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Supplementary Fig. 1. Use of metal-based fillers can be limited by the difficulty of material 

preparations. For instance, silver nanowires (AgNWs) cannot be dispersed into the BBE precursor, due to 

the polarity difference of AgNWs and BBE. The surface ligand of AgNWs is polyvinylpyrrolidone 

(PVP), which is polar and hydrophilic, while the BBE is hydrophobic. Thus, the AgNWs settled down 

and formed clusters in the BBE precursor. Such a poor dispersity failed to make BBE conductive.  
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Supplementary Table 1. Comparison of different methods of preparing bottlebrush elastomers. 

 

Bottlebrush 

elastomers 
Method Side chains Crosslinker 

Commercially 

available 

Young's 

modulus  
Reference 

PDMS BBE 
Free radical 

polymerization 

PDMS (MCR-

M11) 

PDMS (DMS-

R18, DMS-R22) 

All materials are 

commercially 

available 

0.84 - 65.48 kPa  1–4 

PDMS BBE 

Hydrosilylation + 

platinum 

catalyst 

PDMS (MCR-

H21) 

PDMS (DMS-

H25) 

All materials are 

commercially 

available 

7.43 - 132 kPa  5,6 

PDMS (MCR-

V21, MCR-

V25) 

PDMS-based 

crosslinker 
1.2 - 7.4 kPa  7 

Linear-

bottlebrush-

linear 

elastomers 

Atom transfer 

radical 

polymerization 

(ATRP) 

PDMS, 

PMMA 

Aggregation of 

linear polymer 

tails 

No 2.1 - 155.7 kPa  1,8–10 

PDMS-r-

PEG 

elastomers 

ATRP PDMS, PEG 

Isocyanate:hydr

oxyl (NCO:OH) 

and 

isocyanate:amin

e (NCO:NH2) 

coupling 

No 1.8 - 27.8 kPa  11 

ROMP 

PDMS BBE 

Ring-opening 

metathesis 

polymerization 

(ROMP) 

PDMS 

Bis-

benzophenone–

based PDMS 

photocrosslinker 

No 6.2 - 92 kPa  12 

Poly(4-

methylcaprol

actone) 

(P4MCL) 

BBE 

Ring-opening 

metathesis 

polymerization 

(ROMP) 

P4MCL 

4,4′- 

bioxepane-7,7′-

dione 

No 10 - 100 kPa  13,14 

PDMS-stat-

PEO BBE 

Ring-opening 

metathesis 

polymerization 

(ROMP) 

PDMS, PEO 

Bis-

benzophenone–

based PDMS 

photocrosslinker 

No 
32 kPa and 7.7 

kPa 
 15 
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Supplementary Fig. 2. Cycling tests of PDMS BBEs with different crosslinking ratios (MM:CL = 600:1, 

900:1, and 1200:1) at the strain of a 50%, b 100%, and c 200%, respectively. The dash line represents the 

fitting curve obtained from the model for unentangled polymer networks. The fitting model is: 

𝜎𝑡𝑟𝑢𝑒 =
𝐸

9
[(𝜀 + 1)2 − (𝜀 + 1)−1] {1 + 2 [1 −

𝛽[(𝜀 + 1)2 − (𝜀 + 1)−1]

3
]} 

where β is the strand-extension ratio and E is the structural Young’s modulus, and 𝜎𝑡𝑟𝑢𝑒 and ε are true 

stress and strain, respectively.    
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Supplementary Table 2. Fitting parameters of PDMS BBEs with different crosslinking ratios at the 

strain of 400%. 

 

Molar ratio of monomer:crosslinker E (kPa) β ε 

600:1 1.787±0.182 0.034±0.003 400% 

900:1 1.078±0.158 0.029±0.003 400% 

1200:1 0.789±0.198 0.030±0.002 400% 

 

The fitting parameters (E and β) might differ with the selected strain. From the cycling tensile tests, the 

elongation-at-break of PDMS BBEs should be higher than 400% while 400% strain is the highest strain 

we selected to conduct the cycling tensile tests. Thus, this table shows the fitting parameters at the strain 

of 400%.    
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Supplementary Fig. 3. Loading-unloading tests of PDMS BBEs with different crosslinking ratios 

(MM:CL = a 600:1, b 900:1, and c 1200:1) for 20 cycles under the strain of 0 – 400%. The strain rate is 

0.070 s-1.  
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Supplementary Fig. 4. The change of Young’s modulus for each loading-unloading cycle of three 

representative PDMS BBE samples with different crosslinking ratios (MM:CL = 600:1, 900:1, and 

1200:1). “Forward” represents the Young’s modulus of forward stretching, “Backward” represents the 

Young’s modulus of backward releasing. The strain rate is 0.070 s-1.  
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Supplementary Fig. 5. The change of hysteresis for each loading-unloading cycle of PDMS BBEs with 

different crosslinking ratios (a MM:CL = 600:1, b 900:1, and c 1200:1) under the strain of 0 – 400%. The 

strain rate is 0.070 s-1. Error bars denote the standard deviation of the measurements. 
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Supplementary Fig. 6. a-d Cycling tests of PDMS BBEs (MM:CL = 600:1) under strain rates of 0.035 s-

1, 0.070 s-1, and 0.14 s-1. e-h Cycling tests of PDMS BBEs (MM:CL = 900:1) under the strain rate of 

0.035 s-1, 0.070 s-1, and 0.14 s-1. i-l Cycling tests of PDMS BBEs (MM:CL = 1200:1) under the strain rate 

of 0.035 s-1, 0.070 s-1, and 0.14 s-1. At different strain rates, the elastomers were stretched to 0 - 50%, 0 - 
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100%, 0 - 200%, and 0 - 400%, respectively. m-n The calculated Young’s modulus of BBEs under strain 

rates of 0.035 s-1 and 0.14 s-1. o Storage modulus as a function of sweeping frequency of pure BBEs with 

different crosslinking ratios. The dynamic frequency sweeps show a nearly linear elastic regime from 0.01 

rad/s to 1 rad/s. At lower crosslinking levels (e.g., 1200:1), there is a non-negligible modulus increase at 

higher frequency (>1 rad/s), possibly due to the low crosslinking level that induces relaxations of 

polymer. However, all the strain rates (25 mm/min: 0.035 s-1, 50 mm/min: 0.070 s-1, 100 mm/min: 0.14 s-

1) used in this work are within the elastic regime (0.01 to 1 rad/s: 0.0016 to 0.16 s-1). Error bars denote the 

standard deviation of the measurements.  
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Supplementary Table 3. The summary of Young’s modulus and elastic range of different 

elastomers. 

 

Young's 

modulus (MPa) 
Elastic range Elastomers Reference 

PU-based elastomers 

~0.6 200% Electrospun TPUe fiber mats 16 

~2 100% 
SBR:BR (styrene 

butadiene 

rubber:butadiene 

rubber) 

unfilled 

17 ~3.2 50% 3 phr CNT + ethanol 

~2.4 75% 3 phr CNT  

>2 100% 
Cu–dimethylglyoxime–urethane-

polyurethane (CPU) elastomer 
18 

~10 200% 

PU/PEDOT:PSS 

PU fiber 
19 

~20 50% PU/PEDOT:PSS 

45 300% polyurethane 20 

390 200% 

polyurethane (PU) network crosslinked by 

crown-ether-based pseudo[2]rotaxane (PS1) 

and PS2 

21 

Silicone-based elastomers 

>0.055 200% Ecoflex 22 

0.845 90% 
Silicone-based 

elastomers 

Sylgard 186 (10:1) 
23 

1.5 90% SMI G/G 
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Young's 

modulus (MPa) 
Elastic range Elastomers Reference 

0.048 90% 
Silbione® RTV 

4528 1:1 

0.455 90% 
Silbione® RTV 

4420 (stiffer) 1:1 

0.06 100% 

PDMS elastomers 

CH=CH2 - SH 

PDMS 

24 

0.13 100% HO - Si PDMS 

0.18 100% HO - H PDMS 

0.4 100% CH=CH2 - H PDMS 

0.43 - 0.71 50% PDMS–MPUx–IU1−x 25 

2.081 41% 

Sylgard 184  

Sylgard 184 (5:1) 

26 1.955 42.9% 
Sylgard 184 PDMS 

(10:1) 

0.75 51.5% 
Sylgard 184 PDMS 

(15:1) 

56.4 40% PDMS-TFB 27 

Others 

3.3 - 5.9 300% Natural elastomer 

poly(cis-1,4-

isoprene) 

elastomer 

28 

2.1 - 10.3 <25% SBR elastomers 
poly(styrene-co-

butadiene) 29 

3 - 3.4 200% Butyl rubber (IIR) 

~0.2 300% VHB4910  30 

~0.5 ~50% 
Polydomain nematic main-chain liquid 

crystal elastomers 
31 

0.7 300% 

atactic polypropylene, poly(ethylene-co-

propylene), and poly- 

(ethylene-co-1-hexene) ABA/ABC 

elastomers 

32 

Bottlebrush elastomers 
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Young's 

modulus (MPa) 
Elastic range Elastomers Reference 

0.032 250% PDMS-stat-PEO bottlebrush elastomer 33 

0.00186 400% BBE (MM:CL = 600:1) 

This work 9.60E-04 400% BBE (MM:CL = 900:1) 

6.30E-04 400% BBE (MM:CL = 1200:1) 
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Supplementary Fig. 7. a Long term cycling tests (1000 cycles at the strain of 400%, 100%, and 200%, 

respectively) of PDMS BBEs with the crosslinking ratio of MM:CL = 1200:1. b The change of Young’s 

modulus for each loading-unloading cycle of PDMS BBEs (MM:CL = 1200:1) under the strain of 0 – 

400%. c The change of hysteresis for each loading-unloading cycle of PDMS BBEs (MM:CL = 1200:1) 

under the strain of 0 – 400%. 1000 cycles were conducted with the strain rate of 0.070 s-1. “Forward” 

represents the Young’s modulus of forward stretching, “Backward” represents the Young’s modulus of 

backward releasing. The strain rate is 0.070 s-1. 

 

  



 

 

15 

 

  
Supplementary Fig. 8. a Photographs of the adhesion test between PDMS BBEs (MM:CL = 1200:1) and 

Ecoflex. b Curves for shear strength versus displacement of PDMS BBEs (MM:CL = 1200:1) adhered on 

different substrates.  
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Supplementary Fig. 9. a-c Photographs of adhering PDMS BBEs (MM:CL = 1200:1) between the skin 

and copper sheet, beaker, and ping-pong ball, showcasing the adhesive property of PDMS BBEs.   
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Supplementary Fig. 10. Cycling tests of PDMS BBEs with 0.2 wt%, 0.4 wt%, and 0.6 wt% SWCNT at 

the strain of 100%. The strain rate is 0.070 s-1. 20 cycles were conducted, with the first half cycle 

represented by the dash line.  
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Supplementary Fig. 11. SEM images of the surfaces of a pure BBEs and BBEs with b 0.2 wt%, c 0.4 

wt%, and d 0.6 wt%. The scale bar is 100 µm. SEM images at e 11000× and f 25000× of the cross-

sectional surfaces of 0.4 wt% SWCNT/BBE samples.    
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Supplementary Fig. 12. The Ashby-style plot of conductivity and Young’s modulus of different 

conductive elastomers with metallic nanomaterials, carbon-based materials, conducting polymers, liquid 

metal, and MXene as conductive components. Hydrogels are not included as they contain water and are 

not solvent-free. The SWCNT/BBE in this work shows the lowest Young’s modulus among all other 

elastomers.  
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Supplementary Table 4. The summary of Young’s modulus and conductivity of conductive 

materials based on different matrix materials and conductive fillers.  

 

Young's 

modulus 

(MPa) 

Conductivity 

(S/cm) 

Matrix 

materials 

Conductive 

materials 
Reference 

Nano Ag, Au, Cu 

3.28 41850-72600 SBS-elastomer Ag-Au nanowires 34 

~4 4800 TPU nanofiber AgNWs 35 

>1 15100 PDMS Ag flakes 36 

731.5 41245 PU Ag nanoflowers 37 

0.57-3.7 21000 
PDMS+PS 

membrane 
AgNPs 38 

1.05 5450 SBS-elastomer AgNPs 39 

>3 18168 PDMS AgNPs 40 

~1 2000 

poly(styrene-

block-

isoprene-

block-styrene) 

(SIS) 

AgNPs 41 

0.00339-30 11210 SBS-elastomer 
ligand-exchange 

AgNWs 
42 

0.57-3.7 8130 PDMS AgNWs 43 

49.7 14205 PU AgNWs 44 

0.57-3.7 16000 
PDMS and 

PVA layer 
Au-TiO2 nanowires 45 

>300 3500 LBL or VAF AuNPs 46 

>0.5 2040 
Dragon skin or 

Ecoflex 
Cu-An nanowire 47 

5.94 10990 
Polyurethane 

Fibers 
Ag nanoflowers 48 
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Young's 

modulus 

(MPa) 

Conductivity 

(S/cm) 

Matrix 

materials 

Conductive 

materials 
Reference 

0.06585 30485 PU fiber 
AgNPs formed in-

situ 
49 

Carbon, graphene, CNT 

0.57-3.7 2000 PDMS SWCNT 50 

0.97-6.55 0.4 S-SBR 
carbon black+silica 

microparticles 
51 

~10 50 Perhexane-25B long SWCNT 52 

~20 100 

fluorinated 

copolymer 

rubber Daiel-

G912 

long SWCNT 53 

>10000 660 fiber Graphene oxide 54 

2 0.001 natural rubber MWCNT 55 

2.62 0.271 TU-PDMS CNT 56 

2.28 0.0024 SBR MWCNT 57 

19.4 0.2 PU CNT forests 58 

0.15-0.4 
0.000017-

0.0505 
S-LSR MWCNT 59 

6.8 0.000013 NR-RGs CNT 60 

Conducting polymers 

>6 120 PU PEDOT:PSS 61 

0.293 17 

P123: 

Poly(ethylene 

glycol)−block− 

poly(propylene 

glycol)−block−

poly(ethylene 

glycol) 

PEDOT:PSS 62 

5010 4 TFB P3BT 63 
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Young's 

modulus 

(MPa) 

Conductivity 

(S/cm) 

Matrix 

materials 

Conductive 

materials 
Reference 

0.57-3.7 550 PDMS PEDOT:PSS 64 

128.9 116.3 

Polycaprolacto

ne- block -

polytetrahydrof

uran- block -

polycaprolacto

ne (PCTC) 

polypyrrole 65 

0.3-0.6 15000 
SEBS 

elastomer 
PANI 66 

>10 3100 PEDOT:PSS 
PEDOT:PSS + ionic 

liquid 
67 

6.8 1230 PEDOT:PSS 
PEDOT:PSS+PEO+

Zonyl 
68 

Liquid metal 

~0.5 146.05 

Commercially 

available 

textile 

Liquid metal 69 

~1 12000 SBS Liquid metal 70 

[NO_PRINTE

D_FORM].1 
10000 spinning SBS liquid metal 71 

~3 25000 PEVA 
hydrogen-doped 

liquid metal 
72 

0.1 8331 EVA 
liquid metal + Ag 

flakes 
73 

1.06 66500 PVA 
AgNP laryer + 

EGaIn layer 
74 

0.8 1370 PDMS liquid metal 75 

2-300,000 30000 
PDMS, 

Ecoflex, glass 
liquid metal particles 76 

MXene 

1.1 14 Natural rubber Mxene 77 

2-14 0.00667 

nitrile 

butadiene 

rubber(NBR) 

modified Mxene 78 

CNT 
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Young's 

modulus 

(MPa) 

Conductivity 

(S/cm) 

Matrix 

materials 

Conductive 

materials 
Reference 

0.066 1.00E-04 BBE CNT/P4MCL 79 

0.00298 0.0268 BBE 0.2 wt% SWCNT 

This work 0.00529 0.0708 BBE 0.4 wt% SWCNT 

0.01065 0.1378 BBE 0.6 wt% SWCNT 
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Supplementary Fig. 13. a Bode plot and b Nyquist plot of impedance measurements of PDMS BBEs 

with different concentrations of SWCNT (0.2 wt%, 0.4 wt%, and 0.6 wt%). The impedance decreases 

with the increase of CNT concentration.  
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Supplementary Fig. 14. Normalized change in resistance as a function of compressing pressure. The 

sensitivity of SWCNT/BBE with 0.2 wt%, 0.4 wt%, and 0.6 wt% CNT is 0.80, 0.29, and 0.13, 

respectively.  
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Supplementary Fig. 15. Cyclic durability (2500 cycles) of the normalized change in resistance for BBE 

with 0.6 wt% CNT under cyclic loading to 100% strain.  
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Supplementary Fig. 16. A zoom-in figure of Fig. 3g, showcasing the limited change in resistance being 

found in SWCNT/BBE after stored in HCl solution, H2O2 solution, or exposed to air for 30 days. Error 

bars denote the standard deviation of the measurements. 
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Supplementary Fig. 17. Photographs of the adhesion test between SWCNT/BBE (a-e 0.4 wt% and f-j 

0.6 wt% CNT) and different substrates (Sylgard 184, Ecoflex 00-10, glass slide, copper sheet, and porcine 

skin). The scale bar is 5 mm.   
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Supplementary Fig. 18. a-b Photographs of adhering SWCNT/BBE (0.4 wt% CNT) between the skin 

and a beaker, or a ping-pong ball, showcasing the adhesive property of SWCNT/BBE.  
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Supplementary Fig. 19. Cell viability of human dermal fibroblast cells exposed to pure BBE and 

conductive BBE (0.2 wt%, 0.4 wt%, and 0.6 wt% SWCNT) relative to counts in the blank control group. 

Error bars denote the standard deviation of the measurements.  
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Supplementary Fig. 20. Laser cutting method to pattern SWCNT/BBE and make electronics with 

insulators. a First, the SWCNT/BBE were cured in a petri dish. b Next, the SWCNT/BBE pattern was 

formed by laser cutting. c Then, the cut area was left in the petri dish by peeling off surrounded materials. 

d Finally, the SWCNT/BBE pattern was covered by pure BBE precursor to form the insulator layer after 

curing under heat.  
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Supplementary Fig. 21. a The shear strength versus stretching displacement measured between the 

SWCNT/BBE and pure BBE. The bonding was formed by sequentially curing the SWCNT/BBE and pure 

BBE, while physically attaching two pieces of samples cannot form bonding at the interface. The inset 

photographs show the lap-shear test of the two cases. b Photographs of the bonded SWCNT/BBE and 

pure BBE. No detaching was found upon stretching.  

  



 

 

33 

 

  
Supplementary Fig. 22. a Frequency dependent viscosity and b amplitude sweep of BBE containing 

different concentrations of CNT.  
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Supplementary Fig. 23. Storage modulus and loss modulus of BBE with a 0.2 wt% CNT, b 0.4 wt% 

CNT, and c 0.6 wt% CNT under alternatively changed strain of 1% and 50%.   
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Supplementary Fig. 24. Mechanical characterizations of nanosilica/BBE materials. a Cycling tests of 

PDMS BBEs with 4.5 wt% and 6.5 wt% nanosilica at the strain of 50% and b 100%. 20 cycles were 

conducted at the strain rate of 0.070 s-1. c The Young’s modulus BBE with 4.5 wt% nanosilica (average 

of 3.89 kPa), and 6.5 wt% nanosilica (average of 14.58 kPa). The Young’s modulus was calculated by 

linear fitting of 0 – 10% strain. Error bars denote the standard deviation of the measurements. 
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Supplementary Fig. 25. Rheological properties of fumed silica/BBE inks. a Frequency dependent 

viscosity and b amplitude sweep of BBE containing different concentrations (4.5 wt%, 6.5 wt%) of 

nanosilica. c Storage modulus and loss modulus of BBE with 4.5 wt% CNT and d 0.6 wt% nanosilica 

under alternatively changed strain of 50% and 1%.    
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Supplementary Fig. 26. a A schematic of the laser-cut strain sensor attached on soft robot and human 

body due to its self-adhesive property. b Laser-cut SWCNT/BBE sensor and c SWCNT/Ecoflex sensor on 

the Ecoflex-based actuator. The SWCNT/BBE sensor was attached on the actuator based on self-adhesive 

property, while the SWCNT/Ecoflex sensor was attached on the actuator by the epoxy resin. d-e When 

bending the finger, the SWCNT/Ecoflex sensor detached with the skin due to poor adhesion of Ecoflex. f 

Normalized change in resistance of the SWCNT/BBE sensor as a function of inflated pressure applied on 

the pneumatic actuator g Photograph of the laser-cut strain sensor adhered on the knuckle of a human 

hand. h The response of the strain sensor on the knuckle or fingertip, when bending the finger or touching 

a petri dish with the fingertip, respectively. 
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Supplementary Fig. 27. a Photographs of the hornworm without attached with the SWCNT/BBE sensor 

and the one attached with the SWCNT/BBE sensor. b Photographs of the hornworm attached with the 

PDMS Sylgard 184. The PDMS Sylgard 184 can be easily detached from the hornworm during its 

crawling due to high stiffness and low adhesion. 
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Supplementary Fig. 28. Schematic showing spraying coating process of the insulator. As an 

alternative method of preparing the top insulator besides 3D printing, the BBE w/o additives (i.e., silica) 

can be spray coated.  a The pure BBE precursors were loaded into the spray, and coated on the 3D printed 

sensor array. b After the BBE insulator was coated on the sensor array, the full device was then cured 

under heat.  
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Supplementary Fig. 29. Schematic of the circuit for the sensor array. x1, x2, x3, x4, x5 represent the 

5 top sensor strips. y1, y2, y3, y4, y5 represented the 5 bottom sensor strips. The crossed 10 sensor strips 

generated 25 sensing positions through connecting with 10 resistors (1 kΩ), an Arduino and a computer 

for data collection.  
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Supplementary Fig. 30. a Calibration of ten sensor strips of the sensing strips in the range of 0.01-0.1 N, 

with normalized resistance change of sensor strips at the top and bottom, respectively, as a function of 

applied force. b The average of normalized resistance change of typical sensing strips in the calibration 

range of 0-0.01 N. c Measured forces for the blank groups (when the normalized resistance change is 0). 

The mean forces and standard deviations are: 0.000157 ± 0.000044 N (top sensing strip), and 0.000154 ± 

0.000024 N. Based on the three sigma limits statistical calculation, the limit of detection for the top 

sensing strip is: 0.000157 + 3×0.000044 = 0.00029 N, and the limit of detection for the bottom sensing 

strip is: 0.000154 + 3×0.000024 = 0.00023 N. Thus, the limit of detection for the touch pad is determined 

to be 0.00029 N. Error bars denote the standard deviation of the measurements.    
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Supplementary Fig. 31. The sensory response for placing different objects on the sensor array. a-b An 

orchid (0.96g). c-d A blackberry (4.8 g). e-f Two blueberries (1.72 g and 0.58 g). g-j Butterfly specimens 

(0.55 g and 0.66 g). The scale bar is 5 mm.  
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Supplementary Fig. 32. a The five parts separated on the sensor array to locate forces and generated 

commands. Specifically, when pressing part 1, the robot arm would move left ward. When part 2 is 

pressed, the robot arm would move rightward. Similarly, when pressing part 3, 4, 5, the robot arm would 

move forward, backward, and downward, respectively. b The real-time motion command sent by the 

sensory response of the robot e-skin. c-d Motions of the robot arm in response to the mechanical stimuli 

by a ping-pong ball or air spray. 
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Supplementary Fig. 33. a Bode plot and b Nyquist plot (under the linear impedance axis) of skin 

impedance measurements using SWCNT/BBE, copper sheet, and hydrogels as electrodes on the skin.  
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Supplementary Fig. 34. The overlayed ECG signal patterns measured by commercial gel electrodes and 

SWCNT/BBE electrodes.  
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Supplementary Fig. 35. a Photographs of the 0.4 wt% SWCNT/BBE without and with liquid metal as 

the interface between the probe and samples. b Measured conductivity of 0.4 wt% SWCNT/BBE with 

and without using the liquid metal. Error bars denote the standard deviation of the measurements. 
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