Analytical modeling and decoupling of humidity effects in nanomechanical sensing based on
sorption kinetics and viscoelastic stress relaxation
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Nanomechanical sensors have gained significant attention as powerful tools for detecting target analytes;
however, their signals are often influenced by environmental humidity. In static mode operation, these signals
are obtained by a concentration-dependent sorption-induced mechanical strain/stress. In this study, we derive an
analytical model to describe the response of viscoelastic material-coated nanomechanical sensors by incorpo-
rating humidity effects based on sorption kinetics and viscoelastic stress relaxation of receptor materials. This
model is capable of reproducing the dynamic responses observed in the experimental signal responses under
varying humidity conditions. Moreover, it allows for the subtraction of humidity effects, facilitating the precise
isolation of analyte-specific signals. These results provide a theoretical framework for decoupling environmental
background factors, such as humidity effects, in nanomechanical sensors.

I. INTRODUCTION

Nanomechanical sensors and their arrays have emerged as a
powerful platform for detecting a wide range of target gases,
making them particularly valuable for practical applications
in artificial olfaction, including odor detection, environmen-
tal monitoring, agriculture, and healthcare and medical diag-
nostics [1-11]. However, humidity is a critical issue in such
applications, as it significantly influences and fluctuates their
performance [12—15]. Variation in humidity often leads to
a baseline shift, suppression of sensor performance, and dy-
namic fluctuation in sensor response, complicating the accu-
rate detection of target analytes [16—19]. For instance, Inada
et al. [9] recently proposed statistically reproducible protocols
for breath analysis to mitigate this issue by selecting features
robust to the effects of humidity, yet the underlying mecha-
nisms remain unclear. Therefore, understanding the humidity
influence on sensing performance is crucial for achieving re-
liable detection.

In the so-called static mode operation, nanomechanical sen-
sors are coated with a receptor material that absorbs the ana-
Iyte [1, 20]. The sensing signals are obtained through the de-
formation induced by surface stress resulting from the sorp-
tion of target analytes, including water molecules, into the re-
ceptor material [Fig. 1(a)]. Based on theoretical models of the
surface stress [21-23], such sorption behaviors in the static
mode nanomechanical sensors have been extensively studied
theoretically, including first-order sorption kinetics in elastic
[24] and viscoelastic coatings [25-29] and two-step reaction
kinetics [30]. However, these models do not cover humidity
effects as a background component and an analytical investi-
gation into the influence of humidity is essential for improving
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the reliability of nanomechanical sensors in practical applica-
tions.

In this study, we propose an analytical model that pre-
dicts the dynamic responses of nanomechanical sensors un-
der varying humidity conditions. By integrating sorption ki-
netics and viscoelastic stress relaxation, the model provides
a comprehensive description of the dynamic response dur-
ing multistep injection-purge cycles. Numerical calculations
based on this analytical model revealed the effects of humid-
ity in sensor responses under different initial humidity lev-
els and varying humidity changes. Experimental validation
using a viscoelastic receptor material-coated nanomechani-
cal Membrane-type Surface stress Sensor (MSS) [1, 31, 32]
in static mode [Fig. 1(b)] under different humidity condi-
tions demonstrates strong agreement between predicted and
observed sensing responses. Furthermore, our model enables
effective decoupling of the humidity effects from the sensing
signals, allowing analyte-induced components in the signals
to be accurately extracted in humid environments. Overcom-
ing the long-standing challenges posed by humidity, this study
establishes a robust predictive method for designing reliable
nanomechanical sensor systems, advancing their practical ap-
plications in various fields.

II. THEORY

To derive the theoretical formulations, we employ a the-
ory based on the viscoelastic behavior described by the three-
parameter solid model. The model is given by [25, 26, 28, 33]

do de
o(t)+ 17— =M.e(t)+ 7.My—, 1
()"’rdt ()+r0dt (1)
where 7, is the time constant of stress relaxation, My and M.,
denote the unrelaxed (instantaneous) and the relaxed (asymp-
totic) biaxial moduli, respectively. In this model, when the
coating film is significantly soft and/or thin, sorption induced
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FIG. 1. Nanomechanical sensor and experimental setup. (a) Illustra-
tion of the working principle of nanomechanical MSS in static mode
operation. (b) Schematic of an MSS sensing unit. (c) An experi-
mental setup used for multistep gas injection and purge cycles under
varied humidity conditions. (d) The typical rectangle injection-purge
sequence, where red indicates the analyte concentration (top) and
blue indicates relative humidity (bottom). The initial RH is repre-
sented as C,,.

strain (and therefore the stress) in the coating film can be ap-
proximated as uniform, thereby enabling Eq. (1) to be directly
applied to cantilever-type nanomechanical sensors [26]. In the
sorption-induced deformation in nanomechanical sensors, the
internal strain £; in the coating film is modeled as a function
of the concentration of analytes Cf (¢) and water Cy;(¢) in the
coating film as [26, 28, 29]

gr(t) = LCE (1) + A CE (1), 2)

where A; and A,, are the proportional factors corresponding to
the specific volume of analyte and water divided by three for
small expansion [26].

Gas sensing steps with nanomechanical sensors can be rep-
resented by a single rectangular injection or a rectangular
pulse waveform, such as a multistep injection-purge sequence
[28]. In this setup [Fig 1(c)], odd steps correspond to the
injection process, while even steps correspond to the purge
process [Fig 1(d)]. Let C,, C,, and AC,, be a constant con-
centration of analyte in the gas phase at the injection process
(i.e., 2n—1 steps; n € N), an initial constant relative humidity
(RH), and constant humidity difference (i.e., humidity differ-
ence between purge and injection processes), respectively [see
Fig. 1(d)]. The concentrations of analyte Cfn and water Cy;,,
at the gas phase at the n-th step can be described as

CEu(t) =1a(n)Cy, (3a)

Cfv,n (t) =Cy + 14 (n)AC,,, (3b)
where 1l4(n) is the indicator function; 14(n) = 1 if n is odd,
and zero otherwize.

In the derivation of the concentration equations of analytes
within a viscoelastic receptor material coated on a nanome-

chanical sensor during absorption and desorption, it is as-
sumed that the absorption of analytes follows first-order kinet-
ics and interactions among analytes are independent, as illus-
trated in Fig. 1(a) [29]. Diffusion of analyte into the bulk of a
coating film is generally a rate-limiting process in absorption.
Under Fickian diffusion, the absorption rate becomes propor-
tional to the difference between the equilibrium concentration
in the coating film and the concentration of analytes absorbed
in the film. From Eq. (3), the reaction rate of the concentra-
tion of analyte C;,, and water C,,, in the receptor material at
the n-th step can be modeled as

i, 1 :

i =7 (K0 =Cu)], (4
dc 1
St K0 -Cu], @)

where 7, and 71,, denote the diffusion time constants of ana-
lyte and water, respectively; K, and K,, are the partition coef-
ficients of analyte and water, respectively [28, 29]. Although
Eq. (3) is a step function, the dynamic concentration must be a
continuous function. As for the boundary conditions at r =t,,
Cyon(tn) = Cyny1(t,) and at the beginning of the first injection
(t =19), the concentration should be C,,,,—(t) = K,,C,,. By
solving differential equations in Eq. (4b) with Eq. (3b), the re-
currence relation between the 2m-th and 2(m+1)-th purge pro-
cesses and that between (2m+1)-th injection and 2m-th purge
processes for water can be found as

_=hm
Cw,2m+1 (t) - Cw,2m (t) :KWACW (1 —e W ) ) (Sa)
g _ =ty
Cw,2(m+l)(t> —Cyom (t) =K, AC,, (e woo—e W ) s
(5b)

with the concentrations at the first injection and purge pro-
cesses given by

Cun1(1) =K, {CW LAC, (1 e )} , (62)
Cun=2(t) =K, {CW +AC, (e*% e )} . (6b)

For analyte, see [28]. Then, the recurrence relations in Eq. (5)
with Eq. (6) can be solved to obtain the concentrations of wa-
ter in the receptor material at the (2m—1)-th and 2m-th steps as
well as the concentrations of analyte [28, 29], and hence the
dynamic concentration C;, and C,,, at any time ¢ of the n-th
step can be simplified as

Ciﬂ (t) :Kng (IIA - as,n) ) (7a)
Cw,n (t) =K, [Cw +AC, (]IA - aw,n)] y (7b)
with
n—1 . 1=t n—1 ) —1;
asn(t) = Z(—l)feffT, ayn(t) = Z(—l)Je* w . (8)
=0 =0

The substitution of Egs. (2) and (7) into Eq. (1) yields the
differential equation of the dynamic stress change in a vis-
coelastic receptor of nanomechanical sensors at the n-th step
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FIG. 2. Numerical calculations of the signal responses for multistep injection-purge cycles using the derived model in Eq. (9). (a) Responses to
analytes with different 7; with the fixed humidity difference (A, = 1) under varied initial humidity. (b) Offset responses () — 0y, to analytes
with different 7, with varied humidity differences Ac,,. (c,d) Model responses to highly humidified analytes, i.e., fixed (o,, + Ac,, = 5) under
varied initial humidity o,,. Responses o(¢) (c) and normalized responses [0 (¢) — O]/ Osar. (d) are shown. Colors indicate the different 7;:
blue, 75 = 5 [s]; sky blue, 7, = 10 [s]; green, 7, = 20 [s]; yellow, 7, = 30 [s]; red, T, = 60 [s]. Other parameters are fixed: o; = 1; 7, = 15 [s];

My/Ms =0.72/0.51; 7, = 22 [s].

0, (1). In the case of the diffusion time constants do not equal
to the relaxation time constant, i.e., Ty # T, and T,, # T, the
differential equation can be solved and found 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
with the stresses at the first injection and purge processes [Ap-
pendix A]. The recurrence relations in Eq. (A1) with Eq. (A2)
can be solved to obtain the dynamic stress change at the (2m—
1)-th and 2m-th steps, and hence the dynamic stress change
0,(t) at any time 7 of the n-th step can be simplified as

O'n(l) =0; []lA — Oidsy — (l — (X,')Clr’n] + Oy,

+ Ao, []IA — OyQwn — (1 - aw)ar,n] 5 9

with stress components in sorption kinetics a,, and a,,, in
Eq. (8) and in viscoelastic stress relaxation a,,, at any time ¢
of the n-th step, which is given by

arp(t) = (10)

where 0; = MoAK,Cy, 0, = MuA,K,C,, and Ao, =
Mo A, K, AC,,; and o; and o, are respectively

ai:l(Mo_fs)(l_lf
T \ M T ) \Ts T ’
1 /My 7,\/1 1\!

if 7, # 7, and T, # T,.
If the relaxation time constant equals one of the diffusion
time constant (i.e., T, = 7, or T,, = T,), the recurrence relations

(11a)

(11b)

between the 2m-th and 2(m+1)-th purge processes and that be-
tween (2m+1)-th injection and 2m-th purge processes can be
found similarly by substituting Eqgs. (2) and (7) into Eq. (1)
with the stresses at the first injection and purge processes [Ap-
pendix A]. The recurrence relations in Eq. (A3) with Eq. (A4)
if 7, = 7, and in Eq. (A5) with Eq. (A6) if 7, # 1, = T,, can
be solved to obtain the dynamic stress change at the (2m—1)-
th and 2m-th steps. Then, the dynamic stress change o, () in
the cases of 7, = 1, # 1, and T, # T, = T,, respectively can be
simplified as

On (t) =0; [llA —arp+ ﬁrbr,n] + oy

+Aoy [llA — OyQypn — (1 - aw)ar,n} s (12a)
On (t) =0; [llA — Oiagp — (1 - ai)ar,n] + Oy
+Ao, []IA —app+ ﬁrbr,n] y (12b)
where
1 [ My

= (20 ), 13
b= (- 1) (13

n—1 X t—t;
brn=Y (1) (t—t;)e" 7 . (14)

j=0

The stress 0,,(f) given in Egs. (9) and (12) is directly pro-
portional to the signal responses of nanomechanical sensors
[26, 28]. It should be noted that the amplitude (intensity) Ogy;.
at the equilibrium or steady state of the injection process can
be described as

Ogat. = [tliﬂan(t)} - Gn(tO) = 0O; +AGW7 (15)

where 0, () = 0,,. The stress 0, derived from initial humid-
ity C,, only influences the baseline.
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FIG. 3. Numerical calculations of the signal responses for multistep injection-purge cycles using the derived model in Eq. (9). (a) Offset
response 0 (¢) — 0y, to analytes with different 7; with varied humidity differences Ag,,. (b) Model responses to highly humidified analytes, i.e.,
fixed (0,, + Aoy, = 5) under varied initial humidity o,,. Colors indicate the different 7,: blue, 7, = 5 [s]; sky blue, 7, = 10 [s]; green, 7, = 20
[s]; yellow, g = 30 [s]; red, 7, = 60 [s]. Other parameters are fixed: o; = 1; 7,, = 15 [s]; My/Mw = 0.72/0.51; 7, =22 [s]; T =ty — 1,1 = 10

[s], where T is the duration.

III. NUMERICAL CALCULATIONS

The nanomechanical sensing responses were numerically
calculated under the influence of humidity using the derived
equation in Eq. (9), as illustrated in Fig. 2. In our previous
study, we demonstrated that the diffusion time constants T,
can be robustly extracted even under varying relative humid-
ity conditions [11]. Therefore, we first numerically calculated
the influence of the initial humidity C,,. Figure 2(a) shows the
stress 0,,(¢) with a fixed humidity difference, AC,, o< AG,, = 1,
under varied initial humidity, C,, =< G,,. Since the sorption be-
haviors of analyte and water are assumed to be independent
in this study, as expected, increasing the initial humidity C,,
only increases the baseline, i.e., 0, in Eq. (9), upward while
maintaining their dynamic behavior. In contrast, the humidity
change AC,,—the humidity difference between purge and in-
jection processes—greatly influences the dynamic responses
of nanomechanical sensors as can be seen in Fig. 2(b) and
Fig. S1 in the Supplemental Material [34].

It should be noted that the present model in Eq. (9) also
allows numerical calculations in the cases of negative humid-
ity differences (Ao, < 0), such as when the humidity of target
gas is lower than that of the purge gas. In these cases, not only
the undershoot trends (i.e., the desorption of water molecules)
but also the overshoot trends are calculated. For example, in
the case of 7, =5 [s] and 7, = 15 [s] with Ac,, = -1 or -2 in
Fig. 2(b) and Fig. S1 in the Supplemental Material [34], the
overshoot trends are observed, originating from the rapid ab-
sorption of analytes, and subsequently, the response drops due
to the slower desorption of water as well as viscoelastic stress
relaxation.

The present model in Eq. (9) is also applicable to the multi-

step injection-purge cycles, i.e., rectangular pulse-wave like
injection purge cycles [Fig. 1(d)] [28]. Figure 3(a) shows
the numerically calculated responses to the various humid-
ity changes, including negative humidity difference, Ac,, < 0
(see also Fig. S2 in the Supplemental Material [34]). Over-
all trends, including baseline drifts for the multistep injection-
purge cycles, align with the trends observed in single injection
curves, as shown by dashed lines in Fig. 3(a). These char-
acteristic baseline transitions clearly indicate the viscoelastic
response by sorption-induced nanomechanical sensing.

More importantly, the present model is capable of numeri-
cally calculating responses to fixed humidity in a target sam-
ple, particularly, for highly humidified samples such as bever-
ages and exhaled breath [2, 5-10]. In practical applications of
olfactory sensors, e.g., in breath diagnosis [7-10], the exhaled
breath typically contains almost 100%RH, while the ambi-
ent air used as purge gas depends on the surrounding rela-
tive humidity. In our previous study towards breath diagno-
sis, measurements of exhaled breath samples with the well-
controlled humidity in purge gas yield high reproducibility,
while the normalization of the signal can reduce the humidity
influence if appropriate features are selected [9]. Figures 2(c)
and 2(d) show the numerically calculated signal responses of
the model for a highly humidified sample, where the total
humidity is fixed, i.e., resulting stress o, + Ac,, = 5, while
the initial humidity varies o, ranging from O to 5. When
the total humidity in the sample is fixed, the humidity dif-
ference AC,, depends on the initial humidity, resulting in a
change in the dynamic response ¢, even when the concentra-
tion of analyte C, remains fixed, as shown in Fig. 2(c). Since
limy,.. 6(t) = 0; + 0y, + AG,,, the stress at equilibrium state
is the same as shown in Fig. 2(c). The initial humidity has a
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FIG. 4. Prediction of dynamic responses to humidity environments measured by polymer-coated MSS. (a) Responses to pure water with
different initial humidity at C,, = 0%RH, 20%RH, and 40%RH. (b—d) Responses to a fixed humidity change of AC,, = 20%RH with toluene
concentration Cg of 5% (b), 10% (c), and 15% (d) under varied initial humidity conditions at C,, = 0%RH, 20%RH, and 40%RH. (e-h)
Responses to BETX at different concentrations under AC,, = 20%RH: benzene (e), toluene (f), ethylbenzene (g), and m-xylene (h). Initial
humidity is fixed at C,, = 20%RH. Colors indicate the analyte concentrations Cy: blue, 5%; orange, 10%; and green, 15%. (i-1) Responses to
BETX at concentration Cy = 10% under varied humidity differences AC,,: benzene (i), toluene (j), ethylbenzene (k), and m-xylene (1). Initial
humidity is fixed at C,, = 20%RH. Humidity differences AC,, are 20%RH, 30%RH, and 40%RH. Dashed lines indicate the predicted responses

based on the extracted fitting parameters using Eq. (9).

greater influence on the responses of the multistep injection-
purge cycles for the highly humidified model in Fig. 3(b)
and Fig. S3 in the Supplemental Material [34]. Figure 2(d)
shows the normalized offset responses, [0 () — Oyy]/Osat., for
the highly humidified model. The initial humidity influences
the part of the dynamic responses ¢ depending on the time
t. These results support the influence of humidity on breath
analysis [9].

IV. EXPERIMENTS

Polycaprolactone (PCL) was purchased from Sigma-
Aldrich and employed as a receptor material for MSS
(Schematic of the MSS structure is shown in [Fig. 1(b)].
N,N-Dimethylformamide (DMF; 99.5%; Wako Pure Chem-
ical Industries, Ltd.) was used as the solvent for prepar-

ing receptor material solutions. For sensing measurements,
toluene (99.8%; Sigma-Aldrich), benzene (>99.5%; Kanto
Chemical Co., Inc.), ethylbenzene (99.8%; Sigma-Aldrich),
m-xylene (>98.0%; Kanto Chemical Co., Inc), and ultrapure
water (MilliQ, Merck MilliPore) were used as target sample
gases. All chemicals and materials were used as received.

To prepare PCL-coated MSS, PCL was dissolved in DMF
at a concentration of 1.0 g/L. The resulting solution was de-
posited onto the surface of an MSS chip using an inkjet spotter
(LaboJet-600 Bio, MICROJET Corporation) equipped with a
nozzle (IJHBS-300, MICROJET Corporation). To accelerate
the evaporation of DMF, the inkjet stage was maintained at
80 °C during the deposition process. For inkjet spotting, 300
shots, delivering approximately 300 pL per shot, were applied
to each membrane. The resulting MSS chip was subsequently
employed in sensing measurements.

The MSS chip was mounted in a custom-made Teflon-



TABLE I. Extracted fitting parameters of pure water at different concentrations.

AC,, [%RH] Cw [%RH] YAoy, * [mV] Tw * [s] T * [s] Mo/Mo *
20 0 0.392 +0.002 6.596 +£0.193 0.608 + 0.004 7.833 £0.161
20 0.402 £ 0.002 4.805 £ 0.028 0.518 £ 0.004 6.764 + 0.005
40 0.433 £ 0.004 4.582 +0.260 0.536 = 0.006 6.280 £ 0.271
30 0 0.600 + 0.003 5.889 £ 0.109 0.561 £ 0.002 7.552+£0.114
20 0.633 +0.003 4.671 £0.068 0.527 £ 0.002 6.478 £ 0.068
40 0.706 = 0.003 4.654 + 0.069 0.547 = 0.005 6.241 +0.055
40 0 0.797 £ 0.001 5.250 £ 0.035 0.545 = 0.003 6.973 £ 0.067
20 0.840 = 0.009 4.343 +£0.044 0.525 +£0.001 6.076 = 0.049
40 0.926 + 0.004 4.335 £ 0.063 0.550 = 0.003 5.820 £ 0.054
2 An average value + standard deviation from six independent measurements
TABLE II. Extracted fitting parameters of pure BTEX at different concentrations.
Sample Cq ? [%] Yo; * [mV] T, 2 [s] T2 [s] My/Ma ®
Benzene 5 2.235+0.017 22.410 + 1.052 1.614 £ 0.036 6.901 +£0.149
10 4.380 £0.014 18.265 £ 0.189 1.364 £ 0.015 6.612 £0.019
15 6.595 £0.032 18.088 +0.419 1.303 £0.010 6.813 £0.097
Toluene 5 1.918 £ 0.012 29.587 +2.120 1.804 + 0.020 7.708 £ 0.304
10 3.835+£0.018 23.000 + 1.252 1.609 £ 0.032 6.956 +0.185
15 5.723 £0.011 20.155 +0.429 1.457 £0.017 6.722 £ 0.056
Ethylbenzene 5 1.562 £ 0.012 34.099 £ 3.443 1.902 £ 0.025 8.044 £ 0.473
10 3.136 £ 0.004 25.011 = 1.361 1.731 £ 0.039 6.842 +£0.197
15 4.709 £0.017 22.240 +0.734 1.602 £ 0.021 6.537+£0.116
m-Xylene 5 1.679 £ 0.004 30.862 £ 0.971 1.919 £0.011 7.086 £0.126
10 3.337+£0.011 24.460 +0.516 1.741 £ 0.011 6.397 £ 0.065
15 4.977 £0.016 22.292 +0.374 1.622 £ 0.010 6.250 £ 0.050

# An average value + standard deviation from six independent measurements

based chamber placed inside an incubator maintained at 25.00
+0.02 °C. The chamber was connected to a gas control system
with three mass flow controllers (MFCs), two vials contain-
ing the target liquid sample and water, and a mixing chamber
[Fig. 1(c)]. Two MFCs (MFC-1 and MFC-2) were used to de-
liver vapors from the vials to the chamber. During the vapor
injection process, humidified samples with varying concentra-
tions were generated by adjusting the flow rates of the MFCs.
The target analyte flow rate was controlled between 0 and 15
mL/min, while the humidity flow rate ranged from O to 80
mL/min. MFC-3 was employed to dilute the vapor mixture
and purge the chamber. The vapor injection and purge were
switched at every 10 s [Fig. 1(d)]. The total gas flow rate
was kept constant at 100 mL/min throughout the experiments.
This setup allowed the analyte concentration ratio (P;/Py) to
be varied between 0% and 15%, where P, and Py represent
the partial pressure and saturated vapor pressure of the an-
alyte, and the relative humidity to be adjusted from 0%RH
to 80%RH. Nitrogen gas was used as both the carrier and
the purging gases. The measurements were conducted with
a bridge voltage of —0.5 V, and data were recorded at a sam-
pling frequency of 20 Hz. The data acquisition program, de-
signed and developed in LabVIEW (Emerson Electric Co.),
was implemented for collecting, processing, and real-time vi-
sualization of sensor responses.

The fitting parameters for pure vapors were extracted using

the least squares method with a trust region reflective algo-
rithm implemented in Python 3 with the SciPy module, as de-
scribed in prior work [28]. The optimized parameters in this
process included the amplitude constants (yo; and yAo,,), dif-
fusion time constant (7,), relaxation time constant (7,), the
ratio of unrelaxed to relaxed biaxial moduli (My/M.), and
the initial injection time (fp). These parameters were esti-
mated using the formula shown in Eq. (9) (see Sec. II). Ini-
tial guesses for these parameters were set as follows: yo; =
max(Vout) — min(Vout ), Mo/Me =5, T, = 50 [s], T, = 6 [s], and
to =0 [s], where 7y is the proportionality factor (see Sec. II) and
Vout represents the signal responses. Lower and upper bounds
applied to these parameters were: for analyte, yo; > 0 [mV],
My/Mw > 1, 7, >0 [s], 7, > 0 [s], and —1 < 7y < 2 [s]; for
water, YAG,, > 0 [mV] with increasing humidity or YAc,, < 0
[mV] with decreasing humidity, My/M.. > 1, t,, > 0 [s], T, >
0[s], and -1 <ty <2 [s].

V. EXPERIMENTAL VALIDATIONS

The validation of the proposed model, as described in
Eq. (9), was achieved through experimentally measured signal
responses from viscoelastic material-coated MSS [1, 31, 32]
exposed to humified target analytes. The target analytes in
this study are BTEX (benzene, toluene, ethylbenzene, and
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FIG. 5. Responses to toluene under positive and negative humidity
changes (AC,, = +20%RH). (a,b) The responses to toluene vapor at
C¢ = 10% under positive (red; AC,, = 20%RH) and negative humid-
ity changes (blue; AC,, = —20%RH). The initial humidity conditions
are C, = 20%RH (a) and C,, = 40%RH (b). The output signals to
pure toluene (i.e., C,, = AC,, = 0%RH) are also shown as gray lines.
Dashed lines are the predicted responses based on the extracted fit-
ting parameters, respectively. (c,d) Comparison of signal responses
to pure toluene and the responses after humidity change subtraction.
Gray, pure toluene; red dashed lines, ACy, = 20%RH; blue dashed
lines, AC,, = —20%RH. See also Fig. S11 in the Supplemental Ma-
terial [34] for comparison between the pure signal and subtracted
responses.

xylenes), which are widely recognized as common toxic
gases due to their carcinogenicity, neurotoxicity, and ubiqui-
tous emission contributions to environmental pollution [35].
BTEX are also known for their similar chemical properties
and limited solubility in water, allowing for the assumption
of independent sorption behavior for each component. This
independence facilitated the extraction of sorption kinetic pa-
rameters and viscoelastic properties from the responses to sin-
gle analyte systems. The MSS signal output was observed to
follow the relationship Vou (t) = yo(f) + Vo, where ¥ repre-
sents a proportionality factor and Vy denotes the baseline out-
put. The measured responses highlighted the strong correla-
tion between MSS signals and internal strain, consistent with
previous findings in cantilever-type sensors [31, 32, 36].

Since the responses of three to four injection-purge cycles
yielded more reliable parameter extractions compared to a
single injection [28], we measured signal responses of PCL-
coated MSS to pure water over four injection-purge cycles as
shown in Fig. 4(a) and Fig. S4 in the Supplemental Mate-
rial [34]. As mentioned in Fig. 2(a), the initial humidity C,,
only affected the baseline as shown in Fig. 4(a) and Fig. S4 in
the Supplemental Material [34]. Increasing the initial humid-
ity from 0%RH to 40%RH increases the baseline (i.e., base-
line Vy + yo,,) from —10.871 + 0.003 mV to —10.468 + 0.002
and —10.095 + 0.003 mV for 20%RH and 40%RH, respec-

tively [Fig. 4(a)]. This corresponds to yo,, = 0.40 [mV] for
20%RH and yo,, = 0.78 [mV] for 40%RH. The responses to
each pure BTEX with varied analyte concentrations were also
measured (see also Fig. S4 in the Supplemental Material [34]).
The sorption kinetic parameters of pure water (YAc,, and T,,)
and pure BETX (yo; and 7,) as well as the viscoelastic pa-
rameters (7, and My/M.) were extracted as listed in Tables
I and II. It was found that the sorption kinetic parameters
(yoi, 15, YAO,, and T,,) vary depending on the chemical prop-
erties of individual analytes or water. In contrast, although
the viscoelastic parameters (7, and My/M.) also vary to some
extent possibly because of their different mechanical behav-
iors based on their chemical propoerties, the variation of them
remained relatively small across different species, especially
among BTEX.

It should be noted that the amplitude (intensity) to water
YAo,, extracted from the signals to pure water are consis-
tent with the baseline shifts yo,,. YAo, for AC,, = 20%RH,
30%RH, and 40%RH are 0.41, 0.65, and 0.85 mV, respec-
tively [Table I], while yo,, observed in the baseline shifts for
C,, = 20%RH and 40%RH are 0.40 and 0.78 mV, respec-
tively, as noted above. The concentration-dependent sorption-
induced strain &7 in Eq. (2) is estimated by finite element anal-
ysis (FEA) through COMSOL multiphysics according to the
literatures [37, 38]. The p-type piezoresistors embedded in the
sensing beams of MSS are created by boron diffusion onto
a single-crystal silicon with a (100) surface [31]. Assuming
plain stress (i.e., oy = 0), each relative resistance change can
be approximated as [31, 32]

AR 1
— R > T4 (0x — Oy)

R 2 (16)

where 744 is one of the fundamental piezoresistance coeffi-
cients of the silicon crystal; oy, 0y, and o, are stresses in-
duced on the piezoresistor in [111], [110], and [001] direc-
tions of the crystal, respectively [Fig. 1(b)] [32]. The signal
output of MSS V¢ is provided by the total output resistance

change obtained from the Wheatstone bridge circuit and given
by [31, 32]

a7)

where Vp is the bridge voltage applied to the Wheatstone
bridge circuit (i.e., Vg = —0.5 [V] in this study) and AR;/R;
are the relative resistance changes in each sensing beam
[Fig. 1(b)]. Using representative values for M. and Pois-
son’s ratio of PCL [39, 40], total relative resistance change
AR/R|iotal per stain is estimated as 1.13 by FEA. From
Eq. (17), this corresponds to 1.52 x 10~ strain per %RH.
These results confirm the validity of the present model for hu-
midity effects as sorption-induced strain corresponding to the
initial humidity C,, and the humidity difference AC,,.

Using the derived equation in Eq. (9) with extracted pa-
rameters obtained from pure water and pure BTEX [Tables
I and II], we further verified the model for predicting the
signal responses to BTEX under varied humidity conditions.
The observed baseline shifts in Figs. 4(b)—4(d) correspond to



the initial humidity ranging from 0%RH to 40%RH. These
baseline shifts are consistent with those observed in the re-
sponses to pure water [Fig. 4(a)]. Meanwhile, the changes in
the initial humidity have no significant influence on the sig-
nal responses, which aligns with the numerical results pre-
sented in Fig. 2(a). Figure 4(e)-4(h) show the responses to
each BTEX under varied humidity differences AC,, (see also
for the different initial humidity C,, in Fig. S5 in the Supple-
mental Material [34]). By applying the theoretical concentra-
tion profiles controlled by MFCs to calculate each response
to humidified analyte mixtures, the predicted responses using
Eq. (9) were compared with experimental data in Figs. 4(b)—
4(1) (see also Figs. S5-S7 in the Supplemental Material [34]).
The predicted responses agree well with the experimentally
measured responses to BTEX with concentrations C, varied
at 5%, 10%, and 15% under varied humidity differences AC,,
at 20%RH, 30%RH, and 40%RH, demonstrating the potential
of the present model in capturing complex interactions under
humid environments.

We also demonstrated the cases of negative humidity
changes, as discussed in Fig. 2(b). Figures 5(a) and 5(b) show
the dynamic responses of PCL-coated MSS to 5% toluene va-
por with both positive and negative humidity changes (AC,, =
+20%RH) under different initial humidity conditions (C,, =
20%RH and 40%RH). Using Eq. (9) along with the extracted
parameters obtained from pure water and pure toluene [Tables
I and IIJ, the signal responses were predicted. Although the
humidity influence on the responses to toluene vapors is small
because of the lower sensitivity of PCL-coated MSS to wa-
ter compared to toluene, the predicted responses show good
agreement with the experimentally measured signal responses
as shown in Figs. 5(a) and 5(b) (see also Figs. S8-S10 in the
Supplemental Material [34]). These results indicate the po-
tential of the present model for predicting the signal responses
under various humidity conditions.

Since we achieved the prediction of signal responses under
various humidity conditions, the present model suggests the
possibility of subtracting the humidity influences. To demon-
strate this in practical terms, we subtracted humidity influ-
ences using the humidity responses predicted by Eq. (9) from
the responses under the positive and negative humidity dif-
ferences. The subtracted responses showed excellent over-
lap with the responses to pure toluene vapor, as shown in
Figs. 5(c) and 5(d). Additional details regarding the subtrac-
tion for other analyte concentrations are provided in Figs. S8—
S11 in the Supplemental Material [34]. The results support
that the pure analyte signals in humidified samples can be ac-
curately extracted, enabling reliable quantification of analyte
concentrations.

VI. CONCLUSION

We propose an analytical model for humidity effects in
nanomechanical sensing based on sorption kinetics and vis-
coelastic behaviors of receptor materials. By this analytical
model, the humidity influences observed in previous studies

[9, 11] were theoretically revealed, i.e., the existence of fea-
tures robust to the effects of humidity [9] and the robust ex-
traction of the diffusion time constant 7, under varying initial
humidity [11]. The model was experimentally validated us-
ing BTEX as target analytes on MSS under various humidity
conditions, demonstrating excellent agreement between theo-
retical predictions and output responses. It should be noted
that the present model can be applicable in the practical cases
of olfactory sensors by subtracting the humidity influences.
This capability enables the elimination of humidity interfer-
ence, isolating the analyte-specific sensing signals. Since the
present model can be extended to multi-component analytes
[29], the proposed model provides a robust approach to ana-
lyzing analytes in various humid environments, offering sig-
nificant potential for applications of nanomechanical sensors
as olfactory sensors in odor detection, environmental monitor-
ing, and healthcare and medical diagnosis.
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Appendix A: Recurrence relations of the dynamic stress change

The substitution of Egs. (2) and (7) into Eq. (1) yields the
differential equation of the dynamic stress change in a vis-
coelastic receptor of nanomechanical sensors at the n-th step
0, (t). Although Eq. (3) is a step function, the dynamic stress
change must be a continuous function. As for the bound-
ary conditions at t = t,, the stress 0,(f,) should be equal to
On+1(t,) and the stress at the beginning of the first injection
(t = o) can be assumed as zero, i.e., 0= (fp) = 0. The dif-
ferential equation can be solved and found the recurrence re-
lation between the 2m-th and 2(m+1)-th purge processes and
that between (2m+1)-th injection and 2m-th purge processes
as
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for the case of 1, # 1, = 1,,, where @, a,,, and B, are given in Egs. (11) and (13).
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