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SUPPORTING FIGURES

Fig. S1. Schematic of a) hexagonal, b) square, and c) triangular grid pattern.

We have modeled three types of grid pattern, the honeycomb, square, and triangle with the 

same transmittance and same volume of empty space enclosed by a grid in Solidworks flow 

simulation (Figure S1a–c).

1. Same transmittance

First, we set the conditions of each grid pattern so that their transmittance was the same. The 

transmittance represents the ratio of the total area to that of the empty space (without the grid 

area). Therefore, the transmittance can be expressed by the following equation:

- Transmittance of honeycomb grid pattern: ..①

- Transmittance of square grid pattern: ..②

- Transmittance of triangular grid pattern: ..③,
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where T, W, and L represent the transmittance, width, and length of the grid pattern, 

respectively. When the transmittance of each grid pattern is the same (Thoney = Tsqu, = Ttri), 

equation ①, ②, and ③ can be represented as follows:

 . 

This equation is simplified as follows:

…④.

𝑊ℎ𝑜𝑛𝑒𝑦

3𝐿ℎ𝑜𝑛𝑒𝑦
=
𝑊𝑠𝑞𝑢

𝐿𝑠𝑞𝑢
=

3𝑊𝑡𝑟𝑖

𝐿𝑡𝑟𝑖

We can then obtain the relation between the width (W) and length (L) of each grid pattern.

2. Same volume of empty space

Secondly, we have modeled each grid pattern to have the same volume of empty space. The 

volume of empty space can be calculated by multiplying the thickness of the grid by the area of 

empty space. Accordingly, this can be written as follows:

- Volume of empty space in honeycomb grid pattern: …⑤.
𝑉ℎ𝑜𝑛𝑒𝑦=

3 3
2
𝑡(𝐿ℎ𝑜𝑛𝑒𝑦 ‒

𝑊ℎ𝑜𝑛𝑒𝑦

3
)2

- Volume of empty space in square grid pattern: …⑥.𝑉𝑠𝑞𝑢= 𝑡(𝐿𝑠𝑞𝑢 ‒ 𝑊𝑠𝑞𝑢)
2

- Volume of empty space in triangular grid pattern: …⑦.
𝑉𝑡𝑟𝑖=

3
4
𝑡(𝐿𝑡𝑟𝑖 ‒ 3𝑊𝑡𝑟𝑖)

2

Where V, t, and L represent the volume of empty space, thickness of the grid pattern, and length 

of the grid pattern, respectively. 
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It is assumed that the grid patterns have the same thickness. When the grid patterns have the 

same volume of empty space (Vhoney = Vsqu = Vtri), equation ⑤, ⑥, and ⑦ can be represented as 

follows:

…⑧.
(𝐿ℎ𝑜𝑛𝑒𝑦 ‒

𝑊ℎ𝑜𝑛𝑒𝑦

3
)2 =

2
3 3

(𝐿𝑠𝑞𝑢 ‒ 𝑊𝑠𝑞𝑢)
2 =

1
6
(𝐿𝑡𝑟𝑖 ‒ 3𝑊𝑡𝑟𝑖)

2

From equation ④ and ⑧, we can obtain the relation between the length (L) and width (W) of 

each grid pattern as follows:

…⑨,
𝐿 2
ℎ𝑜𝑛𝑒𝑦=

2
3 3

𝐿 2
𝑠𝑞𝑢=

1
6
𝐿 2𝑡𝑟𝑖

…⑩.
𝑊 2
ℎ𝑜𝑛𝑒𝑦=

2
3
𝑊 2
𝑠𝑞𝑢=

3
2
𝑊 2
𝑡𝑟𝑖

After modeling each grid pattern to satisfy equation ⑨ and ⑩, we simulated the heat flow of 

each grid pattern to have the same amount of heat per unit volume of grid (W m−3). We can thus 

confirm that the heat was distributed as shown in Movie S1–3 (Supporting Information). These 

confirm that heat distribution in the honeycomb pattern was 1.35 and 2.1 times faster than in the 

triangle and square, respectively. 
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Fig. S2. Schematic of the fabrication of Ag microgrid electrodes embedded in PDMS. 



S6

Fig. S3. Total transmittance spectrum of the 200 μm thick PDMS film over the wavelengths 

300–1100 nm.
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Fig. S4. Total transmittance spectrum of the Ag microgrid electrode embedded in PDMS film 

over the wavelengths 300–1100 nm.
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Fig. S5. (a) Total transmittance spectra referenced to air. (b) Total transmittance referenced to 

the substrate.
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Fig. S6. (a) Haze ratio of the Ni/Ag hybrid microgrid electrode.
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Fig. S7. SEM images of the AgNWs electrode (a) before oxidation and sulfurization and (b, c) 

after oxidation and sulfurization for 60 min, respectively. 
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Fig. S8. Relative resistance as a function of time under 85% relative humidity and at 85oC for the 

Ni/Ag micro grid electrode. 
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Fig. S9. Normalized transmittance of Ni/Ag microgrid electrode as functions of time under a real 

atmosphere (40% relative humidity and at 20oC).   
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Fig. S10. (a) Infrared (IR) image of the Ni/Ag hybrid microgrid electrode-based transparent 

heater (20 mm × 20 mm) at an applied voltage of 3 V. (b) Histogram of temperature distribution 

in the Ni/Ag hybrid microgrid electrode-based transparent heater along the line labeled P1 in (a). 

(c) IR image of the AgNWs electrode-based transparent heater (20 mm × 20 mm) at an applied 

voltage of 3 V. (d) Histogram of temperature distribution in the AgNWs electrode-based 

transparent heater along the line labeled P2 in (c).
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Fig. S11. Power density vs the saturated temperature of the Ni/Ag microgrid, AgNWs, and ITO.

Table. S1. Thermal equation parameters for the Ni/Ag hybrid microgrid, AgNWs, and ITO.
heat source flux
(qjoule, W/cm2)

temperature 
variation rate 
(∆T/∆t, oC/sec)

heat transfer 
coefficient 

(h, W/m2 oC)

Tambient
(oC)

Ni/Ag microgrid 0.5 2 60.5 20

AgNWs 0.393 0.79 70.8 20

ITO 0.419 0.47 111 20
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Fig. S12. Comparison of saturated temperature of our Ni/Ag hybrid microgrid transparent heater 

with those of previously reported transparent heaters as function of an input voltage.1-16

Table S2. Summary of previously reported in transparent heaters.

material Transmittance 
(% at 550 nm)

Input voltage 
(V)

Saturated temperature
(oC)

Supporting 
Reference

No. (Ref. S)
ITO 90 20 163 1

92 12 110 2Graphene
89 12 100 3
71 15 75 4
79 12 95 5

CNT

90 7 140 6
90 8 160 7
90 7 105 8
85 5 80 9

AgNWs

90.5 7 52.5 10
90.2 15 150 11
80 10 150 12

86.4 9 134 13
90 6 162 14

82.8 6 110 15

AgNWs 
hybrid 

82.8 6 96 16
This work 96 7 190
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