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Structure of a Vanessa virginiensis butterﬂy wing has been studied on length scales from 50 m to 10 nm using a combination of scanning probe microscopy (SPM) techniques. Local variations in mechanical properties detected by Ultrasonic Force Microscopy and Atomic Force Acoustic Microscopy demonstrate imaging with the spatial resolution of about 10 nm, which exceeds the resolution of conventional SPM topographic imaging. The butterﬂy wings are shown to exhibit a piezoelectric behavior, which is attributed to the presence of chitin ﬁbers with a characteristic piezoelectric constant of the order of 1 pm/V. It is suggested that orientation of chitin can be determined in real space on the nanometer level by measuring the vector piezoelectric response of the sample, thus providing a novel structural characterization tool for biological systems.
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Butterﬂy wings exhibit a complex microstructure designed to generate optical effects, to regulate temperature and to provide ﬂexural stiffness for the wing aerodynamics during ﬂight.1–4 The wings are covered by thousands of chitin scales that vary in shape, size, and color. Scale microstructure usually consisting of longitudinally extending ridges connected by a series of cross-ribs has been the subject of numerous studies by optical and electron microscopy techniques.5 6 Examination of the wing structure yields information on the interference and diffraction mechanisms that produce certain color patterns of the wings. Furthermore, the intricate wing structure also provides an inspiration for engineering of complex light-weight deformable structures that can be used in micromechanical devices, such ultra-light ﬂying robots. In this paper, we demonstrate a scanning probe microscopy (SPM) based approach for characterization of butterﬂy wings that goes beyond visualization of the scale structure and actually allows evaluation of their elastic and electromechanical properties on the length scales from 50 m to 10 nm providing important information on the nanoscale details of the wing structure. Over the last decade, SPM has been widely used for high-resolution characterization of electrical, optical, and mechanical properties of inorganic materials, as well as for investigation of biological systems.7 8 Given the universal



nature of electrical and electromechanical interactions, the SPM methods developed for inorganic materials should in principle be applicable to biological samples as well and thus can provide information not only on surface morphology but also on their optical, mechanical, and electrical properties. This can potentially open a way for a more comprehensive understanding of the function/ property relationship in biological systems. To address the local structure of the butterﬂy wing, we utilized a nearly universal feature of biological systems— a strong coupling between their electrical and mechanical behavior (it is enough to mention Galvani experiments on muscular contraction in a frog under an electric bias).9 One of the most important manifestations of the electromechanical behavior is piezoelectricity, or mechanical deformation of the sample in response to an applied electric ﬁeld.10 Most biopolymers including cellulose, collagen, keratin, etc., are piezoelectric and multiple reports have addressed piezoelectric properties of biological systems including bones,11–14 teeth,15 wood,16 17 and seashells.18 It is presumed that piezoelectricity is a fundamental property of biological systems essential for their functionality (for example, it is assumed that the piezoelectric properties in bone provides a physical background for bone accelerated regeneration under an applied mechanical stress).19 Examination of the piezoelectric and mechanical properties of the butterﬂy wings and ﬁnding whether the ﬁne structure of the wings can be elucidated by SPM by employing the electromechanical activity of the butterﬂy wings are the main objectives of this paper.
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2. MATERIALS AND METHODS Recently, Piezoresponse Force Microscopy (PFM)20 initially developed to study the piezoelectric properties of inorganic ferroelectric crystalline materials at the nanoscale has been applied to investigation of the structure of bone and teeth samples.21 In addition, several SPM techniques including Atomic Force Acoustic Microscopy (AFAM)22 and Ultrasonic Force Microscopy (UFM)23 have been used to study the mechanical properties of biological samples. The SPM approach overcomes the problem of low spatial resolution of conventional mechanical and electromechanical testing methods, which address only the macroscopic properties of the samples averaged over multiple structural levels. Next, a brief explanation of the SPM methods used for characterization of the butterﬂy wings is presented. In the conventional SPM topographic mode, the probing tip, mounted on a spring-type cantilever is in mechanical contact with the sample surface (Fig. 1(a)). The short-range forces acting on the tip cause a deﬂection of the cantilever. This deﬂection can be detected optically or electrically with Ångström precision and is controlled by a feedback device, which regulates the vertical position of the tip over the surface. By keeping the deﬂection constant while scanning the sample, a three-dimensional map of the surface topography can be obtained. Scanning is realized by placing the sample on a piezoelectric scanner, which allows for lateral as well as vertical positioning of the sample relative to the tip with nanometer precision. In PFM, a periodic electrical bias Vtip = Vac cost applied to the tip induces the surface oscillations due to the piezoelectric effect (Fig. 1(b)). The piezoelectric, or electromechanical, response is detected as the ﬁrst harmonic component of the surface mechanical displacement A1 cost +  using the lock-in technique. The phase of the electromechanical response of the surface, , yields information on the sign of the piezoelectric coefﬁcient of the area below the tip. The piezoresponse amplitude



(a)



(b)



(c)



Fig. 1. (a) Experimental setup for SPM characterization of butterﬂy wings. Methods of sample excitation: (b) electrical excitation for Piezoresponse Force Microscopy by applying an electrical bias to the probing tip and (c) mechanical excitation for Atomic Force Acoustic Microscopy and Ultrasonic Force Microscopy by vibrating the sample using a piezo-actuator (black arrows indicate mechanical displacement, red arrows—electrical ﬁeld).



2



Gruverman et al.



A = A1 /Vac deﬁnes the local electromechanical activity of the surface. The detailed image formation mechanism in PFM is addressed elsewhere.24 The unique feature of the PFM technique is that, in addition to the vertical displacement, the torsion of the cantilever can be measured as well, providing information on the in-plane component of the electromechanical response vector.25 Measurement of vertical (VPFM) and lateral (LPFM) signals thus can provide information on 2-dimensional or 3-dimensional distribution of local piezoelectric properties. In addition, this modulation technique allows signiﬁcant improvement in the vertical sensitivity down to the picometer range. Complementary to electromechanical probing by PFM is local elastic measurements by AFAM and UFM. In AFAM, the sample is vibrated mechanically with vibration amplitude d = d0 + d1 sin t induced by the piezoelectric transducer connected to the sample (Fig. 1(c)). Measured is amplitude B1 and phase a of the mechanical cantilever oscillations, B = B0 + B1 sint + a , transmitted through sample. The oscillation frequency in AFAM can be chosen both below and above resonant frequency of the cantilever. In the ﬁrst case, the response amplitude can be directly related to the elastic properties of material below the tip; in the latter case dynamic stiffening and resonant effects become important. At high frequencies required to probe elastic properties in hard materials, the bandwidth of optical detector in commercial beamdeﬂection AFM becomes a limiting factor. To avoid this problem, in Ultrasonic Force Microscopy, the vibration amplitude is additionally modulated as d1 = d2 sin2 t, 2  , and amplitude and phase at frequency 2 is detected. The image formation mechanism in AFAM and UFM is determined by the interplay of contact mechanics of the tip-surface junction and cantilever dynamics. In particular, the quantitative relationship between the amplitudes and phases of cantilever oscillations at the primary and modulation frequencies and materials properties is extremely complex and beyond the scope of this paper. However, in all cases, the signal is directly related to the mechanical properties of materials below the tip, providing an approach to visualize, if not quantify, difference in mechanical properties on the nanometer scale. Here, we use both AFAM and UFM to achieve the optimal conditions for the observations of mechanical contrast in biological system. PFM, AFAM, and UFM are implemented on in the contact mode of a commercial SPM system (Veeco MultiMode NS-IIIA) equipped with additional function generators and lock-in ampliﬁers (DS 345 and SRS 830, Stanford Research Instruments, Model 7280, Signal Recovery). For AFAM and UFM measurements, the samples were glued to a commercial piezo-oscillator (Piezo Kinetics, Inc.). To minimize cross-talk between PFM and AFAM signals, the top electrode was always grounded and modulation bias was applied to the bottom electrode. Measurements were performed using Pt and Au coated tips J. Scann. Probe Microsc. 1, 1–5, 2006



Gruverman et al.



Nanoscale Electromechanical and Mechanical Imaging of Butterﬂy Wings by Scanning Probe Microscopy



(NCS-12 C, Micromasch, l ≈ 130 m, resonant frequency ∼150 kHz, spring constant k ∼ 45 N/m). In general, 10 Vpp (peak-to-peak value) at 50 kHz was applied to the tip for PFM measurements, while 1 Vpp at 1 MHz was applied to the actuator for elasticity (AFAM) measurements. These frequencies were chosen to be different from the resonances of the tip and the oscillator. The typical scan rate was 1 Hz. Samples—macroscopic segments of dorsal forewing of Vanessa virginiensis butterﬂy—have been mounted on the SiO2 /Si wafer using silver paint and further mounted on the piezoelectric actuator placed on the SPM stage. The SPM setup used in this study allowed simultaneous topographic and electromechanical imaging of the sample. Pigmented scales located in the body of the forewing have been mainly imaged in this study.



3. RESULTS AND DISCUSSION



(a)



(b)



Fig. 2. (a) Topography and (b) AFAM image of Vanessa virginiensis butterﬂy wing. Vertical scale is 1 m in (a). Note that AFAM imaging is possible despite signiﬁcant topographic variations across the image. Also, AFAM data shows signiﬁcantly higher level of the detail than the topographic image.
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Fig. 3. (a) Topographic and (b) UFM images of the same area of Vanessa virginiensis butterﬂy wing. Vertical scale is 2 m in (a). Topographic image illustrates periodic pattern of ridges and cross-ribs. Note the higher material contrast in the UFM. Inset in (b) shows a highmagniﬁcation UFM image demonstrating 10 nm spatial resolution.



Complementary information on elastic properties of the wings can be obtained by using the UFM mode. Shown in Figures 3(a) and (b) are the topographic and UFM images of the wing, respectively. The same spatial resolution as in AFAM, of about 10 nm, has been achieved (inset in Fig. 3(b)). It should be noted that since the butterﬂy wing is very fragile the contact mode imaging with relatively stiff cantilevers is often associated with surface damage. On the other hand, operation in the UFM mode reduces the amount of damage due to the ultrasonic lubrication effect.26 Quantitative interpretation of AFAM and UFM data is greatly complicated by signiﬁcant topographic variations along the surface. The presence of regions with slopes and changing radii of curvature alters contact mechanics of the tip-surface junction and may introduce topographic artifacts. However, despite this difﬁculty, these images illustrate the level of structural details that can be observed in the biosystems. To complement the local elastic properties, the electromechanical response of the 5 × 5 m2 micron wing region is probed by Piezoresponse Force Microscopy. Butterﬂy wings, like exoskeletons of most insects, represent a form of biological composite made of chitin ﬁbers in a protein matrix. Similar to many other polysaccharide-based biopolymers, chitin is reported to be piezoelectric.27–29 However, the complex nanoscale structure and lack of macroscopic samples have previously hindered studies of piezoelectricity in such systems. Remarkably, vertical PFM image in Figure 4(a) clearly shows piezoelectric contrast that we attribute to the electromechanical behavior of chitin. To our knowledge this is the ﬁrst observation of the electromechanical properties of the butterﬂy wing at the nanoscale. The get further insight into the electromechanical properties of the wing, vertical PFM (VPFM) measurements were complemented by the lateral PFM (LPFM) imaging, providing the information on two components of electromechanical response vector. Shown in Figure 4(b) is the LPFM image obtained from the same area of the wing as the VPFM in Figure 4(a). In the vertical PFM image, high intensity corresponds to the regions with a strong vertical component of electromechanical response in a positive 3
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Shown in Figure 2 are surface topography and AFAM images of an individual wing scale. Mesh-like structure of longitudinal lamellae connected by cross-ribs can be seen in the topographic image (Fig. 2(a)). This structure ensures high structural stability of the scale and produces a colorful iridescence from reﬂected sunlight. Figure 2(b) shows AFAM image of the same area of the wing. Signiﬁcant variations in the elastic constant that appear as regions of different contrast can be seen within an individual ridge, suggesting an internal structural inhomogeneity. Note the difference between effective resolution on the topographic and AFAM images—while no features smaller than 100 nm can be distinguished in the topographic image, the AFAM image shows details with 10 nm resolution. Typically in AFAM, brighter regions correspond to harder material. However, due to signiﬁcant variations in local topography, the contrast can be attributed both to local property variations and topographic features. Nevertheless, irrespective of the mechanism of the contrast in this case, effective resolution of AFAM is expected to be enhanced compared to the topographic imaging, since topographic variations on the length scales larger than the contact area contribute to the AFAM signal only weakly.
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(b)



(c)



(d)



Fig. 4. (a) Vertical and (b) lateral PFM images of the same area of the wing. (c) Color representation of the VPFM and LPFM data. Note that unlike typical SPM data, where pseudocolors are used to better represent scalar data (e.g., height, friction, intensity, etc.), both color and intensity in (c) convey information and the “color wheel” legend illustrates the direction and magnitude of the piezoresponse vector. Note the presence of the strong position-dependent PFM signal, indicative of the piezoelectric properties of the butterﬂy wing. (d) Angle distribution histogram of data in Figure 4(c) that indicates the predominant orientation of the chitin ﬁbers in the wing scale.



z-direction, while low intensity corresponds to a strong response in the negative z-direction. Areas of intermediate intensity correspond to a weak out-of-plane response component. Similarly, the lateral PFM image provides information on the in-plane component perpendicular to the cantilever axis. To illustrate the electromechanical response of the wing scale, we employ 2-dimensional (2D) vector representation of the PFM data described in detail elsewhere.30 Brieﬂy, the VPFM and LPFM images are normalized with respect to the maximum and minimum values of the signal amplitude so that the signal intensity in both images varies between −1 and 1. Using commercial software (Mathematika 5.0, Wolfram Research), these vertical and lateral PFM data vpr lpr are converted to the amplitude/angle pair, A2D = Absvpr + Ilpr , 2D = Argvpr + Ilpr . These data are plotted in Figure 4(c) as a 2D color piezoresponse map which contains information both from the VPFM and LPFM measurements. This 2D-vector PFM image thus illustrates the magnitude and orientation of electromechanical response vector of the wing scale surface projected on the plane perpendicular to the cantilever long axis. In Figure 4(c), color corresponds to the orientation, while intensity corresponds to the magnitude of the piezoresponse signal. Based on this representation scheme, color in Figure 4(c) can be attributed to the orientation of chitin ﬁbers (red means the preferential orientation is 4
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normal to the surface, while green indicates the primarily in-plane orientation). Note that the color is virtually constant within the ridge and cross-rib, while varying between these structural elements. Statistical analysis of the 2D PFM image provides the quantitative measure of distribution of the piezoresponse signal in Figure 4(c). The histogram of angle distribution of the piezoresponse signal shown in Figure 4(d) exhibits two peaks corresponding to two main orientations of chitin ﬁbers within lamellae and cross-ribs, respectively. Thus, vector PFM provides a measure of local structure in the material with submicron resolution. To estimate the effective piezoelectric constant of the ﬁbers, the local electromechanical response has been measured as a function of the modulation bias with the tip ﬁxed at a selected point on the surface.25 The tip oscillation amplitude was found to be a linear function of the modulation bias, as expected for a piezoelectric material. From the slope of the PFM amplitude-bias dependence we estimate the effective piezoelectric constant to be just below 1 pm/V. How essential are the piezoelectric properties for functionality of the butterﬂy wings is an open question that needs to be addressed in future research. In the meantime, the piezoelectric properties of the wing can be utilized to examine its local structure at the micro- and nanoscale. The obtained results demonstrate that the SPMbased methods have a great potential in improving the understanding the structure-property-functionality relationship in biological systems, as well as in the development and testing of biologically inspired micromechanical devices, such as biomimetic wings.2 31



4. CONCLUSION To summarize, local electromechanical and mechanical properties of a butterﬂy wing are probed on the nanometer length scale using a combination of SPM techniques. UFM and AFAM allow mechanical properties of the wing to be visualized with the spatial resolution of about 10 nm. It has been found that the butterﬂy wing exhibits piezoelectric behavior that can be probed at the nanoscale level. The piezoelectric behavior of the wing, observed for the ﬁrst time, opens a way for detection of the local molecular orientation by monitoring the electromechanical response of the wing in PFM. This illustrates that simultaneous measurement of mechanical and electromechanical properties can be a valuable tool for studying the structure/property relationship in biosystems. Acknowledgments: A. G. acknowledges ﬁnancial support of the National Science Foundation (Grant No. DMR02-35632). Support from ORNL SEED funding is acknowledged (ABP and SVK). Research performed in part as a Eugene P. Wigner Fellow and staff member at the Oak Ridge National Laboratory, managed by UT-Battelle, J. Scann. Probe Microsc. 1, 1–5, 2006
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