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Supporting Texts 
Background Theory 

Sorption-induced nanomechanical sensors. A receptor material expands by sorption of analytes. 

However, it is attached to a substrate of nanomechanical sensors and is not free to expand.S1,S2 In the case 

of static mode operation of a cantilever plate (Figure S2), the sorption-induced expansion causes the 

cantilever to bend.S3 Several analytical solutions have been proposed for the theoretical formulation of the 

static mode operation of nanomechanical microcantilevers based on bi-material plate theory.S4–S6 For 

example, the deflection of a free-end of a microcantilever Dz induced by isotropic internal strain ef in the 
receptor material is given byS6 

 ∆𝑧 =
3𝑙2(ℎ𝑓 + ℎ𝑠)

(𝐴 + 4)ℎ𝑓
2 + (𝐴−1 + 4)ℎ𝑠

2 + 6ℎ𝑓 ℎ𝑠
𝜀𝑓  (S1) 

with 

 𝐴 =
𝑀𝑓 𝑤𝑓 ℎ𝑓

𝑀𝑠𝑤𝑠ℎ𝑠
, (S2) 

where the subscripts “f ” and “s ” denote the coating film (i.e., the receptor material) and the cantilever 

substrate, respectively, l, h, w, and M represent the length, height, width, and biaxial modulus, 

respectively.S2 According to the bi-material plate theory, the cantilever plate without a coating film does 

not deform. As confirmed, nanomechanical sensors without any coating film (in this case MSS) show 

negligible signal responses.S7 
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Detailed Derivations 

Recurrence relations of concentrations. From eq 4 in the main text with eq 3 in the main text, the 

recurrence relation between the 2m-th and 2(m+1)-th purge processes and that between (2m+1)-th injection 

and 2m-th purge processes can be found by 

 𝐂2(𝑚+1) −𝐂2𝑚 = 𝐊𝑝[𝑒−(𝑡−𝑡2𝑚+1)𝚻𝑠−1 − 𝑒−(𝑡−𝑡2𝑚)𝚻𝑠−1]𝐂𝑔, (S3) 

and 

 𝐂2𝑚+1 −𝐂2𝑚 = 𝐊𝑝[𝐈𝑖 − 𝑒−(𝑡−𝑡2𝑚)𝚻𝑠−1]𝐂𝑔, (S4) 

respectively, where m ∈ ℕ. The concentrations at the first injection and purge processes (i.e., n = 1 and 2) 

can be solved by substituting eq 3 into eq 4 as 

 𝐂𝑛=1 = 𝐊𝑝[𝐈𝑖 − 𝑒−(𝑡−𝑡0)𝚻𝑠−1]𝐂𝑔, (S5) 

and  

 𝐂𝑛=2 = 𝐊𝑝[𝑒−(𝑡−𝑡1)𝚻𝑠−1 − 𝑒−(𝑡−𝑡0)𝚻𝑠−1]𝐂𝑔, (S6) 

respectively. Then, the recurrence relations in eqs S3 and S4 with eqs S5 and S6 can be solved and hence 

the concentrations at the (2m–1)-th and 2m)-th steps are given by 

 𝐂2𝑚−1(𝑡) = 𝐊𝑝 [
𝐈𝑖 − ∑ (−1)𝑗𝑒−(𝑡−𝑡𝑗)𝚻𝑠−1

2(𝑚−1)

𝑗=0 ]
𝐂𝑔, (S7) 

and 

 𝐂2𝑚(𝑡) = 𝐊𝑝 [
− ∑ (−1)𝑗𝑒−(𝑡−𝑡𝑗)𝚻𝑠−1

2(𝑚−1)

𝑗=0 ]
𝐂𝑔, (S8) 

respectively. Then, eqs S5 and S6 can be simplified by using the indicator function 1A(n) (see main text) as 

 𝐂𝑛(𝑡) = 𝐊𝑝[𝟏𝐴𝐈𝑖 −𝐀𝑛]𝐂𝑔. (S9) 
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Recurrence relations of stresses. By substituting eqs 2 and 5 into eq 1, the recurrence relation 

between the 2m-th and 2(m+1)-th purge processes and that between (2m+1)-th injection and 2m-th purge 

processes can be found by 

 𝜎2(𝑚+1) − 𝜎2𝑚 = 𝑀∞𝚲𝐊𝑝 {𝐁[𝑒
−(𝑡−𝑡2𝑚+1)𝚻𝑠−1 − 𝑒−(𝑡−𝑡2𝑚)𝚻𝑠−1] + (𝐈𝑖 − 𝐁) (𝑒−

𝑡−𝑡2𝑚+1
𝜏𝑟 − 𝑒−

𝑡−𝑡2𝑚
𝜏𝑟

)} 𝐂𝑔, (S10) 

and 

 𝜎2𝑚+1 − 𝜎2𝑚 = 𝑀∞𝚲𝐊𝑝 [𝐈𝑖 − 𝐁𝑒−(𝑡−𝑡2𝑚)𝚻𝑠−1 − (𝐈𝑖 − 𝐁)𝑒−
𝑡−𝑡2𝑚
𝜏𝑟

] 𝐂𝑔, (S11) 

respectively. The stresses at the first injection and purge processes (i.e., n = 1 and 2) can be solved by 

substituting eqs 2 and 5 into eq 1 as 

 𝜎𝑛=1 = 𝑀∞𝚲𝐊𝑝 [𝐈𝑖 − 𝐁𝑒−(𝑡−𝑡0)𝚻𝑠−1 − (𝐈𝑖 − 𝐁)𝑒−
𝑡−𝑡0
𝜏𝑟

] 𝐂𝑔, (S12) 

and 

 𝜎𝑛=2 = 𝑀∞𝚲𝐊𝑝 {𝐁[𝑒
−(𝑡−𝑡1)𝚻𝑠−1 − 𝑒−(𝑡−𝑡0)𝚻𝑠−1] + (𝐈𝑖 − 𝐁) (𝑒−

𝑡−𝑡1
𝜏𝑟 − 𝑒−

𝑡−𝑡0
𝜏𝑟

)} 𝐂𝑔, (S13) 

respectively. Then, the recurrence relations in eqs S10 and S11 with eqs S12 and S13 can be solved and 

hence the stresses at (2m–1)-th and 2m-th steps are given by 

 𝜎2𝑚−1(𝑡) = 𝑀∞𝚲𝐊𝑝 [
𝐈𝑖 −𝐀𝑛𝐁− (𝐈𝑖 − 𝐁) ∑ (−1)𝑗𝑒−

𝑡−𝑡𝑗
𝜏𝑟

2(𝑚−1)

𝑗=0 ]
𝐂𝑔, (S14) 

and 

 𝜎2𝑚(𝑡) = 𝑀∞𝚲𝐊𝑝 [
−𝐀𝑛𝐁− (𝐈𝑖 − 𝐁) ∑ (−1)𝑗𝑒−

𝑡−𝑡𝑗
𝜏𝑟

2(𝑚−1)

𝑗=0 ]
𝐂𝑔, (S15) 

respectively. Then, eqs S14 and S15 can be simplified as 

 𝜎𝑛(𝑡) = 𝑀∞𝚲𝐊𝑝[𝟏𝐴𝐈𝑖 −𝐀𝑛𝐁− 𝑎𝑛(𝐈𝑖 − 𝐁)]𝐂𝑔. (S16) 
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Fixed Duration. Eqs 6 and 8 can be simplified when the duration t of each injection and purge 

is fixed (i.e., t = tn – tn–1) and are given by 

 
𝐀𝑛(𝑡) = 𝑒−(𝑡−𝑡0)𝚻𝑠

−1

[𝐈𝑖 − (−𝑒𝜏𝚻𝒔
−1

)
𝑛

] (𝐈𝑖 + 𝑒𝜏𝚻𝑠
−1

)
−1

= 𝑒−(𝑡−𝑡𝑛−1)𝚻𝑠
−1

[𝑒−𝑛𝜏𝚻𝒔
−1
− (−1)𝑛𝐈𝑖](𝐈𝑖 + 𝑒𝜏𝚻𝑠

−1

)
−1

,
 (S17) 

and 

 𝑎𝑛(𝑡) = 𝑒−
𝑡−𝑡0
𝜏𝑟

1− (−𝑒
𝜏
𝜏𝑟)

𝑛

1 + 𝑒
𝜏
𝜏𝑟

= 𝑒−
𝑡−𝑡𝑛−1
𝜏𝑟

𝑒−
𝑛𝜏
𝜏𝑟 − (−1)𝑛

1 + 𝑒
𝜏
𝜏𝑟

, (S18) 

respectively. 
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Supporting Figures 
 

 
Figure S1. Experimental setup. a) A schematic illustration of the measurement setup for vapor mixtures and sensing. b) 

Photo of the part of experimental setup including three vials, mixing chamber, and MSS homemade Teflon chamber. This 

setup was placed in an incubator (see Experimental Section). 

 

 

 

Figure S2. Typical geometries of a cantilever-type nanomechanical sensor. Color gradient represents the displacement in 

z-direction (i.e., perpendicular to the cantilever surface or membrane surface) simulated by finite element analysis 

(COMSOL Multiphysics with the Structural Mechanics module). 
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Figure S3. Numerically calculated responses of binary mixtures during absorption of analytes. 

  



 
 

S8 

 

Figure S4. Numerically calculated responses of ternary mixtures during absorption of analytes. s1 = 0.0–1.0, s1 + s2 = 

1.0, s3 = 0.1–1.0, t1 = 5 [s], t2 = 60 [s], t3 = 8 [s]. 
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Figure S5. Numerically calculated responses of binary mixtures for multistep injection-purge.  
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Supporting Tables 
Table S1. Conditions of MFCs for preparing binary mixtures. 

Entry Concentration a MFC-1 MFC-2 MFC-3 MFC-4 

 C1 C2 [mL/min] [mL/min] [mL/min] [mL/min] 

1 0% 30% 0 30 0 70 

2 5% 25% 5 25 0 70 

3 10% 20% 10 20 0 70 

4 15% 15% 15 15 0 70 

5 20% 10% 20 10 0 70 

6 25% 5% 25 5 0 70 

7 30% 0% 30 0 0 70 

a Concentration is Pi/Pio, where Pi and Pio are the partial pressure and saturated vapor pressure of the i-th analyte. 

Table S2. Conditions of MFCs for preparing ternary mixtures. 

Entry Concentration a MFC-1 MFC-2 MFC-3 MFC-4 

 C1 C2 C3 [mL/min] [mL/min] [mL/min] [mL/min] 

1 0% 10% 2% 0 10 2 70 

2 2% 8% 2% 2 8 2 70 

3 4% 6% 2% 4 6 2 70 

4 6% 4% 2% 6 4 2 70 

5 8% 2% 2% 8 2 2 70 

6 10% 0% 2% 10 0 2 70 

7 0% 10% 10% 0 10 10 70 

8 2% 8% 10% 2 8 10 70 

9 4% 6% 10% 4 6 10 70 

10 6% 4% 10% 6 4 10 70 

11 8% 2% 10% 8 2 10 70 

12 10% 0% 10% 10 0 10 70 

a Concentration is Pi/Pio, where Pi and Pio are the partial pressure and saturated vapor pressure of the i-th analyte. 
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