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Figure 1. Application examples. (A) A transformative soft controller. (B) A Conformable damage sensor matrix. (C) A reconfigurable pneumatic 
actuators. (D) A self-healing heart with embedded LEDs. (E) A fusible, color-changing rose puzzle. 

ABSTRACT 
Living things in nature have long been utilizing the ability 
to “heal” their wounds on the soft bodies to survive in the 
outer environment. In order to impart this self-healing prop-
erty to our daily life interface, we propose Self-healing UI, a 
soft-bodied interface that can intrinsically self-heal damages 
without external stimuli or glue. The key material to achieving 
Self-healing UI is MWCNTs-PBS, a composite material of a 
self-healing polymer polyborosiloxane (PBS) and a filler mate-
rial multi-walled carbon nanotubes (MWCNTs), which retains 
mechanical and electrical self-healability. We developed a 
hybrid model that combines PBS, MWCNTs-PBS, and other 
common soft materials including fabric and silicone to build 
interface devices with self-healing, sensing, and actuation ca-
pability. These devices were implemented by layer-by-layer 
stacking fabrication without glue or any post-processing, by 
leveraging the materials’ inherent self-healing property be-
tween two layers. We then demonstrated sensing primitives 
and interactive applications that extend the design space of 
shape-changing interfaces with their ability to transform, con-
form, reconfigure, heal, and fuse, which we believe can enrich 
the toolbox of human-computer interaction (HCI). 
*The first two authors contributed equally to this work. 
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INTRODUCTION 
From lizard tails to starfish arms, from grafted trees to human 
skin, the regenerative and self-healing phenomena are ubiqui-
tous in nature. Inspired by how natural self-healable systems 
can restore their mechanical integrity and functionality (e.g., 
nervous system, nutrient canals) in an autonomous manner, we 
propose self-healing UI that mimics and exploits this unique 
healing property to design interface systems around us (e.g., 
wearables, soft interface, digital fabrication, art). 

In human-computer interaction (HCI), shape-changing soft-
bodied interfaces [8, 42, 2], radical atoms [15], deformable 
interfaces [4], and material-driven interfaces [41] are drawing 
increasing attention. This is due to the fact that shape change 
provides unique form, function, and interaction, represented by 
wearable sensors [17, 34, 52], deformable mobile devices [13], 
pneumatically actuated daily products [58], devices with hap-
tic feedback [55], and interactive robotics [50]. However, there 
exist three major challenges when dealing with soft materials: 
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(1) soft material systems are fragile; once broken, there is 
often no easy way to fix them; (2) the fabrication process of 
soft material systems can be tricky; in particular, construction 
of an air bladder requires a highly skilled process with a large 
failure rate; (3) especially in case of interfaces made from 
silicone rubbers [58], the bonding or connection with other 
materials is difficult once the silicone has completely cured; 
(4) conductive soft materials often cannot be connected to bulk 
metal conductors with conventional soldering techniques, and 
connections made on soft materials become weak. 

In this paper, we present Self-healing UI, a soft-bodied ma-
terial interface that follows these principles: (1) the devices 
can self-heal for repeated use; (2) the material affords a novel 
solution for device fabrication that is able to fuse both conduc-
tive and non-conductive components; (3) the material sticks 
to a variety of soft materials such as fabric and silicone; (4) 
the interface is able to integrate both input sensing and out-
put actuation. Furthermore, we exploited self-healability of 
our material to demonstrate a novel design space of shape-
changing interfaces. Examples of Self-healing UI for HCI 
applications are illustrated in Figure 1. 

The main contributions of this paper are as follows: 

• Proposing a layered model for Self-healing UI, including 
stiffness-/conductivity- tunable self-healing polymers, as 
well as other common soft materials such as silicone and 
fabric. 

• Developing a preparation and molding method of PBS and 
MWCNTs-PBS sheets by extending previous literature [56]. 

• Building a layer-by-layer stacking fabrication method that 
can achieve a continuous structure without additional gluing 
or bonding processes. 

• Exemplifying the design space of Self-healing UI by in-
corporating its transformative, conformable, reconfigurable, 
healable, and fusible nature in proposed applications. 

RELATED WORK 

Self-healing materials 
Basic principle and category studied in materials science 
Traditional polymers, which are typically crosslinked through 
irreversible covalent bonds, have been widely used in the 
modern industry. However, due to the strong bonding, these 
polymers lose their functionality after being damaged [46]. 
Hence, scientists and engineers developed several strategies to 
allow the system to restore its functionality. 

Self-healing polymer is classified into four categories by these 
two factors, “extrinsic vs. intrinsic” and “autonomous vs. 
non-autonomous” properties. The self-healing mechanism 
explored first is extrinsic self-healing, represented by capsules 
within the polymer matrix [20, 54]. The damage will crack 
these small capsules, and the self-healing component will flow 
out and react to recover the operator area [20, 54]. However, 
these self-healing systems are not able to recover from the 
repeated damage due to the depletion of self-healing materials 
in the capsules. 

In contrast, intrinsic self-healing polymers, with dynamic 
crosslinking bonds, have been developed to regain their proper-
ties repeatedly in different mechanisms [6, 23, 33, 40]. Some 
of them require non-autonomous external stimuli such as 
light, heat, and force which allow the self-healing procedure 
to be controllable [7]. On the contrary, other systems can 
self-heal autonomously without any external stimuli. Many 
autonomous self-healing systems are made from hydrogels, 
which are mostly composed of water or organic solvents and 
therefore are widely used in biomedical materials [44]. How-
ever, they tend to involve degradation caused by evaporation of 
solvent [25, 24], which is not suitable for daily life application. 

Thus, in this paper, we focused on polyborosiloxane (PBS) 
as a candidate material for HCI, which retains intrinsic and 
autonomous self-healing property. It is also biocompatible 
and solvent-free, which leads to easy, safe fabrication and use 
and longer material lifetime [19, 25, 24]. Multi-walled carbon 
nanotube (MWCNTs) were also introduced as the filler to 
impart conductivity to the polymer. Both PBS and MWCNTs-
PBS are biocompatible under appropriate use (see Material 
Safety section for more discussion), and is suitable for daily 
life interface. Although conductive self-healing composites 
and flex sensors utilizing PBS were previously reported [11, 
56], their discussion was mainly limited to a few physical 
properties, and interface systems with a hybrid structure of 
conductor, insulator, and substrates have not been explored. 

Existing applications of self-healing phenomena 
Although it is still not pervasive, self-healing properties of 
materials are applied in several fields. As commercialized 
examples, we have access to self-healing coating for automo-
biles and displays. Self-healing concrete [16] for sustainable 
architecture and infrastructure is also readily available on the 
market. In the field of robotics, self-healing property of liquid 
(e.g., oil, liquid metal) has been explored for soft actuators [1, 
18, 47] and robust robots [28]. The most related example of 
self-healing phenomenon to digital fabrication or HCI might 
be fused deposition modeling (FDM) for 3D printing, in which 
thermoplastic fuses and sticks to the previous layer to build a 
continuous 3D object. 

Shape-changing interfaces 
Shape-changing interfaces have already been intensively ex-
plored and reviewed [8, 42, 2]. Here, we classify previous 
studies about shape-changing interfaces by three phases of 
materials: solid, liquid, and solid-liquid, and explain the main 
types of shape change each phase affords. 

Solid shape-changing interfaces 
Solid shape-changing interfaces utilize dynamic mechanisms 
(e.g., hinges, pistons) or the relative position of many stiff 
objects, which result in precise, fast, and reproducible motion. 
Above all, many researchers have recently focused on the 
latter strategy such as a 1D line and chain [31, 30], 2D pin 
displays [12, 32] and swarms [21], and dynamic 3D printing 
using magnetic blocks [45]. These examples all exploit the 
reconfigurable nature of physical elastic pixels or voxels. 
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Liquid shape-changing interfaces 
Liquid shape-changing interfaces, on the other hand, mainly 
utilize the healing and fusing nature of two isolated por-
tions of liquid into a single droplet. For example, Pro-
grammable blobs [49] uses magnetic fluid to demonstrate a liq-
uid display that changes its shape depending on the magnetic 
field. LIME [26], Tangible Drops [43], and Programmable 
Droplets [48] controls the shape, number, and position of liq-
uid metal or aqueous solutions by an electric field. Despite its 
high degree of freedom in shape and potential for fusing in-
terface, they are still hard to handle due to the viscose, fluidic 
nature. 

Solid-liquid shape-changing interfaces 
Solid-liquid materials [25] represented by silicone rubbers and 
dough retains viscoelastic property; by tuning their property, 
they can sustain its shape, while deforming dynamically. HCI 
researchers have developed many soft-bodied interfaces using 
these materials, such as pneumatic actuation interface [14, 
37, 58], flexible, stretchable electronics [36, 53], and dough 
interfaces such as a conductive tack [38], sand [51], or a toy 
called Silly Puty [5]. They are able to transform and conform 
(while keeping their shapes) by the solid-liquid property of 
materials. 

Our proposing Self-healing UI also falls into the solid-liquid 
shape-changing interface: the key difference to conventional 
solid-liquid interfaces is that our UI can heal and fuse like 
liquid, while achieving reconfigurability, transformability, and 
conformability that solid and solid-liquid interfaces offer. We 
will demonstrate each property by our proposing applications. 

DESIGN CHOICES OF MATEIRALS FOR HCI 
As explained in Related Work, we used PBS [19, 25, 24] as a 
main self-healing material candidate for HCI for the following 
reasons: 

1. Intrinsic and autonomous self-healing ability without any 
external stimuli (e.g., heat, light, additive materials causing 
chemical reactions) to avoid complex environmental setup. 

2. Controllable electrical and mechanical properties depend-
ing on the applications. The property of PBS can be tuned 
by dispersing varying amounts of MWCNTs into the poly-
mer to form MWCNTs-PBS composites. 

3. Robust material for long-term use in a daily environment 
without time-dependent degradation. 

4. Simple and low-cost fabrication with which researchers in 
the HCI field can leverage after training. 

5. Safety and compatibility to human skin and conventional 
substrate (e.g., acrylic, polydimethylsiloxane (PDMS), fab-
ric). 

Figure 2 shows that two separated PBS samples can quickly 
self-heal and recover its mechanical strength. In terms of its 
working mechanism, PBS is a room-temperature self-healing 
supramolecular polymer that is crosslinked through the dy-
namic bonds between boron and oxygen [19, 25, 24] (Figure 3). 
The boron atom in one PBS chain can form a dynamic bond 

Figure 2. Self-healing process of PBS and MWCNTs-PBS. (A) The rapid 
healing process of PBS and MWCNTs-PBS. (B) The long-term healing 
process of PBS, where we observed the cut lines of samples disappearing 
over time. 

Figure 3. The working mechanism of MWCNTs-PBS. The dynamic 
bonds between boron and oxygen cause self-healing of the PBS matrix. 

with the oxygen atom from a nearby chain. However, PBS 
has a weak mechanical strength [19, 25, 24] and low con-
ductivity. Therefore, MWCNTs was suggested as fillers that 
compose networks to tune its mechanical and electrical perfor-
mance [54]; in the latter sections, we report performance eval-
uations of PBS and MWCNTs-PBS developed in our method. 

PREPARATION OF MATERIALS 
In this section, we describe the preparation of PBS and 
MWCNTs-PBS. We note that MWCNTs are categorized into 
carcinogenic materials, we need to prepare the safety equip-
ment and follow the procedure written here. All the prepa-
ration processes were done inside the fume hood along with 
appropriate disposal for wastes containing MWCNTs. Also, 
throughout the preparation, we wore disposable gloves and 
masks to avoid the direct contact and inhalation of MWC-
NTs. For more information on safety, see the latter section for 
material safety. 

We have adopted conventional protocols from the litera-
ture [56] with additionally tailored procedures (sonication, 
doctor blading, and dilution explained below). Both PBS and 
MWCNTs-PBS were prepared on three criteria: large quan-
tity preparation, the form factor of 2D thin sheets needed to 
stack them into 3D devices, and easy-to-follow material han-
dling procedures, in order to fit in our layer-by-layer stacking 
fabrication strategy described later. 
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Preparation of PBS sheets 

Figure 4. Preparation process of PBS. 

The boric acid-methanol solution was prepared by adding 1.0 
g of boric acid (B6768; Sigma) into 10 mL of methanol and 
continuously mixed for 1 h with a magnetic stir (Figure 4A). 
Then 10 g of PDMS (silanol terminated, 35-45 cSt; Gelest) 
was added to the boric acid-methanol solution and vigorously 
mixed together for 3 h (Figure 4B,C). After that, the mixed 
solution was placed on a static table for 1 h until two separate 
liquid phases are clearly observed (Figure 4D). Uncured PBS 
was extracted from the bottom part using a transfer pipet. 
At this point, a small portion of silicone pigment (Silc-Pig; 
Smooth-on) can optionally be mixed with the solution. This 
solution was poured into a laser-cut acrylic mold coated with 
mold release spray (Food Grade Mold Release W0, CRC). The 
uncured PBS solution in the mold was then placed inside an 
oven at 60 ◦C for 24 h to fully cure. 

Preparation of MWCNTs-PBS sheets 

Figure 5. The preparation process of MWCNTs-PBS sheets. 

MWCNTs (Baytubes C 150 HP) were added into the uncured 
PBS solution and sonicated (Fisher Scientific Sonic Dismem-
brator Model 500) at an amplitude of 100 W for 1 h to de-
bundle the MWCNTs (Figure 5A,B). The dispersion was vac-
uumed to remove extra methanol (Figure 5 C), poured into a 
mold, and transferred into an oven at 60 ◦C for 24 h to allow 
the sample to fully cure. Once cured, the sample becomes safe 
to use and cut with bare hands. During the molding process, 
we spread the surface of the MWCNTs evenly with a straight 
knife (Figure 5D, so-called doctor blading) to get a smooth 
shape of sheets. We newly adopted sonication process to dis-
perse MWCNTs more homogeneously than the conventional 
method [56], which led to higher conductivity of the material 
with a lower concentration of MWCNTs in PBS. 

We note that uncured PBS can be stored in room temperature 
for over 1 month, while uncured MWCNTs-PBS dispersion 
must be used right after sonication to prevent aggregation and 
bundling of MWCNTs. If we use an old uncured MWCNTs-
PBS dispersion sample, the sample needs a sonication pro-
cess again. In addition, in order to prepare materials in large 
quantity and with precise MWCNTs fraction, we adjusted 
the conventional procedure by starting with the preparation 
of high-concentration MWCNTs-PBS and then subsequently 
dilute it with additional uncured PBS solution. 

PERFORMANCE EVALUATION 
We have conducted a detailed performance evaluation for both 
electrical and mechanical properties of PBS and MWCNTs-
PBS, both before and after cut and joined. The data shown in 
this section are from 5 independent samples and measurements. 
The error bars shown are the maximum/minimum values of 
the samples. All the other plots show the mean value for each 
condition. The sample size was L: 12.5 mm, W: 6.10 mm, H: 
1.32 mm on average. For electrical measurement, we covered 
both sides of each sample with silver epoxy (CP4922N-100; 
DuPont) and applied 2 probes to the silver parts to measure 
resistance. For mechanical measurement, we used a load 
measurement machine (Instron 5940). 

Electrical property of MWCNTs-PBS 

Figure 6. The electrical property of PBS and MWCNTs-PBS. (A) Con-
ductivity vs weight fraction of MWCNTs in the samples. (B) Conductive 
healing efficiency depicting the time-dependent electrical self-healing 
property. 

In order to determine the suitable composition of MWCNTs-
PBS for our devices, we measured electrical conductivity as a 
function of MWCNTs content. Figure 6A shows the conduc-
tivity of MWCNTs-PBS with different fractions of MWCNTs. 
Although the error bars overlap, we observed that the mean 
electrical conductivity showed a clear upward tendency with 
increasing MWCNTs content. The resultant conductivity was 
more than 10 times higher than the previous report when com-
paring 3wt% samples [56]. This higher conductivity can be 
attributed to the homogeneous network of MWCNTs inside 
PBS by the sonication process instead of mechanical stir [56]. 
To meet the electrical conductivity requirement for the devices, 
we used the MWCNTs content of 4wt% for all the other ex-
periments and applications in this paper. We note that pure 
polymers like polydimethylsiloxane (PDMS), which is similar 
to PBS, have a conductivity ranging between 10−16 - 10−12 

S/cm [27]. 

In addition, to investigate the electrical self-healing property, 
we cut and joined the composite. Conductive healing effi-
ciency, defined as σ /σ0, at different healing time was plotted 
in Figure 6B, where σ0 is the electrical conductivity of the 
as-prepared samples and σ is the electrical conductivity at dif-
ferent self-healing times. We found that 10% of the electrical 
conductivity immediately recovered after we joined the two 
halves. Then, the electrical conductivity slowly recovered over 
time. After 6 h, 96% of electrical conductivity was recovered. 
We also tested electrical conductivity for the samples after 10 
damaging-healing cycles to verify the repeated self-healing 
property. As shown in Figure 6B, approx. 90% of the electrical 
conductivity recovered after 10 damaging-healing cycles. 
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Mechanical property of PBS and MWCNTs-PBS 

Figure 7. The mechanical property of (A) PBS and (B) MWCNTs-PBS. 
“×” mark means the sample at break. 

To investigate the mechanical self-healing properties, we tested 
the tensile stress σ vs. strain ε over the range of ε = 0 - 200%. 
The mechanical properties of PBS and MWCNTs-PBS are 
shown in Figure 7A,B, respectively. 

PBS showed the elastic region for ε < 5%. The sample reached 
the ultimate stress of 39 kPa at ε = 39%, but is able to be 
stretched to ε = 180% before a fracture occurred. To study me-
chanical self-healing, we cut the sample into halves and then 
joined them. We allowed the samples to self-heal for a certain 
amount of time before measuring the curve. As shown in Fig-
ure 7A, the ultimate elongation strain of PBS increased with 
more self-healing time, and after 6 h the samples exhibited the 
almost identical tendency as as-prepared samples. 

The same measurements were performed on MWCNTs-
PBS with 4wt% MWCNTs content. The elastic region of 
MWCNTs-PBS was extended to ε = 8%. Moreover, adding 
the MWCNTs filler makes the composite stronger, whose ul-
timate stress was enhanced to 120 kPa at strain ε = 40% as 
shown in Figure 7B. On the other hand, the addition of MWC-
NTs fillers slowed down the self-healing speed. As shown 
in Figure 7B, the composite did not fully restore its original 
mechanical property after 6 h. 

SELF-HEALING UI AS A HYBRID MATERIAL SYSTEM 
As we evaluated in the previous section, PBS and MWCNTs-
PBS have pros and cons. Here, we propose a novel hybrid 
design that takes a middle way. We leveraged the fast healing 
and electrically insulating property of PBS, as well as the 
electrical conductivity and mechanical stiffness of MWCNTs-
PBS to implement practical interface devices. 

Balance between PBS and MWCNTs-PBS 
Balance in self-healing speed. As explained in Figure 7, 
the self-healing speed of MWCNTs-PBS is slower despite 
its conductive property, while insulative PBS can heal faster. 
Thus, by combining PBS and MWCNTs-PBS, we can achieve 
fast mechanical healing while keeping conductivity. 

Balance in stiffness. PBS changes its shape as time passes 
due to gravity (so-called a “creeping” effect shown in Figure 8), 
which is problematic for everyday use from the viewpoint of 
users. On the other hand, MWCNTs-PBS can hold its shape 
thanks to its sustainable network structure as shown in Figure 3. 
Thus, by exploiting MWCNTs-PBS as a substrate of PBS, the 
whole system can maintain its shape for more robust usage. 

Figure 8. Creeping effect of PBS. 

Functions of each layer 
Figure 9 shows an overview of our layer-by-layer stacking 
model. The whole structure is composed of three different 
types of layers: a substrate layer, one or multiple functional 
healing layers, and a covering layer. 

The substrate layer. It works as elastic mechanical sup-
port (e.g., Ecoflex 00-30 silicone (Smooth-on), PDMS (Syl-
gard 184; Dow Corning), and MWCNTs-PBS shown in Fig-
ure 10A,B,C) that restricts PBS layers from flowing and creep-
ing over time. We note that PDMS and many other silicone 
elastomers are commonly used for HCI applications [36]. On 
the other hand, a composite of PBS and polyester fabric pro-
vides extra adhesion to the skin (Figure 10D). To achieve 
these substrates bonded with the functional layers, we poured 
uncured PBS solution on the cured PDMS and Ecoflex and 
put them in 60 ◦C oven for 24 h. MWCNTs-PBS was just 
joined together with PBS, and they fused into the continu-
ous structure with their inherent self-healability. We made 
PBS-polyester fabric by first soaking fabric into uncured PBS 
solution, which was then vacuumed for approximately 30 min 
until no air bubbles were observed. This fabric composite was 
fully cured at 60 ◦C for 24 h. 

Figure 10. Options for the substrate layer. (A) Commercially available 
soft silicone (Ecoflex 00-30). (B) PDMS as a stiff substrate to hold the 
shape. (C) MWCNTs-PBS that better sustains the shape than pure PBS 
while achieving self-healability of the whole structure. (D) PBS-polyester 
fabric sticking and conforming to human skin. 

The functional layer. It is composed of PBS, MWCNTs-
PBS, miniaturized electronic components, connection wiring 
to the outer module, and some other functional layers (e.g., 
color changing composites). MWCNTs-PBS can work as 
sensors for pressure, touch, and cut. PBS in this layer has three 
major functions: effective self-healing medium, insulation 
components between conductive MWCNTs-PBS and other 
electronics, and integration matrix to embed other wires and 
components into one continuous body. 
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Figure 9. A layered Model of Self-healing UI. The substrate layer sustains the whole device to keep its shape and works as an interface to other materials 
or the human body. The functional layers work as a self-healing body, circuity, sensors, or other functional media (e.g., the color changing layer). The 
cover layer is optionally used for protection of the device and aesthetics. 

The covering layer. This layer is optionally used for the sake 
of protection, insulation, and aesthetics. 

LAYER-BY-LAYER STACKING FABRICATION 
Leveraging the self-healability of PBS, our fabrication pro-
cess exhibits four advantages over conventional layer-stacking 
techniques: no need for adhesives between layers; no need for 
soldering between conductive wires and MWCNTs-PBS; the 
flexibility to stabilize electronic components between layers; 
the stable bonds between PBS and other silicone elastomers. In 
this section, we describe the fabrication process of Self-healing 
UI by stacking PBS, MWCNTs-PBS, and other components. 

Step 1: fabrication of each layer 

Figure 11. Cutting PBS and MWCNTs-PBS. (A) the materials were re-
moved from the mold and cut by (B) a CNC drag knife or a die cutter 
into designated components. (C) Then each component was placed in 
order, and the whole structure automatically self-heals and fuses. 

First, PBS and MWCNTs-PBS sheets were removed from the 
molds carefully with tweezers. Then each material was cut by 
a CNC drag knife (12’x12’ CNC Machine; Zen Toolworks, 
D2 drag knife; Donek) as shown in Figure 11 or a die cutter 
(made by laser cutting acrylic boards). After cutting each 
component, they were placed in order and fused together by 
their self-healing property. 

Figure 12. Two wiring methods for MWCNTs-PBS circuitry. (A) Placing 
additional MWCNTs-PBS piece with tweezers. (B) Cutting the middle 
part of the trace and insert the wire. 

Step 2: electrical connection 
As shown in Figure 12, sandwiching the wire with self-healing 
material can work both for electrical and mechanical con-
nection without glue. We demonstrated two methods of (1) 
placing additional MWCNTs-PBS material onto the wire and 
(2) cutting the middle part of MWCNTs-PBS and inserting the 
wire inside the gap. The former is easier for a smaller size of 
MWCNTs-PBS circuitry, while the latter is better in terms of 
aesthetics. We used multi-strand wire (36 AWG, UAA3607; 
Micron Meters), for maximizing the surface contact area on 
MWCNTs-PBS to stabilize the conductivity and minimizing 
the volume of the connection part to help MWCNTs-PBS 
self-heal faster. 

Step 3: stacking layers 
Once preparation of each layer and connection was done, Each 
layer and component was stacked in order as shown in Fig-
ure 13. We used a laser-cut acrylic board shown in Figure 13B 
to guide the position of MWCNTs-PBS strips. 

Session 3A: Soft, Silky, Stretchy 
 

UIST '19, October 20–23, 2019, New Orleans, LA, USA

298



Figure 13. (A) A layered model of a transformative soft controller. (B) 
Stacking layers in sequence. The device will self-heal and form one con-
tinuous body within 6 h. The white acrylic plate was used to guide the 
position of MWCNTs-PBS strips. 

SENSING PRIMITIVES 
In this section we demonstrate three sensing primitives: touch 
sensing, pressure sensing, and cut sensing. Figure 14 and 
Figure 15 show the circuit diagram and the photos for each 
sensing method, respectively. We note that pressure sensing 
and cut sensing were performed with the same circuit diagram 
(Figure 14B). For implementation, we used Arduino Mega 
2560 Rev 3 as a microcontroller. 

Touch sensing 
Touch sensing was implemented in the same way as a conven-
tional touch sensor made of a bulk metal conductor. Depend-
ing on the distance between the human body and MWCNTs-
PBS, the capacitance value (shown with a dashed line in Fig-
ure 14A) changes, resulting in the configuration of the low 
pass filter. We used the Capacitive Sensing Library of Arduino. 

Pressure and cut sensing 
Each end of MWCNTs-PBS was connected to Vcc (= 5 V) and 
a digital pin reading the voltage value. When we apply pres-
sure to the MWCNTs-PBS, it deforms to increase its resistance 
value. This change in resistance can be read by the digital 
pin as a decreased voltage. The same mechanism as pressure 
sensing can be applied to cut sensing. If MWCNTs-PBS is 
cut into pieces, the voltage value read from the digital pin 
goes to 0 V, which is clearly detectable. Although this sens-
ing mechanism is as simple as a tact switch, the self-healing 
property of MWCNTs-PBS allows detecting cuts repeatedly 
if we make a mechanical connection of each piece, which is a 
unique property for this sensing method. 

Figure 14. The sensing principle for (A) a touch sensor and (B) a pres-
sure and cut sensor. 

Figure 15. Sensing primitives. touch, pressure, and cut sensors are acti-
vated in front of the screen with their input values. 

Figure 16. The design space of Self-healing UI. 

APPLICATIONS 
In this section, we explored the design space of the Self-
healing UI through five demonstration artifacts. As shown 
in Figure 16, we can distinguish the functionality of soft, self-
healing materials into five: (1) dynamic transformation of 
shape; (2) Conformable applications of UIs to other objects; 
(3) Reconfiguration of the number and the function of devices; 
(4) Healability of the damaged or broken part; and (5) fusing 
nature of two different modules. Each of these five spaces is 
mainly related to five applications we will demonstrate (thick 
line in Figure 16), but some of them have overlapping features 
depicted as a thin curved line in Figure 16. 

Transformative soft controller 
We envisioned a controller device that can dynamically change 
its shape and number of modules depending on different ways 
we expect to it. Figure 12 shows the layered structure of the 
proposed controller; one of the MWCNTs-PBS strips is a 
pressure/cut sensor and all the other strips are touch sensors. 
Wiring was connected to Arduino. A series of touch sensors 
were used to detect both a single touch and the sliding motion. 

Figure 17 shows four use scenarios of this controller. First, a 
single controller detects a finger press motion in Figure 17A 
(the normal mode). Then two controllers were joined to form 
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long touch buttons and worked as a piano keyboard in Fig-
ure 17B (the long mode). Next, two connected controllers 
wrapped around the user’s wrist, working as a wrist band 
slider device in Figure 17C (the wrist band mode). When 
three friends came to play a video game, the controller was 
cut into four pieces and worked as half-sized gaming devices 
with three touch sensors for each in Figure 17D (the cut mode). 
After use, the four pieces can be joined into the original two 
controllers for 6 h. 

Figure 17. The transformative soft controller can change its shape and 
reconfigure the number and the function of the device as user needs. 

Conformable damage sensor 
We prototyped a self-healing damage sensor matrix as a second 
skin. The layered model of the damage sensor is shown in 
Figure 18A,B. The first (substrate) layer was made by PBS-
polyester fabric which can stick to human skin (Figure 18C), 
In the second and the fourth layer, MWCNTs-PBS cut sensors 
were distributed in series, composing an 8 × 8 cut sensor 
matrix. The third PBS layer was added for insulation between 
two conductive layers. 

Figure 19A shows a demonstration of how it works. First, 
when we made a single cut at one node of the matrix, the red 
dot showed up on the screen and visualized the damaged point. 
Next, we made another cut on the damage sensor matrix, and 
then the red circle on the screen got bigger, showing the region 
of two cuts. We again cut the third node, and the circle got 
bigger again. Figure 19B shows almost the same situation, but 
in this case, three cuts are on the same line. Then the screen 
showed a more precise position of damages. We note that the 
damages in Figure 19A were expressed as a big circle, not 
multiple points, because we suffered from a “ghosting effect” 
of the sensor matrix, which will be discussed later. 

Reconfigurable pneumatic soft actuator 
Conventional pneumatic soft actuators were subject to the 
small damage; we propose a cuttable and thereby reconfig-
urable version of such actuators with PBS. Figure 20 shows 
the layered model and the photo of the proposed pneumatic 

Figure 18. (A, B) A layered model of 8 × 8 damage sensor pad. (C) 
The soft sensor pad sticks and conforms to skin. This photo was taken 
without wiring to the sensor for clarity. 

Figure 19. Demonstration of the damage sensor matrix on the table. (A) 
Three diagonal cuts induced a damaged area bigger in sequence. (B) 
Three linear cuts made the red line on the screen longer, implying the 
cut gets longer. 

actuator. The top and the bottom parts of the pneumatic 
channel were made from two different silicone Ecoflex 00-30 
and Dragon Skin 00-30 (Smooth-On) with different stiffness, 
which led to anisotropic bending motion when we supply air. 
We coated each node of the actuator with PBS, which keeps 
the pneumatic channel airtight ever after cut and joined. 

Originally, the actuator bent into a “C” curve (Figure 21A). Af-
ter cutting one node of the actuator and attaching the cut piece 
upside down, however, the actuator formed an “S” curve (Fig-
ure 21B). When we shortened the length of the actuator and 
attached the end piece back, a shorter version of the “C” curve 
still worked in the same way as the longer one (Figure 21C). 

Healing heart 
We mimicked the heart warming/breaking moment with our 
self-healing materials. Figure 22 shows the layered model 
of the self-healing heart and its assembling procedure. We 
embedded LED components and MWCNTs-PBS cut sensor in-
side. When the cut sensor detects the mechanical and electrical 
connection, LEDs are lit up as feedback. The actual work-
flow is shown in Figure 23. First, two users joined the heart, 
and the LEDs reacted to the physical and mental connection 
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Figure 20. (A) A layered model of the reconfigurable soft actuator. (B) 
PBS wraps around and covers each node. 

Figure 21. The photos of different configurations and functions of the 
actuator. 

(Figure 23A,B). Over time, the gap between the two pieces 
gradually got vague and disappeared in 6 h (Figure 23C). Fi-
nally, the shape of the heart became continuous in Figure 23D. 

Fusing modular rose puzzle 
We utilized the fusing property of different modules, and made 
a puzzle with a rose shape. As shown in Figure 24A, it is 
basically composed of PBS pieces with different colors, but 
only the outer pieces are made of Ecoflex mixed with ther-
mochromic ink, MWCNTs-PBS conductor, and PDMS. This 
outer layer works both as (1) a mechanical constraint which 
prohibits the inner PBS pieces from flowing out and (2) an 
electrical heater with logic. When users finished the assembly 
shown in Figure 24B-F, MWCNTs-PBS in the outer pieces 
were electrically connected and heated up by Joule heat, which 
turned the black color of the thermochromic layer into pink 
(Figure 25A,B). Moreover, as time passed, each piece fused 
into one smooth and continuous structure as shown in Fig-
ure 25C,D. 

MATERIAL SAFETY IN PREPARATION AND USE 
We put this discussion section in order to inform of appro-
priate knowledge on danger our materials potentially have. 
In summary, the use of Self-healing UI is skin-compatible in 
the room temperature, and users can handle and cut it with 
bare hands as demonstrated below. However, the preparation 
process clearly involves manipulation of dangerous substances 
and this should be done by those who took the proper training 
under the suitable environment. 

Safety of MWCNTs 
The main safety concern for MWCNTs use is inhalation, 
which may bring them in contact with the cardiovascular sys-

Figure 22. (A) A layered model of the healing heart. (B) Assembly pro-
cess of the heart. 

Figure 23. (A,B) The device can sense when the two halves are joined. 
(C,D) The heart can stick together after a few seconds and self-heals 
completely in 6 h. 

tem; a prior study suggests the maximum exposure of Bay-
tubes MWCNTs, which we used in our study, to be ∼ 0.05 
mg/m3 inside the lungs [39]. 

However, we observed that the MWCNTs powder used in our 
fabrication process forms small bundles of diameter ∼ 1 mm 
and thus are too heavy to become airborne. In addition, the 
strong interactions between MWCNTs and encapsulating PBS 
polymer matrix [35, 9] further prevent MWCNT bundles from 
releasing into the air even during cutting or tearing (see Figure 
S1 (e) in [35]). Thus our UIs do not expose the underlying 
cells to MWCNTs through skin contact. MWCNTs have 
already been used in consumer products including car tires, 
ship hulls, and water filters, showing that MWCNTs can be 
safely handled [10]. 

Nevertheless, we recommend following appropriate MWCNTs 
handling procedures described in the section of Preparation 
of Materials. We attached Consent Order Form of Baytubes 
MWCNTs and safety data sheet on general MWCNTs in Sup-
plementary Information. 

Safety of PBS 
We also used PBS, which is made by reacting PDMS with 
boric acid. PDMS is used in biomedical applications due to 
its bio-inertness [3, 29]. Boric acid is used in contact cleaning 
solutions, displaying low cytotoxicity [22]. PBS has even been 
used as a toy called Silly Putty [25]. 
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Figure 24. (A) A layered model of the fusing rose puzzle. (B-F) The 
assembly process. 

Figure 25. Fusing rose puzzle. (A,B) Right after joined, the ther-
mochromic layer in the outer pieces was activated by the MWCNTs-PBS 
heater below. (C,D) In 6 h, the puzzle fused into a unibody. 

Extreme heat applied to MWCNTs-PBS 
Although MWCNTs-PBS after preparation is safe for use, 
we should avoid applying heat over a few hundred degrees 
Celsius to it. The extreme heat could not only ruin the self-
healing property of PBS but also burn the PBS shell, making 
MWCNTs exposed to the air; this is the reason why we used 
automated cutting process with a drag knife, not laser cutting 
in which laser irradiation can cause overheating. 

LIMITATIONS AND FUTURE WORK 

Ease of fabrication 
As explained above, our current fabrication method is based 
on molding, automated cutting, and stacking layers, which is 
time-consuming and restricted in terms of its design freedom, 
while laser cutting should be avoided. As an alternative way 
of fabrication, we expect a 3D printing process of PBS and 
MWCNTs-PBS can potentially replace the whole procedure 
as one of the future works. 

Different material choices for specific use 
While MWCNTs-PBS is easy to handle due to its elastic na-
ture, PBS tends to be troublesome when we try to make a 
thin film (approx. < 1 mm) with our current molding pro-
cess. When we apply force to the thin PBS sheet to peel it off, 
the sheet can easily deform and sometimes result in fractured 
shape. Adding an appropriate amount of insulative particles 
into PBS and forming an insulative composite of PBS could 
help us enlarge the design freedom as well as make the process 
easier. The other option is to use a stiff self-healing material. 
Recently, intrinsic, autonomous, and mechanically robust self-
healing material was reported [57], which can be useful if we 
do not need the soft property of self-healing materials. 

Also, our current method of pressure sensing has room for 
improvement. Due to the aspect ratio of MWCNTs particles, 
the resistance change responding to the pressure deformation 
is not significant, which causes a low S/N ratio. It may be 
effective to replace the conductive material into graphite micro 
sheet that has more surface area than MWCNTs and will react 
more drastically to the deformation [5]. 

“Ghosting” effect in the damage sensor 
Our current damage sensor is composed of a simple 2D sensor 
matrix, so in some cases, the sensor cannot correctly distin-
guish the place of cuts if we cut more than two places at the 
same time (so-called a ghosting effect, shown in Figure 19). 
In the future, a new structure should be explored to correctly 
detect multiple cuts on the sensor. 

Electrical disconnection due to the creeping of PBS 
As shown in Figure 8, PBS starts to creep and flow out if there 
is no constraint. In the prototype of the self-healing controller, 
we observed that wiring was pulled off by surrounding PBS 
and disconnected from the MWCNTs-PBS sensors. In order 
to prevent this issue, we need to either (1) anchor the wire to 
non-flowing material such as Ecoflex and MWCNTs-PBS or 
(2) constrain the PBS structure with the surrounding structure. 

CONCLUSIONS 
In this paper, we proposed Self-healing UI, a soft-bodied inter-
face that can intrinsically self-heal its mechanical and electri-
cal damages without external stimuli or glue. We proposed and 
implemented the hybrid devices of PBS, MWCNTs-PBS, and 
other components fabricated by the layer-by-layer structure. 
We also demonstrated the unique design space of self-healing 
materials through five applications. We strongly believe our 
Self-healing UI will enrich the field of HCI, as a new embodi-
ment of material-driven shape-changing interfaces. 
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