line. The data is acquired, stored,
and processed in MATLAB.
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Fig. 3. Read out circuit. Made of 6 individual circuits: two 16 channels analogue mul-
tiplexers, 1 digital potentiometer, and 2 Op Amps to read the data from each ring. The
other 2 circuits read data from 30 inter-ring bend sensors using a 16 channel analogue
multiplexer, 1 digital potentiometer, and 2 Op Amps.

3 Shape Reconstruction

The sleeve sensor data is processed to infer the shape it is worn on (target shape)
using the differences between sensors at rest and when conformed to an arbitrary
shape. We used the reconstruction and simulations to explore the challenges
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in inferring the target shape given no prior knowledge other than the sleeve
structure and sensors’ readings. The number of sensors per ring, sensors reading
accuracy and the errors, adds complexity to this challenge. The simulation is
used to evaluate the reconstruction with higher number of sensors, different
parameters and possibilities for error correction. A virtual model was developed
and simulated to evaluate this process. The model is used to simulate draping
over target shapes with varied morphology features and retrieve simulated sensor
readings. The optimisation algorithm developed infers the target shape using
only these measurements.

At first, simple target shapes were used, cylinders and cones. In the first
approach using this algorithm [12], conical shapes were measured using the first
iteration of the sleeve using only stretch sensors. Afterwards, we expanded the
concepts further [8] to incorporate reading of bend sensor in the optimisation
algorithm on shapes with arbitrary features such as curves, cross section twists,
and lumps. In the latter, weighting factors for the reading of the bend sensor
were incorporated and analysed, showing that certain target shapes benefited
by adjusting these factors.

3.1 Reconstruction and Simulation Approach

The approach taken for the real and the simulated virtual sleeve is shown in
Fig. 4. The steps for draping the virtual sleeve on STL models introduced the
challenge to reproduce the way the physical sleeve is worn on a shape. This
is because the level of detail in the reconstruction is limited by the number
of sensors on the sleeve. This is important for the comparison of the end low-
resolution result with the high-resolution STL model or real body limb.

Fig. 4. Inference and simulation process.

While in the simulation the target shape is generated using a STL file, in
the experimental part the sensors’ data is passed to the optimisation function,
producing the final set of points representing the target shape. From the opti-
misation stage onward, the process is common for both versions of the sleeve

3.2 Simulation Methodology

The following steps are followed to perform simulations:


