
3URJUHVV LQ 2UJDQLF &RDWLQJV ��� ������ ������

$YDLODEOH RQOLQH �� )HEUXDU\ ����
����������� ���� (OVHYLHU %�9� $OO ULJKWV UHVHUYHG�

Stretchable and wash durable reactive silver ink coatings for 
electromagnetic interference shielding, Joule heating, and strain 
sensing textiles 

Mingxuan Li a, Mehdi Zarei b, Anthony J. Galante c, Brady Pilsbury a, S. Brett Walker d, 
Melbs LeMieux d, Paul W. Leu a,b,c,* 

a Department of Chemical Engineering, University of Pittsburgh, Pittsburgh, PA 15261, United !tates 
b Department of "echanical Engineering, University of Pittsburgh, Pittsburgh, PA 15261, United !tates 
c Department of #ndustrial Engineering, University of Pittsburgh, Pittsburgh, PA 15261, United !tates 
d $%&1 East 'iverside Drive, (ldg 1, Unit 15&, Austin, )* $+$,,, United !tates   

A R T I C L E  I N F O   

-ey.ords/ 
Durable conductive coating 
Reactive ink 
EMI shielding 
Joule heating 
Strain sensing 

A B S T R A C T   

In this paper, we demonstrate a highly conductive, stretchable, and wash-durable fabric for a variety of elec-
tronic textile applications such as electromagnetic interference (EMI) shielding, Joule heating, and strain sensing 
by utilizing a chemical etchant pretreatment that promotes covalent bonding, a reactive silver ink with 
conformal in situ silver reduction, and the use of a polymer coating for a protective barrier. Reactive ink coated 
on polyethylene terephthalate (PET) knitted textiles exhibit an average EMI shielding efficiency of 74.8 dB in the 
X band (frequency range of 8–12 GHz) and 76.6 dB in the Ku band (12–18 GHz). The conductive textiles show 
high Joule heating performance, where a temperature of 152 ◦C can be achieved at only 1.3 V DC applied 
voltage. This Joule heating performance is maintained after stretching and washing. Furthermore, the textile may 
be used for strain sensing and monitoring human movement. As prepared silver films do not degrade after 1AAA 
stretching cycles at 5A B strain and maintain EMI SE higher than 7A dB after 3AA min washing. The demonstrated 
textiles may be used for wearable electronics, personal medical devices, and next generation communications.   

1. Introduction 

There has been great interest in electronic textiles (e-textiles) that 
integrate sensing, communications, and computing components directly 
into fabrics for applications in health, sports, fashion, and entertainment 
C1,2D. Towards this goal, there has been much interest in the incorpo-
ration of conductive materials into polymers C3–8D. This has included 
research into MX-enes CE,1AD, reduced graphene oxide C11D, silver 
nanowires C2D, gallium-based liquid metal droplets C12D, and carbon 
nanotubes C13,14D. However, these materials tend to have poor elec-
trical conductivity due to limitations in forming conductive pathways 
between materials. These materials also tend to have poor durability due 
to weak adhesion forces with underlying microfibers, which lead to 
materials separating from the microfibers during stretching or washing. 
It has been challenging to demonstrate textiles with high performance 
electronic capabilities and the durability to maintain device function-
ality after wear, stretching, andFor washing. 

Various metal deposition methods such as sputter coating C15D, 
electroplating C16D and plasma induced reduction C17D have been 
demonstrated to accommodate complex surface geometry and Gexible 
substrates. However, these methods require vacuum with expensive 
equipment, which increases the fabrication cost C18–2AD. MXenes have 
been reported to be able to achieve very high electromagnetic inter-
ference shielding efficiency (EMI SE) on textiles. Wang et al. reported 
MXene-decorated polyester textiles could achieve EA dB EMI SE C1AD. 
But the adhesion of this 2D material is a concern and its durability is 
questionable C21D. 

It has been reported that a liquid metal based conductive textile 
achieves 72.6 dB EMI SE and maintains E1.7 B of this performance after 
5AAA cycles of stretch and release C12D. However, washing is a harsher 
treatment and usually results in more significant degradation in EMI 
shielding performance C22D. Silver nanowire (AgNW) networks with a 
polyurethane (PH) protective layer on textile have demonstrated 63.E 
dB SE and retained 8E B of this performance after 2A min washing cycles 
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C2D. Stretch- and wash-durable textiles with higher than 7A dB EMI SE 
after stretching and washing has yet to be demonstrated. 

In this paper, we demonstrate the ability to fabricate highly 
conductive, stretchable, and washable fabrics. This was achieved due to 
the ability to conformally coat large thickness metal films onto poly-
ethylene terephthalate (PET) fabric microfibers by increasing interfacial 
adhesion. KOH and KMnO4 were used to etch the textile to increase the 
interfacial area and promote covalent bonding between the microfiber 
and silver. A chemical pretreatment of the textile microfibers etches the 
surface to increase interfacial area and functionalizes the surface to 
enable covalent bonding with the silver. Reactive silver inks provide for 
high conductivity without the voids present in nanoparticle-based inks 
C23–25D. The ink reduces in situ onto the microfibers and provides for 
conformal coverage. A final polydimethylsiloxane (PDMS) coating 
further enhances adhesion and provides for an additional protective 
barrier during washing. The as prepared etched PET, then silver coated, 
and finally PDMS coated textile (EPET-Ag-PDMS) can be used for three 
e-textile applicationsI high performance EMI shielding, Joule heating, 
and strain sensing. EMI shielding may be important for protecting the 
human body from harmful electromagnetic waves C26,27D or protecting 
electronic devices from surrounding radiation that may prevent devices 
from working accurately or used to access sensitive information C28D. 

The Joule heating effect has been widely used to generate heat via 
electrical power. This may be useful for clothing worn in cold environ-
ments C1AD. This may also be useful for thermotherapy C2ED or used to 
enhance the transdermal delivery of medicine C3AD. Finally, strain 
sensing is of interest for measuring human motion and structural health 
monitoring C1,31D. 

EPET-Ag-PDMS exhibits an average EMI SE of 74.8 dB at frequency 
range of 8–12 GHz and 76.6 dB at 12–18 GHz. For Joule heating, a 
temperature of 152 ◦C can be achieved with only 1.3 V DC applied 
voltage. EPET-Ag-PDMS has better stretch and wash-durability than 
PET-Ag or EPET-Ag. The EPET-Ag-PDMS maintains EMI SE higher than 
75 dB after 1AAA stretch cycles at 5A B strain and EMI SE higher than 7A 
dB after 3AA min of ultrasonic washing. EPET-Ag-PDMS heats up to 
1A2 ◦C in 5 s at 1.3 V applied voltage and stabilizes at 152 ◦C. After 
removing the applied voltage, the textile cools down to 35 ◦C in 12A s. 
The achievable stable temperature is 13E ◦C after 1AAA stretching cycles 
and 13A ◦C after 3AA min washing. EPET-Ag-PDMS may also be utilized 
for sensing strain on the finger, wrist, and elbow through changes in 
resistance. EPET-Ag-PDMS has great potential in wearable electronics, 
heat management devices, and next generation smart mobile devices. 

Fig. 1. SEM images of (a) knitted pattern for textile at (i) low and (ii) high resolution, (b) PET textile with two silver coats (PET-AG), (c) etched PET with two coats of 
Ag (EPET-Ag), and (d) etched PET textile with two coats of Ag followed by PDMS coating (EPET-Ag-PDMS) at (i) low and (ii) high resolution. 

"1 2i et al1                                                                                                                                                                                                                                       



3URJUHVV LQ 2UJDQLF &RDWLQJV ��� ������ ������

�

2. Experimental section 

2111 "aterials 

Commercial Gat stacked PET textile was bought from Anticon. Po-
tassium hydroxide (KOH) water solution (45 B), potassium permanga-
nate (KMnO4, ACS reagent, ≥EE.A B), 2-Propanol (IPA, ACS reagent, 
≥EE.5 B), acetone (ACS reagent, ≥EE.5 B), hexane (Laboratory Re-
agent, ≥E5 B) and PDMS (Sylgard 184) were purchased from Sigma- 
Aldrich. The ink was prepared with silver acetate (CH3COOAg, 
ReagentPlus, EE B) and formic acid (HCOOH, ACS Reagent, ≥88 B) 
from Sigma-Aldrich by ElectronInks. Ammonium hydroxide (Certified 
A.C.S. Plus, 2E.3 B assay) Extran MN A1 Powder was purchased from 
EMD Chemicals. 

2121 !ample preparation 

212111 3abrication of EPE) te4tile 
PET fabric is cut into 2 cm × 2 cm pieces, rinsed by 5A ml isopropyl 

alcohol (IPA) and 5A ml acetone and then dried in oven at 4A ◦C over-
night. Then, the as prepared PET fabric was chemically etched in 5AA ml 
45 B KOH water solution in a 1 l Gask at 8A ◦C for 3A min. Then, a 
KMnO4 solution was prepared with 5AA mg KMnO4 and 1AA ml water. 
The PET fabric was then etched in 1AA ml KMnO4 water solution and 
heated at 8A ◦C for 3A min. 

212121 3abrication of EPE)0Ag te4tile 
1 g of silver acetate was mixed with 2.5 ml of ammonium hydroxide 

in water for 15 s at room temperature. A.2 mL of formic acid was titrated 
into the solution while constantly vortexing to mix the acid in. The color 

of the solution changed from light orange to gray and was allowed to 
settle overnight to precipitate large particles. The clarified supernatant 
was then decanted and filtered through a 2AA nm syringe filter (What-
man Filters, Anotop 25) as reactive ink in the next step. 5AA μl reactive 
silver ink was drop coated on the EPET textile, then it was cured in oven 
at 12A ◦C for 1 h. 

212151 3abrication of EPE)0Ag0PD"! te4tile 
5 g PDMS (Sylgard 184) was mixed with A.5 g curing agent into a 1A 

ml Gask, and the mixture was stirred for 5 min until bubbles filled up the 
mixture. Then the mixture was degassed in a vacuum chamber for 3A 
min until there were no more bubbles. The mixture was diluted with 1A 
ml hexane to make a PDMS solution. EPET-Ag samples were dip coated 
with 5AA μL of the as prepared PDMS solution and then cured in an oven 
at 15A ◦C for 1 h and then 4A ◦C overnight. 

2151 Characteri6ation 

The surface morphology was characterized by Zeiss SIGMA VP 
scanning electron microscope. Samples were coated with a Pd layer By 
Denton Sputter Coater at current = 3A mA for 4A s. EMI SE was 
measured by the coaxial transmitted line method. The HP 7822D vector 
network analyzer (VNA) was used to generate and detect signal. The 
sample was placed in between two waveguide Ganges based on the 
desired frequency range. Screws and nuts were used to keep the two 
waveguide Ganges stable. The X band and Ku band waveguide Gange 
were bought from PASTERNACK. For Joule heating, DC power (NAN-
KADF 3A V 1AA Bench power supply) was used as power source, and 
alligator clips were used to connect with the textile. The temperature 
during Koule heating was recorded by FLIR ONE PRO IR camera. Strain 

Fig. 2. (a) EMI SE for PET-Ag, EPET-Ag, and EPET-Ag-PDMS with two coating cycles. (b) Bar plot of averaged EMI SE', SEA, SE for Two Ag coating cycles with 
different treatment at frequency range of (i) 8–12 GHz and (ii) 12–18 GHz. 
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sensing was performed by connecting the textile to the B15AAA semi-
conductor Device Analyzer (Agilent Technologies) and recording the 
resistance when bending or moving. 

21,1 Durability tests 

21,111 !tretch test 
Stretching was performed on PANAVISE 35A model stretch machine. 

For each stretching cycle, the textile was stretched to 5A B of its original 
length. 

21,121 7ash test 
Washing tests were performed by PowerSonic P23A Hltrasonic 

Cleaner under ASTM G131E6 standards. A.24 g Extran MNA1 detergent 
powder was dissolved in 15A ml water and then transfered to centrifuge 
tubes where the sample were submerged by the detergent solution and 
then ultrasonicated at 44 ◦C. Then the sample was dried at oven at 
12A ◦C until fully dry. 

3. Result and discussion 

5111 "orphology of EPE)0Ag0PD"! te4tile 

Fig. 1 shows SEM images for different textile samples during pro-
cessing. The knitted pattern of the PET textile is shown in Fig. 1(a) at (i) 
low and (ii) high resolution. Fig. 1(b) shows two Ag coatings on PET 
textiles directly (PET-Ag). It can be observed that Ag is uniformly coated 
on PET textile. Fig. 1(c) shows the etched PET textile with two coats of 
Ag (EPET-Ag). Fig. S1 shows SEM images at various resolutions 
comparing the PET with EPET. The increase in surface roughness due to 

etching can be seen in these SEM images. Compared to PET-Ag, the 
surface of EPET-Ag is not as smooth as PET-Ag as the chemical etching 
increases the surface roughness of the microfibers. Fig. 1(d) shows SEM 
images of PDMS coated on the EPET-Ag textile (EPET-Ag-PDMS) at (i) 
low and (ii) high resolution. The EPET-Ag is covered by a layer of PDMS 
to provide for a chemical protection layer. 

5121 E"# shielding effectiveness for different treatment 

Fig. 2 shows the EMI SE for different treatment textiles at the fre-
quency range of 8–12 GHz and 12–18 GHz. Fig. 2(a) compares the EMI 
SE of PET-Ag, EPET-Ag, EPETAg-PDMS using two Ag coating cycles. In 
Fig. 2(a), PET-Ag has an average EMI SE of 65.E dB at 8–12 GHz and 
66.1 dB at 12–18 GHz. EPET-Ag has an average EMI SE of 73.6 dB at 
8–12 GHz and 74.6 dB at 12–18 GHz. EPET-Ag-PDMS has an average 
EMI SE of 74.8 dB at 8–12 GHz and 76.6 dB at 12–18 GHz. 

The shielding efficiency SE is comprised of a reGection (SER) and an 
absorption component (SEA) where SE = + SEA. Fig. 2(b) plots the 
average SE' and SEA using bar plots which sum up to the average !E in 
the frequency range of (i) 8–12 GHz (ii) 12–18 GHz. !E' as a function of 
frequency is plot in in Fig. S3. !E' is approximately a constant in the two 
frequency ranges of 8–12 GHz and 12–18 GHz. Furthermore, !E' does 
not vary between PET, EPET-Ag, and EPET-Ag-PDMS. In contrast, !EA 
does change depending on processing. The average !EA for PET-Ag, 
EPET-Ag, EPET-Ag-PDMS textiles with two Ag coats at a frequency 
range of 8–12 GHz are 53.2, 6A.E, and 62.1 dB, respectively. In the 
12–18 GHZ range, the SE is 53.2, 61.7, and 63.6 dB, respectively. The 
ratio of !EAF!E in 8–12 GHz is 8A.7 B, 82.7 B, and 83.A B for PET-Ag, 
EPET-Ag, and EPET-Ag-PDMS, respectively. Etched PET increases Ag 
adhesion, so the thickness of the silver increases during the coating 

Fig. 3. (a) EMI !E for one, two, and three coats of Ag for EPET-Ag-PDMS textile. (b) Bar plot of averaged EMI SE', SEA, SE for EPET-Ag-PDMS textile with different 
Ag coating cycles at frequency range of (i) 8–12 GHz (2) 12–18 GHZ. 
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process. The Ag conductivity increases with increasing thickness since 
the coating is less inGuenced by surface scattering C6D. The Ag coating 
conductance increases and this increases the !EAF!E ratio, and thus the 
overall !E. The change of SE is mainly due to the attenuation effect as 
noted by the increase in !EA. However, an additional PDMS coating in 
EPET-Ag-PDMS does not increase the SE further as the PDMS coating 
does not affect the conductance of the underlying silver. 

5151 E"# shielding effectiveness for different Ag coating cycles 

Fig. 3 shows the EMI SE as a function of number of coating cycles for 
EPET-Ag-PDMS. Fig. 3(a) shows the performance in the frequency range 
of (i) 8–12 GHz and (ii) 12–18 GHz. One coating of Ag has an average 
EMI SE of 37.1 dB from 8 to 12 GHz, and 4A.E dB from 12 to 18 GHz. Two 
coatings of Ag have an average EMI SE of 74.8 dB at 8–12 GHz and 76.6 
dB at 12–18 GHz. Three coatings have an average SE of 7E.2 dB at 8–12 
GHz and 81.7 dB at 12–18 GHz. We decided to focus on two Ag coating 
cycles for electronic devices as the benefit in applying a third Ag coating 
is small in SE performance compared to that gained from adding a 
second coating. Fig. 3(b) plots the average SE' and SEA using bar plots 
which sum up to the average !E in the frequency range of (i) 8–12 GHz 
and (ii) 12–18 GHz. Fig. S1 plots !E' as a function of frequency. !E' does 
not vary with an increasing number of Ag coats. Neither the different 
types of treatment as discussed above nor the number of Ag coating 
cycles affects !E' much. The average !EA for one, two, and three coats of 
Ag for EPET-Ag-PDMS in the frequency range of 8–12 GHz are 24.5, 
62.1, 66.6 dB, respectively. In the 12–18 GHZ range, !EA is 28.1, 63.6, 

and 67.8 dB for one, two, and three coats of Ag, respectively. 
The ratio of !EAF!E for 8–12 GHz increases from 66.A B to 83.A B 

after the second coat, then to 84.1 B after the third coat. In the 12–18 
GHz range, this ratio goes from 68.7 B to 83.A B after the second coat, 
and then to 83.A B after the third coat. When there is only one Ag 
coating, the ratio of !EAF!E is lower since the conductivity is lower 
compared to more Ag coats. And when there are more coats, the con-
ductivity increases and thus, the !EAF!E ratio also increases. 

51,1 !tretch durability 

We performed stretch tests for different treatment samples and 
compared EMI SE before and after stretching. Stretching was performed 
on a PANAVISE 35A model stretch machine. For each stretching cycle, 
the textile was stretched to 5A B of its original length. SEM images were 
additionally used to evaluate the appearance of the coating after 
stretching. Fig. 4(a) shows the results of these stretch tests. The average 
EMI SE of PET-Ag changed from 65.E to 13.3 dB in the 8–12 GHz and 
from 66.1 to 16.A dB in the 12–18 GHz after 1AAA stretch cycles. The 
SEM image in Fig. 4(a)(iii) shows the PET-Ag after 1AAA stretch cycles. 
The Ag film is heavily peeled off from the microfibers due to poor 
adhesion. Fig. 4(b) shows the results for EPET-Ag. The average !E of 
EPET-Ag decreases from 73.6 to 65.6 dB in the 8–12 GHz range and from 
74.6 to 67.6 dB in the 12–18 GHz range. The SEM image in Fig. 4(b)(iii) 
shows the EPET-Ag textile after 1AAA stretch cycles. The Ag film is 
partially peeled off from the microfibers, but not as poorly as the PET- 
Ag. This is because the etch treatment increases adhesion by 

Fig. 4. Stretching tests for different treatment textileI (a) PET-Ag (b) EPET-Ag (c) EPET-Ag-PDMS. EMI SE at (i) 8–12 GHz (ii) 12–18 GHZ and (iii) SEM image after 
1AAA stretch cycles. 
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increasing the interfacial area between the silver and the microfiber as 
well as functionalizing the microfiber surface to strengthen the adhesion 
between the silver and the microfiber C32D. Fig. 4(c) shows results for 
the EPET-Ag-PDMS. The average SE changes from 74.8 to 74.7 dB in the 
8–12 GHz range and from 76.6 to 75.4 dB in the 12–18 GHz range. The 
SEM image in (c)(iii) shows EPET-Ag-PDMS textile after 1AAA stretch 
cycles. The Ag film appears pristine and Kust like it does prior to the 
stretch tests. Etching improves the adhesion of the Ag film to the mi-
crofiber, and the PDMS further improves this adhesion by additionally 
increasing the interfacial area of the silver and the microfiber and 
Gexible PDMS. The PDMS fills in voids between the Ag and microfiber 
surface as well as providing an outer surface for silver adhesion. 

5151 7ash durability 

Washing durability tests were performed on different treatment 
samples under ASTM G131E6 standards for 3AA min. After these 
washing tests, we measured the EMI SE and took SEM images on these 
samples. Fig. 5(a) shows PET-Ag results. The average !E decreases from 
65.E to 12.3 dB in 8–12 GHz and from 66.1 to 12.8 dB in 12–18 GHz. 
SEM image in (a)(iii) shows PET-Ag after 3AA min washing. The Ag film 
is almost completely peeled off the microfibers. Fig. 5(b) shows results 
for EPET-Ag. The average EMI SE decreases from 73.6 to 52.3 dB in the 
8–12 GHz range and from 74.6 to 52.5 dB in the 12–18 GHz range. The 
SEM image in 5(b)(iii) shows the EPET-Ag textile after 3AA min washing, 
where the Ag film is partially peeled off from the microfibers. Fig. 5(c) 

shows results of EPET-Ag-PDMS. The SE decreases from 74.8 to 71.5 dB 
in 8–12 GHz and from 76.6 to 73.3 dB in 12–18 GHz. The SEM image in 
Fig. 5(c)(iii) shows the EPET-Ag-PDMS textile after 3AA min washing. 
Although the Ag coating has some slight folds, it is still attached to the 
underlying microfiber due to protection of the PDMS layer. The PDMS 
effectively protects the Ag film even under harsh washing conditions by 
providing a chemical barrier that prevents the detergent solution from 
reacting with the Ag. Fig. S2 shows the EMI SE performance for PET 
coated with two coats of silver followed by PDMS coating (PET-Ag- 
PDMS). This sample is directly compared with the EPET-Ag-PDMS 
sample to demonstrate the impact of etching on performance and 
durability. EPET-Ag-PDMS has better performance than PET-Ag-PDMS 
as the etching increases the thickness of the silver coated on the PET 
textile. Furthermore, EPET-Ag-PDMS has better durability in EMI SE 
degradation compared to PET-Ag-PDMS under both stretching (Fig. 4c) 
and washing (Fig. 5c) as the etching provides for better Ag adhesion to 
the underlying PET. 

5161 8oule heating performance 

Next we evaluated the Joule heating performance of the EPET-Ag- 
PDMS. According to Joule’s Law, lower resistance enables high heat-
ing efficiency at lower applied voltages. This is not only better from an 
efficiency perspective, but also is safer due to the use of lower voltages. 
A 2 cm × 2 cm piece of EPET-Ag-PDMS textile was subKect to different 
applied voltages U and the current # was recorded. The U–# curve 

Fig. 5. Wash test for different treatment textileI (a) PET-Ag (b) EPET-Ag (c) EPETAg-PDMS. EMI SE at (i) 8–12 GHz (ii) 12–18 GHZ and (iii) SEM image after 3AA 
min wash. 
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Fig. 6. Joule heating performance for EPET-Ag-PDMS textileI (a) H-I curve (b) Stepwise heating - cooling curve (c) Joule heating and cooling curve at 1.3 V for EPET- 
Ag-PDMS textile 1) Pristine 2) After Stretch 3) After Wash (d) Heat mapping of pristine EPET-AgPDMS textile at Voltage = 1.3 V at 5 s, 15 s, 25 s, 35 s, 45 s and 8As 
corresponding to black triangle in (c). 

Fig. 7. (a) Strain- resistance change curve for EPET-Ag-PDMS textile (b) strain sensing signal for EPET-Ag-PDMS textile attached on (i) finger (ii) wrist (iii) elbow.  
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(Fig. 6a) indicates a very low resistance of as prepared sample. A pre-
pared sample was heated and cooled stepwise to test the heating and 
cooling stability (Fig. 6b). For each heatingFcooling step we waited 1AA 
s to allow the temperature to stabilize. When the voltage applied was 
A.5 V, the temperature stabilized at 5A ◦C. After increasing the voltage to 
A.8 V, the temperature became 83 ◦C. When the voltage then increased 
to 1.1 V, the stable temperature was 142 ◦C. The voltage was then 
lowered to A.8 V and the temperature gradually decreased to 85 ◦C after 
1AA s. After lowering the voltage to A.5 V, the temperature cooled to 
51 ◦C finally. 

Fig. 6(c) shows the results of Joule heating performance tests of 
EPET-Ag-PDMS textile under pristine condition and then, after stretch 
and after wash tests. For each test, the voltage was applied for 14A s and 
then the voltage was removed for 12A s. Pristine samples heated up to 
1A2 ◦C in 5 s and became stable at 152 ◦C. Then, they cooled down to 
42 ◦C at the end. After stretching, samples heated up to 1A4 ◦C in 5 s and 
became stable at 13E ◦C. Then they cooled down to 3E ◦C at the end. 
After washing, samples heated up to E7 ◦C in 5 s and became stable at 
13A ◦C. Then they cooled down to 37 ◦C at the end. Fig. 6(d) shows the 
temperature color map corresponding to the black triangle in (c), for 1.3 
V voltage pristine EPET-Ag-PDMS textile after 5, 15, 25, 35, 45, and 8A s 
of heating. From the experiments above, the EPET-Ag-PDMS textile 
exhibits excellent Joule heating performance, where a stable tempera-
ture of 152 ◦C could be reached with only 1.3 V applied voltage. After 
1AAA stretch cycles, the stable heating temperature was maintained at 
13E ◦C and after 3AA min of ultrasonic washing the stable heating 
temperature was maintained at 13A ◦C, which indicates high wash 
durability for the Koule heating application. 

51$1 !train sensing performance 

We also demonstrate that the reactive silver ink treatment enables 
textile strain sensing. Strain sensing has been considered as an important 
application on wearable smart devices C31D. As strain is applied to the 
textile due to movement, the resistance of the textile changes accord-
ingly, and can be used to monitor and capture movement. Because 
different bending patterns will cause the resistance signal to change 
differently, we can leverage this to distinguish which movements people 
are making by analyzing the resistance-time signal. In Fig. 7(a), we used 
the resistance change (ΔR) divided by the initial resistance (RA) to 
characterize the strain. As the SMstrain increased from A B to 6A B, the 
resistance change increased from A to 1.42, which confirmed the sensing 
capability of as prepared textile. Fig. 7(b)(i) shows the signal of 8 finger 
bending cycles. The finger movement is shown in the inset image. Fig. 7 
(b)(ii) shows the signal for wrist bending as the wrist goes from exten-
sion to Gexion. The strain is larger than that of finger bending. Fig. 7(b) 
(iii) shows the signal when the elbow goes from extension to Gexion. The 
strain here is the largest of the three types of movements studied. The 
noise measured can be mitigated by signal processing after analog to 
digital conversion. Noise can also be reduced by using a Wheatstone 
bridge, which improves the accuracy and stability of strain sensing 
compared to the simple two-terminal resistor demonstrated here. 

4. Conclusion 

In conclusion, we report a stretching and washing durable Ag coating 
method on textile with high EMI SE, good Koule heating performance and 
strain sensing capability. A reactive ink was used with chemical etching 
pre-treatment and PDMS post-treatment to increase the adhesion of the 
Ag film to the fiber. The resulting EPET-Ag-PDMS textile exhibited a 
high average EMI SE of 74.8 dB at frequency range of 8–12 GHz and 
76.6 dB at 12–18 GHz. The !E contribution was compared between 
reGection and absorption. It was observed that etch treatment on textile 
and increase the Ag coating cycles increases the shielding efficiency 
from absorption. Stretching tests were performed to compare different 
treatment. It was observed that etching and PDMS protection enable 

textile better durability over stretching. EPET-Ag-PDMS textile main-
tained EMI SE higher than 75 dB after 1AAA stretch cycles of 5A B strain. 
With the protection of PDMS, EPET-Ag-PDMS textile also exhibited good 
washing durability. Samples maintained EMI SE higher than 7A dB after 
3AA min ASTM G131-E6 standard washing. Excellent conductivity 
enabled high Koule heating performance. EPET-Ag-PDMS textiles 
became stable at 152 ◦C at 1.3 V voltage input and cooled down to 35 ◦C 
in 12A s. This performance was demonstrated to be stretching and 
washing durable. In addition, strain sensing capability was demon-
strated by attaching the EPET-Ag-PDMS textile on the finger, wrist, and 
elbow and then monitoring resistance. Our coating method demon-
strates a simple, scaleable coating method for durable high EMI SE 
textile, which has great potential in wearable electronic, heat manage-
ment devices and next generation smart mobile device. 
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