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ABSTRACT

Nanomechanical sensors and their arrays have been attracting significant attention for detecting, distinguishing, and identifying target
analytes. In the static mode operation, sensing signals are obtained by a concentration-dependent sorption-induced mechanical strain/stress.
The analytical models for the static mode nanomechanical sensing with viscoelastic receptor layers have been proposed, while they are not
formulated for practical conditions, such as multistep injection-purge cycles. Here, we derive an analytical model of viscoelastic material-
based nanomechanical sensing by extending the theoretical model via solving differential equations with recurrence relations. The presented
model is capable of reproducing the transient behaviors observed in the experimental signal responses with multistep injection-purge cycles,
including drifts and/or changes in the baseline. Moreover, this model can be utilized for extracting viscoelastic properties of the receptor
material/analyte pairs as well as the concentrations of analytes accurately by fitting a couple of injection-purge curves obtained from the
experimental data. The parameters of the model that best fit the data can be used for predicting the entire signal response.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0039045

I. INTRODUCTION

Nanomechanical sensors have gained significant attention as
powerful tools for detecting target analytes,1–7 especially odors that
are composed of a complex mixture of gaseous molecules.8–11 An
array of nanomechanical sensors can be potentially used as a
sensing unit for artificial olfaction. In the case of so-called static
mode operation, sensing signals are obtained by measuring
mechanical stress/strain induced by the sorption of target mole-
cules in a receptor layer designed to respond to a wide range of
chemical classes. Since such a multidimensional dataset obtained
by a nanomechanical sensor array contains a large amount of
information, multivariate analyses and machine learning can be

effectively applied to distinguish and identify each specimen. To
obtain highly accurate identification of target analytes by using
pattern recognition-based analyses, there are various methods to
extract the effective features from the multidimensional dataset.12

However, most of the feature extraction methods are generally
based on the empirical and/or mathematical interpretations and are
not necessarily related to the scientific interpretation, such as the
physical/chemical mechanism that is involved in the nanomechani-
cal sensing.

Nanomechanical sensors are coated with a receptor layer that
absorbs the analyte. Sorption-induced bending of metal-coated
microcantilevers has been extensively studied.13,14 The responses
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from metal-coated cantilever-type nanomechanical sensors exhibit
a first-order behavior representing an elastic behavior. In contrast
to the elastic metal coating, polymers are often used as a coating
material because polymers can be easily designed to respond to a
large variety of chemical classes. Polymers often show viscoelastic
behaviors, and hence the dynamic behaviors of nanomechanical
sensing reflect the sorption kinetics along with the viscoelastic
stress relaxation. For theoretical investigations, Wenzel et al.15 pro-
posed an analytical solution of dynamic responses of cantilever-
type nanomechanical sensors coated with a viscoelastic material for
a rectangular injection-purge system; it is possible to predict the
viscoelastic signal responses using the parameters that describe the
steady-state elongation and the sorption time. Imamura et al.16

recently reported the effective feature extraction method by using
Wenzel’s theoretical model for analyte identification. In this model,
it was assumed that the signal response reaches a steady-state.
However, some of the signal responses do not reach a steady-state
even after 1 h [Fig. 1(a)], probably due to the secondary and terti-
ary viscoelastic behaviors.17 In such a case, it is difficult to extract
the accurate viscoelastic features, and also a long time duration
limits the applicability of nanomechanical sensors to practical arti-
ficial olfaction.

To measure a signal response with a relatively short duration in
a practical condition,18–20 the injection-purge cycle is often repeated
[Figs. 1(b) and 1(c)], which is similar to inhalation–exhalation cycles
of the human nose. By using the dataset obtained from the latter
cycles, it is possible to identify various target analytes.4–6,8–10 This

multistep injection-purge cycle with a relatively short duration can
minimize the effects induced by the long-time injection process
[Fig. 1(a)], such as secondary and tertiary viscoelastic behaviors.17

However, it frequently suffers from a severe drift of signal responses
and/or change in their baseline [Fig. 1(c)], preventing the measure-
ments of the reproducible signal responses. Although these phenom-
ena must relate to the sorption of analytes into a receptor layer and
subsequent release, an analytical expression of comprehensively
describing the phenomena is still missing.

In the present study, we derive a general analytical expres-
sion that includes the sorption kinetics and the viscoelastic stress
relaxation. This model is applicable to the multistep injection-
purge cycles without reaching a steady-state, allowing us to effec-
tively analyze the sensor response even if it drifts and/or changes
its baseline over time. On the basis of the theoretical model pro-
posed by Wenzel et al.,15 we formulated a new model by deriving
analytical solutions of overall transient (and steady-state)
responses with multistep injection-purge cycles. This analytical
model agrees well with sensor responses experimentally measured
using a nanomechanical Membrane-type Surface stress Sensor
(MSS)3 coated with viscoelastic materials because of the high
robustness and high sensitivity of MSS.4,21 The curve fitting pro-
vides not only several physical parameters but also analyte con-
centration that can be utilized as solid features for scientifically
reliable pattern recognition-based analyses.8–10

II. EXPERIMENTAL SECTION

A. Materials

Polystyrene (PS), polycaprolactone (PCL), and
poly(4-methylstyrene) (P4MS) were purchased from Sigma-Aldrich.
Alkyl-functionalized inorganic nanoparticles (octadecyl-functionalized
silica/titania-based hybrid nanoparticles; C18-STNPs) are fabricated
according to our previous papers.9,22 N,N-dimethylformamide
(DMF), used as a solvent to prepare polymer solutions for inkjet
spotting, was purchased from Wako Pure Chemical Industries.
Ethanol, n-dodecane, and 1,2-dichlorobenzene (analytical or higher
grade) used as solvent vapors were purchased from Wako Pure
Chemical Industries, Nacalai tesque, and Sigma-Aldrich, respec-
tively. All chemicals were used as purchased. MilliQ water (Merck
MilliPore) was used to obtain water vapor.

B. Fabrication of MSS

The construction of the MSS chips and its working principle
has been previously reported.3,21 Briefly, MSS consists of a silicon-
based membrane suspended by four piezoresistive beams, compos-
ing a full Wheatstone bridge [Fig. 2(a)]. The membrane is coated
with a receptor material, which generates the surface stress caused
by the sorption-induced expansion. The surface stress on the mem-
brane is transduced to the four sensing beams as amplified uniaxial
stress, resulting in the changes in the electrical resistance of the pie-
zoresistors embedded in the beams. In contrast to simple
cantilever-type nanomechanical sensors, in which a displacement
of free-end Δz corresponds to a sensing signal, the signal output of
MSS (Vout) is provided by the total output resistance change

FIG. 1. Typical signal outputs measured by viscoelastic material-coated MSS.
(a) Long time injection (90 min) of 10% n-dodecane to PS-coated MSS. (b) and
(c) Multistep injection-purge cycle with duration time T ¼ 10 s. Water
(10%)/PCL (b) and n-dodecane (10%)/PS are shown. Black arrows denote the
baseline drift.
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obtained from the Wheatstone bridge circuit; it can be expressed as

Vout ¼ VB

4
ΔR1

R1
� ΔR2

R2
þ ΔR3

R3
� ΔR4

R4

� �
, (1)

where VB is the bridge voltage applied to the Wheatstone bridge
circuit and ΔRi=Ri is the relative resistance change in each sensing
beam [Fig. 2(b)].

The receptor materials were coated directly onto the MSS
membrane using an inkjet spotting (LaboJet-500SP, Microjet Co.
Ltd.) equipped with a nozzle (IJHBS-300, Microjet Corporation).
Each receptor material was dissolved in DMF at a concentration of
1 mgmL�1, and the resulting solutions were deposited onto each
channel of the MSS. The injection speed, volume of a droplet, and
numbers of inkjet shots were fixed at ca. 5 m s�1, ca. 300 pL, and
300 shots, respectively. A stage of the inkjet spotter was heated at
80 �C to promote evaporation of DMF. In the present study, we
used viscoelastic material-coated MSS with more than 6-month
aging to obtain reproducible signal responses.

C. Sensing

The coated MSS chips were placed in a Teflon chamber,
which was placed in an incubator with a controlled temperature
of 25.00 ± 0.02 �C. The chamber was connected to a gas system
consisting of two mass flow controllers (MFCs), a mixing
chamber, a purging gas line, and a vial for a solvent liquid. The
vapor of each solvent was produced by bubbling carrier gas.
Pure nitrogen gas was used as carrier and purging gases. The
total flow rate was maintained at 100 mL min�1 during the
experiments. The duration time was precisely controlled and
the concentrations of the four different solvent vapors were con-
trolled using MFC-1 at Pa=Po of 0.1, 0.2, and 0.3, where Pa and
Po denote the partial vapor pressure and saturated vapor pres-
sure of the solvent, respectively. Before measuring MSS signals,
pure nitrogen gas was introduced into the MSS chamber for
1 min. Subsequently, MFC-1 (injection line) was switched on/off
at each duration time T [s] with a controlled total flow rate of
100 mL min�1 using MFC-2 for up to 20 injection-purge cycles.
Data were measured with a bridge voltage of �0:5 V and
recorded with a sampling rate of 100 Hz. The data collection
program was designed using LabVIEW (NI Corporation).

D. Curve fitting and estimation of parameters

To extract coating film properties from experimental data, we
used least squares methods with trust region reflective algorithm
using Python 3 with SciPy module. The bounds for each parameter
were set at γ � σsat: . 0, EU=ER . 0, τs . 0, τr . 0, and
10 � t0 � 13. The amplitude constant σsat:, the diffusion time
constant τs, the relaxation time constant τr , and the ratio of unre-
laxed and relaxed moduli EU=ER in addition to the time when the
first injection starts (t0) were optimized using the derived formula
in the present study. The initial fitting parameters are set as follow:
γ � σsat: ¼ ymax � ymin, EU=ER ¼ 5, τs ¼ 100 [s], τr ¼ 6 [s], and
t0 ¼ 11 [s], where ymax and ymin are the maximum and minimum
values of each signal response.

III. BACKGROUND THEORY

First, we summarize the background theory used to calculate
the sorption-induced and concentration-dependent nanomechani-
cal sensing models for elastic and viscoelastic materials, respec-
tively, using a rectangular injection sequence as illustrated in Fig. 3.
A more detailed discussion of the background theory is given in
the literature reported by Wenzel et al.15

A. Sorption-induced nanomechanical sensing

When a receptor material coated on a nanomechanical sensor
is exposed to a chemical analyte, the receptor material expands
owing to the sorption-induced deformation. However, the receptor
material is attached to a substrate and is not free to expand. In the

FIG. 2. Structure of the membrane-type surface stress sensor (MSS). (a)
Three-dimensional schematic image of MSS structure. (b) Circuit diagram of the
MSS.

FIG. 3. Rectangular injection. (a) Rectangular analyte injection. (b) Typical
signal output.
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case of so-called static mode operation of a microcantilever plate,
the sorption-induced expansion makes the cantilever beam bend.1

Several analytical solutions have been proposed for the theoretical
formulation of the static mode operation of nanomechanical
sensing, especially for a microcantilever model. For example, the
displacement of a free-end of a cantilever Δz induced by isotropic
internal strain in a receptor layer εf is given by23

Δz ¼ 3l2 hf þ hs
� �

(Aþ 4)h2f þ (A�1 þ 4)h2s þ 6hf hs
εf , (2)

with

A ¼ Ef wf hf
1� νf

Eswshs
1� νs

�
, (3)

where the subscripts “f ” and “s” denote the coating film and the
cantilever substrate, respectively; l, h, w, E, and ν represent the
length, height, width, Young’s modulus, and Poisson’s ratio,
respectively. The internal strain in a coating film εf can be
replaced by other parameters, such as three-dimensional internal
stress in the coating film σ f ([N m�2]) or two-dimensional surface
stress σsurf ([N m�1]) using the relations εf ¼ σ 1� νf

� �
=Ef or

σ f ¼ σsurf=hf .
23–25 When a cantilever is covered with a thin

film having a same width (i.e., hf � hs and wf ¼ ws), Eq. (2)
reduces to the following equation, which is known as Stoney’s
equation:24

Δz ¼ 3l2 1� νsð Þ
Esh2s

σsurf : (4)

In the case of the sorption-induced nanomechanical sensing,
there are several investigations using microcantilever sensors.13,15

Wenzel et al. proposed the theoretical formulation of the dynamic
behavior for a cantilever plate, especially for that coated with a vis-
coelastic material.15 In this model, the sorption-induced internal
strain in a coating film εf is approximated as follows: in the gas
phase, the volume of a coating film V(C), which is not attached to
a cantilever substrate, changes with the concentration of an analyte
in the coating film C (mol mL�1 of coating film) as

V(C) ¼ V0 1þ Cvað Þ, (5)

where V0 is the initial volume of the coating film and va is the spe-
cific volume of the absorbed analyte. Assuming that the coating
film is isotropic and expands isotropically in all directions, the
absorption-induced strain varies with concentration as

εf (C) ¼ 3 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Cva

p
� 1, (6a)

which has the linear approximation given by

εf (C) ¼ 1
3
Cva (6b)

for small volume expansion (i.e., εf � 1). The absorption-induced
strain can, therefore, be assumed directly proportional to the

absorbed analyte concentration. Let εf (t) ¼ λC(t), where λ ¼ 1
3 va;

the deflection at the free-end of the cantilever Δz(t) for the case
described in Eq. (2) can be then given by

Δz(t) ¼ 3l2 hf þ hs
� �

(Aþ 4)h2f þ (A�1 þ 4)h2s þ 6hf hs
λC(t): (7)

Stoney’s equation [Eq. (4)] can similarly be used to develop a
simpler expression for hf � hs. Equation (7) relates the cantilever
response to the sorbed analyte concentration C(t) in the coating
film. The expression indicates that the dynamic behavior of the
absorption causes deflection. Thus, it is necessary to know how the
absorbed analyte concentration in the coating film varies with time.

It should be noted that a signal response of MSS generally
correlates with the internal strain, which is similar to the
cantilever-type sensors.26 In the present study, we used MSS for
experimental investigation. Although no analytical solution is
reported for the signal response of MSS, we have revealed that
the resistance change of piezoresistive sensing beams of MSS
reflects the linear correlation with the internal strain εf through
experiments4,6 and simulations using finite element analysis
(FEA).6,27–29 Therefore, the signal responses of MSS can also
be assumed to be directly proportional to the absorbed analyte
concentration as expressed in Eq. (7).

B. Governing equations for single-step
absorption/desorption processes

For the derivation of the equations governing the concentra-
tion of an analyte A into a receptor material coated on a nanome-
chanical sensor during absorption/desorption processes, we assume
a first-order absorption of A with absorption rate constant ka and
desorption rate constant kd as

A(g)
kd
O
ka
A(s), (8)

where A(g) and A(s) denote an analyte in the gas phase and in
coating film, respectively. The reaction rate of a concentration of an
analyte in the coating film C(t) is given by

d
dt

C(t) ¼ ka � Cg(t)� kd � C(t), (9a)

where Cg(t) is the concentration of analyte in the gas phase as a
function of time. Although the absorption process of an analyte
into a bulk of the coating film is generally rate limited by the diffu-
sion of the analyte across the surface barrier and into the coating
film,13 this reaction rate is equivalent to the diffusion time constant
τs reported by Wenzel et al.15 as

d
dt

C(t) ¼ 1
τs

KpCg(t)� C(t)
� 	

, (9b)

where τs ¼ 1=kd ; Kp ¼ ka=kd is known as the partition coefficient
in the case of a polymer coating film. We also use the time constant
τs instead of the desorption rate constant kd .
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In the case of gas sensing using nanomechanical sensors, the
sample gas is introduced by carrier gas (e.g., nitrogen); subse-
quently, the gas line is switched to the purge gas line (e.g., nitrogen)
to promote the desorption of the sample gases. Since the injection
of analyte is generally controlled by the continuous flow of head-
space gas or bubbling liquid samples, it can be assumed to be
homogeneous in time. Thus, a rectangular injection of analyte with
constant rate can be considered as depicted in Fig. 3(a). When the
analyte is injected at t ¼ t0 and maintained at a constant concentra-
tion Cg until the time to start the purge t1, the concentration of
analyte in the gas phase Cg(t) can be considered as a step function:

Cg(t) ¼
0, t , t0
Cg , t0 � t , t1:
0, t1 � t

8<
: (10)

It is assumed that the initial concentration in the coating film C(t)
is zero before injection starts (i.e., t , t0). Using Eq. (10), the reac-
tion rate of A in the coating film [Eq. (9b)] can be described as a
step function:

d
dt

C(t) ¼

0, t , t0
1
τs

KpCg � C(t)
� 	

, t0 � t , t1:

� 1
τs
� C(t) t1 � t

8>>>><
>>>>:

(11)

The general differential equations for the reaction rate during the
absorption process (i.e., the injection process; t0 � t , t1) and the
desorption process (i.e., the purge process; t � t1) can be solved as

C(t) ¼
0 t , t0
KpCg þ C1 � e� t

τs , t0 � t , t1,

C2 � e� t
τs , t1 � t

8><
>: (12)

where C1 and C2 are the constants of integration.
Although Eq. (12) is a step function, the dynamic concentra-

tion in a coating film must be a continuous function. As for the
boundary condition at t ¼ t0, the concentration of analyte in the
coating film should be zero. Consequently, the constant of integra-
tion C1 ¼ �KpCg � et0=τs . Substituting this into Eq. (12), the con-
centration of the analyte in the coating film can be obtained by

C(t) ¼ KpCg 1� e�
t�t0
τs


 �
, t0 � t , t1: (13)

Subsequently, as a second boundary condition at the beginning of
the desorption process (t ¼ t1), the concentration of analyte in the
coating film should be equal to that at the end of the absorption
process [Eq. (13)]. Thus, the constant C2 can be solved as

C2 ¼ KpCg 1� e�
t1�t0
τs


 �
� et1τs : (14)

Substituting C2 into Eq. (12), the particular solution of the differen-
tial equations can be solved. The concentration of the analyte in

the coating film at any time t is given by

C(t) ¼
0, t , t0

KpCg 1� e�
t�t0
τs


 �
, t0 � t , t1:

KpCg 1� e�
t1�t0
τs


 �
� e�t�t1

τs , t1 � t

8>><
>>: (15a)

Let T ¼ t1 � t0 be the duration time for injection; then the concen-
tration of analyte A can be simplified as

C(t) ¼
0, t , t0

KpCg 1� e�
t�t0
τs


 �
, t0 � t , t1:

KpCg 1� e�
T
τs


 �
� e�t�t1

τs , t1 � t

8>><
>>: (15b)

The analytical solution of the absorption process can be expressed
as a typical first-order response. As described above, when the
coating film is an elastic material, the signal response of nanome-
chanical sensing can be assumed to be proportional to the concen-
tration of the analyte in the coating film, if the sorption-induced
expansion is small. Indeed, the typical signal outputs of an MSS
are transduced from the sorption-induced expansion with the esti-
mated internal strain εf in the range from approximately 1� 10�6

simulated by FEA.6,28

C. Governing equations for viscoelastic materials

Among a large variety of materials, viscoelastic properties
arise from dynamic differences on molecular rearrangements.30

Wenzel et al. proposed a theoretical model for a cantilever-type
nanomechanical sensor coated with a viscoelastic material.15 The
theoretical models are derived from the simplest three-parameter
solid model:15,31

τrEU
d
dt

ε(t)þ ERε(t) ¼ τr
d
dt

σ(t)þ σ(t), (16)

where EU and ER denote the unrelaxed (instantaneous) modulus
and the relaxed (asymptotic) modulus, respectively, and τr is the
time constant of stress relaxation. The three-parameter solid model
describes the stress/strain relationship in a viscoelastic solid that
exhibits both viscous and elastic properties. As proposed
by Wenzel et al.,15 the derived general differential equations from
Eq. (16) can be greatly simplified as

d
dt

σ(t) ¼ �σ(t)
τr

þ ERλ
τs

EU
ER

� τs
τr

� �
C(t)� EUKpλ

τs
Cg(t), (17)

when the coating film is significantly soft (i.e., EU � Es) or thin
(i.e., hf � hs). In the case of MSS, the membrane (substrate) is
made of silicon (approximately 170 GPa). In general, the substrate
material is considerably stiffer than the polymer materials, whose
unrelaxed moduli are usually in the range from 10 MPa to 5 GPa.
Accordingly, the general differential equation in Eq. (17) can be
utilized in the present study.
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For derivation of the equations governing the stress with a rec-
tangular injection, we again consider the step function of the concen-
tration of analyte in the gas phase Cg(t) in Eq. (10). Substituting
Eqs. (10) and (15a) into Eq. (17), the general differential equation of
stress can be described as a step function:

d
dt
σ(t) ¼

0, t , t0

�σ(t)
τr

� σsat:

τs

EU
ER

� τs
τr

� �
e�

t�t0
τs � σsat:

τr
, t0 � t , t1,

�σ(t)
τr

þ σsat:

τs

EU
ER

� τs
τr

� �
1� e�

t1�t0
τs


 �
e�

t�t1
τs , t1 , t

8>>>><
>>>>:

(18)

with

σsat: ¼ ERλKpCg : (19)

σsat: denotes the stress at the saturated or the equilibrium state. The
general differential equations of the stresses during the absorption and
desorption processes can be solved as

σ(t) ¼
σ0, t , t0

�σsat: þ σsat:α � e�t�t0
τs þC3 � e� t

τr , t0 � t , t1,

�σsat:α 1� e�
t1�t0
τs


 �
� e�t�t1

τs þ C4 � e� t
τr , t1 � t

8><
>:

(20)

with

α ¼ 1
τs

EU
ER

� τs
τr

� �
1
τs
� 1
τr

� ��1

, (21)

where C3 and C4 are the constants of integration.
During rectangular injection-purge, again the stresses must be

a continuous function. As for the boundary condition at the begin-
ning of the absorption process, the stress must be σ0. Then, C3 can
be solved as

C3 ¼ σsat:(1� α) � et0τr þ σ0 � e
t0
τr : (22)

The substitution of C3 into Eq. (20) yields the stress of the absorp-
tion process as

σ(t) ¼ �σsat: þ σsat:α � e�t�t0
τs

þ σsat:(1� α) � e�t�t0
τr þ σ0 � e�

t�t0
τr : (23)

From Eq. (23), the second boundary condition of the stress at the
beginning of purge can be estimated. The constant C4 is, therefore,
given by

C4 ¼ σ0e
t0
τr � σsat:(1� α) 1� e�

t1�t0
τr


 �
� et1τr : (24)

Substituting C4 into Eq. (20), the particular solutions of the differ-
ential equations can be solved and the stress at any time t can be
obtained as follows:

σ(t) ¼
σ0, t , t0

�σsat: þ σsat:α � e�t�t0
τs þ σ0 � e�

t�t0
τr þ σsat:(1� α) � e�t�t0

τr , t0 � t , t1:

�σsat:α 1� e�
t1�t0
τs


 �
� e�t�t1

τs þ σ0 � e�
t�t0
τr � σsat:(1� α) 1� e�

t1�t0
τr


 �
� e�t�t1

τr , t1 � t

8><
>: (25)

Although the resulting stresses in Eq. (25) are given in negative values,
the original definition proposed by Wenzel et al.15 states that the posi-
tive z is directed downward of a cantilever plate; thus, the correspond-
ing analytical solution of the deflection at the free-end of the
cantilever is also multiplied by negative one, as can be seen in Eq.
(20b) in Ref. 15. It should be noted that we use the equations multi-
plied by negative one to apply the analytical solutions of viscoelastic
models to the MSS with the same directions of surface stress; a posi-
tive sign corresponds to the initial compressive stress and vice versa.

It should also be noted that when the signal reaches the steady-
state or equilibrium state, the stresses in Eq. (25) can be further sim-
plified and be equivalent to Eqs. (11b) and (12b) in Ref. 16, if
σ0 ¼ 0. In the simplified equations for the steady-state, the rising
and decay curves become symmetric.

IV. ANALYTICAL SOLUTIONS

In nanomechanical sensing, the multistep injection-purge
cycles are often used to obtain the repetitive signal patterns to
extract multistep sets of features for the pattern recognition

(Fig. 1).4–6,8–10,32 However, the signal output is sometimes obtained
with monotonous increase in the baseline as depicted in Figs. 1(b)
and 1(c). This can be due to the asymmetric nature between the
absorption and desorption processes, even the desorption rate constant
is the same as kd or equivalently 1=τs. In the present study, using the
above theoretical framework, we now derive the analytical solutions of
the dynamic concentrations of the analyte in the receptor materials
with viscoelastic properties at the n-th injection and purge processes.

A. Concentrations of analyte at n-th injection and purge

For the multistep injection-purge cycles, we consider a rectan-
gular pulse wave-like sequence (Fig. 4). The concentration of an
analyte in the gas phase Cg(t) can be described as a step function:

Cg(t) ¼
0, t , t0
Cg , t2(n�1) � t , t2n�1,

0, t2n�1 � t , t2n

8><
>:

n ¼ 1, 2, . . . :

(26)
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Let inj:Cn(t) and purg:Cn(t) be the concentrations of analyte in a
coating film at the n-th injection and at n-th purge, respectively.
Then, the reaction rate can be described as a step function:

d
dt

C(t) ¼ 0, t , t0

d
dt

inj: Cn(t) ¼ 1
τs

KpCg �inj: Cn(t)
� 	

, t2(n�1) � t , t2n�1,

d
dt

purg: Cn(t) ¼ � 1
τs

purg: Cn(t), t2n�1 � t , t2n

8>>>>>><
>>>>>>:
n ¼ 1, 2, . . . :

(27)

In the n-th purge process (i.e., 2n-th step), the general differ-
ential equation can be solved as

inj:Cn(t) ¼ KpCg þinj: Cn � e� t
τs , t2(n�1) � t , t2n�1, (28a)

purg:Cn(t) ¼ purg: Cn � e� t
τs , t2n�1 � t , t2n, (28b)

where inj:Cn and purg:Cn are the arbitrary constants of the n-th
injection and purge, respectively. The concentration at the begin-
ning of the n-th purge can be estimated using the concentration of
the n-th injection process [i.e., (2n� 1)-th step] as inj:Cn(t2n�1).
From Eq. (28b), the concentration of n-th purge can be obtained as

purg:Cn(t) ¼inj: Cn(t2n�1) � e�
t�t2n�1

τs : (29)

Similarly, the concentration at the beginning of the (n+1)-th injec-
tion process (i.e., t ¼ t2n) should be the concentration at the end of
the n-th purge process. From Eqs. (28a) and (29), the concentration
of the (n+1)-th injection, therefore, can be found as

inj:Cnþ1(t) ¼ KpCg 1� e�
t�t2n
τs


 �
þinj: Cn(t2n�1) � e�

t2n�1
τs : (30)

Again, owing to the connectivity of the dynamic concentration
behavior between at the end of the purge and at the beginning of
the injection, the concentration of the (n+1)-th purge process can

be obtained from Eqs. (28b) and (30) as follows:

purg:Cnþ1(t) ¼ KpCg e�
t�t2nþ1

τs � e�
t�t2n
τs


 �
þinj: Cn(t2n�1) � e�

t�t2n�1
τs :

(31)

From Eqs. (29) and (31), the recurrence relation of the con-
centration between the n-th and (n+1)-th purges and that between
(n+1)-th injection and n-th purge can be found by

purg:Cnþ1(t)�purg: Cn(t) ¼ KpCg e�
t�t2nþ1

τs � e�
t�t2n
τs


 �
, (32a)

inj:Cnþ1(t)�purg: Cn(t) ¼ KpCg 1� e�
t�t2n
τs


 �
, (32b)

respectively, with the concentration at the first purge is given in
Eq. (15a) as

purg:C1(t) ¼ KpCg e�
t�t1
τs � e�

t�t0
τs


 �
: (32c)

Thus, the recurrence formula can be solved, and hence the
concentration at the n-th injection and purge processes can be
obtained as

inj:Cn(t) ¼ KpCg � KpCg � e� t
τs

X2(n�1)

i¼0

(� 1)ie
ti
τs , (33a)

purg:Cn(t) ¼ �KpCg � e� t
τs

X2n�1

i¼0

(� 1)ie
ti
τs : (33b)

It should be noted that the derived n-th injection and purge
concentrations in Eq. (33) can be further simplified when the
duration of injection and purge are fixed at T (i.e.,
T ¼ t2n � t2n�1 ¼ t2n�1 � t2(n�1)). Because tn � t0 ¼ n � T , multi-
plying the right-hand side of Eq. (33) by (e�t0=τs � et0=τs ), the con-
centrations can be modified as

inj:Cn(t) ¼ KpCg � KpCg � e�
t�t0
τs

X2(n�1)

i¼0

�e
T
τs


 �i
(34a)

¼ KpCg � KpCg � e�
t�t2(n�1)

τs

X2(n�1)

i¼0

�e�
T
τs


 �i
, (34b)

t2(n�1) � t , t2n�1,

purg:Cn(t) ¼ �KpCg � e�
t�t0
τs

X2n�1

i¼0

�e
T
τs


 �i
(35a)

¼ KpCg � e�
t�t2n�1

τs

X2n�1

i¼0

�e�
T
τs


 �i
, (35b)

t2n�1 � t , t2n:

The models given in Eqs. (34) and (35) are assumed to be propor-
tional to the concentration of analyte in gas phase Cg ; additionally,

FIG. 4. Rectangular pulse wave-like gas injection.
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KpCg is related to the amplitude of the signal. In Eqs. (34b)
and (35b), the terms t2n�1 and t2(n�1) denote the time when the
signal starts to rise and to decay for each step in the rectangular
pulse wave-like injection-purge cycles, respectively. Since the signal
output of the nanomechanical sensing is directly proportional to
the concentration C(t) as described in Sec. III A [Eq. (7)], the
signal output is analytically derived for the rectangular injection-
purge cycles.

In Eqs. (34) and (35), if the duration T is long enough (i.e.,
the signal reaches equilibrium state), the term e�n�T=τs is negligible;
then, the models given in Eqs. (34) and (35) are symmetric
injection-purge curves as follows:

inj:Cn(t) ¼ KpCg � KpCg � e�
t�t2(n�1)

τs , t2(n�1) � t , t2n�1, (36a)

purg:Cn(t) ¼ KpCg � e�
t�t2n�1

τs , t2n�1 � t , t2n: (36b)

In contrast, when the duration T is short or the desorption time
constant τs is slow, the signal gives asymmetric curves, leading to
an increase in the baseline as shown in Fig. 5. Note that the signal
reaches symmetric patterns upon increasing the injection-purge
cycles due to limn!1 e�n�T=τs ¼ 0 [Fig. 5(b)]. The model clearly
indicates that the analyte with fast τs desorbs from the coating film

while the analyte with slow τs accumulates in the coating film when
duration time T is relatively short [Fig. 5(a); e.g., τs ¼ 120].

B. Stress with viscoelastic materials at n-th injection
and purge

We derived the concentration of analyte A in the coating film
at the n-th injection and purge in Eq. (33). According to the for-
mulation derived by Wenzel et al.,15 the derived general differential
equations of stress in Eq. (17) can be extended to the rectangular
pulse wave-like injection models. Substituting Eq. (27) into Eq. (17)
with Eq. (26), the general differential equations of stress can be
rewritten at the n-th injection and purge as a step function, and
can be solved as

inj:σn(t) ¼ �σsat: þ σsat:α � e� t
τs

X2(n�1)

i¼0

(�1)ie
ti
τs þinj: Cσ

n � e� t
τr ,

t2(n�1) � t , t2n�1, (37a)

FIG. 5. Dynamic variation of an analyte concentration in a coating film esti-
mated by Eqs. (34) and (35). The numbers of injection-purge cycles is 5 (a)
and 30 (b). τs is varied with 120, 60, 30, 20, 10, 5, 1, and 0.1 from the top to
bottom, and other parameters are fixed; Kp ¼ 1; Cg ¼ 1; T ¼ 10; and t0 ¼ 0.
All black dashed lines are the level of the amplitude KpCg , while the black
dashed lines in the top five graph of (a) are not shown because of out of range.

FIG. 6. Dynamic stress change derived from sorption-induced deformation esti-
mated by Eqs. (44) and (45). The numbers of injection-purge cycles are 5 (a)
and 30 (b). τs is varied with 120, 60, 30, 20, 10, 5, 1, and 0.1 from top to
bottom, and other parameters are fixed; EU=ER ¼ 1:75; τ r ¼ 25 [s]; σsat: ¼ 1;
and t0 ¼ 0. Solid lines and dashed lines for the stress change denote the dura-
tion time T ¼ 10 and .600 [s], respectively. All black dashed horizontal lines
are the level of the amplitude σsat: . Black vertical dotted lines are the time when
an overshoot starts to decay tmax:.
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purg:σn(t) ¼ σsat:α � e� t
τs

X2n�1

i¼0

(�1)ie
ti
τs þpurg: Cσ

n � e� t
τr ,

t2n�1 � t , t2n, (37b)

where inj:σn(t) and purg:σn(t) denote the stress at the n-th injection
and purge, respectively; inj:Cσ

n and purg:Cσ
n are the arbitrary con-

stants of the n-th injection and purge, respectively.
As the boundary condition, the stress at the beginning of the

n-th purge process should be inj:σn(t2n�1). From Eq. (37) with
inj:σn(t2n�1), the stress of the n-th purge process can be obtained by

purg:σn(t) ¼ σsat:α � e� t
τs

X2n�1

i¼0

(�1)ie
ti
τs þ an, (38)

with

an ¼ inj:σn(t2n�1)� σsat:α � e�t2n�1
τr

X2n�1

i¼0

(�1)ie
ti
τs

" #
e�

t�t2n�1
τr :

Similarly, from the boundary conditions at the beginning of the
(n+1)-th injection and purge processes, the stresses can also be
written using inj:σn(t2n�1) as

inj:σnþ1(t) ¼ �σsat: þ σsat:α � e� t
τs

X2n
i¼0

(�1)ie
ti
τs

þ σsat:(1� α) � e�t�t2n
τr þ an, (39)

purg:σnþ1(t) ¼ σsat:α � e� t
τs

X2nþ1

i¼0

(�1)ie
ti
τs

þ σsat:(1� α) e
t2n
τr � e

t2nþ1
τr


 �
� e� t

τr þ an: (40)

From the recurrence relations of the stress between the n-th
and (n+1)-th purge and that between the (n+1)-th injection and
n-th purge processes in Eqs. (38)–(40) with Eq. (25), the recurrence
formula of the stress can be found as

purg:σnþ1(t)�purg: σn(t) ¼ σsat:α � e� t
τs e

t2n
τs � e

t2nþ1
τs


 �
þ σsat:(1� α) � e� t

τr e
t2n
τr � e

t2nþ1
τr


 �
, (41a)

inj:σnþ1(t)�purg: σn(t) ¼ �σsat: þ σsat:α � e�t�t2n
τs

þ σsat:(1� α)e�
t�t2n
τr : (41b)

The recurrence formula can be solved, and hence the stress at the
n-th injection and purge processes can be obtained as

inj:σn(t) ¼ �σsat: þ σsat:α � e� t
τs

X2(n�1)

i¼0

(�1)ie
ti
τs

þ σsat:(1� α) � e� t
τr

X2(n�1)

i¼0

(�1)ie
ti
τr þ σ0 � e�

t�t0
τr ,

t2(n�1) � t , t2n�1, (42)

purg:σn(t) ¼ σsat:α � e� t
τs

X2n�1

i¼0

(�1)ie
ti
τs

þ σsat:(1� α) � e� t
τr

X2n�1

i¼0

(�1)ie
ti
τr þ σ0 � e�

t�t0
τr ,

t2n�1 � t , t2n:

(43)

Note that the stress at the n-th injection and purge processes
in Eqs. (42) and (43) can also be simplified when the duration time
of injection and purge are fixed at T . From Eqs. (42) and (43), the
stresses can be modified as

inj:σn(t) ¼ �σsat: þ σsat:α � e�t�t0
τs

X2(n�1)

i¼0

�e
T
τs


 �i
þ σsat:(1� α) � e�t�t0

τr

X2(n�1)

i¼0

�e
T
τr


 �i
þ σ0 � e�

t�t0
τr (44a)

¼ �σsat: þ σsat:α � e�
t�t2(n�1)

τs

X2(n�1)

i¼0

�e�
T
τs


 �i
þ σsat:(1� α) � e�

t�t2(n�1)
τr

X2(n�1)

i¼0

�e�
T
τr


 �i
þ σ0 � e�

t�t0
τr , t2(n�1) � t , t2n�1, (44b)

purg:σn(t) ¼ σsat:α � e�t�t0
τs

X2n�1

i¼0

�e
T
τs


 �i
þ σsat:(1� α) � e�t�t0

τr

X2n�1

i¼0

�e
T
τr


 �i
þ σ0 � e�

t�t0
τr (45a)

¼ �σsat:α � e�t�t2n�1
τs

X2n�1

i¼0

�e�
T
τs


 �i
� σsat:(1� α) � e�t�t2n�1

τr

X2n�1

i¼0

�e�
T
τr


 �i
þ σ0 � e�

t�t0
τr , t2n�1 � t , t2n: (45b)

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 124503 (2021); doi: 10.1063/5.0039045 129, 124503-9

© Author(s) 2021

https://aip.scitation.org/journal/jap


In Eqs. (44) and (45), the analytical solutions clearly express the
stress in terms of the elastic properties and relaxation properties in
different forms with the viscoelastic relation in Eq. (21). The
models given in Eqs. (44) and (45) are assumed to be proportional
to the concentration of analyte in the gas phase Cg , and σsat: is
related to the amplitude of the signal. Similarly, with the analytical
solutions of the elastic models in Eqs. (34b) and (35b), the terms
t2n�1 and t2(n�1) in Eqs. (44b) and (45b) denote the time when the
signal starts to rise and to decay for the corresponding steps of the
rectangular pulse wave-like injection-purge cycles, respectively.
Again, since the signal output of the nanomechanical sensing is
directly proportional to the concentration C(t) as described in
Sec. III A [Eq. (7)], the signal output is analytically derived for the

rectangular multistep injection-purge cycles with viscoelastic mate-
rials. It should be noted that the analytical solutions assume the
first-order kinetics to the single analyte as shown in Eq. (8). Thus,
to describe a multicomponent system, such as complex mixtures,
some additional assumptions or some other equations are required.

V. RESULTS AND DISCUSSION

A. Numerical calculations of nanomechanical sensing
coated with viscoelastic material

In this section, the responses of viscoelastic material-coated
nanomechanical sensing are numerically calculated using the

FIG. 7. Experimentally measured signal responses of viscoelastic material-coated MSS to four different analytes with different concentrations. The signal responses for polystyrene
(a)–(d), polycaprolactone (e)–(h), poly(4-methylstyrene) (i)–(l), and alkyl-functionalized silica-titania hybrid nanoparticles (C18-STNPs) (m–p) are shown. Red and blue lines are the
original signal outputs and black dashed lines show the numerically calculated responses using Eqs. (44) and (45). The overshoot tendency in Eq. (46) is represented by red lines
[observed only in (a)], and the conditions with no overshoot tendency are denoted by blue lines. The exposed gases used in this study are water [(a), (e), (i), and (m)], ethanol [(b),
(f ), ( j), and (n)], n-dodecane [(c), (g), (k), and (o)], and 1,2-dichlorobenzene [(d), (h), (i), and (p)]. The concentration is varied with 10%, 20%, and 30% of the saturated vapors.
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models derived in Sec. IV B. As presented in Fig. 5, the signal
output of elastic material-coated nanomechanical sensors only
depends on the desorption time constant τs. When the desorption
of the analyte is slow (e.g., τs ¼ 120 [s]), the analytes adsorbed
and diffused into the coating film during the injection process do
not completely desorb during the purge process, resulting in an
increase in the baseline. In contrast, if the desorption time cons-
tant is fast enough such that the signal reaches a steady-state or
an equilibrium state within the injection and purge processes, the
signal obtains a symmetric response. Therefore, no baseline
increase is observed.

When a viscoelastic material is used for a receptor layer of a
nanomechanical sensor, the corresponding signal drastically changes.
In the case of a single rectangular injection model with viscoe-
lastic coating, Wenzel et al. widely discussed the detailed ten-
dencies of signal responses.15 For example, if sorption occurs
faster than the relaxation process (i.e., τs � τr), the response
derived from absorption-induced deformation yields higher
signal output than the level of amplitude σsat: because of a
built-up of unrelaxed stress, followed by a decrease due to relax-
ation. Then, the signal response exhibits an overshoot, depicted
as red signals in Fig. 6, with long enough duration (dashed lines).
Wenzel et al. derived the condition for which the response exhibits

an overshoot as

EU
ER

� τs
τr

. 0, (46)

only if EU . ER with long duration.

TABLE I. The optimized parameters for each VOC/polymer combination.

Receptor VOC
Cg
a γ ⋅ σsat. τs τr

EU/ER Receptor VOC
Cg
a γ ⋅ σsat. τs τr

EU/ER(%) (mV) (s) (s) (%) (mV) (s) (s)

PCL Water 10 0.28 11.03 0.94 7.18 P4MS Water 10 0.82 11.49 1.14 6.43
20 0.52 7.89 0.70 6.90 20 1.36 10.04 0.97 7.26
30 0.78 6.96 0.67 6.38 30 1.90 11.14 0.98 8.47

Ethanol 10 1.29 23.82 1.72 6.47 Ethanol 10 1.60 26.92 2.25 4.11
20 2.85 26.13 1.68 6.98 20 3.74 39.27 2.33 4.97
30 4.56 25.28 1.60 7.00 30 5.48 38.96 2.26 5.12

n-dodecane 10 0.95 31.21 1.65 5.49 n-dodecane 10 0.99 40.23 2.47 4.56
20 2.06 32.19 1.58 5.74 20 2.23 47.42 2.36 5.01
30 2.93 26.54 1.47 5.51 30 2.75 35.41 2.22 4.71

ODCBb 10 3.27 30.28 4.16 3.18 ODCBb 10 0.50 26.85 4.88 1.96
20 6.60 31.27 4.43 3.25 20 1.25 45.85 5.95 2.48
30 10.16 33.30 4.68 3.36 30 2.11 60.60 6.83 2.71

PS Water 10 0.01 15.92 0.21 348.46 C18-STNPs Water 10 12.00 24.50 1.62 6.28
20 0.06 10.95 0.15 124.51 20 18.11 20.82 1.41 7.50
30 0.11 8.91 0.18 69.35 30 22.84 17.74 1.06 9.11

Ethanol 10 1.43 33.97 2.22 4.51 Ethanol 10 4.17 34.68 1.20 7.41
20 3.18 42.61 2.25 4.87 20 6.53 29.55 1.18 7.10
30 4.40 39.06 2.18 4.77 30 8.28 25.38 1.22 6.66

n-dodecane 10 1.00 36.95 2.93 3.42 n-dodecane 10 1.37 61.93 61.95 2.71
20 2.07 40.67 2.64 3.64 20 2.40 57.37 57.38 2.75
30 2.55 30.02 1.96 3.63 30 3.30 48.95 48.96 2.45

ODCBb 10 0.50 32.58 1.98 6.76 ODCBb 10 1.88 18.23 3.36 2.88
20 0.86 34.35 1.99 6.90 20 3.39 16.46 3.39 2.72
30 1.10 32.16 2.04 6.09 30 4.64 14.34 3.12 2.51

aConcentration of VOCs at the injection process [see also Eq. (26)]. Values correspond to Pa/Po, where Pa and Po denote the partial pressure and saturated
vapor pressure, respectively.
b1,2-dichlrorobenzene.

FIG. 8. Experimentally measured signal responses of PCL-coated MSS to
1,2-dichlorobenzene. (a) Result of Fig. 7(h). (b) Fitting curves with optimized
parameters calculated from 10% signal response. Corresponding γ � σsat: is
multiplied by 20%/10% and 30%/10%, respectively.
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If the duration is shorter than the time tmax: when the relaxa-
tion starts to decay (i.e., T � tmax:), it is expected that the signal
does not yield the overshoot characteristics (Fig. 6). Importantly,
the baseline at time t2n, when the injection starts, exhibits a clear
correlation with the signal responses of long duration (dotted
lines). These characteristic baseline transitions clearly indicate the
viscoelastic response by a sorption-induced nanomechanical
sensing. If the desorption time constant is small, the overshoot can
be observed even in the short duration (10 s). In such a case, the
baseline monotonously decreases and reaches the steady-state.
Conversely, when the desorption time constant is relatively large,
the baseline shows an overshoot-like tendency, i.e., the baseline
first increases, then decreases after tmax: (Fig. 6; see also Figs. S1
and S2 in the supplementary material). In the case that the condi-
tion given in Eq. (46) does not hold, the overshoot does not occur
as shown in blue lines in Fig. 6.

The nanomechanical sensing responses with different dura-
tions of injection-purge cycles are also numerically simulated using
the model derived in Sec. IV B as described in the Appendix. Using
Eqs. (42) and (43), it is possible to design the effective injection-
purge sequence depending on the target features to be extracted.

FIG. 9. Fitting accuracy between a single injection signal response and multistep injection-purge cycle. (a) and (b) 1,2-Dichlorobenzene/PCL and (c) and (d) n-dodecane/
PS are shown (Pa=Po ¼ 30%). Red colored signal responses are used for optimizing each fitting curve. Black dashed lines are the corresponding fitting curves. Black
arrow indicates the point where the secondary or tertiary viscoelastic response may start taking place.

FIG. 10. Dynamic stress change derived from sorption-induced deformation
estimated by Eqs. (42) and (43) with different durations. (a) The injection and
purge durations are set at 10 and 50 s, respectively. EU=ER ¼ 1:75;
τ r ¼ 25 [s]; τs ¼ 30 [s]; σsat: ¼ 1; and t0 ¼ 0. (b) The injection and purge
durations are set at 50 and 10 s, respectively. EU=ER ¼ 1:75; τ r ¼ 25 [s];
τs ¼ 10 [s]; σsat: ¼ 1; t0 ¼ 0. Blue and red lines indicate the injection and
purge responses, respectively. (c) The numbers of injection-purge cycles are 15
with different durations T ; 1–5 cycles, 5 s; 6–10 cycles, 10 s; and 11–15 cycles,
30 [s]. EU=ER ¼ 10; τ r ¼ 15 [s]; τs ¼ 10 [s]; σsat: ¼ 1; and t0 ¼ 0.
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B. Estimation of parameters

The experimentally obtained signal output of MSS was fitted
using Eqs. (44) and (45) and the parameters are optimized. We
fabricated viscoelastic material-coated MSS with three different vis-
coelastic polymers, PS, PCL, and P4MS, which are a series of
hydrophobic polymers. We also fabricated viscoelastic alkyl-
functionalized inorganic nanoparticles, i.e., octadecyl-
functionalized silica-titania hybrid nanoparticles (C18-STNPs).

9,22

Their signal responses to a varieties of volatile organic compounds
(VOCs), i.e., ethanol, n-dodecane, and 1,2-dichlorobenzene, as well
as water were measured.

Since the signal output is directly proportional to the concen-
tration of an analyte in a coating film as described in Sec. III A, the
signal output of MSS Vout can be given by

Vout(t) ¼ γ � C(t)þ Vout(t0) (47a)

for the elastic model, and

Vout(t) ¼ γ � σ(t)þ Vout(t0) (47b)

for the viscoelastic model, where γ and Vout(t0) are the proportional-
ity factor and the signal output at t ¼ t0 (i.e., baseline), respectively.
When γ ¼ 1, the analytical models in Eqs. (34)–(35) and (42)–(43)
are directly applicable to the sensing signal of MSS. We fit the signal
output with Eqs. (44) and (45) for five cycles. The parameters are
optimized through non-linear least squares curve fitting using Python
with SciPy module. The details are presented in Sec. II.

Figures 7(a)–7(h) show the fitting results for the signal outputs
of viscoelastic polymer-coated MSS. The optimized parameters are
summarized in Table I. The signal responses are well fitted with the
derived equations for five injection-purge cycles. The optimized
stress relaxation parameters (EU=ER and τr) of each analyte/
polymer pair show a good agreement in the different concentra-
tions, except water/PS pair. In the case of the signal response of
PS-coated MSS to water vapor, the strong overshoot was observed.
According to the result in Fig. 6, the tendency of a strong overshoot
indicates that the diffusion time constant τs is significantly larger
than the relaxation time constant τr (τs � 0:1). It is probably
because the diffusion speed is extremely slow, due to the hydropho-
bic nature of PS, and the signal response only reflects the adsorption
process, which is generally much faster than the absorption
process.13 Such an extremely small time constant cannot be numeri-
cally calculated (i.e., e�1000 ! e�1 ¼ 0), resulting in the unopti-
mized parameters. Importantly, each baseline transition clearly fits
with the results in the numerical solutions (Fig. 6). Water/PS shows
the overshoot response; therefore, the baseline rapidly decreases,
while the other cases do not exhibit overshoot tendency with rela-
tively large τs, leading to the increase in the baseline.

We also demonstrated the fitting with alkyl-functionalized inor-
ganic nanoparticles [Figs. 7(i)–7(l)]. Generally, inorganic bulk materi-
als tend to have elastic properties, while the nanoparticles
functionalized with organic groups often exhibit viscoelastic behavior.

The signal responses of C18-STNPs are well fitted with the
derived equations for viscoelastic material in Eqs. (44) and (45);
however, they do not fit well with the elastic equations in
Eqs. (34) and (35) (data not shown). This result clearly indicates
that the alkyl-functionalized nanoparticles also exhibit the vis-
coelastic behavior.

It should be noted that most of the analyte/coating pairs show
the amplitude parameter γ � σsat: proportional to the concentrations
of analytes. As shown in Fig. 8, the signal responses of different
concentrations (20% and 30%) can be entirely predicted with the
fitting parameters extracted from the 10% signal response by
simply multiplying the amplitude parameter γ � σsat:. The good
agreement of the concentration dependency demonstrates that the
predictive capabilities of the theoretical models.

Importantly, the optimized parameters generally depend on
the least squares techniques and the initial fitting parameters (see
also Fig. S3 and Table S1). When the measured signal responses
are short (e.g., 30 s), then the parameters extracted from the
experimental results cannot predict the entire signal responses
(Fig. 9; see also Fig. S4 for the coefficient of determination, R2).
If the signal response seems not to reach the steady state, the
parameters extracted from a single injection procedure do not fit
well to the experimental results (i.e., 1,2-dichlorobenzene/PCL)
[Fig. 9(a); Fig. S4a]. Conversely, in the case of the multistep
injection-purge cycle, the curves predicted by the extracted
parameters fit well with the experimental results [Fig. 9(b);
Fig. S4b]. Furthermore, polymers sometimes exhibit the secon-
dary and tertiary viscoelastic relaxation properties.17 As can be
seen in Fig. 9(d), PS changes the signal response at approximately
180 s, followed by a decrease in the signal output. In such cases, it
is difficult to measure the response of the steady state, thereby
resulting in the extraction of less accurate parameters. Conversely,
in the case of the multistep injection-purge cycles, the analyte
desorbs from a receptor during the purge step, thereby minimiz-
ing such changes in the elastic property [Fig. 9(d); Fig. S4d].
Therefore, the optimized parameters extracted from a couple of
injection-purge cycles can be clearly predicted by the experimen-
tal responses.

VI. CONCLUSION

The theory of the nanomechanical sensors coated with a vis-
coelastic material proposed by Wenzel et al.15 was extended to the
multistep injection-purge cycle model. This theory includes the
stress relaxation effects of a viscoelastic coating film and represents
the accurate signal responses. The numerical calculations show very
good agreement with the trends observed in the experimental
results measured by MSS coated with different viscoelastic materi-
als, including polymers and inorganic nanoparticles. Therefore, the
theoretical model can be utilized to extract values of the various
coating parameters as well as the coating film/analyte parameters.
More importantly, the present derived model can be used to
predict and/or analyze the signal responses of a nanomechanical
sensor during the absorption and desorption processes without
measuring until the signal reaches the steady-state. By measuring a
couple of injection-purge cycles with relatively short duration, the
actual values of the coating properties can be extracted.
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Analysis of the transient response using the presented
models will be beneficial for the improvement in recognition
accuracy of analytes based on scientific interpretation. The opti-
mized parameters can be extracted from the multistep injection-
purge cycles more accurately than that extracted from a single
injection or purge curve and, hence, the optimized parameters
(e.g., τs) can be directly used as an effective index for the identifi-
cation of gas species as proposed in the previous literature.16 The
presented model can be utilized for the analyses of repeated
injection-purge cycles with a short duration, contributing to the
development of the practical artificial olfaction.

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed numerical cal-
culations of viscoelastic responses.
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APPENDIX: PREDICTION OF INJECTION-PURGE
CYCLES WITH DIFFERENT DURATION

The viscoelastic model derived in Sec. IV B can be utilized for
predicting and simulating the signal response of injection-purge
cycles with different durations. For example, in the case of follow-
ing parameters: EU=ER ¼ 1:75; τr ¼ 25 [s]; τs ¼ 10 [s], the signal
response yields significant baseline drift (see Fig. 6), while each of
injection and purge set at 10 and 50 s yields the signal responses
without baseline drift [Fig. 10(a)]. Similarly, the small diffusion
time constant τs ¼ 10 [s] shows a negative baseline shift due to the
viscoelastic behavior, while the baseline drifts can be minimized by
tuning each duration time of the injection and purge as 50 and 10 s,
respectively [Fig. 10(b)]. Additionally, when we change the duration
time, for example, from 10 s to 30 s, the first and second injections
yield the different intensities [Fig. 10(c), black arrow]. After optimiz-
ing the parameters from the experimental results, it is possible to
predict and simulate the signal responses with any kind of injection-
purge sequence using the presented model.
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