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Figure 1. Flexy enables designers and makers to easily, quickly and cheaply realize thin physical objects in custom shapes that 
feature an embedded deformation sensor. This enables a wide range of interactive applications with deformable surfaces. 

ABSTRACT 
We contribute a new technique for fabricating highly 
customized 1D and 2D flex sensing surfaces on thin and 
flexible substrates. It enables designers and makers to easily, 
quickly and inexpensively realize thin physical objects in 
custom shapes with an embedded deformation sensor. The 
deformation sensor is digitally designed and then fabricated 
with a single layer of conductive material in a single pass, 
using an off-the-shelf inkjet printer. We establish a design 
space and investigate how to realize flex sensing surfaces of 
highly varied geometries. In a technical evaluation, we 
demonstrate the technical feasibility of such sensors and 
investigate their response. Lastly, we demonstrate the 
practical applicability for tangible interfaces by presenting 
five example applications. 

Author Keywords 
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INTRODUCTION 
Flexible and deformable user interfaces are of increasing 
interest to the HCI research and interaction design 

communities. Advances in sensing and output technologies 
and miniaturization of electronics enable very thin, 
lightweight, and deformable form factors [19, 15, 20, 29, 12]. 
These open up a new space of intuitive physical interactions 
[9, 21, 33, 35, 26, 16, 30]. Moreover, varied and highly 
custom form factors allow for physical interactions that are 
tailored to the specific shape of the user interface [27, 32].  

An important question for realizing interactive prototypes is 
how to sense deformations. Using external optical sensing 
limits mobility [14, 35]. Creating prototypes with 
commercially available flex sensors results in rather thick 
and not very deformable prototypes [21, 23, 37]. Printed 
deformation sensors offer the benefit of a very slim form 
factor and high deformability. However, existing approaches 
are either very complicated to fabricate and interface for HCI 
researchers and designers [29] or they are restricted to 
sensing of only coarse and discrete deformations [15]. 

We contribute a new technique for fabricating highly 
customized 1D and 2D flex sensing surfaces. It enables 
designers and makers to easily, quickly and inexpensively 
realize thin physical objects in custom shapes featuring an 
embedded deformation sensor. The technique is based on 
conductive inkjet printing [19] and on the basic sensing 
principle of resistive strain gauges.  

While conductive inkjet printers are now getting widely used 
in HCI labs, it is unclear thus far if and how well this 
inexpensive and fast printing technology would allow for 
resistive sensing of deformations. In addition, printing and 
patterning approaches offer a lot of freedom in how 
conductive traces can be laid out. This enables an 
unprecedented geometric variety of sensor layouts, including 
highly varied sizes, arrangements, and shapes of sensors. 
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This has the potential to open up a new design space for 
deformable user interfaces of very custom shapes. 

In this paper we investigate the design space of easy-to-
fabricate resistive flex sensors to support 1D and 2D flex 
sensing on deformable surfaces. Based on this design space, 
we will demonstrate how to realize flex sensing surfaces of 
highly varied geometry. Moreover, the design space allows 
to provide recommendations for interface designers on how 
to design such flex sensors for their interface prototypes.  

In a technical evaluation, we demonstrate the technical 
feasibility of such sensors, investigating the response of 
these sensors for various dimensions and various types of 
deformations. Lastly, we demonstrate the practical 
applicability for tangible interfaces by presenting five 
example applications. 

The main contributions of this paper are as follows: 

1) We present a shape-customizable single layer pattern for 
flex sensing and introduce a design space. The pattern can 
sense single as well as multi-axial bending deformations. 
The design can be customized by adapting parameters of 
several primitives; this results in a wide range of geometries 
that can be augmented with the pattern. The flex sensor is 
fabricated through fast and inexpensive conductive inkjet 
printing. 

2) We present spatial arrangements of the sensor design in 
1D & 2D for sensing surface deformations, in varied sensor 
geometries. For sensing more complex deformations of a 1D 
surface, a linear array of sensing units is presented. A radial 
array enables sensing of 2D deformations on a surface.  

3) We contribute results from a technical evaluation and 
present a set of practical application examples to demonstrate 
the feasibility of the approach.  

RELATED WORK 
Embedded flex sensors are commonly constructed using 
fabric, fiber optic or functional ink materials [6]. Fabric-
based flex sensors are constructed by sandwiching a 
piezoresistive material between layers of conductive fabric 
[2]. Such a sensor design is primarily designed for pressure 
sensing; however it can also measure pressure as a function 
of flexion, thereby acting as a flex sensor. An optical bend 
sensor [9, 17] consists of pairs of light emitters and receivers, 
which are connected by an optical fiber. The intensity of the 
received signal varies in proportion to fiber bending. 
Shapetape [9], a bendable and twistable input strip, extends 
this principle by using fiber optic bend sensors spaced at 
regular intervals. 

Functional ink-based deformation sensors [15, 19, 25, 29, 30, 
24] are interesting for rapid prototyping since they can be 
easily fabricated through printing. Most commercial flex 
sensors based on conductive ink are printed as a linear 
pattern of carbon-based ink on a polyimide substrate with 
terminal connections of more conductive material, usually 
silver [1, 7]. The sensors function as analog resistors whose 

resistance depends on the magnitude of surface flexion. 
These sensors exhibit a large change in  resistance in the 
permissible bending range due to the carbon-based ink 
material. Also, each sensor can only sense bending along a 
single axis. For sensing multi-axial deformations, multiple 
sensors need to be laid out on the substrate which would not 
be possible for highly curved or narrow shapes. 

Prior work has investigated deformation sensing of paper 
substrates using an array of commercial strain gauges [11]. 
Commercial strain sensors are easy to interface, but not to 
customize and they are not very conformal to different 
surface shapes. 

FlexSense [29] captures bending deformations of an A4- 
sized flexible sheet using screen-printed piezoelectric 
sensors. The surface deformation is reconstructed in high 
fidelity through machine learning techniques. However, the 
sensor has a fixed geometry and involves a multi-step, multi-
material screen printing process. DefSense [8] investigates 
computational design of 3D deformable input devices of 
highly custom shapes. However, the approach builds on use 
of resistive wires and manual assembly. In contrast, our 
approach addresses sensors on thin surfaces that are printed 
in one pass. 

As one of the instant fabrication techniques, we leverage 
conductive inkjet printing [19], a technique for printing 
conductive traces directly on a paper substrate that requires 
no post-processing steps. Using such single layer printed 
patterns, various sensing modalities have been investigated, 
including touch sensing, pressure and proximity sensing 
[15]. In conjunction with other electronic components, 
interesting functional prototypes have been reported in 
[18]. Novel interaction capabilities such as robustness 
against cutting [26] and deformability [15] arise, since 
sensors are directly printed on thin and flexible substrates. 
In this work, we investigate flex sensing on custom shapes 
using inkjet-printed patterns.  

BASIC PRINCIPLE  
Electrical conductivity of certain conductive materials 
changes with surface flexion. When such a material is subject 
to tensile (outward) bending, conductive particles within the 
material move apart from each other, increasing the overall 
resistance. Similarly, when the material is under compressive 
(inward) bending, conductive particles move closer to each 
other and hence overall resistance decreases [6]. The higher 
the magnitude of flexing, the higher is the change in 
resistance. 

Commercial flex sensors use proprietary carbon-based ink 
[1, 7]. Recent work on embedded 3D printed strain gauges 
for flex sensing [25] used carbon conductive grease material. 
Graphite bounded with clay, as in pencil cores, also exhibits 
resistance change to flexion as demonstrated in [22]. Silver 
nanoparticle ink used for conductive inkjet printing also 
exhibits a change in resistance to flexing [19]; however it 
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shows a smaller response range than the more resistive 
carbon-based ink. 

The most basic design of a flex sensor is just a single line of 
conductor, whose resistance is measured from its two ends. 
The line can also be laid out in a U shape, resulting in two 
parallel lines responding to flexing with a higher response 
than a single line. Eventually, an even longer line can be laid 
out in a zig-zag pattern of parallel lines to maximize the 
sensing lines subjected to bending in the parallel direction. 
Figure 2(a) illustrates the standard design. The sensor design 
senses bending predominantly along the direction of the 
parallel sensor lines, referred as the longitudinal axis. We 
will demonstrate how to build upon this basic principle to 
realize customized sensor surfaces. 

 
Figure 2. (a) Standard resistive flex sensor design, (b) 

Schematics of a voltage divider circuit 

DESIGNING AND FABRICATING A SENSING SHEET 
The first step towards making a sensor sheet consisting of a 
single sensor or an array is preparing a digital design in any 
2D vector graphics application, such as Adobe Illustrator. 

The design is then fabricated using printing. We focus on 
conductive inkjet printing [19], however the design can also 
be screen-printed using appropriate ink material [28, 24]. We 
used Mitsubishi NBSIJ–MU01 [5] silver nanoparticle ink. 
We successfully used a Canon iP100 photo inkjet printer and 
an Epson L220 inkjet printer for printing the designs. White 
and transparent PET films [5] were used as substrates for 
printing conductive traces. Other substrates such as resin 
coated paper and glossy photo paper can also be used, as 
reported in [19]. [19] reports the thickness of silver layer on 
paper is around 300 nm, and the cost of printing a one meter 
conductive trace of 1mm width is approximately 5 US cents. 

The designs are printed in a single print step, as the design 
consists of a single material, both for active sensing as well 
as end connectors. The ends of the sensor design are 
generally made slightly wider to attach connecting wires. We 
connected the printed sensors to measurement circuit using 
thin flat cables adhered to the design with copper tape.  

The change in resistance of the sensor can be measured 
directly with a resistance meter or can be read by a 
microcontroller using a voltage divider circuit, as shown in 

Figure 2(b). For single sensors and small sensor arrays, we 
used an Arduino Uno and for arrays requiring more I/O pins 
an Arduino Mega. In Figure 2(b), the resistance of the printed 
sensor (R2) is calculated by: 

𝑅𝑅2 = �
𝑉𝑉𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

− 1� ∗ 𝑅𝑅1 
where R1 is a known resistance, Vcc is the supply voltage and 
Vout is the measured voltage output. The known resistance 
value is generally chosen to be close to the flat state 
resistance of the printed design. For instance, for a printed 
design with flat state resistance of 500Ω, a known resistance 
R1 of 470Ω was used. 

In scenarios involving either very low resistance change of 
the sensor pattern or when requiring high accuracy of 
sensing, resistance can be measured by high resolution 
measurement devices as in [3, 22] or circuits such as a 
wheatstone bridge with amplifier as in [11, 24].To increase 
robustness of the printed sensor, laminate of clear tape can 
be applied. This avoids moisture contact and silver being 
rubbed off. Other thinner laminate coating alternatives are 
reported in [19]. For short term usage, no laminate is 
required.  

DESIGN PRIMITIVES 
The possibility to design a flex sensor in a vector graphics 
application opens up a wide space for customizing the shape. 
It enables novel opportunities for tangible interfaces. In this 
section, we give an overview of the design primitives and 
how these affect sensing. The design of a flex sensing 
geometry has the following primitives: i) number of sensing 
lines, ii) line length, iii) line width, iv) line spacing, v) 
composition and vi) connecting traces. The resistance of the 
pattern depends on the sensor dimensions by 

  𝑅𝑅 = 𝜌𝜌 𝐿𝐿
𝐴𝐴
                                                 (1) 

where L is the sensor length, A is the cross-sectional area and 
𝜌𝜌 is resistivity of the sensing material. The cross-sectional 
area is determined by line width and line thickness. Line 
thickness can be customized by printing a pattern multiple 
times. 

Number of sensing lines The overall change in resistance of 
the pattern to flexing depends on the number of sensing lines. 
With more sensing lines, the resistance change to flexing is 
higher as compared to fewer sensing lines.  Our sensor 
designs typically have 10 to 30 sensing lines. In designs 
where the entire shape is encased by a continuous sensor, 
such as crescent and leaf designs (Figure 1) the total sensing 
lines are more however intermediate tapping lines can be 
inserted to measure a more granular response.  

Line length Sensor resistance measurement indicates the 
average strain across the active sensing area, hence the active 
line length can be matched with the target deformation 
curvature. Typically, the line length of our sensors varies 
between 2cm and 5cm. 
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Line width Line width can be customized depending on the 
sensing material. For more conductive materials such as 
silver nanoparticle ink, wider sensing lines result in a lower 
sensor response and are generally not preferred as more 
material is consumed with no advantage in sensing response. 
Instead, for applications that require less response range, 
fewer thin sensor lines can be drawn instead of a larger 
number of wide lines. However, commercial flex sensors are 
printed typically as a single wide line, as they use carbon-
based ink. The typical width of our sensor designs varies 
between 300µm and 500µm. 

Line spacing This primitive caters to the linear and angular 
spacing between the sensor lines. Each of the sensor lines 
need not be parallel to each other and can be placed at 
different angular orientations. This enables sensing multi-
axial deformations. Intermediate tapping can be done for 
multi-axial sensing designs depending on the required 
sensing granularity. Figure 3 illustrates an omni-directional 
circular sensor.  

 
Figure 3. An omni-directional flex sensor design (right) with 

intermediate tapping  

The linear spacing between the sensor lines is also 
customizable. Generally, the linear spacing between the 
sensor lines is kept much smaller than the sensor length. If 
the spacing is larger, then the change in resistance to flexing 
across sensor length is attenuated within the material laid out 
in perpendicular direction. In our standard design, the line 
spacing is slightly less than twice the line width. In other 
designs, the maximum spacing is 1mm except in designs 
such as the fish fin, where we used a considerably wider 
spacing to mimic the visual appearance of a caudal fin. 

Composition This primitive captures how multiple sensing 
units within a geometry are laid spatially. Multiple sensing 
units can be laid on 1D & 2D surfaces in different geometries 
as described in the next section. Linear and angular spacing 
between each of the sensing units can be customized for 
different application scenarios. For instance, two sensing 
units in a bird shape design are slightly curved to fit the wing 
shape better. As another example, five sensing units arranged 
in a flower shape allow for multiple points of interaction on 
a single flower-shaped sensor. (Figure 1) 

Connecting traces These traces connect the sensor design to 
the area on the substrate where contacts are tethered to a 
microcontroller. The connecting traces are generally quite 

wide to have less resistance, and typically curved to avoid 
resistance change due to any uni-axial flexion. 

In the next section, we discuss sensor geometries for 1D & 
2D, along with interesting custom shape geometries. 

SPATIAL 1D & 2D SENSOR GEOMETRIES 
A single sensor can only sense uni-radial flexing, hence to 
sense more complex flex deformations, multiple sensors can 
be arranged in different spatial arrangements. For a one-
dimensional sensing strip, multiple sensing units can be 
arranged linearly with some spacing. For two-dimensional 
surfaces we propose a circular arrangement, with individual 
sensor units oriented in different directions. The total 
response of surface deformation is simply the integration of 
individual sensing unit responses. 

Apart from these generic arrangements, the sensor 
geometries can be customized to suit a wide variety of 
custom 2D shapes.  We illustrate six example patterns 
(Figure 1, Figure 9): inchworm, bird wing, flower, leaf, 
crescent and fish fin.  

Inchworm: An inchworm design illustrates the simplest 
sensor design. The design spans the central body shape of a 
paper inchworm and can sense its curvature while it is being 
moved. The sensor consists of a U-shaped line design. 
(design dimensions: length = 62mm, line width = 0.5mm) 

Bird wing: This design illustrates a composition of multiple 
sensing units. A flex sensor spanning each of the wings can 
capture flexion during wing flapping. Sensing lines in each 
unit span the wings partly and are slightly curved to better fit 
to the wing shape. (design dimensions: length = 45mm, width 
= 0.35mm, curved at 8°) 

Flower: This design illustrates a circular arrangement of 
individual sensing units. The example design consists of five 
petals connected through a central unit. Each of the sensing 
units consists of varying line lengths to conform to the petal 
shape and is connected to the central connector. (design 
dimensions: length1 = 29.78mm, length2 = 35.36mm, 
length3 = 36.46mm, width =0.33mm) 

Leaf design: This design illustrates alignment of the sensing 
lines at an angle to better fit the target shape. A single sensor 
runs through the entire leaf shape. Intermediate tapping 
points can be added for granular sensing response. (design 
dimensions: leaf length: 80mm, width: 35mm, sensing lines 
aligned at 45°) 

Crescent design: This design illustrates embedding a flex 
sensing within an extremely curved surface. Length of the 
sensing lines is continuously varied to adapt to the crescent 
shape. (design dimensions: length of crescent: 77 mm, width 
of crescent: 22mm, line width: 0.35mm) 

Fish design: This design illustrates how a sensor can mimic 
the visual appearance of the interactive object. We illustrate 
a sensor placed around the caudal fin (tail) of the fish. The 
sensor can sense the back and forth wavy movement of the 
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tail. It has fewer sensing lines with varying spacing between 
them. (design dimensions: length of fin =30mm, width of fin 
= 44mm, line width = 0.5mm) 

SPECIAL CASE OF FOLD SENSING 
A fold is an extreme case of bending, resulting in an axial 
crease on the surface. Such a deformation causes a much 
higher increase in the sensor resistance. When the fold is 
released, the resistance value stays still considerably higher 
than the flat state resistance due to the permanent physical 
deformation of the substrate and the sensor. A fold can be 
sensed once through such a sharp increase in the sensor 
resistance. Due to the large change in resistance at a fold, the 
sensor pattern can be minimized to a single line design 
(Figure 4). 

 
Figure 4. Sensing folding through single line sensors. (left) flat 

line, sensor released after a sharp fold at the center 

An inkjet-printed trace (length = 4cm and width = 0.5mm) 
on a sheet of paper had a flat state resistance of 63Ω. In a 
completely folded state, the resistance was 356Ω (565% 
increase). After the sensor was released from the pinched 
state, the resistance still stayed at 231Ω (366% of flat state). 
These inexpensive and simple line sensors can be arranged 
at to-be-folded axes on a deformable surface for sensing the 
sequence of folds for a single use, as we illustrate in the 
applications section.  

CHARACTERIZATION AND EVALUATION 
In this section, we investigate sensor response in different 
deformation scenarios through a set of technical 
experiments. We then relate the findings to answer practical 
questions from an interface designer’s perspective: what is 
the sensor response at different bending curvatures, how 
does it compare to a commercial flex sensor, how does the 
sensor behave for repetitive deformations, and how does the 
response vary with sensor dimensions? 

Depending on the applied deformation, sensor response falls 
in two categories: static and dynamic. In static deformation, 
the sensor moves from one state to another slowly, and it has 
time to settle at a state before being deformed to another 
state. In dynamic deformation, the sensor is deformed at a 
higher speed and it does not have time to settle at a particular 
state.  

We conducted two experiments to understand the sensor 
response for static and dynamic deformations. We printed 
sensors of two sizes relevant for practical usage scenarios, as 
illustrated as inset in Figure6. (large sensor: total length (l) 

61.4 mm, sensor line length (sl) 39 mm, no. of lines (n) 22, 
line width (w) 0.35 mm, spacing(s) 0.65 mm, small sensor: 
55% scaled version of the larger sensor). Three sensors of 
each of the sizes were printed. 

In the first experiment, we 3D-printed 7 cylinders of different 
curvatures (with diameter between 3-10 cm). We bent the 
sensors across each of them, with printed side up (tensile 
bending) and printed side down (compressive bending). Each 
sensor was flexed across a cylinder, resistance was measured 
and then the sensor was brought back to flat state and the 
process was repeated for consecutive cylinders.  

Figure 5 shows the normalized (R/Rflat) response of both the 
sensor sizes for tensile (outward) flexing. As expected, the 
sensor resistance increases from the flat state value with 
increasing curvatures (smaller bend radii). A third-degree 
polynomial curve fitted best to each of the responses (large 
sensor: R2 = 0.9883, small sensor: R2 = 0.9921).  

 
Figure 5. Sensor response to tensile bending 

Figure 6 shows the response of sensors to compressive 
bending. The sensor resistance decreases from flat state for 
increasing curvatures, as expected. Each response can be 
well represented by a polynomial of third degree as it does 
for tensile bending (large sensor: R2 = 0.9957, small sensor: 
R2 = 0.9927).  

 
Figure 6. Sensor response to compressive bending 
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These findings show that the sensors have a continuous 
response for flexing in both directions. A third-degree 
polynomial yields a robust mapping function of resistance to 
curvature in the measured range. Hence, for a sensor to be 
used for static deformations, the mapping can be stored 
beforehand, and then the measured resistance values can be 
used for a lookup of surface curvature.  

We also find that normalized sensor response (R/Rflat) for 
tensile and compressive bending for both the sensor sizes is 
quite similar. Tensile bending response is slightly higher 
(∆R/Rflat = 2.213% (large sensor), ∆R/Rflat = 2.18% (small 
sensor)) than compressive bending response (∆R/Rflat = 
1.34%(large sensor), ∆R/Rflat = 1.38% (small sensor)).  
To compare the response of our design to a commercial flex 
sensor, we took a 2.2 inch carbon ink-based sensor [7] and 
flexed it across different diameter cylinders, with printed 
side up and down. The sensor datasheet reports a tolerance 
of 30% for the resistance values. Flat state resistance of the 
sensor was around 21.6kΩ and the resistance at 2cm tensile 
radius of curvature was 58.8kΩ (∆R/R = 172.0%). The 
bending response of this sensor also followed a third order 
polynomial (R2 = 0.996) during tensile bending. The 
compressive bending response of the sensor was slightly 
irregular and there was no monotonous reduction in the 
resistance from flat state resistance. The resistance at 2cm 
compressive bending curvature was 19.52 kΩ (∆R/R = 
11.5%). This is in-line with findings from other experiments 
on commercial flex sensors, which have also indicated a non-
linear relation between sensor resistance and bending radius 
[34]. Our findings indicate that in tensile bending the range 
of the commercial sensor is considerably higher, related to 
use of carbon-based sensing material compared to silver ink. 
However, its response range is considerably lower and 
slightly irregular in compressive bending.  

The next experiment was conducted to understand the sensor 
response for repetitive dynamic deformations. We measured 
the sensor response for deformations generated by a 
simplistic rack and pinion based dc motor setup. We took a 
substrate containing a large sized sensor. Both the ends of the 
substrate were mounted to revolute joints, to allow 
movement during flexion. One of the ends was kept steady 
while the other moved linearly through the motor, generating 
repetitive flexion of the substrate. The sensor was flexed fifty 

times from flat state to a curvature of 2.96 cm at a speed of 
~0.25Hz. Figure 7 shows the running average of the sensor 
response during the test. The average range during the 
iterations was found to be 16.39Ω (standard deviation: 0.43). 
Since the deviation in the range and flat state resistance is 
small, no re-calibration of the sensor is required for 
applications where the acceptable error is above the observed 
deviation. The slight deviation in this case could be attributed 
to multiple factors including mechanical properties of the 
print paper sheet, minor irregularities in the dc motor motion 
and properties of the silver nanoparticle ink.  Factors such as 
speed and extent of deformation and number of iterations 
also affect the sensor behavior in dynamic deformations. A 
detailed characterization of dynamic behavior of the sensor 
is beyond the scope for the present work. 

Sensor dimensions affect the sensor response following 
equation (1), within the resolution limits of the printer. 
Normalized sensor response for uniformly scaled sizes 
described earlier has been observed to be identical. Our 
experience indicates that when the sensor lines are very thin 
(≤ 250µm), the line width of closely spaced parallel lines is 
not very uniform when printed, i.e. few lines are slightly 
wider than others in prints. Sensors printed with such 
dimensions still work, however the resistance relation to 
dimensions as given by equation (1) now depends on the 
actual printed width of each of the lines. We achieved best 
sensing results with the standard design. 

EXAMPLE APPLICATIONS 
In this section, we showcase application scenarios using a 
single sensor as well as multi sensor 1D and 2D arrays. In the 
design of these application cases, we have favored simplicity 
over complex functionality, to showcase how creative 
makers who might have only little programming skills can 
leverage the easy-to-use printing framework for creating 
their custom flex sensors. 

Curvature measurement of objects 
A single sensor is well-suited to measure curvature of objects 
and surfaces within its responsive range. We took five 
objects with diameters ranging from 1.5cm to 8cm. The 
sensor was calibrated to an accuracy of 1cm and could 
correctly classify the curvature of the test objects (Figure 8). 
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Figure 8.  Curvature measurement using a single sensor 

Animating virtual entities through direct physical input 
In this application example, we describe usage of i) a single 
sensor and ii) a linear 1D array. A flex sensor can be used as 
a direct physical input for animating virtual entities. 
Locomotion patterns of certain species involve flexion and 
we can emulate them through the sensors. We have created 
Inchi, a virtual inchworm that can be animated through direct 
physical input. 

Radius of the motion loop can be regulated through the 
extent of flexion of the sensor. Since we have a bi-directional 
sensor, we can also associate inward and outward bending to 
movement of Inchi in forward and reverse directions (Figure 
9). 

 
Figure 9. Inchi, a virtual inchworm animated with a single flex 

sensor 

A printed sensor containing an array of two sensing units is 
used to animate an emoticon. Physical shape of the sensor 
sheets is mapped to one of the various moods: neutral, 
happy, sad, confused (Figure 10). 

Interactive paper craft 
Kids can design interactive paper crafts that contain flex 
sensors in custom shapes. Specific deformation gestures can 
be mapped to audio output. For instance, flexing a bird wing 
can generate a flapping sound, moving the tail of a fish can 
generate a wave sound, humming bees can be heard when 
flexing the petals of a paper flower. 

 
Figure 10. A two sensor linear array animating four moods of 

an emoticon (clockwise from top): i) neutral ii) happy iii) 
confused iv) sad. 

Multimodal I/O sheet 
We can integrate other sensing modalities such as touch 
sensing [15] and output capabilities such as LEDs along with 
flex sensing on a single printed sheet. Such an I/O surface 
allows users to build interactive objects with multimodal 
interaction capabilities. Figure 11 shows a sample bow 
shaped sheet containing two flex sensors on the side and a 
touch sensor in between. Each flex sensor is accompanied by 
a resistor to form a voltage divider. Each of the sensors have 
a corresponding led that glows when the sensor is interacted 
with (flexed or touched). 

In Figure 11, left flex sensor has been bent resulting in 
turning the left led on. The components are adhered to the 
printed connectors using a conductive Z tape [19].  

 
Figure 11. Printed IO Sheet with touch, flex inputs and LEDs 

Origami training tool 
In this application case, we showcase two different 2D sensor 
geometries. We leverage the fold sensing ability of the 
design. Making an origami model involves a one-time usage 
of specific paper surface. Inkjet-printed sensor arrays can act 
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as an affordable guidance tool. Novice users can be 
interactively guided towards the correct sequence of folds 
and be corrected if a step is skipped. One can alternatively 
use plain graphite, drawn with a pencil, to pattern it on 
thinner origami paper. A graphite line (2cm x 0.4cm) on a 
sheet of origami paper had a flat state resistance of 47.7kΩ. 
In completely folded state resistance was 124.8kΩ (261.6% 
increase). 

We illustrate two origami shapes: boat and airplane. A boat 
shape can be made with box pleat folds (folds at 90° and 45°) 
[10]. Figures12(a-b) show the respective front and back 
sensor lines arrangements for a boat shape fold on an origami 
sheet. Figures 12(c-d) show the sensor lines wired with 
copper tape and flat cables. For the airplane design, sensors 
can be laid out in a radial 2D arrangement, as shown in 
Figure 12(e and f).  

 
Figure 12. Line sensor arrangement for boat and airplane 
shapes: Boat (a-b) Sensor placement (front and back) with 
respective wiring (c-d); Airplane (e) Sensor placement with 

respective wiring (f). 

DISCUSSION 
Generality of the design: The presented sensor design (also 
referred to as a meander line/continuous folded/sinuous 
pattern) has been investigated in several other electronic 
design architectures such as printed inductors [36] and 
antennas [31]. Certain styles of decorative art and 
architecture also inculcate such continuous line pattern [4]. 
Locomotion patterns in species such as fishes, snakes, worms 
[13] involve generation of flexion waves along the length of 
the body for propulsion. Wind current over sand dunes and 
water current on soil create meander patterns over time. Our 
investigation related to flex sensing in highly deformable 
substrates is yet an additional instance of its generality. 

Limitations: Connectors remain a challenge for printed 
sensors. Connection wires add weight to the sensing surface 
and can affect its deformation. Even with printed connector 
traces, we eventually need to wire them for connection to the 
controller and in cases such as multi-modal IO sheet with 
close spacing between the connector pads, connections 
become quite tricky. For fold sensing of complex patterns, 
printed connectors can also be challenging as they would be 
accidentally folded while making the origami shape. Silver 

nanoparticle ink demonstrates a small resistance change to 
flexing due to its high conductivity, which in turn requires 
the design to have multiple thin sensing lines for a 
measurable, repetitive response. This leads to a slightly 
wider flex sensing design compared to commercial flex 
sensors which are relatively narrower.  Scalability of sensor 
designs is essentially limited by the effective printing 
resolution (we recommend a trace width above 250 µm when 
using our printer) and by the number of analog input pins of 
the microcontroller. 

Directions of future work: Design of an automated tool for 
generating sensor designs including printed connectors, for 
user-defined shapes and materials will be an interesting 
direction for future research. Exploration of different 
connection mechanisms for printed sensors, such as vias to 
connect different layers of a printed sheet would be 
interesting. Once a wider set of functional materials can be 
printed with inexpensive printers, it will be relevant to 
explore their characteristics for custom-designed flex 
sensors. Advances in 3D printing of functional materials will 
make 3D printed designs a further interesting avenue for 
future work. 

CONCLUSION 
In this work, we presented the design and fabrication of 
shape-customizable flex sensing patterns. The sensor can be 
designed digitally and printed. It offers the unique 
advantages of visual customizability, single and multi-axial 
flex sensing, single material and single step fabrication, and 
low cost. Moreover, it is easy to interface with for non-
experts. We also presented different spatial arrangements of 
the sensor in 1D and 2D and showed how they can be used 
for tangible user interfaces. We believe that the design and 
fabrication guidelines will aid HCI researchers, practitioners, 
designers and makers to quickly, easily and cheaply realize 
deformable sensors and in-turn open new avenues of 
interactivity. 
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