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ABSTRACT 
We present iSoft, a single volume soft sensor capable of sens
ing real-time continuous contact and unidirectional stretching. 
We propose a low-cost and an easy way to fabricate such 
piezoresistive elastomer-based soft sensors for instant interac
tions. We employ an electrical impedance tomography (EIT) 
technique to estimate changes of resistance distribution on 
the sensor caused by fingertip contact. To compensate for the 
rebound elasticity of the elastomer and achieve real-time con
tinuous contact sensing, we apply a dynamic baseline update 
for EIT. The baseline updates are triggered by fingertip contact 
and movement detections. Further, we support unidirectional 
stretching sensing using a model-based approach which works 
separately with continuous contact sensing. We also provide a 
software toolkit for users to design and deploy personalized 
interfaces with customized sensors. Through a series of ex
periments and evaluations, we validate the performance of 
contact and stretching sensing. Through example applications, 
we show the variety of examples enabled by iSoft. 
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INTRODUCTION 
Stretchable soft sensors have been explored as promising in
put methods for adding interactions on both rigid and elastic 
physical objects, smart textiles, shape-changing surfaces, hu
manoids, and the human body [22, 30, 32, 50, 51]. With a 
high flexibility and stretchability of the sensors, a wide scope 
of natural interactions such as contacting [43], bending [4], 
squeezing [47], and stretching [44] have been suggested. Still, 
the expensive and multi-step fabrication processes keep people 
from quickly making and deploying inexpensive, customized 
soft sensors. 
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Recent approaches have shown the potential for reducing the 
fabrication complexity [51] and improving the design free
dom [50] for soft-matter sensors. These previous works fo
cused on employing capacitive sensing and demonstrated dis
crete inputs such as touching and pressing. To support more 
advanced inputs such as contact localization and continuous 
tracking, a common solution for capacitive sensing is via a 
sensing array which further introduces complexities in both 
design and fabrication. Moreover, developing multi-modal 
sensing capability through capacitive sensing by using a single-
volume sensor could be difficult. Further, ad-hoc modifications 
on the prototyped sensor shapes and ease of deploying the 
sensors show significant opportunity for creating customized 
interfaces [6, 28]. Yet instantiations of such paradigms have 
not been fully studied for soft sensors. By emphasizing these 
directions, we investigate a single-volume soft-matter sensor 
that provides multimodal sensing. Our approach allows users 
to fabricate sensors inexpensively, customize interfaces easily, 
and deploy them instantly. 

We take advantage of carbon-filled liquid silicone rubber, a 
non-toxic piezoresistive material which has been widely ex
plored for different types of low-cost, easy-to-implement sens
ing methods [49]. The major hurdle in employing the carbon-
filled silicone as an interaction input is the lack of real-time 
sensing capability. This is mainly due to a rebound elasticity 
of the material, which causes a slow-recovery of the sensing 
signals after material deformations. In a previous work, a 
modeling approach was proposed [25] for posture estimation, 
but a solution for real-time continuous contact localization 
has not been fully studied. In our work, we adopt a dynamic 
baseline update process using the EIT approach to achieve 
real-time continuous contact localization. In addition, the 
carbon elastomer has been used for building a single-layer 
wearable sensor which supports multiple sensing modalities 
such as finger pressing and bending [55]. Here, we also utilize 
stretching which enables multimodal sensing with iSoft. 

By employing the EIT technique, we can interface the sensor 
by placing electrodes on the sensor boundary only. In this way, 
the sensor can be fabricated in a single-volume manner and 
implemented without invasive wirings. Recent work with EIT 
sensing has shown its potential for touch sensing on an arbi
trary surface using machine learning models [57]. We extend 
the EIT sensing to the soft-matter sensors with multimodal 
sensing capability. Moreover, we propose a customization 
toolkit for users to support the design and deployment of the 
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sensors. To this end, we allow users to perform interactions in
stantly after deployment without any extra training processes. 

In this work, we introduce iSoft, which supports multimodal 
inputs based on the deformation of a single-volume carbon-
filled elastomer. Our prototype supports real-time continuous 
contact and stretching sensing. Using the proposed fabrication 
method, a sensing technique, and a software toolkit, we entitle 
users with the ability to create and customize soft-matter sen
sors even if they have no professional knowledge on material 
processing and use of specialized processing equipment. Our 
contributions are as follows: 

•	 A novel sensing technique providing real-time continuous 
contact and stretching sensing with carbon-filled elastomer; 

•	 Hardware and software workflows that enable users to cus
tomize and deploy soft sensors for instant interactions; and 

•	 Example applications demonstrating the use of the multi-
modal sensing capability of the proposed soft sensors. 

RELATED WORK 

Soft Sensors & Sensing Modality 
Recent developments in soft sensors have shown their capabil
ity for complex sensing with high flexibility and stretchabil
ity [5]. With the advancements in materials, the soft sensors 
have enabled the measurement of highly accurate contact pres
sure, strain, and shear deformations [24, 30, 37]. However, 
the fabrication of these sensors still requires expensive mate
rials and complex fabrication treatments. To this extent, re
cent works in HCI have demonstrated fabricating soft sensors 
for adding touch interactions to physical objects and human 
body [50, 51]. Our work also maintains the spirit of low-cost 
soft-matter sensors by introducing a simple fabrication process 
along with a customization software toolkit. 

Different forms of sensing have been explored for soft sensors 
to promote natural motions and behaviors as an input. Pre
vious works have been fundamentally based on sensing the 
mechanical strain and introduced various sensing modalities 
such as contact pressure [8, 27, 35], bending [4, 36, 43], and 
stretching [14, 44] for input interfaces. Along these directions, 
a variety of applications such as a wearable gesture recog
nizer [7, 23], a jamming/pinching/squeezing interface [11, 17, 
47], and a smart textile for prosthetics [22] have been proposed. 
For flexible and effective sensing, previous works adopted soft 
materials to avoid the rigidity of the components. Still, it is 
hard to modify an already implemented design or instrument 
with multiple sensing modalities. In our work, we support 
flexibility in customizing the sensors as well as multimodal 
sensing using a single-volume material. 

Electrical Impedance Tomography for Sensing Technique 
Electrical impedance tomography (EIT) has been explored 
widely in the robotics field to implement artificial skin [41]. 
In particular, the EIT approach has enabled the tactile sensing 
without distributed sensory elements in the sensing area. This 
frees sensors from complex wirings and allows sensing with 
a single-volume material. By incorporating conductive mate
rials, previous works have evolved the EIT sensing in terms 

of robustness against stretching [3], the accuracy with neural 
learning [33], and affordance with various shapes [42]. Recent 
studies in HCI also employed EIT for gesture recognition with 
a wearable form factor [58] and enabling touch sensing on ar
bitrary surfaces [57]. However, previous approaches required 
additional material layers (e.g., conductive textile matrix) for 
real-time continuous tracking, which were susceptible to en
vironmental noises, and did not support a fully stretchable 
interface. We utilize the EIT sensing technique to support 
real-time continuous contact and stretching in both flexible 
and stretchable form factors. 

Carbon Elastomer for Sensing 
Among the many available soft conductive materials, carbon-
filled liquid silicone rubber has been used widely for sensing 
purpose. Since it possesses excellent piezoresistive proper
ties to sense the mechanical deformations [29]. Previous re
searchers utilized carbon filled elastomer for recognizing and 
monitoring hand gestures [25], contact/force-sensing input 
pad [31, 38], breathing and speech [52], seat posture [10], and 
structural health [16]. However, the long settling time require
ment after deformations and nonlinear characteristics hinder 
researchers from utilizing this material for real-time applica
tions [25]. In particular, we focus on overcoming this issue for 
real-time contact localization. We propose a dynamic baseline 
update to use with the existing EIT techniques. The updates 
are controlled by fingertip contact and movement detections. 
Thus, we achieve real-time continuous contact sensing with a 
carbon filled elastomer. 

Adding & Customizing Interactivity 
The advances in electronics and sensors have promoted adding 
interactivity to objects. This process has been applied to 3D 
printed pieces and existing objects by retrofitting [34], visi
ble annotations [39], capacitive sensing [40], magnetic sens
ing [56], and mobile devices [21]. To support an easily cus
tomizable interface, conductive inkjet printing [12, 19] and 
cuttable circuits [6, 28] have been suggested. To this end, these 
approaches involve easy and maturing fabrication processes 
such as 3D printing and 2D circuit printing. In terms of soft 
composite materials, previous researches have also demon
strated shape changing interfaces which incorporate external 
pneumatic actuation and auxiliary sensing components [11, 
54]. However, because of the multi-step fabrication and multi
layer structure which are commonly used for soft sensors [50, 
51], the customization has not been supported for the soft sens
ing based interfaces. Thus, we propose a workflow providing 
interface customization using soft sensors. 

DESIGN GOALS AND CHALLENGES 
Form Factor: With soft sensors, users can bring interactivity 
to stretchable, flexible, and deformable mediums such as desk 
lamps, clothing, and malleable and soft objects. Our proposed 
method should allow one to use soft materials to add natural 
interactions to objects. With carbon elastomer, both 2D thin 
sensor sheet and 3D soft sensor block can be implemented. 
For this paper, we emphasize the design and fabrication of 
thin soft sensors with customized 2D shapes which can be 
deployed alone or wrapped onto 3D objects. 



Figure 1. Voltage reading from a sensing channel fed with fixed DC 
current upon pressure (Left). Movement detection using div V̄i smoothed 
by a 5-frame running average (Right). 

Sensing Capability: We aim to provide rich sensing capa
bilities while preserving the desired form factors. iSoft is 
designed to provide multimodal sensing including real-time 
contact and stretching. Allowing real-time contact sensing 
can bring touch pad capability (continuous tracking and 2D 
finger-tip gestures) using natural fingertip movements. To 
map natural motions and behaviors as a meaningful input, our 
approach also supports the multimodal sensing capability. For 
example, to sense actions such as stretching clothing and bend
ing a flexible lamp arm with our hands, both contact sensing 
and stretching/bending sensing are required. 

Fabrication and Implementation: A simple and a low-cost 
sensor fabrication is desirable to support users who have no 
professional material knowledge or expensive equipments. 
Our approach targets allowing HCI practitioners and hobby
ists to quickly design and deploy their personalized interfaces 
with soft-matter sensors. Also, a customization toolkit for the 
hardware assembly guidance is needed to lower the barrier for 
implementing the soft sensors. Moreover, the toolkit should 
support a certain level of design freedom in a visual and intu
itive manner. Further, the assembly process should be concise 
to reduce costs in the post-processing stage. 

SENSING PRINCIPLE 
Our contact sensing is based on the EIT technique which es
timates the resistance distribution of the conductive material 
using inverse problem analysis based on measurements from 
the sensor boundary. The difficulty of providing real-time sens
ing with the carbon-filled silicone rubber is due to its rebound 
elasticity (> 50%), which causes a long settling time (> 10s) 
and small shifts in baseline values as shown in Figure 1. In 
this section, we explain the resistance measurements method 
we used. Then, we show our approach to overcome previous 
difficulties and achieve real-time contact sensing with a car
bon filled silicone rubber. Furthermore, we explain how other 
sensing modality (i.e., stretching) works. 

Figure 2. Four-terminal sensing employing the Neighboring Method with 
a capacitive sensing channel. 

Figure 3. (A) Contact localizations through continuous update only lasts 
for a short amount of time. (B) Effects of residual deformations can be 
solved utilizing both fingertip contact and movement detections enabling 
(C) real-time contact sensing. 

Resistance Measurement Method 
Our sensing approach is based on carbon-filled silicone rub
ber which changes its resistance distribution upon mechanical 
deformations. Four-terminal sensing is used to measure resis
tance since this method reduces the inaccuracy from contact 
resistances. Unlike matrix tactile sensors where arrays of 
electrodes are required within the sensing area, we place sens
ing electrodes on the outer edge of the sensor. Then, we use 
Neighboring Method where DC current is fed through two 
adjacent electrodes and the voltage differential is measured 
successively throughout the adjacent electrode pairs as shown 
in Figure 2. Among the different pooling methods, the neigh
boring method has shown the highest selectivity [18] which is 
suited for implementing contact localization. 

Real-time Contact Sensing with EIT 
EIT image reconstruction is carried out by comparing the mea
surements at two different instances. Previous work showed 
discrete contact sensing using EIT with carbon elastomer by 
taking measurements under the initial no-load condition as 
a constant baseline [3]. However, a small shift in the refer
ence baseline can easily distort the contact localization. Thus, 
the use of a constant baseline will not perform accurately if 
baseline shifts. Furthermore, the long settling time limits the 
applicability in dynamic situations such as fast discrete con
tacts and continuous movement. In order to eliminate the 
distortion and apply EIT for real-time contact sensing, we in
troduce a dynamic baseline update mechanism. Our baseline 
update mechanism emerges through following three steps: 

1. Continuous Update: A simple approach would be using 
the Fast EIT [9] approach where the system updates the base
line values at every frame. However, this contact localization 
only lasts for a short amount of time (<0.3s) for piezoresistive 
materials as shown in Figure 3(A). The reason is that, if the 
baseline keeps refreshing every frame, the changes in volt
age readings disappear once the fingertip stops creating new 
deformations (e.g., staying at the same location). 

2. Contact Switch: From the observations on the Fast EIT, 
a fingertip contact switch is needed to update the baseline 



Figure 4. System flow of real-time continuous contact sensing. 

properly. Once a contact is detected, the baseline stops updat
ing and holds until the contact disappears. Thus, the contact 
localization remains valid even if the fingertip stays at the 
same location. So far, the performance of discrete contact 
localization becomes robust. However, during a continuous 
fingertip movement, the residual deformations on the path 
mark on the reconstructed images as a long stroke as shown 
in Figure 3(B). We detect fingertip contact robustly by adding 
an extra capacitive sensing channel (Figure 2) within the resis
tance measurement loop. 

3. Contact + Movement Switches: Successively, if we can 
detect the finger movement and use it for a secondary level 
switch, real-time contact localization in continuous finger 
movement becomes feasible. While a fingertip remains in 
contact with the sensor, we initiate updating the baseline once 
a movement is detected and end updating when the movement 
stops. Therefore, the marks from the residual deformations 
are erased as in Figure 3(C). In our preliminary experiments, 
we observed that the average of all channels’ instant measure
ments (Vavgi) reflects a similar behavior with overall resistance 
distribution. To this extent, we use a discrete-time deriva
tive div Vavgi as an indicator to detect a movement. Also, we 
apply a running average on div Vavgi for a stable and robust 
detection (Figure 1). 

By utilizing the proposed two-step event detection for the dy
namic baseline updating, we achieve real-time contact sensing 
system. Figure 4 illustrates the overall flowchart: 

1.	 Update a homogeneous baseline data (VH ) with instant 
measurement readings (Vi, running average of recent 5 
frames) while no contact is detected, i.e., the capacitive 
sensing value (capi < capthreshold ). 

2. If capi >= capthreshold , → movement detection process. 

3.	 If a movement is not detected, i.e., divVavgi < 
divVavgthreshold , → image reconstruction. 

Figure 5. EIT technique based tracking workflow: Finite Element 
Model (Left), a 20×20 cm sensor, the reconstructed image, and track-
ing through blob detection (Right). 

4.	 If divVavgi >= divVavgthreshold , we update VH with previous 
frame’s data (Vi−1) and → image reconstruction. 

5.	 We apply a color filter to the reconstructed image for blob 
detection and localize a contact coordinate from the center 
of the blob (Figure 5). 

With the proposed method, we can localize multiple contact 
points. However, the low-resolution of the reconstructed image 
allows multi-point contact sensing with a distinct separation 
greater than 5 cm. 

Multimodal Sensing with Stretching 
Our approach achieves a multimodal sensing with real-time 
contact and stretching. We employ a regression analysis to 
recognize different levels of stretching. We observed from our 
preliminary test that the stretching caused changes in all of 
the sensor values. Thus, as the first instantiation, we utilize 
Vavg for the regression analysis. The regression analysis result 
is further discussed in the Task Evaluation section. Since 
carbon elastomer shows hysteresis, which produces different 
resistance distributions under loading and unloading condi
tions [53], we only focus on stretching sensing under loading 
instances (pulling). An unloading condition can be detected 
since a high peak appears before decreasing to the settling 
value [25]. Since stretching along different axes exhibit dif
ferent behaviors, they should be modeled separately. In this 
paper, we only showcase stretching along a single axis. 

FABRICATION PROCESS 
Material & Equipment: We employed a carbon-filled sil
icone liquid rubber from Wacker Ltd. [49] which exhibits 
similar volume resistivity (11 Ω·cm) as polymer sensors made 
with carbon nanotubes (1 ∼ 200 Ω·cm) [2]. The curing condi
tion of the material is 15 minutes at 165◦C using compression 
molding. We proposed quick approaches either using a T-shirt 
heat press machine (<$150) or a pair of tightly screwed steel 
blocks heated inside a toaster oven (<$50) as shown in Fig
ure 6(B). We used reusable heat stabilized film ($1.7/sheet) to 
protect the surface from damage during curing. The current 
material cost of making a letter-sized sensor is about $4. 

Procedure: As shown in Figure 6(A), the process started with 
applying mixed two-part components of carbon-filled elas
tomer to the heat stabilized film using a palette knife. Based 
on the size and thickness requirement, users need to adjust 

Figure 6. Simple material fabrication process: (A) Mixing and painting 
material and (B) curing them with either a T-shirt heat press or a toaster 
oven. This produces (C) various single-volume soft sensors. 



Figure 7. Potential electrode placement problems: Electrode placement 
(A) not enclosing a whole sensor region and (B) enclosing the whole area; 
(C) Improper electrodes placement on sharp edge corners. 

the volume of the elastomer. After putting another film on the 
other side, we used either a T-shirt heat press machine or steel 
blocks+oven to cure the material with constant pressure. We 
controlled the thickness of the material (>500 µm) by placing 
steel washers around the curing sample. In this paper, we used 
a thickness of 0.8 mm. The curing takes about 140 seconds 
and 60 minutes using a T-shirt heat press and a toaster oven, 
respectively. For the T-shirt heat press, we flipped the mate
rial at 70 s to apply uniform heat on both sides. It is worth 
noting that the material is sensitive to the curing durations 
where excessive durations cause Scorching. Therefore, the 
single volume sensor is fabricated with no additional material 
processing. 

Supporting Form Factors: Our form factors include arbitrary 
2D shapes and textiles (Figure 6(C)). To fabricate on textiles, 
we replace heat stabilized film with the textile materials. 

CUSTOMIZATION AND DEPLOYMENT 

Customization Toolkit 
We develop a customization toolkit to support users in de
signing and deploying their own personalized interface with 
iSoft (Figure 8). The current EIT toolkit (EIDORS) requires 
users to manually input geometry information and electrode 
locations as a set of coordinates [48]. Using our toolkit, users 
can simply draw/import their own designs. Then the toolkit 
interfaces with the EIDORS by exporting boundary and elec
trode information. Lastly, it is critical to place electrodes in 
accordance with the simulation model since small discrep
ancies increase the error [46]. Thus, the toolkit generates 
a guidance image which users can refer to in designing the 
sensor and deploying electrodes. 

Electrode Placement 
There are two main factors we need to consider: 1) Plac
ing electrodes with equal distances on the boundary of the 
given shape and 2) Avoiding sharp corners when placing the 
electrodes. First, not enclosing the whole sensor area shows 
unbalanced performance in localization among the different 
regions compared to the electrode placement with enclosing 
all the area (Figure 7(A, B)). We maintain equal distance be
tween electrodes to guarantee enclosing all the sensor regions. 
Second, we avoided the sharp corners since they create sin
gularity problems due to the Neumann boundary condition 
used in finite element analysis of the EIT [13]. In addition, 

Figure 8. Proof-of-concept toolkit showing (A) overall interface, (B) in
terface customization, (C) electrode placement, (D) guidance template, 
and (E) prototype. 

we prevent a situation where users could not place the elec
trodes properly (could not make full contacts or put electrodes 
in the designated locations) as shown in Figure 7(C). Thus, 
we design our customization toolkit to produce an electrode 
configuration that works with the EIT software toolkit which 
will be discussed in the Implementation section. To fulfill the 
two aforementioned requirements, we proposed an electrode 
placement algorithm as follows: 

Initial electrode placement: All the points on a boundary 
curve are parameterized using arc length parameterization. 
Based on this parameterization, with a randomly chosen start
ing point, N evenly distributed electrode locations are gener
ated in the parametric domain. The electrode number N is 
determined by the effective area of the interaction. In our test, 
we set N to be either 8 or 16. This initial electrode placement 
guarantees the even distribution of all electrodes. 

Best electrode placement search: Based on the results of the 
initial electrode placement, we apply a search algorithm to 
find the best electrode placement which avoids placing the 
electrode onto the sharp corners on the boundary curve. The 
evaluation metric for the sharp corners is defined as follows: 

N 

Score = ∑ chordal(ΨPi ), (1) 
i=1 

where Pi is each electrode location, ΨPi is the set storing neigh
boring points of Pi, and chordal(· · ·) measures the average 
chordal length error of all points in ΨPi . The number of Pi’s 
neighbors to be added in ΨPi is determined with a width ω · l, 
where l is the ribbon end size, and ω is a user specified factor. 
In all our experimental tests, ω is set to be 2.0. The search 
algorithm is designed to find a set of electrode locations with 
a minimum score evaluated by Eq.1. By rotating the boundary 
of curve at every small step δ in the parametric domain, we 
recursively parameterize the same boundary curve and eval
uate the score to find the best electrode locations. Note that, 
the searching stops when the rotation reaches 2π degrees due N 
to the rotational symmetry of the electrode locations. The 
rotation step angle δ is set to 0.04π for balancing the search N 
resolution and the speed. 

IMPLEMENTATION 
Figure 9(A) illustrates our prototype including a sen
sor (20×7 cm, 0.8T) and sensing board. The dimensions 
of the sensing board were 5(W)×5(D)×3(H) cm. 



Figure 9. (A) EIT sensing board with the sensor and (B) customized 
16-channel shield. 

Electrode Connection 
Once the sensor fabrication was done, electrodes should be 
installed on the periphery of the sensor to perform EIT sens
ing. Among the various available materials, we chose Ribbon 
Crimp Ends used in jewelry craft. These provided a firm con
tact with the sensor and easy installation/detachment. The 
wires were soldered onto the ribbon ends and provide connec
tions between the sensor and the sensing board. 

Hardware 
Figure 9(B) shows our customized 16-channel shield oper
ated with Teensy 3.2 (72 MHz Cortex-M4) [15]. The board 
contained an adjustable current source (LM334, Texas Instru
ments) for current injection and an instrumentation ampli
fier (AD623, Analog Devices). A total of four 16-to-1 multi
plexers (CD74HC4067, Texas Instrument) were used to form 
a switching matrix. A pair of multiplexers connected current 
source and ground to the target electrodes. Another pair of 
multiplexers connected the voltage measurement electrodes 
to the instrumentation amplifier. The total cost of customized 
shield and microcontroller was $30. We consider the current 
dimensions and the cost as an upper limit which can be further 
reduced through commercial production. 

Sampling & Data Acquisition 
Figure 10 illustrates the schematic view of our prototype. The 
sampling was done in two steps: voltage measurements and 
capacitive sensing. The voltage measurements were amplified 
to maximize the dynamic range of the ADC reading. Teensy’s 
ADC provides a 12-bit resolution and we modified ADC sam
pling setting to maximize the frame rate. When we injected 
the fixed current (<0.5 mA), we put 100 µs delay to provide 
sufficient time for the current to propagate before starting the 

Figure 10. Schematic view of our system for 16 electrodes. 

voltage measurements. We averaged 10 analog readings for a 
single voltage measurement (3 µs). At the end of the voltage 
reading cycle, we disabled all multiplexer channels and per
form capacitive touch sensing through designated pin (Touch-
Pin) in Teensy. We modified the current, a number of scans, 
and prescaler setting of the capacitive sensing to minimize the 
measurement time (<100 µs). The overall frame rate for the 
different number of electrodes (8,16, and 32) along with the 
capacitive sensing was investigated. To test the 32 channels, 
we used a customized 32-channel shield with four 32-to-1 
multiplexers (ADG732, Analog Devices) and Teensy 3.2. We 
observed a low frame rate (13 Hz) using 32 channels due to the 
limited microcontroller clock speed. Since we are interested 
in real-time contact sensing, we focus on 8 and 16 electrodes. 

Contact Localization 
Our contact localization platform was developed based on 
the use of EIDORS EIT toolkit [48]. We performed contact 
localization on a 15” MacBook Pro with a 2.5 GHz Intel Core 
i7 processor. After preliminary explorations, our image recon
struction was formulated by a regularized maximum a posteri
ori [1] using one step Gauss Newton solver. More specifically, 
we fixed hyperparameter value at µ =0.01 which controlled 
the smoothing of the output along with NOSER prior. Similar 
to [58], we also had a pre-computation step during initial
ization (<3 s) where subsequent image reconstruction was 
carried out as a single matrix multiplication (2.5 ms). After 
forming a reconstructed image (25 ms), we set thresholds on 
the blue channel to compute the centroid of the effective re
gion (0.5 ms). The frame rate of the EIT image reconstruction 
came out to 35 Hz when using 16 electrode configuration. 

Stretching Sensing 
For the stretching sensing, we employed a regression analysis 
to model the sensor behaviors upon stretching. We chose the 
average value from all channels ( V̄i) as a dependent variable 
since stretching the material changed the resistance distribu
tion over the sensor area. Since the stretching sensing is a 
model based approach, the frame rate is similar to the sam
pling frame rate (> 50 Hz). We will discuss the details of the 
stretching model in the Technical Evaluation section. 

TECHNICAL EVALUATION 
To fully understand the performance of the proposed sensor, 
we devised our evaluation to explore all attributes that affect 
the sensor performance. In particular, we evaluated the contact 
localization performance with different sensor sizes, a number 
of electrodes, and stretching conditions. Moreover, we mod
eled one case of stretching sensing using a regression analysis 
to confirm the feasibility. 

Experiment I: Contact Localization 
In this evaluation, we investigated 1) the required force to 
activate the sensor, 2) the sensor sizes, and 3) the number of 
electrodes for their effects on the contact localization perfor
mance. We employed a discrete targeting method where we 
compared the distance error of each contact with the ground 
truth. We used a digital force gauge with a flat conductive 
head (.15 mm, similar to a fingertip size) as a targeting 



Figure 11. Targeting accuracy on three different sensor sizes with 16
electrode configuration as shown in mm. 

medium. To guide accurate contact locations, we attached 
a printed 10×10 grid paper with cut holes which dissected 
each sensor into 100 contact regions. Each region was pressed 
manually 5 times in a random order. In each trial, we av
eraged 50 readings for a single measurement. We collected 
6000 data points (100 locations×3 sensor sizes×2 electrode 
configurations). 

Contact Force Requirement: Prior to the targeting experi
ment, we preliminarily evaluated the contact force requirement 
for targeting the contact localization. We tested with three 
sensor sizes (10×10 cm, 15×15 cm, and 20×20 cm) with a 
16-electrode configuration. We measured the force required to 
activate the contact sensing at each grid location. The system 
logged the force from the digital force gauge when a contact 
sensing was activated. We observed that the required force 
increased as the contact distance increased from the electrodes. 
The threshold contact forces were in a range of 0.97∼2.8 N 
which is considered to be a comfortable fingertip force range 
for pressing [26]. This result shows that users do not need to 
put excessive efforts into activating the contact sensing. It is 
worth noting that iSoft was still capable of localizing contact 
with a contact force exceeding the threshold range. 

Sensor Size: We tested the contact localization accuracy on 3 
different sized sensors (10×10 cm, 15×15 cm, and 20×20 cm) 
with a 16-electrode configuration. We scaled the 10×10 grid 
to different sensor sizes accordingly, which resulted in a grid 
size of 10×10 mm,15×15 mm, and 20×20 mm. The average 
targeting errors were 3.8 mm (SD=2.89), 6.89 mm (SD=3.63), 
and 7.53 mm (SD=3.49) for 10×10 cm, 15×15 cm, and 
20×20 cm respectively. As shown in Figure 11, we found 
that some locations near the electrodes showed higher errors. 
We saw improvements of 10∼30% in distance errors when 
focusing on 80% of the center area for each sensor size. 

Number of Electrodes: We performed another experi
ment with an 8-electrode configuration for the same sen
sor sizes. As mentioned before, 32-electrode configuration 
was not considered due to the low frame rate. As shown 
in Figure 12, the average targeting errors were 9.89 mm 
(SD=7.09), 16.34 mm (SD=8.54), and 18.41 mm (SD=13.51) 
for 10×10 cm, 15×15 cm, and 20×20 cm sensor sizes. Com
pared with the results from the 16-electrode setup, the overall 
errors increased. In particular, we observed that the outer re-

Figure 12. Targeting accuracy on three different sensor sizes with 8
electrode configuration as shown in mm. 

gion showed much worse performance in localization. If we 
had only considered the accuracy in the center area (80%), 
similar accuracies (<10% difference) as the 16 electrode con
figuration would have been achieved. This implied that a small 
number of electrodes can be employed for larger sensors if the 
center area is utilized as an effective sensing region. To fully 
utilize the whole sensor area, a greater number of electrodes 
is recommended. 

Experiment 2: Sensor Performance with Stretching 
We evaluated the characteristics of our sensor with stretching 
to check the feasibility of employing a stretching under loading 
conditions as an input. Prior to testing each parameter, we 
checked the maximum strain range for the stretching. This 
ensured that we performed evaluations in a feasible sensing 
range. We observed that the resistivity increased up to a 50% 
strain, but started to decrease above this region. With this 
finding, we confined our maximum strain range to 0∼40% for 
all evaluations. In this experiment, we used a sample size of 
20×8 cm with 16-electrode configuration. 

Previous work demonstrated that the carbon filled elas
tomer changes its resistivity non-reversibly after the first few 
stretches [53] due to a breakdown of the internal carbon black 
network. In our evaluation, we stretched the sensor up to 40% 
and back to 0%. We measured the resistance at the two ends 
along the stretching direction of the sensor after conducting 
1, 5, 10, 50, 100, 500, and 1000 stretches operating at a fre
quency of 0.5 Hz. Before the next set of stretching, we left 
the sensor unloaded for sufficient amount of time (>1 day) to 
minimize the effect of the recovery rate in this experiment. 
As shown in Figure 13(A), a sharp increase in resistance was 
observed after the first few stretches. After 50 stretches, no 
substantial change in sensor reading was observed. This result 
indicates that the sensor should be stretched at least 50 times 
before deployment to ensure a uniform performance during 

Figure 13. (A) Sensor durability undergoing a number of stretches and 
(B) a regression model for unidirectional stretching. 
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Figure 14. (A) Sensor reading during dynamic stretches and contact 
sensing, (B) contact localization performance under stretching, and 
(C) experiment setup showing 0% and 40% stretches. 

stretching. Thus, we performed all further experiments with 
samples that underwent at least 50 cycles stretches. 

For regression analysis, we used the average of measurements 
from all channels (Vavg) for the modeling. As previously men
tioned, the hysteresis behavior of the sensor makes it hard 
to perform bi-directional stretching sensing. Therefore, we 
modeled the stretching at loading instance only for unidirec
tional stretching. Figure 13(B) illustrates a linear regression 
model with our sensor. Here, we stretched the sensor for a 
range between 0∼40% for every 5%. We stretched the sensor 
from the released condition for the data collection. This shows 
the feasibility of using our prototype for stretching sensing 
with different magnitude (R2 = 0.97). We further evaluated 
stretching with users in the Task Evaluation section to see 
how many different magnitude levels can be used for inputs. It 
is worth noting that the different directional stretching should 
be modeled separately. 

Experiment 3: Multimodal Sensing 
In this experiment, we focused on multimodal sensing perfor
mance with contact sensing and stretching since the proposed 
prototype will mainly utilize these modalities for applications. 
First, we investigated sensor behavior during dynamic stretch
ing and compared to sensing values from contact sensing. 
Then, we looked at contact sensing performance under differ
ent stretching conditions. We used a sensor size of 10×10 cm 
with 16 electrode configuration. 

To test the contact localization under stretching, we designed a 
test jig (Figure 14(C)) where we applied a unidirectional strain 
between 0∼40%. Here, we used a printed 4×4 grid paper 
scaled along the stretched direction where each grid is 2 cm 
square with the cut hole at the center. We used different sized 
grids according to the different stretching levels. Figure 14(B) 
illustrates the mean distance errors on 16 locations at different 
strain values. The result shows a slight increase in errors 
for higher strains from 4.85 mm to 5.95 mm. This confirms 
that contact localizations can still be employed in various 
stretching conditions. 

Figure 15. The overall study setup for (A) discrete contact, (B) stroke 
tracing (i.e.,q 15×15 cm sensor) and (C) stretching control tasks. 

We compared Vavg under different excitations: contact press 
and finger movement versus stretching. Figure 14(A) demon
strates the sensor performance under dynamic stretches. The 
result shows that the sensor readings during the contact sens
ing were less than the sensor readings for a 10% stretch. To 
prevent the sensor from an unintentional trigger due to the con
tact pressure, we suggest utilizing the stretching range above 
10% for inputs. 

TASK EVALUATION 
To further verify the system performance with real users, we 
conducted three task evaluations including discrete contact, 
stroke tracing, and stretching controllability. For all our eval
uations, we used a 16-electrode configuration. We recruited 
10 participants with a mean age of 26. Prior to each trial set, 
we offered a practice session to reduce the learning effect. 
However, it is worth noting that possible learning effects may 
still apply across different tasks. 

Task1: Discrete Contact 
We studied the system accuracy of the discrete targeting and 
the absolute positioning. We looked at whether the contact 
localization was robust across different users. 

Setup: We evaluated users with three different sensor sizes as 
in our previous experiments. We chose a grid size of 2×2 cm 
to mimic the size of the common keycaps. Based on the tech
nical evaluations, we utilized the center region as the effective 
sensing region which was 80% of the whole sensor area. More 
specifically, we applied 16, 36, and 64 contact locations on 
different sensor sizes accordingly. We randomized the order 
of both sensor sizes and contact locations. A total of 1500 data 
points were collected (50 trials×3 sensor sizes×10 users). We 
measured the accuracy of the grid targeting and the absolute 
positioning. 

Result: As shown in Figure 16(A), the average of the discrete 
targeting accuracy was 96.03% and the distance error was 

Figure 16. An accuracy of targeting 2×2 cm grid space and absolute posi
tion error during discrete contacts (Left), and distance errors for stroke 
distance and ending contact point (Right) on the three sensor sizes. 



Figure 17. The targeting accuracy and completion time for controlling 
stretching with 5 different resolutions. 

8.53 mm (SD=1.98) for all three sizes. Using repeated mea
sures ANOVA for univariate analysis, there was no significant 
difference among the targeting accuracies, but there existed 
significant difference among distance errors (F(2,18)=20.97, 
p<0.05). The post-hoc pairwise comparisons with Bonferroni 
correction showed significantly different distance errors be
tween the 20×20 cm sensor size and the other sizes (p<0.05). 
We evaluated all sensor regions without employed machine 
learning models. Comparing with closest related work [57], 
our results showed similar performance for discrete contact 
sensing. The high targeting accuracies across all sensor sizes 
indicate that iSoft supports robust discrete contact localizations 
for instant interactions. 

Task2: Stroke Tracing 
We explored the system accuracy on the continuous contact 
sensing. We looked at the continuous contact localization 
using fingertip movement detection with users. 

Setup: With the same sensors in Task1, we designed a stroke 
tracing task to evaluate the performance of our fingertip move
ment detection. We asked users to trace pre-defined strokes 
with fixed length on the soft sensors. For different sensor sizes, 
users traced different lengths (60, 100, 140 mm) both horizon
tally and vertically for each column and row (Figure 15(B)). 
We randomized the order of both sensor sizes and tracing dis
tances. A total of 1080 data points were collected (18 stroke 
instances×2 directions×3 sensor sizes×10 users). We mea
sured the absolute position at the ending contact point of the 
tracing and the stroke distances. 

Result: Figure 16(B) shows that the average distance errors 
were 8.76 mm (SD=4.59) for the ending contact points and 
13.48 mm (SD=5.74) for the stroke distance in all sensor sizes. 
Compared to Task1’s result, we did not observe a significant 
difference in the distance errors in the ending location of the 
tracing. This confirms that the fingertip movement detection 
worked robustly across different users’ strokes. As expected, 
the stroke distance error was bigger than the ending point 
contact localization since we used both starting and ending 
points to compute the distance. It is worth noting that the 
stroke distance errors were less than 10% of the sensor sizes. 
This shows that iSoft supports continuous contact sensing. 

Task3: Stretching Controllability 
We evaluated the participant’s targeting controllability with 
stretching using our prototype. Our goal was to confirm how 
many stretching resolutions users can handle with our sensor. 
We measured both accuracy and reaction time. 

Figure 18. iSoft enables a personalized interface with 2D shapes. 

Setup: We evaluated users’ target controllability with a stretch
ing range of 20∼40% on five different resolutions (i.e. evenly 
dissecting a total sensing range into 2,3,4,5, and 10 layers). 
The target was labeled as a number from 0 (No Stretching) to 
the maximum range (2∼10 levels) which was displayed on the 
screen as a reference. We asked users to stretch the material 
to the designated target within one unidirectional stretching. 
This way, users could not adjust the input by stretching and 
releasing. Participants then released the sensor fully before 
the next trial. We randomized the order of resolutions and 
collected a total of 1000 data points (20 trials×5 layers×10 
participants). 

Result: As shown in Figure 17, the participants achieved an 
average accuracy of more than 90% in controlling 3 or fewer 
levels of stretching in both conditions. However, the perfor
mance quickly dropped starting from 4 or more levels (<75%). 
Also, the completion time increase as the resolution grew. This 
shows that even with the high stretching capability of iSoft, 
it is recommended to limit the interaction resolutions of 3 or 
fewer levels for robust interactions. 

EXAMPLE APPLICATIONS 
We highlight the multimodal sensing capability and the inter
actions enabled by the real-time contact and stretching sensing 
with iSoft. The following examples demonstrate the wide 
range of flexibility and applicability of iSoft. 

Customizable 2D Soft Sensor Accessory: A user can cut 
various shapes from a fabricated sheet and color them with 
paint markers to create customized soft sensors (Figure 18). 
These sensors can be used as controllers for various digital 
devices. The sensors work instantly with discrete/continuous 
contact sensing capability. 

Lamp Arm: We wrapped a 15×6 cm sensor on to the ad
justable arm (Figure 19) with 8 electrode configuration. The 
arm of the lamp became capable of sensing bending, discrete 
contact, and swiping. In this example, users simply turned 
on the lamp by bending the arm and controlled the brightness 
using different arm locations. This example demonstrates the 
versatile sensing capability of iSoft. 

Figure 19. By attaching iSoft, we bring interactivity to a lamp arm. 
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Figure 20. Users design a personalized interface sticker for a tumbler. 

Add-on Interactive Sticker for a Tumbler: Using our sensor 
and the toolkit, users can build their own soft interface for a 
Tumbler (Figure 20). Users can customize interfaces and the 
toolkit automatically generates the interface layout onto a 2D 
rectangular pattern and creates a guide for users to build a 
soft sensor sticker. The fabricated sensor can be attached onto 
the cup with adhesives and the tumbler instantly turns into a 
personalized music controller. 

Figure 21. iSoft brings multimodal sensing capability for the textile. 

Smart Textile Controller: We fabricated textile sensors and 
decorated them with fabric transfer paper and paint mark
ers (Figure 21). The sensor can be attached either outside 
or inside, and a user can use the smart textile as a wearable 
controller. Various parts of clothing can become interactive 
such as sleeves and pockets. 

Figure 22. An interactive pillow provides a TV interface control. 

Neck Pillow TV Control: The sensor can be attached or 
embedded in a volumetric fabric such as neck pillow. In this 
example, a user can control the channel by pressing different 
parts of the pillow and the volume by pressing+stretching 
different sides of the pillow. This demonstrates the use of 
the multimodal sensing capability utilizing a user’s natural 
motions. A user can also further stretch the pillow for faster 
volume change. 

DISCUSSION & FUTURE WORK 
Although the fabrication processes, sensing techniques, and 
work flow we presented with iSoft suffice our design goals 
in general, we identify several challenges learned from the 
investigation. We discuss these challenges and future works. 

Scalability & Form Factor: In our current setting, our phys
ical sensor size is limited. However, the sensor can be fabri
cated using an industrial heat compression machine for larger 
working areas. For such constraints, more electrodes are rec
ommended for robust performance. Further, applying our soft 

sensors conformally onto complex 3D surfaces remains unre
solved. The potential solution would be providing a feature of 
flattening complex 3D surfaces into 2D pieces [20]. 

Customization Freedom: Since iSoft is constructed with a 
carbon-based material, the base color is pure black. In our 
current approach, we colored it with paint markers which can 
be damaged with excessive stretching. A future approach 
would be using special silicone inks [45]. 

Supporting Other Sensing Modalities. We also saw the po
tential of using iSoft for other sensing modalities such as bend
ing, squeezing, and contact pressure. We observed promising 
results to recognize bending along different directions using 
an ad-hoc training approach on a 10 × 10 cm sensor. 

EIT Performance:The electrode connections can be further 
improved by incorporating long protrusions on the sensors for 
placing the electrode [31]. We can further improve the local
ization accuracy by with improved meshing model, enhanced 
blob detection, and optimized electrode placement. 

Capacitive Sensing: Our current approach is limited to inter
actions through the conductive medium like human skin since 
we employed capacitive sensing. The localization still works 
with conductive materials if the electrodes are isolated. 

The employed capacitive sensing does not indicate the ma
terial’s viscoelastic response. However, as long as sufficient 
deformation happens during the on/off state transition period, 
localization works robustly. We confirmed that there is no 
performance degradation unless users repeatedly contact the 
same location with high frequency (> 5Hz), which usually is 
not the case for common interactions. 

Stretching Performance: In this paper, we showed stretching 
under loading conditions only due to the hysteresis. By mod
eling the hysteresis, it is possible to achieve stretching sensing 
under both loading and unloading conditions.Our prototype 
supports up to 1 Hz stretching due to the settling time, which 
can fulfill most of the commonly used interactions. 

Calibration Process: For capacitive, movement, and stretch
ing sensing, initial calibrated data/models are required. By 
collecting sensor designs (size and material properties) and 
calibrated thresholds/models across the community, we expect 
generalized and shareable models can be developed. 

CONCLUSION 
We have proposed a customizable soft sensor, iSoft, with mul
timodal sensing for instant interactions. By employing a dy
namic baseline update to the EIT technique using fingertip 
contact and movement detection, we have achieved real-time 
continuous contact sensing. iSoft also provides multimodal 
sensing capability with stretching sensing. We have developed 
a software toolkit that facilitates the customization and deploy
ment process for implementing a functional soft sensor with 
the personalized interface. We also have verified the system 
accuracy and evaluated user performance. Our work will ben
efit HCI practitioners and novice makers who want to make 
their own functional soft sensors without in-depth knowledge 
on material processing or expensive fabrication equipment. 
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