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Acronyms
AM Advanced manufacturing
PCB Printed circuit board
FDM Fused deposition modelling
TPU Thermoplastic polyurethane
FFF Fused filament fabrication
DOD Drop-on-demand
 
Terms
Tactile sensing
The ability to sense and measure the contact 
pressure between two surfaces or objects

Tactile imaging/mapping
A visualisation of distribution of pressure 
by the  ability to sense and map contact 
pressure over a measurable area

Printed electronics
A collection of printing technologies that 
allow for printing electrical devices and 
structures on various substrates.

Characterisation terms
Repeatability
The ability of a sensor to repeat a 
measurement when it is met with the same 
environment. It defines if the sensor provides 
a constant readout when the same load is 
applied.

Linearity
The extent to which the measurements 
curve deviates from the ideal curve. Optimal 
linearity shows a linear ideal curve. 

Hysteresis
The difference in sensor output of two 
measurements at the same point but with 
different direction. in relation to pressure 
sensors these directions are loading / 
unloading.

Stability
Defines how stable the output of the sensor 
is, based on the amount of fluctuation or 
noise in the output. 

Resolution
The ability of a sensor to measure small 
differences in readings. It defines how well 
the sensor can differentiate between different 
variations in load force.

Accuracy
It defines how well the sensor is performing 
in an absolute sense. It is defined according 
to the aspect it is sensing of its environment 
compared to its real value or its recognised 
standard.

Drift
Relates to a change in readout of the sensor 
over a longer time. Most sensors experience 
this and, when the drift is not significant, can 
be accounted for and corrected.

Glossary

Scope
The research described in this thesis explores 
the field of 3D printing technologies in 
the fabrication of printed, flexible tactile 
sensors and explores new possibilities and 
opportunities in the fabrication. The research 
is aiming at new ways of applying 3D printing 
fabrication techniques to develop easily 
applicable sensing structures to flexible, 
wearable applications.

Exploration
Exploration into sensing principles and 
sensor designs for the printed fabrication 
of these tactile sensors results in the main 
design drivers of piezoresistive sensing 
and capacitive sensing to act as sensing 
mechanism for the developed sensors.

Selection
Fabrication principles are selected according 
to design thinking methods, and select and 
evaluate the trace design, substrate selection 
and 3D printing technique used in defining a 
concept proposal.

Design & Fabrication
The performed exploration and design 
selection result in the concept proposal of a 
3D printed tactile sensor using a TPU-coated 
nylon fabric substrate and ink-dispensed 
sensing structure using a Voltera V-One 3D 

printer. The sensing element is embedded 
into the fabric using heat sealing. A scalable, 
adaptable sensing array is proposed to allow 
for embedded tactile imaging capabilities.

Validation
The developed tactile sensor is validated by 
analysing a characterisation of the sensor 
readouts. A validation setup using a loadcell 
and vertical load is used to allow for the 
plotting of the sensors’ characteristics and 
linearity.

Conclusion
The research concludes in a foundation 
towards the use of the 3D printing 
technologies of ink jetting/-dispensing to 
develop embedded sensor to be used in 
a large variety of tactile sensing/imaging 
applications.

Discussion
Validation shows evidence of significant 
measurement repeatability, while showing 
less proof for precise accuracy and 
resolution. Additional work needs to 
improve physical durability of the traces and 
connections.

Abstract
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2.3 Scope

The development of wearable tactile sensors 
has a variety of applications which can be 
explored when trying to research the use 
of 3D printing as fabrication method. In this 
research thesis, the focus of application 
for these wearable pressure sensors will 
be towards a smart sensing glove. A MIT 
research study describing the development 
of a smart sensing glove [8] shows how these 
wearable pressure sensing can be applied. 
This research focussed on how 3D printing 
can create new opportunities towards the 
development of these sensors, through an 
exploration of new designs that needs to 
show and prove these new opportunities.

The main goal of the development of a 
smart sensing glove is an exploration of 
how flexible, wearable tactile sensors can 
be applied in wearable applications and how 
the advanced manufacturing method of 3D 
printing can add to the fabrication of these 
sensors.

The research will mainly aim at the areas of 
human and technology. We try to explore 
the current developments into the state-
of-the-art technologies of electronics 3DP 

and fabrication of wearable flexible pressure 
sensors into a smart glove by the means 
of a design thinking process and apply a 
designers’ holistic view to improve upon the 
human aspects around applying wearable 
sensors in a human-centred approach with 
regards to expressiveness, adaptivity and 
human feel.

We see recent significant developments into wearable tactile sensors and how the use of 
advanced manufacturing methods can create new opportunities for these tactile sensors. 
How might the use of 3D printing technologies add to these developments and create 
new opportunities. The scope of this project is the exploration and development of 3D 
printed wearable tactile sensors, requirements for these tactile sensors are defined by using 
the development of a smart pressure mapping glove as an application of these wearable 
sensors.
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2.4 Opportunities

New working principles: 
the use of 3d printing as fabrication method 
might be able to bring new working principles 
to tactile sensors which are not able to 
be fabricated by traditional manufacturing 
methods. 

Ultra-personalised products: 
fabricating a smart sensing glove by 3D 
printing allows the design of parameterised 
products which are adapted to the individual, 
making it possible to fabricate a smart 
sensing glove which custom fits the user.

Easier, low-cost fabrication:
3D printing, while proven to be excellent at 
a fast way of fabricating a product without 
much manual labour and cost, brings 
opportunities of fabricating a personalised 
product on demand without costly 
manufacturing.

Wearable applications: 
while 3D printing can produce elaborate 
structures, it might be able to integrate 
sensing structures into the product while 
fabricated. Electronics 3D printers also 
have the possibility of creating thin sensor 
structures on flexible substrates, making them 
more suitable for wearable sensors.

2D electronics into 3D structures:
while most commercial electronic circuitry 
is only suitable for 2D applications, the use 
of 3D printing can create opportunities in 
incorporating electrical sensing circuits in 3D 
structures.

The use of 3D printing technologies can give new opportunities to the development 
of tactile sensors that will be explored in this research. The following opportunities are 
identified and explored through a design approach of continuous iteration.

12



2.5 Approach

Design process
To explore the opportunities of 3D printing, 
this research is largely focussed on hands-
on exploring of fabrication opportunities, by 
continuously testing and prototyping with the 
use of the available 3D printers at the digital 
fabrication lab of the IDE faculty. 

The project consists of two prominent 
phases, namely a discovery phase and a 
development phase. The discovery phase 
mostly focusses on an exploration of different 
technologies than can be used 

to fabricate tactile sensors. It is split into a 
research and exploration phase in which, in 
parallel, theoretical knowledge is built while 
applying this knowledge into fast and iterative 
prototypes. This discovery phase defines 
which sensing principles are being used 
into the development of a final prototype. 
The second phase, the development phase, 
focusses on taking this sensing principle and 
explore and develop a functional sensor. The 
sensor design is embodied into a final sensor 
and validated on its performance.
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The process of the project can be best 
defined into 3 cycles, in which every 
cycle has a different end-result focus. 
Cycle 1 focusses on generating substantial 
knowledge about the theory and explore the 
different technologies of tactile sensing. It 
finishes with a thoroughly explored solution 
space of concepts and possible sensing 
principles to be used in the next cycle. This 
next cycle focusses on taking these principles 
and developing a tactile sensor and exploring 
different fabrication methods to realise these 

sensors. A final cycle explores the 
opportunities the proposed sensor design 
can have on the defined application field 
of the scope.I also validates the embodied 
sensor to analyse performance.
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Figure 6 - overview of project planning and phase Figure 7 - overview of project cycles and result







Tactile sensor integration
While a lot of research has been performed 
on the development of flexible tactile 
sensors and their fabrication, we can also 
find significant academic progress in the 
research into the integration of these sensors 
into products. Integrating tactile sensors into 
product by wearable applications can create 
significant opportunities in interaction, data 
gathering and tactile imaging.

Several studies have been previously 
performed to research the developments of a 
smart sensing glove/hand that try to achieve 
the same tactile mapping as defined in this 
scope. A recent study and review on the 
progress of tactile sensing in robot hands [11] 
sums up these smart sensing gloves and can 
be seen in table B. These studies 

have researched the integration of tactile 
sensors into a robot hand to allows for tactile 
sensing as sensory input or graph sensing. 
It demonstrates the opportunities that 
integrated flexible tactile sensors can bring.

A different integration method of printed 
tactile sensors for tactile mapping can be 
seen in a thesis published by the university of 
mid Sweden [12], which describes the design 
of a tactile imaging sensor array for pressure 
distribution monitoring in wheelchairs. The 
researchers present a screen-printed tactile 
sensor with objective to perform tactile 
mapping on a person sitting in a wheelchair 
(see figure 9).
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Figure 9 - example study of tactile sensors integrated into products [12]

Tactile imaging application
The integration of tactile sensors into 
surfaces can bring additional opportunities in 
the topic of tactile imaging. Several studies 
show how an array of integrated tactile 
sensors can allow for tactile imaging and how 
this tactile imaging can be used in 

A recent study by researchers of MIT [8] 
shows the developments of a smart sensing 
glove, which makes use of an array of tactile 
sensing points to measure the pressure 
distribution on the surface of a hand (see 
figure 10). This data is then used to, with the 
use of a neural network, predict the object 
that is grasped by the human hand and 
infers the material properties of that object. 
This tactile sensing has a goal to function as 
sensory feedback for soft robotics to interact 
and manipulate objects. The research in 
this thesis will build upon the knowledge 
from this study and researches how we can 
achieve the sensory feedback of tactile 

sensors by using a different fabrication 
method to find new opportunities of the 
fabrication of these tactile sensors.

A review posted in a journal for sensors and 
actuators, titled: a review of tactile sensing 
technologies with applications [13], perfectly 
sums up some key application industries for 
the application of tactile sensing. The review 
identifies, among others, applications like 
biomedical, robotics, consumer products. 
These applications range from robot 
applications to posture analysis to diagnostics 
tools and textile/clothing integration. A 
full overview of all proposed applications, 
including key areas and challenges, can be 
found in table C.
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Figure 10 - overview of example study showing possible application of tactile imaging [8]
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The resolution of the sensor also plays a role 
in the assessment of the sensor, although 
more limited, while the ability to distinct in 
small deviations of applied loads is desirable, 
but not decisive for the performance of the 
sensor. The accuracy of the sensor is less 
significant to the performance of the sensor, 
while the performance of the sensor is less 
dependent on how it performs in an absolute 
sense. Closely resembling a real-world value 
or its recognised standard is not within the 
scope of this exploration. the application 
of these sensors is not used as pressure 
instruments but used as inputs for tactile 
mapping or machine interactions, making the 
need for accurate readings out of scope.

While it is significantly important to have a 
sensing principle which gives a repeatable 
and stable readout of its pressure sensing, 
focus of the exploration that is performed in 
this thesis is focussed on the exploration of 
opportunities 3D printing can have on the 
development of tactile sensors. Therefore, 
this exploration does not focus on the 

development of commercially viable sensory 
conditions and only needs to prove a level 
of significant repeatability and stability, 
not measurement accuracy. The explored 
fabrication method of 3D printing provides 
far less fabrication accuracy and ideal 
materials compared to traditional sensor 
manufacturing methods. A commercial 
level of accuracy is not viable nor the scope 
of this research while the focus lies on an 
exploration of a new field of fabrication 
techniques which cannot match current 
industrial fabrication standards. Figure 19 
shows these industrial fabrication standards 
for the design of commercial tactile sensor 
according to design guidelines, as defined in 
a journal on advanced MEMS technologies, 
and used as reference. [28]
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The development of a tactile sensor needs 
to follow certain requirements in order to 
guide the exploration into a desired outcome. 
The tables below sum up the requirements 
for the development of a tactile sensor. 
The requirements are set according to the 
acquired knowledge that is presented in 
chapter 3 – Research & Analysis.

To define the requirements for the 
development of a tactile sensor to be used 

in wearable and robotics applications, we 
can base our requirements on human 
tactile perception as a standard for tactile 
sensing. A widely acknowledged review by J. 
Dargahi studies these relations in his paper 
on human tactile perception as a standard 
for artificial tactile sensing [29]. We base our 
requirements on the findings of this paper, 
but limit it in required performance due to the 
explorative scope of this thesis.

4.2 Sensor requirements
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1.0 General

1.1 The sensor should be able to respond to (a difference in) applied surface pressure (1 g)

1.2 The sensor should be flexible and be able to bend in both axis 

1.3 Bending of the substrate should not affect the performance of the sensor 

2.0 Performance

2.1 The sensor should be able to sense a minimum load equivalent to light touch (± 5 g) (Range)

2.2 The sensor should provide the same readout when equal loads are applied (Repeatable)

2.3 Readout can be non-linear but should have a monotonic function / follow a curve (Linearity)

2.4 Drift in the sensor should be non-existent, or be compensable (drift)

3.0 Fabrication

3.1 The sensor should be fabricated using conventional/accessible 3D printing methods (FDM, inkjet)

3.2 The fabrication and design of the sensor should be easily reproducible

4.0 Application

4.1 The sensor design should be able to allow for wearable applications

4.2 The readouts of the sensor should be usable for tactile imaging applications

4.3 The design of the sensor should allow for adaptability towards personalised productsFigure 19 - industrial fabrication standards for tactile sensor performance [36]



















Results
Figures 35-38 show the results of the sensor 
samples. In the graphs, the readout data of 
the sensor samples are plotted against the 
data of the benchmark data of the loadcell. 
It gives an overview of the accuracy of the 
sensor principles. Raw data of the analysis 
can be found in appendix D.

First, the sensor is applied with a force by 
pressing on it from light touch to reasonable 
force (0g to ±1200g). Then, the sensor is 
loaded by a fixed weight up to 3 times (30g).
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Figure 35 - readout interdigital structure small Figure 37 - readout capacitive wrinckled dielectric

Figure 36 - readout interdigital structure large Figure 38 - readout capacitive porous thin dielectric
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Appendix D







Figure 43 - readout linearity of small interdigital structure sample

Figure 42 - readout accuracy of small interdigital structure sample
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Sensing principle accuracy
Small interdigital pizeoresistive structure

Sensing principle linearity
Small interdigital pizeoresistive structure

Performance
Takeaways
According to the insights given by the 
performed analysis on the sensor samples, 
some takeaways can be defined which are 
used in the progression of the exploration 
and development of 3D printed tactile 
sensors. These takeaways conclude the 
followings aspects:

• Sensing range and resolution of capacitive 
sensing principle is very much dependant on 
the printed structure of the dielectric, and 
therefore needs to be researched further 
when proceeding with this principle.

• The piezo-resistive principle shows 
significant repeatability, resolution and 
stability to progress with the exploration and 
development using this principle.

• Deviations in applied pressure and pressure-
area will be neglected in this research. This 
thesis will analyse repeatability according to 
a fixed area and location. The exploration of 
3D printing as method of fabrication makes 
it significantly difficult to reach commercial 
level repeatability. This research will merely 
focus on an exploration of possibilities.

• Making slight adaptations to circuit structure 
can increase the repeatability of the sensing 
circuit, by making the footprint of the circuit 
round instead of squared and decreasing the 
total sensing area.

Sensing principle
The sample tests selected and analysed 
previously shows a small interdigital, 
piezoresistive structure as optimal sensing 
mechanism. This principle shows the best 
performance in stability, resolution and 
repeatability. 

Figure 43 shows the linearity of the data 
which was gathered in the tests with the 
sensor samples. It shows how closely the 
sample follows the control measurements. 
While the sensing principle does not shows a 
linear readout, it does have a definitive curve 
(monotonic function).
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Characterisation
The resulting plots, as seen in figures 53-56, 
show the performance of the developed 
sensor, and can be used to characterise the 
sensor. Here, we define the characterisation 
of the sensor according to the following 3 
aspects: Linearity, sensor characteristics and 
hysteresis.

Linearity
To analyse the performance of the developed 
sensor, figure 53 shows the plotted readouts 
of the sensor, used to analyse the linearity of 
the sensor.

Measurement curve: A measurement curve 
can be derived form the readouts of the 
validation test, which can be seen in figure 
54. While the sensor does not shows an ideal 
linear measurement line, it does provide 
reasonable readouts that follow a curve. 
This result provides proof for a repeatable 
performance of the sensor. Deviation from 
the measurement curve is only minimal, 
again showing proof of repeatability.

Non-linearity: The nonlinearity of the 
analysed sensor can be, according to IEC 
standard [33], defined according to a ‘best 
fit straight line’  (BFSL). Plotting a BFSL 
line in the graps shows a significant non-
linearity error of around 20% F.S. Nonlinearity 
however can be compensated for by a 
number of methods, including look-up 
tables or linearised equation. [34] Through 
linearisation, a nonlinear response curve can 
be converted into a straight line, improving 
the sensor accuracy.
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Figure 53 - readout linearity of final embodied sensor

Figure 54 - nonlinearity of final embodied sensor

Sensor linearity

Non-linearity

Final embodied sensor

Final embodied sensor
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Results 
Figures D1-D6 show the raw data of the 
performed selection tests. The results shows 
the plotted data of the readouts of both 
the sample sensor (top graph) and load cell 
(bottom graph).

Analysis 
To conclude on which of the principles is 
most suitable for the use in the progression 
of the development of printed tactile sensors, 
we look at how the sensor samples behave 
in relation to the defined sensory aspects of 
repeatability, stability and resolution. Below 
we sum up the key insights in relation to 
these main sensory aspects.

Sample 1 | small interdigital structure
 Shows a significant repeatable outcome 
while readout follows load cell readout 
well. Sensor can differentiate in the two 
different weights therefore showing 
significant resolution. Stability of readouts 
is reasonable, readouts show slight drifts 
in the measurements. Readouts show an 
acceptable response time.

Sample 2 | large interdigital structure 
Much like sample 1, sample 2 shows 
significantly repeatable readouts and 
acceptable resolution. Readout does shows 
slightly less stability while introducing more 
drift and less stability in readout.

Sample 3 | matrix array structure
Shows, like the previous samples, repeatable 
readouts and significant resolution by 
differentiating in weight. However, this 
sample shows a slight decrease in stability. 
This stability however can be corrected when 
necessary by using a running average.

Sample 4 | porous thin dielectric
The readouts of this sample show a 
significantly repeatable outcome. Resolution 
of the sensor however is lacking since 
differentiating in applied weights is difficult. 
Readout is reasonable stable, slight 
fluctuation in readout, but can be accounted 
for.

Sample 5 | porous thick dielectric
This sample shows some level of repeatability 
and resolution. The sensor is able to 
differentiate between applied weights, but 
only in a limited amount. Stability of sensor is 
lacking because of lower resolution.

Sample 6 | solid dielectric
Shows non-usable readouts while resolution 
is low. Readouts are non-uniform and non-
linear while variation in weight provides a 
sensor readout of only two states.

Appendix D
Performance selection results
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Figure D1 - raw data small interdigital stucture | sample 1

Figure D3 - raw data matrix array structure | sample 3

Figure D4 - raw data porous thick dielectric | sample 5

Figure D2 - raw data large interdigital stucture | sample 2

Figure D4 - raw data thin porous dielectric | sample 4

Figure D6 - raw data solid dielectric | sample 6
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validation setup code

100 101
















