Effects of partial attachment at the interface between receptor and substrate on nanomechanical cantilever sensing
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Abstract 
In nanomechanical sensing, the interfacial structure between a receptor layer and an underlying substrate affects output signals, especially in the case of a partial attachment at the interface. Here, we present numerical simulations of the interfacial structures for the static deflection of a nanomechanical cantilever sensor by finite element analysis. A wide range of physical and structural parameters of receptor layers as well as interfacial structures are analyzed, while taking into account most of the practical conditions. The comprehensive analyses performed in this study confirmed the important requirements for effective transduction of the stress induced in a receptor layer through the interfacial structures, including partial and full attachments. Notably, the results indicate that some partially attached interfacial structures can even enhance the deflection of a cantilever, which is in contrast to conventional fully attached structures.
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1. Introduction
Nanomechanical sensors have gained significant attention as powerful tools for detecting target analytes, especially various odors that are composed of a complex mixture of gaseous molecules [1–8]. The versatility of these sensors and their arrays are based on physical and chemical properties of a receptor layer coated on a sensing element. In the case of the so-called static mode operation of a nanomechanical sensor, sensing signals are provided by a mechanical stress/strain that is induced by the sorption of target molecules in a receptor layer. To obtain high sensitivity, it is important to efficiently transduce the mechanical stress/strain induced by the deformation of the receptor layers to the underlying substrate. In practical conditions, however, coating films and surfaces of sensing elements are often observed to exhibit different affinities [9,10], which indicates the chemical properties of each material, such as organic polymers and an inorganic silicon substrate. Such discrepancies result in poor attachments at their interface, thereby reducing the amount of mechanical transduction. Thus, it is important to understand the effect of interfacial structures on sensing performance to obtain practical sensors with high sensitivity and reproducibility.
Theoretical formulation is one approach for modeling the effects of interfacial structures in order to develop a nanomechanical sensor. Among the various types of nanomechanical sensors, the cantilever structure is the most widely investigated; this is because it is one of the simplest models, for which analytical solutions have been well established. A basic theoretical model based on the deflection of an unrestrained cantilever plate is known as Stoney’s equation [11], in which the deflection, z, with applied surface stress, surf, is given by:
	
	(1)


where Es, s, ts and l are the Young’s modulus, Poisson’s ratio, thickness, and length of a cantilever plate, respectively. Thus far, various theoretical formulations for the expanded models of Stoney’s equation have been reported along with complicated cantilever geometries [12–18]. However, these models are still limited to simple analytical problems, and it is difficult to discuss the effects of interfacial structures. Alternatively, finite element analysis (FEA) can numerically simulate any complicated structure, including various cantilever sensors and any other type of nanomechanical sensor [13–22]. Therefore, this study employs FEA to investigate the effects of complicated interfacial structures by using analytical models as a reference for a certain condition. Although we recently investigated the dependence of interfacial structures for another type of nanomechanical sensor (Membrane-type Surface stress Sensor (MSS)) [19,20,22], it is difficult to apply the obtained guidelines for another structure such as a cantilever; this is because of the multiple geometrical factors that affect the sensing properties.
[bookmark: _Hlk42874104]In this study, we investigated the sensing responses of cantilever sensors by focusing on the interfacial structures between the coating film and the underlying substrate of the cantilever. Since the currently available analytical solutions of nanomechanical sensors are based on the model wherein a coating film is fully attached to the surface of the sensing element (Fig. 1a), it is impossible to apply the analytical solutions to complicated interfacial structures in which the coating film is partially attached to the substrate surface by, for example, pillar-like structures (Fig. 1b). Consequently, the study performs numerical simulations through FEA using COMSOL Multiphysics® 5.4a with the Structural Mechanics module. The effects of interfacial structures on the sensing responses are comprehensively analyzed by FEA along with the dependence of material properties (i.e. Young’s modulus and Poisson’s ratio) and a geometrical parameter (i.e. width of each coating film). This study finds that some of the partially attached models can enhance the deflection of a cantilever, which cannot be achieved via the conventional fully attached model. Additionally, the results of the FEA show good agreement with the analytical solutions. These results provide guidelines for designing and constructing effective coating films based on the interface affinity between a coating film and the sensor surface.
Furthermore, it should be noted that a macroscopic model has been discussed in this study by taking into account the ideal interface at the attached parts, as described in the Model section. Accordingly, the study does not consider the microscopic interface phenomena such as lap shear or interfacial slip, which have been established as molecular level effects or finite size effects for surface stress-based signal responses [23–25]. This assumption is based on the experimental observation that we sometimes encounter a sudden decrease in sensing signals that are induced by a partial detachment of a coating film from a sensor surface when the nanomechanical sensors are exposed to some target analytes. Even in the case of such a partially detached coating film, the sensing signals are still obtained and sometimes the signals are even enhanced. Thus, we assume that the sensing signals are significantly affected by the interfacial structures. To understand the effects of these partial attachments as well as the distribution of these partial attachment points, various macroscopic structures were modeled at the interface between a coating film and the substrate surface of a cantilever.
2. Model
To examine the effects of interfacial structures, an interfacial attachment model was designed that corresponded to the partial attachments of coating films on a cantilever surface. Fig. 1 illustrates a schematic diagram of a conventional fully attached cantilever model and an interfacial attachment model that have been used for the FEA in this study. Pillar-like structures comprising the same materials as those of the corresponding coating films, while exhibiting a fixed height, h (= 10 [nm]) and a varying radius, rpillar, ranging from 1 to 20 m, were placed between the coating film and a cantilever substrate as the attached points at the interface. It is worth noting that these attached points have been modeled as “ideal attachments” without assuming any lap shear or interfacial slip. The position and radius of these pillars were varied, and the resulting deflections were analyzed by FEA.
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Fig. 1. Schematic illustrations of the structures of the conventional full attachment cantilever model and the interfacial attachment model used in this study. (a) 3D illustration of the conventional full attachment model. (b) 3D illustration of the interfacial attachment model. (c) Cross-sectional structure with pillars as the model of interfacial attachment structures.

2.1. Analytical solution
Our previous study [16] derived the analytical solution for a conventional full attachment model of cantilever sensors coated with a solid receptor film, taking account of all the relevant physical parameters of both a cantilever and a coating film (i.e. Young’s modulus and Poisson’s ratio) with geometrical parameters (i.e. thickness, width and length). Fig. 1a depicts the geometrical structure of the fully attached model. When the length of a coating film is same as that of a cantilever (ls = lf = l) and the strain applied to the substrate of cantilever, s, is negligible (s = 0), the deflection of the free end of a cantilever, z, induced by isotropic strain in a receptor film, f, is given by the following equations:
	
	(2)


with
	
	(3)


where Ef, f, tf, and wf denote the Young’s modulus, Poisson’s ratio, thickness, and width of a coating film, respectively; ws is the cantilever substrate width. The strain of a coating film, f, can be replaced by other parameters, such as the three-dimensional internal stress in the coating film, f (N/m2) or the two-dimensional surface stress, surf (N/m), via the relations f = f (1 – f) / Ef or f = surf / tf [11,12,16]. When a cantilever is covered with a thin film (ts >> tf and ws = wf), Eq. (2) reduces to the Stoney’s equation (Eq. (1)). Although these equations provide guidelines for the optimization of a coating film that is fully attached to the sensor surface, they are not capable of explaining either the dependence of interfacial structures, nor the effects of these parameters on the resultant deflection of a cantilever sensor for partially attached coating films.

2.2. Numerical simulation
In contrast to the analytical solutions, FEA can provide solutions even for complicated geometries, including partial attachment models. However, FEA requires comprehensive simulations by sweeping each parameter to extract the dependences of each parameter on the objective variable (for example, cantilever deflection). Thus, in this study, comprehensive FEA of the partial attachment models as well as the full attachment models are performed to investigate the dependences of each parameter on the cantilever deflection. These results provide various guidelines for the optimization of an interfacial structure and a coating film. The models (Fig. 1) were simulated using COMSOL Multiphysics® 5.4a with the Structural Mechanics module. Each structure is meshed with approximately 50,000 elements, which provide sufficient resolution for the present simulations. Table 1 summarizes the geometrical structures of the models.

Table 1. Primary values of the geometrical structures of the cantilever-type nanomechanical sensor used in the FEA simulations.
	Parameter
	Description
	Default value

	ts
	Thickness of cantilever
	1 m

	ws
	Width of cantilever
	100 m

	l (= lf = ls)
	Length of cantilever & coating film
	500 m

	tf
	Thickness of coating film
	1 m

	wf
	Width of coating film
	100 m

	tpillar
	Thickness of interfacial structures
	10 nm

	rpillar
	Radius of interfacial structures
	1 m

	f
	Applied initial strain for coating films
	1 × 10–5



This study applied a three-dimensional isotropic initial strain only on each coating film and the interfacial structures, while the initial stress/strain of the cantilever substrate was set at zero (s = 0). To simplify the interfacial attachment models, the Poisson’s ratio of each coating film was fixed at zero in most cases, while the dependencies of Poisson’s ratio were also investigated for some cases. Table 2 summarizes the material properties analyzed in the study. The deflection of the center position of the free end on the top surface of a cantilever plate is defined as the “cantilever deflection”, z, which is usually measured as a sensing signal in the experiments.

Table 2. Material properties of the cantilever-type nanomechanical sensor used in the FEA simulations.
	Parameter
	Description
	Material
	Default value

	Cantilever
	Es
	Young’s modulus
	Silicon
	170 GPa

	
	s
	Poisson’s ratio
	
	0.28

	Coating film
	Ef
	Young’s modulus
	Variable
	0.01–100 GPa

	
	f
	Poisson’s ratio
	
	0, 0.25, 0.4



3. Results and Discussion
To investigate the effects of the domain sizes of the attached points, the interfacial structures with uniformly distributed pillars were firstly simulated as a function of the pillars’ total footprint area. As presented in Fig 2a, 30 pillars were placed at the center and both edges of a cantilever plate as a model of the attached points (see also Fig. S1). The deflections, z, obtained with Young’s modulus, Ef, and Poisson’s ratio, f (= 0), of a coating film were calculated by using FEA. To confirm the effects of the area of the interfacial attachments, the radii of the pillars, rpillar, were varied from 1 to 20 m. Table S1 lists the detailed parameters. As shown in Fig. 2b, the deflections, z, of the interfacial attachment models have a similar tendency with the analytical solutions from Eq. (2), as well as the FEA results of the conventional fully attached model in the wide range of the Young’s moduli of the coating films, Ef, from 0.01 to 100 GPa (see also Fig. S2). As expected, the larger area of interfacial attachments yielded the higher deflection in the wide range of the Young’s moduli of the coating films (i.e. rpillar = 5, 10 [m]), while the radius of pillars, rpillar = 20 [m], yielded the relatively smaller deflections (Fig. 2c–d). It is possibly due to the overlap of the pillars at the center and those at the edges, resulting in the diminished effects of the interfacial structures. Interestingly, when the Young’s moduli of the coating film, Ef, was lower than 10 GPa, the interfacial attachment models yielded higher deflections than those of the conventional fully attached models. For example, the deflection, z, at Ef = 3 [GPa], which is a similar stiffness to poly(methyl methacrylate) (PMMA), one of the commonly used receptor materials for nanomechanical sensors [7, 26], yields a 5.1% larger deflection at rpillar = 5 [m] than that of the conventional fully attached model (Fig. 2d). It is suggested that precisely constructed interfacial structures will enhance the sensitivity of nanomechanical sensing.
[image: ]
Fig. 2. Dependence of the deflections, z, on the area of the interfacial attachments calculated by FEA. (a) Configuration of pillars as a model of interfacial attachment. Results of the FEA simulations in 3D view, and the configurations in top view of the conventional fully attached model; uniformly distributed model, number of pillars, N = 30; peripheral position model, N = 22; and center aligned model, N = 10. The displacements in the z-direction, z, are plotted as a color gradient ranging from 0 to 170 nm. The radius of the pillars, rpillar, and Young’s modulus of the coating film shown in this figure are at 5 m and 3 GPa, respectively. (b) The Young’s modulus-dependent deflections, z. Black solid line and black solid circles are the deflections, Dz|Full, of the analytical solution and fully attached model, respectively. Solid and open circles are the deflection of interfacial attachment models, Dz|int., and the relative deflections, Dz|int. / Dz|Full. Blue, red, and green are center aligned, uniformly distributed, and peripheral position models, respectively. See also Fig. S2 for more detailed graphs. (c and d) The Young’s modulus-dependent deflections, z, as a function of the area of the pillars. The Young’s moduli, Ef, are varied from 0.01 to 100 GPa (c) and from 1 to 5 GPa (d). Solid squares, open squares, and open circles are the uniformly distributed, peripheral distributed, and center aligned models, respectively. All dotted lines are the level of deflection of the conventional fully attached models.

[bookmark: _Ref223086795]To investigate the effects of the distributions of the pillars, we then investigated the position dependence of pillars. When the pillars were placed at the peripheral position of the cantilever surface (Fig. 2a, Peripheral), the deflections yielded similar levels to those of the uniformly distributed models (Figs. 2c–d). It has been indicated that the interfacial attachments are placed at the peripheral position as a requirement for effective sensing of signals, which is in good agreement with previous reports on different configurations of nanomechanical sensing [22]. Conversely, only the pillars placed at the center line of the cantilever plate (center aligned model) exhibited a monotonous increase of deflection by increasing the radius of pillars, rpillar (Figs. 2c–d; see also Fig. S2). Since the effects of the domain sizes of attached points for the center aligned models are different from the uniformly or peripherally distributed models, the Young’s moduli of the coating films, Ef ≤ 10 [GPa] with rpillar ≥ 5 [m], yielded larger deflections than those of the conventional fully attached models (e.g. 6.7% increase of z at Ef = 3 [GPa] with rpillar = 20 [m]). These results indicate that the position of pillars modulates the effects of the domain sizes of the attached points, while the interfacial attachments can effectively transduce the deformation-induced surface stress applied to the surface of the cantilever substrate, leading to the effective deflection of the cantilever plate.
Because of the geometry of the cantilever plate, the deformation in the x-direction more dominantly affects the deflection of the free end of a cantilever plate than the deformation in the y-direction (Fig. 1a). Thus, the study focused on the center aligned models, in which the pillars were aligned one-dimensionally at the center line of a cantilever plate. To investigate the effects of the distance-dependence on the deflection, the study then simulated the modified center aligned model, in which pillars were placed as a function of distance with the fixed radius of pillars, rpillar, at 1 m by varying the number of pillars, N, ranging from 2 to 257 (= 2n + 1 [n = 0, 1, ···, 8]), as illustrated in Fig 3a (see also Fig. S3). Note that the end positions of the pillars near the fixed- and free-ends of the cantilever are fixed, and in the case of N = 2, the pillars were placed only at these two end points. Additionally, the study also constructed the fully connected model, in which a one-dimensional interfacial structure was placed at the center of the cantilever substrate (Fig. S3). Table S2 lists the detailed positions and their parameters. Fig. 3b–c depicts the effects on the deflection, z, as a function of the number of pillars, N, in the wide range of the Young’s moduli of the coating film, Ef. It was found that a higher deflection, z, can be obtained with shorter distances, and z with the shortest distance of pillars (dpillar – 2 × rpillar), less than 53.4 m in the range of the Young’s moduli of the coating film, Ef, less than 10 GPa, reached a similar signal response level to the fully attached model, while the Young’s moduli, Ef ≥ 20 GPa, never reached their deflections to the level of the fully attached models, even all pillars connected at the center of the cantilever (Figs. 3b–c). Notably, the deflection, z, obtained more than 80% of the fully attached model, even when only two pillars are placed at the end positions close to the fixed- and free-end of the cantilever plate (N = 2) (Figs. 3b–c; see also Fig. S4). It was confirmed that the deflection was significantly reduced when the two pillars were not placed at the end position of the cantilever (Fig. S5). These results suggest that the coating film attached only at both ends of the cantilever can obtain effective signal responses in practical conditions.

[image: ]
Fig. 3. Dependence of deflection, z, on the number of pillars calculated by FEA. (a) Configuration of the number-dependent center aligned interfacial attachment model. The radii of the pillars were fixed at 1 m. The number of pillars varied from 2 to 257 (2n + 1, [n = 0, 1, ···, 8]). At N = 257, the neighboring pillars overlapped each other. Open circles denote the completely connected pillars. (b and c) The Young’s modulus-dependent deflections, z, calculated by FEA as a function of the number of pillars. The Young’s moduli, Ef, varied from 0.01 to 100 GPa (b) and from 1 to 5 GPa (c) Dotted lines indicate the level of deflections of the fully attached models.

As observed in the center aligned model, a certain number of pillars, N = 17 (dpillar = 53.4 [m]), yielded similar deflection levels to those of the fully attached model. Further, these levels were in accordance with the analytical solutions at a certain Young’s moduli of the coating film, Ef ≤ 5 [GPa] (Fig. S6), indicating that the surface stress in the x-direction derived from the deformation of the coating films was effectively transduced to the substrate of a cantilever through the pillars placed along the center line in a certain condition. The study also investigated the position dependence of the interfacial attachments in the y-direction. As illustrated in Fig. 4a, 17 pillars aligned at the center of the cantilever plate were shifted in the y-direction, ypos, in the range of 0 to 49 m. Fig. 4b and c depict the Young’s modulus-dependent deflection, z, simulated by FEA. The deformation of the coating film efficiently transduced to the underlying substrate by a surface stress in the x-direction, as shown in Fig. 4e; meanwhile, the deflection at the center of the free end of the cantilever plate with ypos. = 49 [m], decreased by approximately 80% as compared to those of the pillars placed at the center of the cantilever plate (ypos. = 0 [m]) or the fully attached model. This is possibly because the coating film, in which pillars were placed at the edges of the cantilever plate, freely expanded to the y-direction; this led to a loss in the surface stress in the x-direction due to the fixed boundary being present only at the edge of the coating film (see also Fig. S7). 

[image: ]
Fig. 4. Dependence of the deflection, z, on the position of interfacial structures in the y-direction calculated by FEA. (a) Configuration of the y-position-dependent center aligned interfacial models; ypos is the distance in the y-direction from the center of the cantilever plate. The radius and number of pillars were fixed as 1 m and 17, respectively. (b and c) The FEA results of the Young’s modulus-dependent deflections. Dotted lines are the results of deflection for the fully attached model. (d) Schematic illustration of a cross-sectional deflection in the y-z plane at the free end of a cantilever plate (top surface of a cantilever). (e) Cross-sectional deflection as a function of the y-direction. Uniform and peripheral models are also depicted. Young’s modulus of the coating film, Ef, is 3 GPa. Scale bar is 1 nm.

Since the interfacial attachment models match well with the analytical model, as shown in Figs. S2 and S5, the study also considered the effects of the interfacial attachment on the deflection with a varying geometrical parameter, i.e. width of the coating film, wf. As illustrated in Fig. 5a, the width of the coating film varied from 2.9 to 100 m with the 17 pillars placed at the center of the cantilever (see also Supplementary Notes), and the resultant deflections, z, were calculated by FEA. The fully attached models with varying coating film widths, wf, were also simulated. Fig. 5b and c depict the Young’s modulus-dependent deflections, z, as a function of the coating film width, wf. Fig. 5b and c also depict the theoretical model calculated using Eqs. (2) and (3). It is clearly shown that the deflections of the interfacial attachment models with varying coating film widths, wf, match with the analytical (Eqs. (2) and (3)) and the numerical solutions of the fully attached models, indicating that a certain number of attached points effectively transduces the stresses derived from the deformation of the coating films to the substrate of a cantilever in the x-direction.

[image: ]
Fig. 5. Dependence of the deflection, z, on the width of the coating films calculated by FEA. (a) Configuration of the width-dependent full attachment and the center aligned interfacial models. In the case of the center aligned model, the radius and number of pillars were fixed as 1 m and 17, respectively. (b and c) The FEA results of the Young’s modulus-dependent deflections. The width of the coating films varied from 2 to 100 m. Solid lines are the analytical model results. Solid and open circles indicate the full attachment models and the interfacial attachment models, respectively.

The effect of the Poisson’s ratio of a coating film is also discussed. All the present studies described above fixed the Poisson’s ratio at zero, while the Poisson’s ratio is also a considerable factor for nanomechanical sensing. Indeed, Eq. (3) is strongly affected by the Poisson’s ratio of the coating film, f (see Fig. S8), leading to a strong increase in the deflection, z, with an increasing f as calculated from Eq. (2). The effects of all interfacial models were also investigated. Fig. 6 depicts the Poisson’s ratio-dependent deflections and Figs. S9–S12 depict the details of the all interfacial models. As shown in Fig. 6a, the deflections of the fully attached models calculated by FEA, depended strongly on the Poisson’s ratio of the coating film, f, especially at the lower Young’s modulus of the coating film, Ef, and matched well with the analytical solutions. In the cases of the uniformly distributed and the peripheral position models, in which the coating films attached at the side edges of the cantilever substrate, larger Poisson’s ratios yield larger deflections (Figs. S9 and S10). In contrast, the center aligned models are less affected by the Poisson’s ratio than that of the fully attached models. It is possibly because that the coating films, which attach only at the center positions, can freely expand to the y-direction compared to the fully attached models. As presented in Figs. S13 and S14, the displacement in the y-direction of the side edge of coating films (Ef = 3 [GPa]) in the cases of the center aligned models (N = 17) yield approximately four times larger than those in the cases of fully attached models. This y-directional expansion of the center aligned models may contribute to the loss of the surface stress in the x-direction together with other factors observed in Figs. S8–S12. Accordingly, the relative deflection decreases with an increase of Poisson’s ratio as shown in Fig. 6b.
[image: ]
Fig. 6. Dependence of the deflection, z, on the Poisson’s ratio of the coating film, f, calculated by FEA. (a) The effects of the Poisson’s ratio for the center aligned interfacial model with N = 17 and rpillar = 1 m. Solid lines are the analytical results, and solid and open circles indicate the fully attached and center aligned models, respectively. (b) Relative deflection of center model (N = 17) compared with the fully attached models. In all figures, green, red, and light blue are the Poisson’s ratio of the coating film, 0, 0.25, and 0.4, respectively.

It should be noted that the interfacial attachment models presented in this study are simplified models for understanding the effects of interfacial attachments on the nanomechanical sensing. Although the models using pillar-like structures as an interfacial attachment provide some insights for effective coating materials, the well-ordered interfacial attachments will not be formed in practical conditions. To simulate the conditions closer to practical situations, we also investigate the interfacial attachment models with randomly distributed interfacial attachments. The configurations of randomly distributed models are constructed using five different random numbers (Fig. 7a; see also Supplementary Note for detailed method of the generation of random numbers). The deflections of the randomly distributed models with the Poisson’s ratio of coating films, nf = 0, yield relatively smaller deflections than those of the center aligned models, because of the less alignment in x-direction between pillars (Fig. 7b; see also Figs. S15–S17). In contrast, the deflections of the randomly distributed models increase monotonously in the case of larger Poisson’s ratio, nf = 0.25, 0.4 (Fig. 7c; see also Figs. S15–S17). These results are basically consistent with those observed for the effects of the Poisson’s ratio of the coating films described above. It is worth noting that, in the case of nf = 0.4, the deflections of the randomly distributed models with N = 75, 100 reached approximately 80% of the signal response level of the fully attached model, even when the pillars covered only 0.6% area of the cantilever surface. 
[image: ]
Fig. 7. Dependence of the deflection, z, of randomly distributed models calculated by FEA. (a) Configuration of the randomly distributed models (rn1, N = 100). Detailed configurations are shown in Fig. S15 and generation of random numbers is described in Supplementary Note and Tables S3 and S4. (b–c) Relative deflections of the randomly distributed models. Young’s modulus of coating films is 3 GPa and the Poisson’s ratios of the coating films are 0 (b) and 0.4 (c), respectively. Blue open circles indicate the randomly distributed models of each random number generation, and blue solid circles indicate the average deflections of the randomly distributed models. Red solid circles and black dotted lines are the center aligned models and the level of fully attached models, respectively.

4. Conclusion
Herein, the FEA simulations to investigate the effects on nanomechanical sensing by the interfacial attachment of a coating film to the substrate of a cantilever are presented. A wide range of values of material properties (i.e. Young’s modulus, Poisson’s ratio, and width of coating films) were investigated. In comparison to numerical solutions of the conventional fully attached models, as well as analytical solutions, the interfacial attachment models show similar levels of deflections. Importantly, it was found that some of the interfacial models yielded higher deflections. In the case of similar deflections of the center model with the full attachment model (N = 17, nf = 0), the deflection, z, showed good agreement with the theoretical model with coating film widths ranging from 2 to 100 m. In the present study, we have also demonstrated the randomly distributed models as a model of practical conditions. Notably, it has been found that the coating films attached only less than 1% of a cantilever plate yields effective signal responses. The results shown in this study provide guidelines not only for effective coating materials with respect to the interfacial affinity between the coating film and the substrate of the cantilever, but also for a wide range of applications of thin films in advanced materials.

Declaration of Competing Interest
The authors declare no conflict of interest.

Acknowledgement
K.M. thanks International Center for Young Scientists (ICYS), National Institute for Materials Science (NIMS). This work was supported by JST CREST (JPMJCR1665); a Grant-in-Aid for Scientific Research (A), 18H04168, MEXT, Japan; the Public/Private R&D Investment Strategic Expansion Program (PRISM), Cabinet Office, Japan; the Center for Functional Sensor & Actuator (CFSN), NIMS; and the World Premier International Research Center Initiative (WPI) on Materials Nanoarchitectonics (MANA), NIMS.

Appendix A. Supplementary Materials
Supplementary materials related this article can be found in the online version, at doi:XXX

References
[1]	J.K. Gimzewski, C. Gerber, E. Meyer, R.R. Schlittler, Observation of a Chemical-Reaction Using a Micromechanical Sensor, Chem. Phys. Lett. 217 (1994) 589–594. https://doi.org/10.1016/0009-2614(93)E1419-H 
[2]	T. Thundat, R.J. Warmack, G.Y. Chen, D.P. Allison, Thermal and ambient-induced deflections of scanning force microscope cantilevers, Appl. Phys. Lett. 64 (1994) 2894–2896. https://doi.org/10.1063/1.111407 
[3]	F.M. Battiston, J.P. Ramseyer, H.P. Lang, M.K. Baller, C. Gerber, J.K. Gimzewski, E. Meyer, H.J. Güntherodt, A chemical sensor based on a microfabricated cantilever array with simultaneous resonance-frequency and bending readout, Sens. Actuators B: Chem. 77 (2001) 122–131. https://doi.org/10.1016/s0925-4005(01)00683-9 
[4]	R. McKendry, J. Zhang, Y. Arntz, T. Strunz, M. Hegner, H.P. Lang, M.K. Baller, U. Certa, E. Meyer, H.J. Guntherodt, C. Gerber, Multiple label-free biodetection and quantitative DNA-binding assays on a nanomechanical cantilever array, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 9783–97888. https://doi.org/10.1073/pnas.152330199 
[5]	N. Backmann, C. Zahnd, F. Huber, A. Bietsch, A. Pluckthun, H.P. Lang, H.J. Guntherodt, M. Hegner, C. Gerber, A label-free immunosensor array using single-chain antibody fragments, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 14587–14592. https://doi.org/10.1073/pnas.0504917102 
[6]	K.M. Goeders, J.S. Colton, L.A. Bottomley, Microcantilevers: sensing chemical interactions via mechanical motion, Chem. Rev. 108 (2008) 522–542. https://doi.org/10.1021/cr0681041 
[7]	G. Yoshikawa, H.P. Lang, T. Akiyama, L. Aeschimann, U. Staufer, P. Vettiger, M. Aono, T. Sakurai, C. Gerber, Sub-ppm detection of vapors using piezoresistive microcantilever array sensors, Nanotechnology 20 (2009) 015501. https://doi.org/10.1088/0957-4484/20/1/015501 
[8]	M. Calleja, P.M. Kosaka, A. San Paulo, J. Tamayo, Challenges for nanomechanical sensors in biological detection, Nanoscale 4 (2012) 4925–4938. https://doi.org/10.1039/c2nr31102j 
[9]	Z. Peng, H. Yin, Y. Yao, S. Chen, Effect of thin-film length on the peeling behavior of film-substrate interfaces, Phys. Rev. E 100 (2019) 032804. https://doi.org/10.1103/PhysRevE.100.032804 
[10]	V. Tabard-Cossa, M. Godin, I.J. Burgess, T. Monga, R.B. Lennox, P. Grütter, Microcantilever-Based Sensors: Effect of Morphology, Adhesion, and Cleanliness of the Sensing Surface on Surface Stress, Anal. Chem. 79 (2007) 8136–8143. https://doi.org/10.1021/ac071243d 
[11]	G.G. Stoney, The Tension of Metallic Films Deposited by Electrolysis, Proc. R. Soc. London Ser. A 82 (1909) 172–175. https://doi.org/10.1098/rspa.1909.0021 
[12]	W.-H. Chu, M. Mehregany, R.L. Mullen, Analysis of tip deflection and force of a bimetallic cantilever microactuator, J. Micromech. Microeng. 3 (1993) 4–7. https://doi.org/10.1088/0960-1317/3/1/002 
[13]	J.E. Sader, Surface stress induced deflections of cantilever plates with applications to the atomic force microscope: Rectangular plates, J. Appl. Phys. 89 (2001) 2911–2921. https://doi.org/10.1063/1.1342018 
[14]	J.E. Sader, Surface stress induced deflections of cantilever plates with applications to the atomic force microscope: V-shaped plates, J. Appl. Phys. 91 (2002) 9354–9361. https://doi.org/10.1063/1.1470240 
[15]	M.J. Lachut, J.E. Sader, Effect of surface stress on the stiffness of cantilever plates, Phys. Rev. Lett. 99 (2007) 206102. https://doi.org/10.1103/PhysRevLett.99.206102 
[16]	G. Yoshikawa, Mechanical analysis and optimization of a microcantilever sensor coated with a solid receptor film, Appl. Phys. Lett. 98 (2011) 173502. https://doi.org/10.1063/1.3583451 
[17]	M.J. Lachut, J.E. Sader, Effect of surface stress on the stiffness of thin elastic plates and beams, Phys. Rev. B 85 (2012) 085440. https://doi.org/10.1103/PhysRevB.85.085440 
[18]	J. Tamayo, J.J. Ruz, V. Pini, P. Kosaka, M. Calleja, Quantification of the surface stress in microcantilever biosensors: revisiting Stoney's equation, Nanotechnology 23 (2012) 475702. https://doi.org/10.1088/0957-4484/23/47/475702 
[19]	G. Yoshikawa, T. Akiyama, S. Gautsch, P. Vettiger, H. Rohrer, Nanomechanical membrane-type surface stress sensor, Nano Lett. 11 (2011) 1044–1048. https://doi.org/10.1021/nl103901a 
[20]	G. Yoshikawa, T. Akiyama, F. Loizeau, K. Shiba, S. Gautsch, T. Nakayama, P. Vettiger, N.F. de Rooij, M. Aono, Two dimensional array of piezoresistive nanomechanical Membrane-type Surface Stress Sensor (MSS) with improved sensitivity, Sensors 12 (2012) 15873–15887. https://doi.org/10.3390/s121115873 
[21]	G. Imamura, K. Shiba, G. Yoshikawa, Finite Element Analysis on Nanomechanical Detection of Small Particles: Toward Virus Detection, Front. Microbiol. 7 (2016) 488. https://doi.org/10.3389/fmicb.2016.00488 
[22]	K. Minami, G. Yoshikawa, Finite Element Analysis of Interface Dependence on Nanomechanical Sensing, Sensors 20 (2020). https://doi.org/10.3390/s20051518 
[23]	E. Suhir, Interfacial stresses in bimetal thermostats, J. Appl. Mech. 56 (1989) 595–600. https://doi.org/10.1115/1.3176133 
[24]	C.E. Murray, I.C. Noyan, Finite-size effects in thin-film composites, Philos. Mag. A 82 (2002) 3087–3117. https://doi.org/10.1080/01418610208239635 
[25]	Y. Zhang, Extended Stoney's formula for a film-substrate bilayer with the effect of interfacial slip, J. Appl. Mech. 75 (2008) 011008. https://doi.org/10.1115/1.2745387 
[26]	G. Imamura, K. Shiba, G. Yoshikawa, Smell identification of spices using nanomechanical membrane-type surface stress sensors, Jpn. J. Appl. Phys. 55 (2016) 1102b1103. https://doi.org/10.7567/Jjap.55.1102b3 




2

image3.tif
rpillar = 1 “m

o doo0o0 - O] N=2+1

—_
-
o

Deflection, Az [nm]_, o

o
=

5u
100 GPaC
1 300
— _ 5 GPg|
10GPa§25°‘/ 4 GPa
e 1 GPo| S 200 3 GPa
. il . .2GPa
01 GPB 100r T G
%
7 001 GPa|Q 50[
‘ . o ‘ .
1 10 100 1 10 100

Number of pillars Number of pillars




image4.tif
o

Deflection, Az [nm]

(9]

Deflection, Az [nm]

y d
0000000000000 O0O0O0 O Ypos ¥
X
‘0 ‘;Y
rpillar = 1 “m r
e
10 GPa
100 | e Fu"/—\
- e—e
1 GPa L
10 | Voos =0
— —_—
0.1 GPa E
b Yoos =5
| |
0.01 GPa Yoos =10
01 1 1 Il 1 1 Il _\/
0 10 20 30 40 50 Y 1nm|
Ypos [HM] = }’M
300 %
8 |po=0 T
250 8 B
5 GPa }’m
2015gps ||
os = 49
150 -3 GPE\*\‘\\\' y,,__\
Uniform
10f26Pa /\
[ g
501 GPa /\
0 | | Il 1 | 1 _P|e"phe|ry | | |
0 10 20 30 40 50 -50 25 0 25 50

Ypos [MmM]

y, free end of cantilever [um]




image5.tif
(o
(9]

300

1000 |-
250

200

150

100

Deflection, Az [nm]
Deflection, Az [nm]

-1 0.01 A i
R R R R O O 1 — . — 0 - D —
1 10 100 1 10 100
Fotar = 1 M Width of coating film, w;[um] Width of coating film, w,[um]
{ pillar =

N=17





image6.tif
Deflection, Az [nm]

Relative deflection

1000

800 L
600
400 |
200
0
0.01 0.1 1 10 100
Young’s modulus, E;[GPa]
1.0
038
0.6
04}
Az::: z
02} A
ZFul
Obb
0.01 0.1 1 10 100

Young's modulus, E;[GPa]




image7.tif
o

Deflection, Az [nm]

300

250

200

150

100

50

0

° °
° 028 o

N=100 o}, "7

rni RO

g
o
° ) ° 0
%

E;= 3 [GPa]

ve=0

0O 20 40 60 80 100 120
No. of pillars, N

Deflection, Az [nm]

300 400 500
300
Full
250
Random
50 E=3 [GPa]
V= 04

0
0 20 40 60 80 100 120
No. of pillars, N




image1.tif
~
Il
™~
Il
EN

I
I

Interfacial structure





image2.tif
[ V)
(9]

1000 B [oRmus| lonumul iuuospnul lo} —D11930 —qua
Az o mo e
0 z 10 GP
= 1001 BN ToWNN Y WCWNLT o ,T Tol,T |
40 b 1 GPa
Fully attached Unif 80 _§ 10 POSNN! ToWNNal BEFCRN.] IoNNa! ToNNN.T }
ully a niorm 8 0.1 GP:
120 =
o 1F o ORG Ol O OBO... . OmO....Om
160 0.01 GPa
S [nm]
I ; [ l 01 . - .
Center Peripheral 10! 102 1.03 10 105
Area of pillars [nmz2]
b 1000 d 300
L 110 .
::8:::8:::8::8:::;8:: . | om om o Om Om om
— 800F 8“3‘-3% S 5 GPa
é L, B é om_..0m o 0=° om’ om
3 600k 100 &= — 200} o 4 GP
2 : 2 om_. Om o OmO g0 g
o B < 150} ' 5GP
% 400 0 E_ % . Oom,. Om o OmEC wC ou
D — (] B
T 200 = 5% 2aP
o o gl MO 0RO, OmO....Om
o 80 50 1 GP
L L 1l L m 0 L L L
0.01 0.1 1 10 100 1000 101 102 108 104 105

Young’s modulus, E;[GPa] Area of pillars [nm?2]




