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An accurate grasp of the mechanical properties, especially Young’s moduli, of one dimensional 

nanomaterials plays a crucial role in the design and safe service of flexible electronic devices and 

implanted biomedical sensors. Nanobridge tests are widely used in the characterization of the 

mechanical properties of nanowires. In these tests, an atomic force microscope (AFM), functioning 

as a test machine, exerts a force to bend a nanowire suspended across a trench or a hole with the 

two ends fixed on a template or substrate. Adhesion contact deformation occurs inevitably during 

nanobridge testing between the AFM tip and the tested sample, thereby underestimating the 
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Young’s modulus of the tested nanowire and causing a pseudo-size effect in the determined 

Young’s modulus. The present work systematically investigates the adhesion contact deformation 

in nanobridge tests and provides an analytical approach to evaluate the contact deformation and to 

determine the Young’s modulus. To illustrate the developed methodology, AFM nanobridge tests 

were conducted on gold nanowires (180–340 nm wide, 3.6–5.1 μm long and 90 nm thick). The 

results indicate that when the contact deformation was taken into consideration, the average 

Young’s modulus increased by 4.63%. Guidelines for minimizing the impact of contact 

deformation in practical experiments are presented. Furthermore, the results provide insight into 

the probable causes of the variation in experimentally obtained size-dependencies of Young’s 

moduli of nanowires. 

Introduction 

One-dimensional (1D) nanomaterials, such as nanowires, nanofibers, and nanotubes, have much 

longer lengths than their diameters or cross section dimensions. Usually, when the diameter or 

cross section size of a 1D material is smaller than 100 nm, the 1D material is called the 1D 

nanomaterial. It is also very often to call these 1D materials as 1D nanomaterials when their 

diameters or cross section sizes are smaller than 500 nm. In the present work, the investigated Au 

beams have cross section sizes smaller than 500 nm and are called Au nanowires for convenience. 

One-dimensional (1D) nanomaterials have been widely used as building blocks in 

nano/microelectromechanical systems (N/MEMSs),1, 2 nano/microgenerators,3, 4 wearable 

sensors,5 flexible nano/microelectronic devices, etc. due to their fascinating properties.6-8 Young’s 

modulus is one of the most important mechanical properties of solid materials, which gives the 

relationship between stress and strain in the linear elastic region. Accurate values of Young’s 

moduli of materials are prerequisites in the design, manufacture, and performance of various 
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devices, structures, and machines made from these materials. In particular, N/MEMSs, such as 

biomedical N/MEMSs and biomedical implants, etc, use 1D nanomaterials as their building blocks 

and thus requests, in advance, accurate values of Young’s moduli. Inaccurate Young’s modulus 

values of 1D nanomaterials can lead to unexpected errors and failures of biomedical N/MEMSs 

and biomedical implants that may be disastrous to patients. 

 

Mechanically characterizing Young’s modulus of 1D nanomaterials becomes increasingly difficult 

as their diameters or cross-section sizes decrease. Earlier research results9-12 show that the Young’s 

modulus of 1D nanomaterials depends strongly on their diameters or cross-section sizes, and that 

this “size effect” plays a key role in designing N/MEMSs with predictable and reproducible 

performance. Various experimental techniques have been developed to measure Young’s modulus 

of 1D nanomaterials, including in-situ microscopy uniaxial tensile tests, dynamic resonance tests, 

nanoindentation tests, microbridge tests and nanobridge (NB) tests, etc. Atomic force microscopes 

(AFMs) can function as mechanical testingmachines, with which Young’s modulus of a material 

can be measured by using the contact loading mode and the tapping mode. The Young’s modulus 

measured with the tapping mode is very much localized and therefore the tapping mode is often 

used to map Young’s modulus over an interested area of a tested sample. The tapping results, 

however, depend strongly on the local testing conditions such as the AFM tip radius and the surface 

roughness of a tested sample. Alternately, the contact loading mode may conduct uniaxial tensile 

test and bending test on samples having micrometers in length and the measured Young’s modulus 

is the averaged value over the entire tested sample. The AFM conducted uniaxial tensile tests and 

bending tests mimic the conventional uniaxial tensile tests and bending tests, respectively, and 

therefore, the testing results are more reliable in engineering sense. For example, the elastic and 
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adhesive properties of alkanethiol self-assembled monolayers on gold were investigated13 by using 

the AFM contact loading mode and the unloading load-displacement was analyzed with the 

solution developed by Xu and Pharr14. Their results show that the elastic modulus of the monolayer 

film decreases from 1.0 to 0.15 GPa and the work of adhesion increases from 82.8 to 168.3 mJ 

m−2, as the chain length of the alkanethiol decreases from 18 to 5.13 The AFM contact mode is 

also adopted in the present work to carry out nanobridge (NB) tests, where a tested nanobeam is 

suspended over a trench or a hole with its two ends clamped on a substrate or a template. NB tests 

have been extensively performed to evaluate the Young’s moduli of nanowires (NWs),9, 15-22 and 

the test reliability and accuracy have been improved by reliably clamping the NWs’ two ends and 

by bending at multiple locations instead of just at the center.20, 23 However, many values of the 

Young’s moduli of NWs extracted from the NB tests are smaller than the corresponding values of 

their bulk counterparts with the same crystal structure, and smaller than the values measured from 

other techniques.20, 24 For instance, the evaluated averaged values of Young’s moduli from 

nanobridge tests for Au (diameter/width: 40-340 nm) and Ag (diameter: 45.6-60.4 nm) nanowires 

range from 70 to 75 GPa20, 24 and 15.4 to 24.6 GPa23, respectively; smaller than their bulk values 

(Au: 79 GPa, Ag: 83 GPa)25 and the values obtained from nanoindentation tests for Ag nanowires 

(88 ± 5 GPa)26. The huge underestimation of the Young’s modulus of Ag nanowires21 measured 

from the bending tests might be caused by the three reasons: 1) inaccurately positioning the AFM 

tip right at the NB’s center, 2) loose clamp of NB’s two ends to the substrate (or template), which 

could lead to slippage at the two ends during the bending test, and 3) the neglect of substrate 

deformation and residual stress in the analysis. In contrast, these three unreliable reasons have 

been addressed in the measurement of Young’s modulus on Au nanowires22 and thus the measured 

value of Young’s modulus is more reliable, where the small underestimation of the Young’s 
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modulus might be caused by the adhesion contact deformation between the probe tip and the tested 

sample, which is studied in the present work. In addition, there is great inconsistency in the 

experimentally observed size-dependent Young’s moduli of NWs. For example, Young’s moduli 

of ZnO NWs were found to either increase11, 12 or remain unchanged11, 12, 18 with decreased 

diameters, and Young’s moduli of Si NWs were found to either increase9, 19, decrease27 or be 

unaffected16 when diameters decreased. The size-dependent Young’s modulus may be induced by 

crystalline defects, such as grain boundaries28, crystalline surfaces, which depend on the surface 

orientation29, the facets, edges, shape, and symmetry of nanomaterials30-32. 

 

A deep understanding of the mechanism of the size-dependent Young’s modulus relies on the 

reliable experimental results. Although there are various experimental methods to determine the 

Young’s modulus, the present work focuses on the NB test. As mentioned above, slippage at 

clamped ends, substrate deformation, and/or adhesion contact deformation during NB tests may 

lead to underestimation and unreliable assessment of size-dependent Young’s moduli. The 

slippage can be avoided by reliably preparing the tested samples.20 The substrate deformation has 

been systematically investigated.20, 21, 33 However, the influence of adhesion contact deformation 

on bending tests has not been comprehensively studied aside from one theoretical analysis.21 The 

present study combines experimental investigation and theoretical consideration to 

comprehensively explore the adhesion contact deformation in NB tests, with the aim to further 

improve the NB tests and to clarify the inconsistency in experimentally measured size dependency 

of Young’s moduli in NWs. The adhesion contact deformation depends greatly on the AFM tip 

radius and the surface roughness of a tested sample, as described in the classic book, Contact 

Mechanics34. To elucidate the adhesion contact deformation, pure contact tests were also carried 
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out in the present study on supported Au NW samples by using the same AFM tip as that used in 

the NB tests. The supported Au NW samples were fabricated with the identical NB sample 

fabrication conditions, except that the substrate of the supported Au NW samples was not etched 

away, so that the surface roughness of the supported Au NW samples must be more or less the 

same as that of NB samples. 

 

There are many theoretical models for adhesion contact. For example, the Johnson–Kendall–

Roberts (JKR) model35 and Derjaguin–Muller–Toporov (DMT) model36 are well known for 

adhesion contact with elastic deformation. Contacted solids can go through elastic-plastic 

deformation, and only a few models take the resultant adhesion into account. The elastic-plastic 

adhesion models include (1) the Thornton and Ning (TN) model37, which extends the JKR model 

to the plastic region; (2) the Maugis and Pollock (MP) model38, which adopts the JKR model in 

both the elastic region and the unloading process while treating the adhesion force as a constant in 

the fully plastic region; and (3) the Kogut and Etsion (KE) model39, which extends the DMT model 

to the elastic-plastic region and derives a numerical solution for the adhesion force using the finite 

element method (FEM). The challenge here is that none of these elastic-plastic adhesion contact 

models is universal. NB tests must be carefully examined experimentally and compared with the 

theoretical models. In this work, a methodology is developed to examine experimentally measured 

jump-in and pull-off forces. This should allow the load-deflection curves of NB tests to be analyzed 

under consideration of adhesion contact deformation. 

 

Experimental 
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The suspended Au NB samples were fabricated via a hybrid Ebeam lithography and 

photolithograph method (see details in the ESI). The fabrication of supported Au NW samples 

followed the same process flow as that used for Au NBs except of the etching step. The typical 

dimensions of the Au NB and NW samples were 180-340 nm wide, 3.6-5.1 μm long and ~90 nm 

thick. The scanning electron microscope images of the fabricated suspended Au NB and supported 

Au NW are shown in Figures 1(a1) and (a2), respectively. Both images suggest uniform width 

distribution along the length direction. Before each test, the quality of the samples was examined 

via scanning electron microscopy and atomic force microscopy. Based on these scanning images, 

the surface roughness RRMS of our tested NB and supported NW samples are evaluated to be 

6.65±1.63 nm and 6.36±1.25 nm, respectively. The insets at the upper left corners of Figures 1(a1) 

and (a2) are AFM scanning images showing where the scanning lines are selected, and the 

corresponding height profiles are illustrated in the insets at the bottom left corners of Figures 1(a1) 

and (a2), respectively. For the Au NW sample, the height difference between the plateau region of 

curves BB’ is 92 nm, which is very close to the preset thickness value (90 nm) and indicates the 

high quality control of the fabrication process. For the NB sample, the height difference between 

the plateau region of curves AA’ is 380 nm. As the thickness of the NB is only ~90 nm, the 

fabricated Au NB is suspended as a bridge. The deflection sensitivity of the AFM testing system 

was calibrated on an alumina wafer (E: 369 -463GPa)40 before and after each test. The employed 

AFM tips (Bruker MPP-21120-10) had an original tip radius of 8 nm and were made of 

phosphorous doped silicon with a Young’s modulus of 165 GPa and mounted on a rectangular 

cantilever. The AFM tip wore quickly at the first hundreds of tests and after about 900 tests, the 

tip radius was changed very slowly and could be regarded as a constant approximately. The 

experimental data were used only when the tip radius reached an approximate constant value. The 
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cantilever’s spring constant was calculated using the thermal noise method and had a value of 

3±0.017 N/m. In the NB bending tests, the bending load was applied to the tested sample vertically 

by moving the sample stage up and down while keeping the AFM tip stationary, as illustrated in 

Figure 1(b1). The loading and unloading rates were set to be the same at 20 nm/s. To avoid the 

axial tensile stretch of the NW, the bending deflections were kept smaller than half the thickness 

of the NW to achieve the nominal linear elastic bending behaviour.16, 41 Pure contact tests were 

conducted on the Au NW samples with the same kind of AFM tip cantilever and at the same 

loading and unloading rate, as illustrated in Figure 1(b2).  



 

 9 

Figure 1 (a) SEM images of a fabricated Au NB (a1) and a fabricated Au NW (a2). The insets at the upper 

left corner are AFM surface scan images of a fabricated Au NB and a fabricated Au NW, respectively. In 

both AFM images, section lines are selected across the NB/NW’s width direction extending to the substrate 

marked AA’ and BB’, respectively. The corresponding height profiles to section lines AA’ and BB’ are 

provided in insets at the bottom left corner, respectively. (b) Schematic illustration of the NB bending tests 

(b1) and the pure contact tests (b2). (c) The entire loading and unloading curves on the Au NB (c1) and on 
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the Au NW (c2), where A1 and A2 are the points with the preset maximum load and associated 

displacement, B1 is the point with the zero external load and associated displacement and B2 is the point 

with two thirds of the preset maximum load and associated displacement. 

 

Results and discussion 

Figures 1(c1) and (c2) show a typical load-deflection curve of the NB test and pure contact test, 

respectively, illustrating the jump-in force 𝐹𝑗𝑢 and the pull-off force 𝐹𝑝𝑢 due to adhesion contact 

in addition to the unloading compliances 𝜌. The curvature radius 𝑅 of adhesion contact was 

calculated based on the jump-in forces using the following equation42: 

 

𝑅 =
8

9𝐻𝐴𝑘𝑐
2

|𝐹𝑗𝑢|
3

                                                             (1) 

where 𝑘𝑐 is the spring constant of the AFM cantilever and 𝐻𝐴 is the Hamaker constant (~0.38 × 

10−18 𝐽).43 Figure 2(a) shows the jump-in force 𝐹𝑗𝑢 against the test number for a used AFM tip, 

which varied its tip curvature from the brand-new shape state to the blunt state, indicating that 

after 900 tests the jump in force 𝐹𝑗𝑢 could be approximately treated as a constant of 9.93 nN. The 

curvature radius 𝑅 of adhesion contact for the blunting of the AFM tip was calculated as 254.49 

nm. The value of pull-off force 𝐹𝑝𝑢 for a two-body contact system depends on the maximum load 

𝐹𝑚𝑎𝑥. Plastic deformation occurred during contact, leading to a change in the contact curvature 

from 𝑅 to 𝑅′, as illustrated in the inset of Figure 2(b). The solid circles in Figure 2(b) plot the 

experimentally obtained pull-off force versus the applied maximum load. Obviously and 

surprisingly, the pull-off force 𝐹𝑝𝑢 increased with the increase of the applied maximum load 𝐹𝑚𝑎𝑥 

, and even the highest applied maximum load was lower than 200 nN. In the experiment, as shown 
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in Figure 1(c2), the pure contact compliance 𝜌𝛿 was determined by linear fitting the upper third of 

the unloading curve in the contact test (from point A2 to point B2). The experimentally measured 

𝐹𝑚𝑎𝑥 − 𝜌𝛿 relationship and 𝐹𝑝𝑢 − 𝜌𝛿 relationship are plotted as solid circles in Figures 2(c) and (d), 

respectively. The red solid lines in Figures 2(b)-(d) are the fitting curves based on the TN model37. 

Overall,14 adhesion elastic-plastic contact models were used to fit the experimental data (see details 

in the ESI).  

 

Figure 2 (a) Experimentally obtained jump-in force 𝐹𝑗𝑢 against test number for one single AFM tip. (b) 

Experimental results (solid black circles) and fitting curve (red) based on the TN adhesion contact model 

of pull-off force 𝐹𝑝𝑢 versus maximum applied load 𝐹𝑚𝑎𝑥 from pure bending tests. The inset shows an 

illustration of the contact curvature change when plastic deformation occurred during the contact. (c) 

Experimental results (solid black circles) and fitting curve (red) based on the TN adhesion contact model 
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of contact unloading compliance 𝜌𝛿 versus 𝐹𝑚𝑎𝑥 from pure contact tests. (d) Experimental results (solid 

black circles) and fitting curve (red) based on the TN adhesion contact model of 𝜌𝛿 versus 𝐹𝑝𝑢 from pure 

contact tests. 

As the TN model fits the experimental data better than the others, it is adopted in the following 

analysis. The pull-off forces versus the maximum applied load obtained from the NB bending tests 

are plotted in Figure S3 in the ESI. The averaged value of 𝐹𝑝𝑢 from the NB test under a given 

maximum loading force is consistent with that from the pure contact test and the predicted value 

from the TN model under the same 𝐹𝑚𝑎𝑥. The least square fitting of experimental data of 𝐹𝑝𝑢 − 

𝐹𝑚𝑎𝑥, 𝐹𝑚𝑎𝑥 − 𝜌𝛿 and 𝐹𝑝𝑢 − 𝜌𝛿 with the TN model determines the average Young’s modulus of the 

samples, the work of adhesion 𝛤 and the effective yield strength Y to be 79.28 GPa, 0.013 N/m 

and 0.26 GPa, respectively. The fitted Young’s modulus of Au is 79.28 GPa, which is consistent 

with the reference value (~79 GPa) for bulk Au25. As the AFM tip is made of silicon (yield strength: 

~7 GPa44) and therefore has a much greater yield strength than the Au NB, the effective yield 

strength can be approximated as the yield strength of the Au NB. According to the experimental 

results reported by Espinosa and Prorok45, the yield strength of the Au thin films is size dependent, 

ranging from 0.055 to 0.22 GPa and increasing with the reduce of film thickness and width for the 

width from 20 to 2.5 𝜇𝑚 and the thickness from 1.0 to 0.3 𝜇𝑚. Considering the present Au NB 

samples had much smaller width (180-340 nm) and thickness (90 nm), the evaluated value of 0.26 

GPa for yield strength is consistent with the reported experimental results. In multi-point NB 

bending tests, a vertical bending test is carried out at several positions along the length direction 

of one NB sample. Young’s modulus is extracted from the compliance–testing position 

relationship.17 The experimentally measured compliance in NB tests is 𝜌𝑢+𝛿 = ∂(𝑢 + 𝛿)⁄∂𝐹, where 

𝑢 and 𝛿 denote the displacements induced by beam bending and adhesion contact, respectively. 
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The measured bending compliance is the slope of the deflection relative to the bending load and 

is experimentally determined by a linear fitting of the unloading curve from points A1 to B1, as 

illustrated in Figure 1(c1). 

 

Let 𝐸𝑢 and 𝐸𝑢+𝛿 denote the Young’s modulus of the sample obtained by considering and neglecting 

the influence of adhesion contact deformation, respectively. For each Au NB sample, the value of 

𝐸u+𝛿 is obtained by directly fitting the experimentally obtained 𝜌u+𝛿 − 𝑎 relationship to NB test 

theory20. The value of 𝐸𝑢 is obtained by fitting the experimentally measured 𝜌u+𝛿 − 𝑎 relationship 

to the TN–NB test combined model. For each testing location 𝑎, the 𝑢 – 𝐹and 𝛿 − 𝐹 relationships 

are generated according to NB test theory and the TN model, respectively. Then, the (𝑢 + 𝛿) – 𝐹 

relationship of the test site is obtained by superposition, and the unloading compliance 𝜌u+𝛿∗ is 

obtained by linear fitting the (𝑢 + 𝛿) − 𝐹 curve. The optimum value for 𝐸𝑢 can be determined by 

comparing the fitted 𝜌u+𝛿∗ to the experimentally measured 𝜌u+𝛿. As an illustration, the 

experimentally obtained 𝜌u+𝛿 − 𝑎 relationships from three different Au NB samples together with 

the fitting curves for 𝐸𝑢 and 𝐸u+𝛿 are presented in Figure 3(a). According to this method, the 

experimental results reported in the previous work20 are reanalyzed, and the results are plotted in 

Figure 3(b). After considering the influence of contact deformation, the averaged Young’s 

modulus value increases by 4.63% from 75.35±7.87 GPa to 78.84±9.42 GPa. This value of 78.84 

GPa is very close to that of 79.28 GPa, which is obtained by fitting the pure contact test results to 

the TN model as shown in Figures 2(b)-(d). Figure 3(b) indicates also that the averaged Young’s 

modulus increases slightly as the width of the sample deceases. When the cantilever’s spring 

constant is 3.017 N/m, the final extracted Young’s modulus for Au NWs is 80.10±9.17 GPa, which 

is 1.59% higher than the value of 78.84±9.42 GPa of spring constant 3 N/m. When the cantilever’s 
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spring constant is 2.983 N/m, the final extracted Young’s modulus for Au NWs is 77.57±8.78 GPa, 

which is 1.62% lower than that obtained by the spring constant of 3 N/m. After considering the 

contact deformation, the average Young’s modulus for Au NWs increases by 4.63%, 4.45% and 

4.71% with the cantilever’s spring constant being 3 N/m, 3.017 N/m and 2.983 N/m, respectively. 

We can see that the value of cantilever’s spring constant exerts a negligible effect on the Young’s 

modulus value and the value added due to the consideration of contact deformation. 

 

Figure 3 (a) Experimental data and fitting curves of compliance–test position relationships based on the 

TN–NB test combined model considering (solid line) and neglecting (short dotted line) the effect of contact 

deformation for three different Au NB samples (NB 1#: length (L): 4.1 μm, width (w): 260 nm, 𝐹𝑚𝑎𝑥: 120 

nN, 𝑁𝑟:9.1 μN, 𝐸𝑢: 72.53 GPa, 𝐸𝑢+𝛿: 67.43 GPa. NB 2#: L: 5.1 μm, w: 220 nm, 𝐹𝑚𝑎𝑥: 120 nN, 𝑁𝑟: 11 μN, 
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𝐸𝑢: 75.15 GPa, 𝐸𝑢+𝛿: 68.5 GPa. NB 3#: L: 4.6 μm, w: 220 nm, 𝐹𝑚𝑎𝑥 : 120 nN, 𝑁𝑟 : 9.9 μN, 𝐸𝑢:77.33 GPa, 

𝐸𝑢+𝛿: 71.38 GPa.). (b) Plots of the experimentally evaluated Young’s moduli versus the NB width. The red and 

black solid circles denote the results considering and ignoring the influence of contact deformation, 

respectively; the averages are plotted as dashed lines. The column bars are plots of the averaged Young’s 

modulus against the NB width considering (pink) and ignoring (grey) the influence of contact deformation. 

(c) Plots of the theoretical calculated Young’s modulus variation ∆𝐸∗ versus the experimental evaluated 

Young’s modulus variation ∆E for each tested sample. (d) The solid circles are plots of the experimentally evaluated 

Young’s modulus variation ∆E against the residual force 𝑁𝑟 for each tested Au NB sample. The curves are 

theoretical predicted relationships between ∆E and 𝑁𝑟 under given experiment conditions based on the TN–

NB test combined model. 

 

To provide guidance on decreasing the effect of contact deformation on the NB test, the effects of 

𝑁𝑟, 𝐿, 𝐹𝑚𝑎𝑥, 𝛤 and 𝐸𝑢 on Δ𝐸 are calculated separately following the TN–NB test combined model. 

In Figure 3(d), the theoretical predicted 𝑁𝑟 − Δ𝐸 relationship for different experiment conditions 

are plotted as curves and the experimentally evaluated values are plotted as solid circles. Both 

theoretical predictions and experimental results suggest that the influence of contact deformation 

is more severe for larger residual forces. To avoid the influence of contact deformation, it is 

advisable to subject the bending test to sufficient aging, considering that the residual force is 

released as the aging time increases. The influence of the sample length L, the maximum applied 

load 𝐹𝑚𝑎𝑥 and the work of adhesion 𝛤 on Δ𝐸 is demonstrated in Figure S6 in the ESI. The results 

suggest that for NWs with the same material, the effect of contact deformation is greater for 

samples with smaller lengths, and that the external applied load should be as large as possible to 

reduce the influence of contact deformation. 
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As the work of adhesion 𝛤 increases, Δ𝐸 also shows a tendency to decrease. However, the effect 

of changing 𝛤 and L on the variation of Δ𝐸 in the test range of these parameters is negligible 

compared with the changing 𝑁𝑟 and 𝐹𝑚𝑎𝑥. The effects of 𝛤, L, 𝑁𝑟 and 𝐹𝑚𝑎𝑥 on Δ𝐸 are monotonic, 

while the effect of the actual Young’s modulus 𝐸𝑢 on Δ𝐸 is quite complicated. For some test 

systems, the influence of 𝐸𝑢 on Δ𝐸 may account for the experimentally obtained variances in the 

size dependency of Young’s modulus. As shown in Figure S7 in the ESI, as 𝐸𝑢 increases, Δ𝐸 first 

decreases then increases, and the value of 𝐸𝑢 corresponding to the minimum of Δ𝐸 remains 

constant with the increase of 𝐹𝑚𝑎𝑥 and shifts positively with the increase of L and 𝑁𝑟. The non-

monotonic effect of 𝐸𝑢 on Δ𝐸 can be easily understood in the case of the single center bending NB 

test, where Δ𝐸 can be expressed as Δ𝜌 × ∂𝐸⁄∂𝜌20. As shown in Figure S8 in the ESI, as 𝐸𝑢 increases, 

∂𝐸⁄∂𝜌 and Δ𝜌 increases and decreases, respectively. These theoretical analyses provide clear 

guidance for selecting experiment conditions that avoid the influence of contact deformation on 

the assessment of Young’s moduli and understanding the variances in the experimentally obtained 

size dependency of Young’s moduli for 1D nanomaterials. 

 

In NB tests on various NW samples, the parameters of variation include the width (𝑤), suspended 

length (𝐿), residual force (𝑁𝑟) and true Young’s modulus (𝐸𝑢) of the NWs. The specific values of 

𝑤, 𝐿, 𝑁𝑟, 𝐹𝑚𝑎𝑥, 𝐸𝑢, 𝐸𝑢+𝛿 and Δ𝐸 (Δ𝐸 = 𝐸𝑢 − 𝐸u+𝛿) of each tested Au NB sample are summarized in 

Table 1.  

 

To demonstrate further the reliability and accuracy of the developed methodology, we introduce 

the theoretically calculated Young’s modulus variation, Δ𝐸∗, and plot Δ𝐸∗ versus Δ𝐸 in Figure 

3(c). The theoretical variation is basically consistent with the measured variation and the maximum 
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variation is about 7.5 GPa, about ten percent of the averaged Young’s modulus. Linear fitting the 

data with Δ𝐸 = Δ𝐸∗ gives the standard deviation of 0.50 GPa, thereby illustrating the reliable 

methodology for mechanical characterization of nanomaterials. 

 

Conclusions 

The present work experimentally and theoretically investigated the influence of adhesion contact 

deformation on the NB test. The theoretical analysis is based on the adhesion contact deformation 

TN model and considering the deformation of the supporting base at the two clamped ends of a 

tested NB. Taking the adhesion contact deformation into account increases the average Young’s 

modulus, for the tested Au NWs with widths ranging from 180 to 340 nm, from 75.35±7.87 GPa 

to 78.84±9.42 GPa, which is consistent with the reported value of Au bulk Young’s modulus25. 

The present work provides the guideline how to make the NB tests more reliable, especially how 

to analyze the effect of adhesion contact deformation in the NB tests. The reported Young’s moduli 

of Si27, CuO46, ZnO12, Ag47, etc nanomaterials are size-dependent. The highly reliable and accurate 

method developed in this paper is able to explore the size-dependent Young’s modulus at the 

nanoscale for all nanomaterials. In addition, the finding of adhesion contact induced plastic 

deformation deserves systematically study, especially atomistic simulations. The developed 

methodology of NB tests will be combined with electrochemistry in order to investigate the 

interactions among surface stress, charge, and adhesion. 

 

Table 1. Experimental evaluated and theoretical predicted Young’s modulus variation for each 

tested Au NB sample. 
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𝐅𝐦𝐚𝐱(nN) L(𝛍𝐦) w(nm) 𝐍𝐫(𝛍𝐍) 𝐄𝐮+𝛅(GPa) 𝐄𝐮(GPa) ∆𝐄(GPa) 

120 4.1 260 6.5 63.025 66.61 3.59 

120 4.1 260 9.1 67.425 72.55 5.12 

120 3.6 260 6.5 84.3 87.91 3.61 

120 5.1 220 11.0 68.525 75.13 6.61 

120 5.1 220 12.1 72.54 80.03 7.49 

120 4.6 220 7.7 91.35 95.87 4.52 

120 4.6 220 9.9 71.55 77.32 5.77 

120 3.6 220 3.3 67.15 68.99 1.84 

120 5.1 180 9.9 60.625 67.18 6.56 

120 5.1 180 10.8 85.125 92.21 7.08 

120 4.6 180 7.2 78.725 83.09 4.36 

120 4.1 180 4.5 75.125 77.66 2.53 

120 4.1 180 7.2 80.135 96.19 16.06 

120 3.6 180 5.4 85.77 89.02 3.25 

120 3.6 180 4.5 92.14 100.57 8.43 

120 4.6 340 1.7 70.125 71.68 1.55 

120 4.6 300 1.5 78.625 80.11 1.48 

120 4.6 300 1.5 79.4 81 1.60 

60 4.6 260 3.9 74.875 77.55 2.68 

60 4.6 300 3.0 74.3 76.54 2.24 

60 4.6 340 1.7 76.8 78.49 1.69 

60 4.6 340 1.7 69.6 71.32 1.72 

90 4.6 300 3.0 71.125 72.95 1.83 

90 4.6 300 1.5 64.375 65.89 1.51 
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90 4.6 340 3.4 69.125 71.12 1.99 

90 4.6 340 1.7 71.25 72.81 1.56 
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