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Abstract—Multiprocess Additive Manufacturing (AM) offers system designers new, exciting
computational tools to rapidly realise smart wearable sensing devices in two-dimensional
(2D) and 3D shapes. We guide readers through the novel development and fabrication
process based on a digital co-design framework and highlight AM techniques, functional
materials, and assembly procedures for designing wearables as flexible and stretchable
on-skin patches, e-textiles, and smart accessories for everyday use.

& WEARABLE

DEVICE DESIGNERS are today challenged by multiple advanced user expectations
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affecting function, practicality, aesthetics, and
fashion. Moreover, developers and researchers
of sports and wellness wearables are facing
short design cycles and may require product
personalization to achieve the system’s purpose.
Classic engineering and production processes
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are often too slow and cost-intensive to address
the wearable development needs, involving
steps to realize tools, masks, and molds for
mechanical parts as well as to manufacture and
assemble printed circuit boards. The versatility
and design freedom provided by modern additive manufacturing (AM) methods offer system
developers an alternative, highly appealing
approach to create wearable devices. In addition
to addressing the specific system requirements
of wearables, AM can provide developers of
wearable devices with design speed and update
flexibility similar to that enjoyed by mobile software developers.
System requirements of wearable devices
are determined—among others—by the body
attachment, usability, and robustness: for example, material choice determines haptic perception and function of printed sensors, form factor
determines handling in everyday situations,
mechanical flexibility, and stretchability determine body- and skin-conformal attachment.
Across various application fields, wearable
device categories with specific requirement sets
have evolved, including smart accessories (e.g.,
armbands, belts, eyeglasses), on-skin patches,
e-tattoos, and smart clothes1. Smart accessories
typically involve particular three-dimensional
(3D) mechanical designs, such as flexible bands
or rigid frames. Conversely, patches, e-tattoos,
and cloth-integrated devices often require stretchable 2D designs, which should not change the
physical appearance and thus should be as thin
as possible. Both, 2D and 3D wearable designs
are not only mechanically challenging to implement, but the mechanical design sets conditions
for electronics with sensor and interactive functions. As a consequence, electronic circuits need
to be bendable and stretchable or get mounted
on nonplanar surfaces.
To leverage the possibilities of wearable technology for various application fields, system
developers need to co-design mechanics and electronics and incorporate the cross-effects of both
domains. Over the decades, the co-design has
been done by trial and error testing of prototypes.
With a combination of modern AM-based techniques and software tools, digital co-design as well
as mechanical and electronic AM-fabrication is
becoming feasible in a multiprocess approach.

October-December 2019

However, AM offers various process options that
substantially affect the outcome. While constantly new components and improvements for
multiprocess AM are released, no methodologies
for integrated wearable device design have been
established yet. Presently, developers interested
in digital co-design and multiprocess AM are
forced to elaborate and experiment with the different process components first: the design and
manufacturing software components and interfaces, as well as the AM hardware. Steps are needed
to bridge the gap.
This article introduces a framework for digital co-design using the multiprocess capabilities
of AM and maps it to 2D and 3D wearable
device design examples. Based on the co-design
framework, we offer guidance in process choice
across AM techniques, functional materials, and
assembly, for pervasive computing professionals
and wearable systems researchers. While the
basic AM processes are used in other domains
too, we emphasize the specific wearable device
requirements for shape, stretchability, computing, etc. We hope that the proposed framework spurs research on digital co-design and
helps to broaden the design community that
makes wearables.

DIGITAL CO-DESIGN APPROACH FOR
WEARABLES
Our digital co-design framework for wearable
devices using 2D and 3D multiprocess AM is
illustrated in Figure 1. The framework is modular, i.e., individual fabrication technologies can
be replaced, and can be easily implemented with
minimal fabrication lab facilities.

Device Specification and CAD
Starting from system requirements and specifications, which describe functional and nonfunctional aspects of the wearable device,
mechanic, and electronic design can initially be
parallelized. Various established mechanic and
electronic computer-aided-design (mCAD/eCAD)
tools can be used. Among the mechanical design
tools, options range from commercial software,
e.g., Solidworks, to open source tools, e.g.,
FreeCAD. For electronic design, tools such as
KiCad, Proteus Design, and others provide
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Figure 1. Digital co-design framework for 2D and 3D wearable devices using multiprocess AM.

developers with schematic and layout entry and
produce electronic design data that can be used
for the subsequent integration step.

mCAD and eCAD Integration
The draft mCAD and eCAD designs are then
integrated, depending on the targeted wearable
device shape: For 2D designs and substrates
that are planar during fabrication but shall conform to skin or objects later, integration involves
adjusting the electronic design to withstand
bending, stretching, or later 3D forming. For
example, a basic method to prevent conductive
lines from detaching or breaking is to add strain
relief, such as meander-shaped conductor lines
and varying line width. If the mechanical design
will be fabricated in 3D, additional integration
steps are needed. Here, the 3D shape integration
of eCAD and mCAD can be made by mapping and
optimizing the electronic layout on the planar
and nonplanar object surfaces. Some extended
mCAD tools support layout mapping, e.g., Solidworks Electrical 3D and Catia. For 2D and 3D
shapes, the integration step may involve changing mechanical shapes, e.g., creating rigid, nonbending regions in 2D designs, or adjusting line
routing to bypass steep ridges in 3D designs that
otherwise could lead to ruptures. During the
CAD integration, it is helpful to perform a design
check and adjust mechanics and electronics
depending on the choice of AM fabrication technology down the process chain. There are some
manufacturer tools that offer design checks,
however, the design of manufacturability is still
an open research field as it can be challenging to
project fabrication issues ahead of time.2
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Material Selection
We include material selection subsequent to
the CAD design integration. However, it is likely
that assumptions about materials and their properties are being made earlier. Nevertheless, before
the actual fabrication, all material choices, including compatibility analyses must be completed.
We provide an overview of functional material
choices to achieve specific properties (e.g.,
mechanical, optical, conductive) further below.
Mechanical AM and Postprocessing
The mechanical AM step aims to create a
base object and is commonly employed to either
create a 2D layer or a 3D shape, which serves as
a substrate for electronic circuits later. Alternatively, for 2D designs, foils can be used as substrates and to bypass the mechanical AM.
Various AM techniques exist, which provide
advanced material properties for wearable
designs, including stiffness, color, and elasticity.
AM techniques typically imply postprocessing
to achieve the desired performance, e.g., surface
smoothness.
Electronics AM
Based on the mechanical substrate, electronic circuits are added. For some electronic
components, an AM-based fabrication has been
demonstrated, including transistors, capacitors,
and batteries. Moreover, researchers have used
AM techniques successfully to fabricate sensors,
e.g., strain-sensitive elements. However, the
functionality, performance, and size of various,
commonly used passive elements, such as resistors, capacitors, as well as active ones, like
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microcontrollers, cannot be efficiently replicated using AM. Hence, electronic component
placement is an important step toward a functional wearable device and can be arranged—
depending on design needs—before or after any
AM-based component and sensor fabrication.
Classical electronics production uses a
fixed scheme of producing circuit boards with
alternating layers of conductors and insulation
followed by soldering components onto the
board, i.e., by reflow soldering. Since AM-based
circuit fabrication typically uses temperaturesensitive plastic substrates, it must avoid
temperatures above approx. 150  C. As a consequence, several alternative printed electronics processes are being developed that vary
the order and method of electronic components, sensors, and conductor fabrication.
When components are placed or fabricated
before adding conductive lines, a robust interconnection technique is to print on the
mechanical design using conductive materials
from pad to pad of the placed components,
e.g., inks with silver particles.
Similar to the mechanical AM, electronics AM
requires postprocessing, e.g., curing conductive
inks with UV light or heat drying. Key techniques
for electronic AM, postprocessing, and assembly
options for 2D and 3D designs are discussed further below.

Fabrication Iterations
For some wearable designs, further iterations
of mechanical and electronics AM may be necessary, e.g., to enclose circuits, or add further functional elements using alternative AM techniques.
A key challenge for design iterations, where
existing mechanical shapes are extended, is the
accurate device alignment in the subsequent AM
machine’s print chamber. Many AM manufacturers currently do not support design iterations
or require manual tool path specifications,
which can be time-consuming and error-prone
efforts for complex designs. However, once all
postprocessing is completed, the device is
immediately ready for use.

AM TECHNIQUES
AM is the most recent name given to the various fabrication techniques to produce high-
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value parts with complex geometries, also
termed 3D printing, rapid manufacturing, solid
freeform fabrication, or rapid prototyping.3,4
The different AM terms imply process technologies that apply the consecutive delivery of
energy or material to create 2D and 3D structures directly,5 without the use of a prefabricated mold.4 Objects are fabricated in a layer-bylayer process based on CAD data. AM techniques
achieve a high degree of reproducibility, automation, design freedom, and personalization.6
For each AM fabrication technique, various
printing systems have been developed.

Mechanical AM
For mechanical AM of substrates and enclosures, a variety of established 3D printing techniques might be utilized, including fused
deposition modeling (FDM), laminated object
manufacturing, stereolithography apparatus
(SLA), and digital light processing (DLP), photopolymer jetting, multi jet fusion (MJF)/high
speed sintering (HSS), selective laser sintering
(SLS), and selective laser melting. Table 1 lists
selected AM techniques. Some of the techniques
need postprocessing like washing or cutting to
finish a part. Furthermore, UV or heat curing during and after fabrication are frequently used.
Each technique has advantages and disadvantages. For instance, FDM uses heat-based liquefaction to extrude material. The FDM material
choice is centered to create solid mechanical
structures with infill whereas jetting techniques
use liquid photopolymer inks that can be functionalized with additives. Moreover, the FDM
process is slower and produces a visual lining
due to the bead deposition requiring post-processing. However, FDM is a robust AM technique,
costs less than photopolymer jetting, and can
deliver mechanically reliable rigid substrates for
wearable accessories. SLA and binder jetting variants are direct alternatives to FDM, however,
presently with fewer material options. Photopolymer jetting techniques, such as inkjet printing, offer complementary material properties to
FDM. Photopolymer jetting is suitable for bendable and stretchable mechanical and electronic
structures, thus fit for skin patches, print-on-textile, or strain-sensitive sensors. Inkjet printing
can produce solid 3D structure too, however,
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Table 1. Comparison of key AM techniques for wearable fabrication. Based on Chu et al.,8 Gibson et al.,9 and manufacturer data as
listed in the cells.

Technique

XY Print
Resolution
(mm)

Ink
viscosity
(cP)

Thickness
of the
printed
layer (mm)

Material
application

Primary
use for
2D/3D
devices

Advantages

Limitations

Screen printing

30–100

500–5000

5–100

Contact

2D

Versatility for
inks

Frame based

Aerosol printing

10

1–2500

0.1–5

Non-contact

3D

Versatility for
inks

High cost

0.5–3

Non-contact

2D and
3D

Low cost

For highly viscous
inks and high
aspect ratio
particle inks

3D

Low cost,
material
choice for
solid
structures

Low print speed,
must liquify
material with heat

3D

No add.
support
structure

Limited material
choice

3D

Smooth
surfaces, no
add. support
structure

Limited material
choice

3D

Almost any
material, no
add. support
structure

Rough surface,
limited powder
recycling

Inkjet printing

15–100

10–30

Fused deposition
modeling (FDM)

10–300
(Tractus3D)

–

50–300
(Tractus3D)

Non-contact,
extruding
heated beat

Multi jet fusion
(MJF), high speed
sintering (HSS)

40–60 (HP,
Voxeljet)

–

70–150 (HP,
Voxeljet)

Contact
(powder
and binder
deposition)

Stereolithography
apparatus (SLA)

100–200
(Formlabs)

–

25–200
(Formlabs)

Non-contact

Selective laser
sintering (SLS)

125–200
(EOS)

–

50–100
(EOS)

Contact
(powder
deposition)

prints often deteriorate quickly, as discussed
along with material options below. SLS, MJF, and
HSS produce free-form 3D geometry, as they do
not need an additional support structure. However, MJF and HSS currently offer limited material choices, and industry quality SLS systems
are still high in cost.

Electronics AM
Printing sensing components, conductive
traces, and circuits can be achieved with different printing techniques too, including screen,
inkjet, and aerosol jet printing (see Table 1).
Both inkjet and aerosol jet printing are based
on the direct ink writing approach, i.e., a noncontact deposition of inks onto flexible and
rigid substrates through nozzles. Structures are
fabricated by either moving nozzles or substrate to achieve preferable properties, such as
minimizing material waste.7 However, when
printing should be done on 3D surfaces or
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devices, such as adding conductive lines, printheads and substrates need to move together. A
5-axes motion is needed to reach all 3D surface
locations, which is dominated by noncontact
photopolymer jetting methods. All three
printed electronics techniques require postprocessing, including sintering, heating, laser or
UV curing, and drying steps, depending on the
substrates and inks used. Print resolution, i.e.,
minimum trace width, is finest for aerosol jetting (down to 10 mm), which is useful, e.g., to
create low pitch signal lines. However, ink jetting and screen printing offer a wide range of
up to 100 mm, which reduces wait time when
printing regions, e.g., conductive electrodes.
Inkjet printing has comparably tight requirements on ink viscosity, which limits material
choices. Both jetting techniques outperform
screen printing on minimal layer thickness
(down to 0.1 mm), which helps to make highresolution structures.
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Evaluation
Testing against the wearable device specs
should include bending, stretching tests, and
cleaning tests to assess reliability. In addition,
the functional test in varying environmental conditions should be included.

FUNCTIONAL MATERIALS
The success of AM can be attributed to innovations in material science and engineering
resulting in novel inks, substrates, and postprocessing methods for various applications. Different material types, including metals, ceramics,
polymers, and composites, can be exploited.
Material composition can be optimized to
achieve specific properties for wearable devices,
including transparent, flexible, stretchable, or
conductive function. Nevertheless, biocompatibility is a critical challenge for some materials
that are temporary or permanently in contact
with the skin.
Corresponding to the on-body application,
researchers have made efforts to develop wearables that can fold, bend, stretch, which involves
excessive tensile stress. To convert rigid circuit
boards into flexible and stretchable designs,
organic materials including polymers are essential.
The flexibility and to some extent stretchability
of the device can be provided by using thermoplastic polymers and elastomers, respectively.
Nevertheless, the fabrication of devices that are
able to respond to large strain deformation without fracture or significant performance degradation is still challenging.
Both, sensing and conductive elements are
fabricated by printing the circuit layout using
conductive inks on 2D substrates or 3D shapes.
Typical conductive materials include conductive
metal particles or flakes, including silver, copper, carbon-based conductive fiber, tubes, or
polymer conductive inks, including PEDOT:PSS.
Table 2 provides an overview of conductive and
nonconductive ink materials, filaments, and substrates. The conductive ink, in particular for liquid metal and carbon inks, requires organic
binders to hold the material composition
together and ensure homogeneous dispersion.
The organic binders can also add flexibility and
stretchability to the inks. The optimal choice of
binder is related to the printed device design.
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For example, thermoplastic polyurethane (TPU)
as a binder can provide flexibility and stretchability. Some polymeric binders need to be
cured by heat or UV treatment. For instance,
acrylic urethane and silicone binders have been
developed for flexible and stretchable inks.
Another essential part of any ink is a solvent,
which gives flow to the ink. The solvent can provide an appropriate solubility to the organic
binder molecules, as well as provide the desired
homogeneity and viscosity.10 Alcohols, esters,
and ketones are popular solvents. Several nonconductive materials could be used to create
insulator layers, 2D substrates, or 3D shapes.
The different surface morphology will provide
rough or smooth haptic feedback and determine
how further materials, e.g., conductive ink, adhesive glue, can attach. For example, while generally, a rough morphology offers better
adhesiveness, it could also soak up and disperse
ink, resulting in blurred, imprecise structures.
Postprocessing, such as sanding or grinding can
convert rough surfaces into smooth ones.

ASSEMBLY
Researchers actively investigate how to integrate AM-fabricated components, conductive circuit lines, and off-the-shelf components on
mechanical substrates. The choice of assembly
approach depends on the wearable design,
selected materials, and AM techniques. By taking
the order of component and conductor placement as guidance, the main two process arms
are: (A) first create the AM-fabricated components and circuit layout on the substrate, potentially with several conductive and insulating
layers, then place components, or (B) first fabricate and/or place components on the substrate,
then print conductive ink on substrate and component pads.

Print Circuit Then Add Components
The procedure follows the traditional-printed
circuit board manufacturing process and supports multilayer circuits with all typical features,
e.g., VIAs. Using heat-sensitive substrates, e.g.,
printed plastic structure or polymer foils implies
that components must be attached without
heat-based soldering. The primary alternative to
soldering is to accurately deposit conductive
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Table 2. Examples of conductive and nonconductive ink materials, filaments and substrates and their key properties for printing
wearable systems.

Material

Properties

Additional sensing
and conductive
function

Form

Typical
AM
technique

Surface
morphology

Polylactic acid (PLA)

Nonconductive/
rigid polymer

–

Filament

FDM

Rough

Acrylonitrile butadiene
styrene (ABS)

Resistance and
tough polymer

–

Filament

FDM

Rough

Polyurethane (PU),
Thermoplastic polyurethane
(TPU)

Flexible/
stretchable
polymer

Multiwall carbon
nanotubes, nano
silver particles

Filament/ink/
substrate (without
active components)

FDM,
inkjet

Rough,
smooth

Polycaprolactone (PCL)

Biodegradable
polymer

–

Substrate

FDM

Rough

Polypyrrole (PPy)

Biodegradable
polymer

Self-conductive
polymer

Ink

Inkjet

Smooth

Silicon rubber

Flexible
polymer

–

Substrate

Inkjet

Smooth

Polyvinylidene (di-)fluoride
(PVDF)

Piezoelectric
polymer

Self-piezoelectric
polymer

Ink, Filament

Inkjet,
FDM

Smooth,
rough

Polyethylene terephthalate
(PET)

Flexible
polymer

–

Substrate

FDM

Rough

Nano copper, gold and nano
silver

Conductive
metal

Self-conductive
metal

Ink

Inkjet

Smooth

Poly(3,4ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:
PSS)

Conductive
polymer

Self-conductive
polymer

Ink

Inkjet

Smooth

glue between the component pad and conductive trace.11 The glue potentially increases terminal resistance due to the additional material
layer.

using a vacuum, as well as move and deposit
them to the target position.

DESIGNING WEARABLES IN 2D
Add Components Then Interconnect
A convenient alternative to the classic assembly order is to print on the component pads with
a conductive ink. The approach can be applied
to 2D and 3D designs, but limits developers to
single-layer circuits and components with
exposed pads. For example, microcontrollers in
chip-scale or ball packages often require multilayer circuits and connecting pads underneath
the package, which cannot be achieved here.
Electronic components can be placed, either
manually or using pick and place machines. As
AM machines and pick and place machines have
similar motion capabilities, component placement can be done within AM machines. For
example, a printing nozzle can pick components
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Printing planar electronic designs on soft,
flexible, and stretchable substrates are widely
investigated for skin-conformal wearable health
and sports devices. Depending on the body
region, patch size, and sensor function, different
substrates and inks can be utilized. To illustrate
the co-design framework, we describe here two
studies that utilize AM and highlight key process
steps.
Valentine et al.12 developed a textile-attached
strain sensor garment to monitor joint bending
[Figure 2(b) and (c)] and an insole sensor array
to monitor human foot pressure [Figure 2(d)].
After determining a wearable specification, considering measurement function, body position,
and outfit integration (see Figure 1), they created
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Figure 2. Examples illustrating the digital co-design and AM fabrication. (a) Electronic components
placement using an AM machine. (b) Microcontroller circuit interconnected with printed AgTPU electrodes on
a TPU substrate. (c) Textile-attached strain sensor. (d) Plantar sensor array. (e), (f) Temperature sensor with
multilayered structure: 1. Screen-printed silver conductors, 2. Inkjet-printed graphene/PEDOT:PSS
temperature sensor, 3. PU surface layer, 4. Adhesive layer, 5. Protective paper. For evaluation: 6. PET film, 7.
Cooling/heating element. (a)–(d) reproduced with permission from Valentine et al.,12 ßWILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim and (e), (f) from Vuorinen et al.13 under Creative Commons Attribution 4.0
International License.

mCAD and eCAD designs: for mCAD, a 2D textile
adaptation shape and an appropriately sized
insole shape were created. During eCAD, circuit
and insole were size-matched, whereas the
strain sensor and circuit design determined the
textile adaptation layer size and shape in mCAD.
Next to integrating eCAD and mCAD, and fabricating the substrates, the ‘add components then
interconnect’ process (Figure 1) was applied for
the strain sensor garment. For both devices, the
substrate was inkjet-printed using insulating
TPU ink. For the strain sensor garment, TPU
adhesive droplets were then dispensed at the
locations of electronic components. Subsequently, electrical components, including microcontroller, resistors, LEDs, were placed using
the AM printing motion stage and held in place
by the TPU adhesive [Figure 2(a)]. The strain
sensors and device interconnects were then inkjet-printed using a silver-particle TPU ink and circuit layers were individually cured at 80  C for 2
hours before the final strain sensor TPU substrate was applied to the garment. To capture
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the foot pressure distribution in the insole, a
bottom silver-particle TPU electrode was printed
first, followed by the dielectric TPU, and then a
top silver-particle TPU electrode. Finally, all
capacitors were coated with TPU and then cured
at 80  C for 2 hours.
Vuorinen et al.13 designed a conformable temperature skin patch [Figure 2(e) and (f)]. Figure 2
(e) shows the layer schematic. The substrate
was a Hansaplast adhesive wound bandage with
a transparent and stretchable polyurethane (PU)
top layer, a layer of adhesive polyacrylate, and a
layer of protective paper to be peeled off when
applying the patch. Figure 2(f) shows the applied
patch without the protective paper and the
layers used for evaluation (Layers 6, 7). With
the given patch, additional mCAD and substrate
fabrication was not required here. The eCAD
step consisted of designing the temperature
sensitive lines and conductive electrodes. In the
electronics AM, conductors were screen printed
on the wound patch using a silver ink with 50%–
60% silver flakes and 1–5 wt% polymer solution
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Figure 3. Illustrations of the 2D AM tutorial following the co-design process. (a) Drawing circuits on PET using
conductive ink and circuit layout printed on paper as a drawing guide. (b) Electronic components placement.
(c) Complete device after assembly. (d) Bending test of final temperature patch. (e) Test of the patch
functionality: Cold air turns the LED off. (f) Temperature patch worn at the arm.

diluted in a solvent. After curing the printed silver conductors in a convection oven at 130  C
for 13 min, and since no integrated electronic
components were needed, the electronics AM
process was repeated for the temperature sensor. The temperature sensor was then inkjetprinted using a graphene/PEDOT:PSS ink and
cured at 130  C for 10 minutes. The analysis confirmed that the patch can detect temperatures
between 35 and 45  C. From the digital co-design
approach, the lack of integrated electronics simplified the approach.

Mechanical CAD
For the 2D patch, only a substrate of appropriate size and shape to hold the electronics is
needed, which was derived from the eCAD
design. No explicit CAD integration needed.
Material Selection
As a substrate, a flexible, transparent PET foil
was chosen. For circuit lines, a silver particle ink
was chosen. Finally, an NTC thermistor as a temperature sensor, transistor, resistors for current
control and calibration, LED, and battery were
selected as integrated components.

TUTORIAL ON 2D DESIGN
As a hands-on example for this guide, we
design an analog electronic circuit on a flexible
and transparent substrate to measure skin temperature and drive an LED accordingly. Here we
describe the design as a step-by-step process following the co-design framework in Figure 1.

System Requirements
The temperature should be measured with a
flexible, skin-attachable patch, and displayed
using an LED.
Electronic CAD
The electronic circuit was developed in a single layer layout [see Figure 3(a)] using Proteus
eCAD tool.
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Mechanical AM
The substrate PET foil was cut to a specified
shape.
Electronic AM
Using the eCAD layout as a guide, the conductive lines can be manually drawn on the PET substrate using a conductive ink pen [Figure 3(a)].
Curing was accomplished by drying the silver particle ink at room temperature for 5 minutes. Subsequently, electronic components were attached
to the substrate using instant glue [Figure 3(b)].
As the manual circuit drawing was easiest on a
substrate without components, we placed the
interconnects first. Nevertheless, we followed the
“add components then interconnect” process by
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manual AM is not lower than that of an automated fabrication process and many implementation details can be optimized, our tutorial
illustrates the co-design approach. Our prototype could be integrated into a wearable device,
e.g., an armband, for initial on-body functional
tests, as Figure 3(f) shows. Here, the circuit was
taped to an armband. Alternatively, the circuit
could be attached directly to a textile, using an
intermediate layer between the circuit and the
substrate to avoid an ink absorption in the fabric. As Rivera et al.14 describe, some measures
need to be taken to avoid unwanted textile
movements when printing with a nozzle. A complementary manual approach for making 2D
wearables was presented by Nagels et al.15
Figure 4. Example of 3D design following the codesign approach. (a) Personally fitted mCAD model
of eyeglasses. (b) eCAD of conductive lines and
electrodes at temples. (c) Printing conductive lines
and electrodes on 3D printed eyeglasses temple. (d)
Wearing the personally fitted eyeglasses. (e)
Eyeglasses temples printed with conductive lines
and EMG electrodes. Temple 1 differs from Temple 2
in the EMG electrode size (20  4.5 mm, 20  3 mm,
respectively). (f) Temple attached to the EMG
recorder. For evaluation, cables were connected to
the printing lines using isolation tapes. (g) Example
temporalis EMG signals measured during user
chewing tests.

adding silver particle ink droplets on the component pins to create the connection between pins
and conductive lines. The temperature sensor
was connected through two holes filled with the
ink and placed on the opposite side of the circuit.
In the same way, the wires of the external battery
were attached to the drawn lines. Figure 3(c)
shows the final device after assembly.

Evaluation
Figure 3(d) illustrates a manual bending test
to assess reliability, which can be automated
with a bending test machine. In Figure 3(e), the
functional test by varying environmental temperature is shown.
In this 2D design approach, we replicated the
process steps that would be performed by electronics AM manually. While the quality of
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DESIGNING WEARABLES IN 3D
While the mechanical AM for 3D designs is
widely established, AM-based circuit fabrication
in 3D is an open topic. One approach to 3Dshaped electronics is to initially deposit conductors and electronic components onto a planar
substrate, i.e., using 2D methods, and subsequently, employ thermoforming to obtain a 3D
part. However, due to the deformation and
thermal stresses, the method is only suitable
for certain substrates, inks, and optimized circuit designs.
Another 3D electronics printing approach is to
attach components on any nonplanar surfaces
and realize circuit contacts as described in the codesign framework above, either by creating the
circuit before or print on component pads after
the placement. An AM machine with five movable
axes can reach all surfaces of the 3D substrate.
Figure 4 illustrates 3D electronics printing by
depositing conductive lines and electrodes on the
nonplanar surface of an eyeglass temple that was
personally fitted using head measurements. Initially, the 3D eyeglasses frame was created in
mCAD (SolidWorks) as shown in Figure 4(a). Several measurements of the individual head anatomy were used to scale the mCAD model.16 For
the eCAD, the electronic components (conductive
lines and electrodes) were designed to capture
the Temporalis muscle activity. To achieve the
line and electrode dimensions, adapted on the
curvy frame the 3D eCAD was created in
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SolidWorks taking the mCAD model as a basis
[Figure 4(b)]. For mechanical AM, we used HP
nylon plastic PA2200 and an HP MJF 3D printer to
fabricate the temple according to the mCAD
design. For the subsequent electronics AM, piezo
inkjetting was used to deposit conductive ink
using a 5-axes AM machine (CNC Motion Platform,
NeoTech Amt, Germany), as shown in Figure 4(c).
Lines and electrodes were printed in a single layer
and dried at room temperature. Figure 4(d) shows
the fabricated eyeglasses worn. Figure 4(e) shows
the 3D-printed eyeglasses temples with the deposited conductive components. Zhang et al.17 evaluated conductivity and found line resistance of 4.31
 0.97 V across 8.5 cm line length, at 5 mA current
applied. Electrodes of 20  4.5 mm were analyzed
using 4-terminal impedance measurements yielding 0.10  0.02 V. In a user test to measure the
Electromyogram (EMG) of the Temporalis muscle
using the setup in Figure 4(f), we observed an
acceptable EMG signal to noise ratio and muscle
contraction during chewing could be detected. An
example recording from the fabricated eyeglasses
temple is shown in Figure 4(g).
Obtaining reliable conductors using 3D printing can be particularly challenging at surface
edges. We observed that conductors are particularly likely to break at orientation changes with
angles of 90 or more. Printing multiple ink layers,
altering printing speed at bends, or using alternative curing methods likely reduces the chance of
breaks. Using co-design iterations and additional
sealing steps could improve the robustness and
insulation of the conductive layers.

FUTURE OF AM FOR WEARABLES
Multiprocess AM has made substantial progress over the last few years, enabling system
designers to create functional wearable devices.
Various materials have been developed to fabricate conductors, sensors, or realize other properties. For example, strain or pressure-sensitive
inks can be applied for deformation sensors,
humidity-sensitive inks as moisture sensors, and
piezoelectric inks for energy harvesting and
touch sensors. A full review of the current wearable AM literature is beyond the scope of this
article. We selected literature to illustrate key
process steps. With the digital co-design
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approach presented, we aim to help wearable
researchers and developers in understanding
and combining the strengths of different AM
techniques to realize a fully digital process chain
from a wearable model to the physical 2D or 3D
wearable device.
To leverage the complementary features of
different AM technologies MacDonald and
Wicker18 proposed to automate object handling
between machines. Ideally though, any wearable
device could be completely fabricated using a
single multiprocess AM machine. Given the diversity of mechanical functions and electronic features needed for wearables, a single machine is
unlikely becoming feasible anytime soon. Still,
there are further challenges ahead for AM: For
one, replicating multilayer printed circuit boards
with the same miniature feature sizes and electrical performance as in traditional processes is an
open problem. Here is where libraries with selectable digital design patterns can become helpful.
Another challenge is that printing on component
pads cannot be used with all electronic component packages. Ultimately though, a key issue is
that classic reflow soldering is not an option for
the materials and substrates considered in AM.
Current AM process research targets methods to
replicate the reflow without heating. Although we
have not addressed direct skin printing of wearable designs as electronic tattoos19 similar challenges can be expected as the patches, textiles,
and accessories described here.
A key challenge for wearable devices is durability under environmental stresses, including sweating, temperature fluctuations, mechanical forces
such as bending or stretching, and cleaning. AM
already offers several measures to maximize durability, however, their effect and interaction need
iterations of co-design and evaluation:






mCAD & mechanical AM: Encapsulation and
sealing of the conductive traces with some
elastic and biocompatible polymers, to minimize wear. Test using exposure to body,
washing cycles.
Electronics AM: Printing conductors with
multiple layers to maximize conductivity.
Test: Line resistance and impedance analysis.
eCAD & materials: Using trace layouts, e.g.,
S-shape, and stretchable substrate and
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stretchable inks to optimize skin-conformity.
Test: Bending or stretching machine tests to
measure force and changes in line or connector resistance.

5. T. Billiet, M. Vandenhaute, J. Schelfhout, S. Van
Vlierberghe, and P. Dubruel, “A review of trends and
limitations in hydrogel-rapid prototyping for tissue
engineering biomaterials,” vol. 33, pp. 6020–6041, 2012.
€ ngst, W. Smolan, K. Schacht, T. Scheibel, and
6. T. Ju

It is conceivable that wearable systems may
be fabricated in fully automated AM production
hubs in the future. To leverage the digital codesign and production hubs more comfortable
mCAD/eCAD tools, process abstraction, and digital design patterns, e.g., for an antenna, a strain
sensor, etc., are needed. A key consideration for
the massive use of AM to create wearables will be
sustainability. Thus, AM fabrication methods of
wearable devices must incorporate component
recycling and biodegradable materials. Degradable metals including iron (Fe), Magnesium (Mg),
Zinc (Zn), and degradable polymers like PEDOT
can be utilized as a conductor. For substrates,
PLA, cellulose, and starch-based biodegradable
polymers can be an option.

J. Groll, “Strategies and molecular design criteria
for 3D printable hydrogels,” Chem. Rev., vol. 116,
pp. 1496–539, 2016.
7. S. Khan, L. Lorenzelli, and R. S. Dahiya, “Technologies
for printing sensors and electronics over large flexible
substrates: A review,” IEEE Sens. J., vol. 15, no. 6,
pp. 3164–3185, Jun. 2015.
8. Y. Chu, C. Qian, P. Chahal, and C. Cao, “Printed
diodes: Materials processing, fabrication, and
applications,” Advanced Science - Wiley Online
Library, 2019. [Online]. Available: https://onlinelibrary.
wiley.com/doi/full/10.1002/advs.201801653
9. I. Gibson, D. Rosen, and B. Stucker, Additive
Manufacturing Technologies: 3D Printing, Rapid
Prototyping, and Direct Digital Manufacturing. New
York, NY, USA: Springer, 2015.
10. J. Kim, R. Kumar, A. J. Bandodkar, and J. Wang,
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