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S8.0 Supplementary Information (SI) 

S8.1 Data Processing Techniques 

Table S1 shows the data processing techniques applied to the experimentally collected data sets 

presented in the publication results figures (Section 3.0). The static force calculations were 

performed all data sets. The relative magnitude of the dynamic forces was determined for the two 

data sets involving multiple dynamic forces presented in Figure 3 and Figure 4. Peak fitting 

functions were used for all data sets. Finally, the viscoelastic loss tangent (tan 𝛿) determined for 

the two data sets that demonstrate the utility of LTF-CRFM measurements presented in Figure 5 

and Figure 6.  

Table S1: Data processing techniques applied to data sets presented in the publication results figures 

Publication 

Figure 

Data Processing Technique 

Calculating the 

Static Force 

(Section S8.1.1) 

Determining the 

Relative Magnitude of 

the Dynamic Forces 

(Section S8.1.2) 

Fitting the 

Resonance Peaks of 

the Response Spectra 

(Section S8.1.3) 

Calculating 𝐭𝐚𝐧 𝜹 

(Section S8.1.4) 

Figure 3 

(Section 3.1) 
Yes Yes Yes No 

Figure 4 

(Section 3.2) 
Yes Yes No No 

Figure 5 

(Section 3.3) 
Yes No Yes Yes 

Figure 6 

(Section 3.4) 
Yes No Yes Yes 

S8.1.1 Calculating the Static Force 

The static force is computed by relating the displacement of the cantilever tip with the measured 

stiffness of the cantilever. In this case, the last contact resonance measurement before the cantilever 

tip pulls off the surface is considered to have zero net force. Therefore, the static force (𝐹𝑖) at each 

increment (𝑖) is computed according to: 
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𝐹𝑖 = 𝐹𝑖−1 ∗ (𝐼𝑛𝑉𝑂𝐿𝑆)(∆𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡)(𝑘𝑐)          𝑓𝑜𝑟 𝑖 ≥ 1       (S1) 

where 𝑖 = 0 is considered the increment at which the static force equals zero, 𝑘𝑐 is the stiffness of 

the cantilever, ∆𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 is the change in voltage associated with the cantilever position, and the 

𝐼𝑛𝑉𝑂𝐿𝑆 is the inverse optical lever sensitivity (InVOLS) value, which is used to convert the 

measured voltage to cantilever displacement.  

Table S2 shows the parameters used to compute the static forces that are presented in the 

corresponding publication figures. 

Table S2: Static Force Parameters 

Publication 

Figure 

Measurement 

Description 

Static Force Parameters 

𝑘𝑐 (N/m) 𝐼𝑛𝑉𝑂𝐿𝑆 (Nm/V) ∆𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 (V) ∆𝐹𝑖 (nN) 

Figure 3 

Single points 1-2 1.51 51.89 0.005 0.39 

Single points 3 1.51 111.04 0.005 0.84 

Single points 4 1.51 111.04 0.002 0.34 

Figure 4 All measurements 3.51 53.58 0.01 1.88 

Figure 5 

All line of single points 

over CNF 
3.61 60.44 0.01 2.18 

All single points on 

substrate 
3.61 55.06 0.01 1.99 

Figure 6 

Section lines 1-2 along 

CNFs 
3.61 55.09 0.05 9.94 

Section lines 3-4 along 

CNFs 
3.61 60.72 0.05 10.96 

S8.1.2 Determining the Relative Magnitude of the Dynamic Forces 

The objective of using Brownian motion to drive the cantilever is to use the thermally limited 

lowest dynamic force to minimize the dynamic stress field within the cellulose nanofibril (CNF). 

Quantifying this reduction in dynamic force using Brownian motion compared to photothermal 

excitation is challenging because the excitation techniques are not directly comparable. Therefore, 

a basis for comparison was established using the relative magnitude of the dynamic forces, which 

was determined using a ratio of the response amplitudes from driving the cantilever. The response 

amplitude is proportional to the deflection of the cantilever which is, in turn, proportional to the 

dynamic force. Therefore, the amplitude can be used to describe the relative magnitude of the 

dynamic force. Brownian motion is considered the lowest possible dynamic force, because it is a 

result of the random motion of molecules at ambient temperature. Consequently, the magnitudes 

of the photothermal dynamic forces are computed relative to the Brownian motion dynamic force 

to show the corresponding magnitude increase from the thermally limited minimum dynamic 

force. 

The response spectra for the Brownian motion measurements are recorded as power spectral 

density (PSD) curves. Using the lowest possible dynamics force minimizes the response amplitude 

of the cantilever, but also maximizes the influence of the noise floor from the measurement. 

Converting the response spectra to PSD curves increases the signal to noise ratio and improves 

peak detection. In order to relate the maximum amplitude from the PSD resonance peaks (𝐴𝑚𝑎𝑥
𝑃𝑆𝐷 ) 
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in units of 𝑉2 𝐻𝑧⁄  to the maximum amplitude from the photothermal resonance peaks (Goldman, 

1999), the following equation was used: 

𝐴𝑚𝑎𝑥,𝐵𝑀 =  √ 𝐴𝑚𝑎𝑥
𝑃𝑆𝐷  ∆𝑓         (S2) 

where 𝐴𝑚𝑎𝑥 can be related to the maximum amplitude from the photothermal resonance peaks and 

∆𝑓 is the frequency step of the PSD curve.  

For Figure 3, the contact resonance peaks from mode 1 were compared for each dynamic force 

(i.e., ∆𝐹𝐵𝑀, ∆𝐹𝑃𝑇1, and ∆𝐹𝑃𝑇2) using the response spectra from the two highest static force 

increments for each of the four measurement locations. The response spectra were selected to have 

similar corresponding peak frequencies for comparison. Therefore, the relative magnitudes of 

∆𝐹𝐵𝑀 and ∆𝐹𝑃𝑇1 were determined by analyzing and relating 8 resonance peaks for ∆𝐹𝐵𝑀 and 

∆𝐹𝑃𝑇1, respectively. Due to the nonlinearity of the peak resonance, the relative magnitude of ∆𝐹𝑃𝑇2 

was determined using a ratio of the amplitudes used to drive the cantilever for ∆𝐹𝑃𝑇1 and ∆𝐹𝑃𝑇2. 

In accordance with the proportionality of dynamic force and response amplitude, the relative 

magnitudes of the dynamic forces (𝑚𝐵𝑀 , 𝑚𝑃𝑇1, and 𝑚𝑃𝑇2) in terms of the lowest possible dynamic 

force (∆𝐹𝐵𝑀) were determined according to: 

𝑚𝐵𝑀 =
𝐴𝑚𝑎𝑥,𝐵𝑀

𝐴𝑚𝑎𝑥,𝐵𝑀
                  (S3) 

𝑚𝑃𝑇1 =
𝐴𝑚𝑎𝑥,𝑃𝑇1

𝐴𝑚𝑎𝑥,𝐵𝑀
                  (S4) 

𝑚𝑃𝑇2 = 𝑚𝑃𝑇1
𝐴𝑑𝑟𝑖𝑣𝑒,𝑃𝑇2

𝐴𝑑𝑟𝑖𝑣𝑒,𝑃𝑇1
           (S5) 

where 𝐴𝑚𝑎𝑥,𝐵𝑀 is the maximum response amplitude for ∆𝐹𝐵𝑀 and computed using the  

𝐴𝑚𝑎𝑥
𝑃𝑆𝐷  values provided in Table S3 and a ∆𝑓 of 76.3 Hz. 𝐴𝑚𝑎𝑥,𝑃𝑇1 is the maximum response 

amplitude for ∆𝐹𝑃𝑇1 and the values are provided in Table S3. 𝐴𝑑𝑟𝑖𝑣𝑒,𝑃𝑇1 and 𝐴𝑑𝑟𝑖𝑣𝑒,𝑃𝑇2 are the 

drive amplitudes for ∆𝐹𝑃𝑇1 and ∆𝐹𝑃𝑇2 and equal to 0.0000192 V and 0.0002 V, respectively.  

Table S3: Maximum response amplitudes from mode 1 contact resonance peak data presented in Figure 3 

Measurement 

Location 

Static 

Force 

(nN) 

Maximum Response Amplitudes  

𝐴𝑚𝑎𝑥
𝑃𝑆𝐷  (𝑉2 𝐻𝑧⁄ ) 𝐴𝑚𝑎𝑥,𝑃𝑇1 (𝑉) 

1 
13.7 2.33e-11 0.00244 

14.1 1.68e-11 0.00186 

2 
12.9 2.62e-11 0.00233 

13.3 2.03e-11 0.00218 

3 
15.1 1.94e-11 0.00203 

15.9 2.29e-11 0.00202 

4 
10.4 1.54e-11 0.00191 

10.7 1.71e-11 0.00173 

For Figure 4, the free resonance peaks from mode 3 were compared for each dynamic force (i.e., 

∆𝐹𝐵𝑀 and ∆𝐹𝑃𝑇3). For each starting static force setpoint, the resonance peaks from two free 

response spectra for each dynamic force was analyzed to ensure consistent measurements during 

PMM2. Therefore, the relative magnitudes of ∆𝐹𝐵𝑀 and ∆𝐹𝑃𝑇3 were determined by analyzing and 

relating 8 resonance peaks for ∆𝐹𝐵𝑀 and ∆𝐹𝑃𝑇3, respectively. In accordance with the 
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proportionality of dynamic force and response amplitude, the relative magnitudes of the dynamic 

forces (𝑚𝐵𝑀 and 𝑚𝑃𝑇3) in terms of the lowest possible dynamic force (∆𝐹𝐵𝑀) were determined 

according to: 

𝑚𝐵𝑀2 =
𝐴𝑚𝑎𝑥,𝐵𝑀

𝐴𝑚𝑎𝑥,𝐵𝑀
      (S6) 

𝑚𝑃𝑇3 =
𝐴𝑚𝑎𝑥,𝑃𝑇3

𝐴𝑚𝑎𝑥,𝐵𝑀
      (S7) 

where 𝐴𝑚𝑎𝑥,𝐵𝑀 is the maximum response amplitude for ∆𝐹𝐵𝑀 and computed using the  

𝐴𝑚𝑎𝑥
𝑃𝑆𝐷  values provided in  

Table S4 and a ∆𝑓 of 152.6 Hz. 𝐴𝑚𝑎𝑥,𝑃𝑇3 is the maximum response amplitude for ∆𝐹𝑃𝑇3 and the 

values are provided in  

Table S4. 

Table S4: Maximum response amplitudes from mode 3 free resonance peak data presented in Figure 4 

Starting 

Static Force 

(nN) 

Maximum Response Amplitudes  

𝐴𝑚𝑎𝑥
𝑃𝑆𝐷  (𝑉2 𝐻𝑧⁄ ) 𝐴𝑚𝑎𝑥,𝑃𝑇3 (𝑉) 

11.3 
8.78e-12 0.0231 

8.96e-12 0.0230 

16.9 
9.89e-12 0.0236 

9.01e-12 0.0235 

45.1 
8.84e-12 0.0235 

9.12e-12 0.0234 

84.6 
1.01e-11 0.0238 

9.34e-12 0.0237 

S8.1.3 Fitting the Resonance Peaks of the Response Spectra 

Representative response spectra collected during measurements of the last 6 static force increments 

are shown in Figure S1 and Figure S2 using photothermal and Brownian motion excitation, 

respectively. In both Figure S1 and Figure S2, the bottom five curves (▬,▬,▬,▬,▬) show 

frequency ranges in contact resonance when the cantilever tip is in-contact with the sample surface. 

The top curve (▬) shows a frequency range in free resonance when the cantilever is out-of-contact 

with the sample surface. As expected, there is an observed shift in amplitude and frequency of the 

peaks for free resonance compared to contact resonance.  
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Figure S1: Representative mode 3 response spectra data collected using a photothermal dynamic force as the static 

force decreases from contact to free resonance. The curves have been manually y-offset for clarity. 

Comparing Figure S1 and Figure S2, the photothermal dynamic force response spectra have a 

higher signal to noise ratio than the Brownian motion dynamic force response spectra. Since the 

drive amplitude cannot be increased using Brownian motion, the signal must be optimized using 

other AFM parameters. For example, the detection laser position and cantilever selection can be 

optimized in order to amplify the response and collect analyzable data. However, this approach 

does have trade-offs. For example, in Figure S2, the mode 3 response shows a stronger peak signal 

than the mode 1 response. In addition, the response from mode 2 has a double peak, which suggests 

a mix of lateral and flexural motion of the cantilever. The different modes are more or less sensitive 

to materials of different stiffnesses. For example, mode 3 and mode 1 have greater sensitivity when 

measuring stiff and compliant materials, respectively (Killgore & DelRio, 2018). As such, the 

appropriate mode for analysis of a certain material, such as CNF, can be amplified using browning 

motion and optimizing experimental parameters. The experimental environment must also be 

suitable for AFM measurements with Brownian motion. As examples of experimental 

environment considerations, the AFM must be a higher end model and the lab must have noise 

reduction measures in place. In conclusion, collecting analyzable data using Brownian motion is 

challenging but possible to obtain. 
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Figure S2: Representative power spectral density (PSD) curves from the response spectra data collected using a 

Brownian motion dynamic force as the static force decreases from contact to free resonance. The curves have been 

manually y-offset for clarity. 

After collecting the response spectra during each CRFM point measurement, the resonance peaks 

are further analyzed for quantitative material property measurements, because the resonance 

frequency reflects the elastic modulus of the sample through tip-sample interaction. For a free or 

contact resonance peak at given mode (𝑛), peak fitting functions are used to determine the free 

resonance frequency (𝑓𝑛
0) and quality factor (𝑄𝑛

0) or the contact resonance frequency (𝑓𝑛
𝑐) and 

quality factor (𝑄𝑛
𝑐 ), respectively. Figure S3 shows a representative contact resonance peak from 

mode 3 that was isolated by visually cropping the data around the peak. The contact resonance 

frequency (𝑓3
𝑐) and quality factor (𝑄3

𝑐) are then determined using the following peak fitting 

procedure. First, as shown in Figure S3, a moving average of the isolated peak data was taken in 

order to obtain initial guess values. Then, a Gaussian fit of the isolated peak data was computed 

using the moving average results and initial guesses, according to:  

𝑓(𝑥) = 𝐴 𝑒
−

(𝑥−𝑓𝑛)2

2𝜎2 + 𝑏              (S8) 

𝑄𝑛 =
𝑓𝑛

𝐹𝑊𝐻𝑀
=

𝑓𝑛

2√2 ln 2 𝜎
              (S9) 

where 𝑥 is the isolated peak frequency data and 𝑓(𝑥) is the isolated peak amplitude data. 𝐴 is the 

peak height or amplitude with an initial guess from the difference between the minimum and 

maximum amplitude values of the moving average results. 𝑓𝑛 is the peak frequency at mode 𝑛 with 

an the initial guess from the corresponding frequency coordinate to the maximum amplitude from 

the moving average results.  𝑏 is the offset with an initial guess from the minimum amplitude value 

of the motiving average results. 𝜎 describes the variation from 𝑓𝑛 with a user-defined initial guess 

of 1800 or 2000 for mode 1 and mode 3, respectively. 𝑄𝑛 is the quality factor at mode 𝑛 and was 

computed using the 𝜎 and 𝑓𝑛 results from the Gaussian fit (Equation S8) where 𝐹𝑊𝐻𝑀 is the full 

width half maximum shown as ∆𝑓3
𝑐 in the representative peak data from Figure S3. The Nelder-

Mead minimization method was used to advance from the initial to the final Gaussian fit. The 𝑓𝑛 

of Gaussian fit was bounded by the minimum and maximum of the isolated peak data frequency 

range. 
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Figure S3: A representative example of the peak fitting procedure performed on free or contact resonance peaks from 
the collected response spectra. In this example, the data from a mode 3 contact resonance peak was isolated by visually 

cropping the data (left). The peak fitting procedure is used to determine the contact resonance frequency (𝒇𝟑
𝒄 ) and 

quality factor (𝑸𝟑
𝒄 ) (left). After isolating the peak, a moving average and Gaussian fit are applied (center) and then the 

simple damped harmonic oscillator (DHO) function fit (right). The results from the moving average and Gaussian Fit 

were used as initial guesses for the Gaussian fit and DHO fit, respectively. The resonance frequency and quality factor 

results from the DHO fit are used for further analysis of viscoelastic properties. 

As shown in Figure S3, the results from the Gaussian fit and the 𝑄𝑛 calculation were used to 

further isolate the peak using a bandwidth equal to 𝑓𝑛 ± 2(𝑓𝑛 𝑄𝑛⁄ ). Then, the results from the 

Gaussian fit and the 𝑄𝑛 calculation were used as initial guesses for the simple damped harmonic 

oscillator (DHO) function fit of the bandwidth peak data, according to: 

𝑓(𝑥) =
𝐴 𝑄𝑛  𝑓𝑛

2

√𝑥2𝑓𝑛
2+𝑄𝑛

2 (𝑓𝑛
2−𝑥2)

2
+ 𝑏            (S10) 

where 𝑥 is the bandwidth peak frequency data and 𝑓(𝑥) is the bandwidth peak amplitude data, 

shown as the bandwidth peak data in Figure S3. 𝐴 is the peak height or amplitude with an initial 

guess equal to the 𝐴 divided by 𝑄𝑛 from the final Gaussian fit and 𝑄𝑛 calculation. 𝑄𝑛 is the quality 

factor at mode 𝑛 with and initial guess of 𝑄𝑛 from Equation S9. 𝑓𝑛 is the peak frequency at mode 

𝑛 with an the initial guess of 𝑓𝑛 from the final Gaussian fit. 𝑏 is the offset with an initial guess of 

𝑏 from the final Gaussian fit. The Nelder-Mead minimization method was again used to advance 

from the initial to the final DHO fit. The 𝑓𝑛 of DHO fit was bounded by the minimum and 

maximum of the bandwidth peak data frequency range, and the minimum 𝑄𝑛 of DHO fit was set 

at 0. The 𝑓𝑛 and 𝑄𝑛 results from DHO fits of collected contact and free resonance peaks were used 

for further analysis of viscoelastic properties, in accordance with the state of the art and best 

practices for CRFM measurements (Killgore & DelRio, 2018). 

S8.1.4 Calculating 𝑡𝑎𝑛 𝛿 

Distributed mass models based on Euler-Bernoulli beam theory were used to describe the 

cantilever dynamics in free space (Figure S4a) and in contact with the sample (Figure S4b) during 

LTF-CRFM measurements. In free space, the cantilever dynamics are well-described by a 

distributed mass beam model that has one fixed and one free end with damping defined in 

Equation S15. In contact with the sample, the cantilever dynamics are described using a 

distributed mass beam model that has one fixed and one surface coupled end. In this case, it is 
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assumed that the vibrational amplitudes are small enough to model the tip-sample interaction with 

a linear spring and dashpot system. As shown in Figure S4b, 𝛼 is the normalized tip sample contact 

stiffness and defined as the ratio of the tip-sample contact stiffness (𝑘∗) and the cantilever stiffness 

(𝑘𝑐). The damping constant (𝑐) is normalized by the cantilever properties and expressed as 𝛽, 

where 𝐸𝑐 , 𝜌, 𝐼, 𝐴 are the elastic modulus, density, moment of inertia, and cross-sectional area, 

respectively. To determine the viscoelastic properties of the sample, 𝛼 and 𝛽 are calculated from 

the real and imaginary parts of Equation S11. 

The characteristic equation at mode 𝑛 for a beam that considers both damping (𝑐) and tip offset 

(𝛾), as shown in Figure S4b, was developed by Hurley and Turner (2004) and described by the 

following set of equations: 

𝛼 + 𝑖𝛽(𝜆𝑛𝐿1)2 =
2

3
(𝜆𝑛𝐿1)3 [1+cos 𝜆𝑛𝐿 cosh 𝜆𝑛𝐿]

𝐷
     (S11) 

where 

𝐷 = [(sinh 𝜆𝑛𝐿1 cos 𝜆𝑛𝐿1 − sin 𝜆𝑛𝐿1 cosh 𝜆𝑛𝐿1)(1 + cos 𝜆𝑛𝐿′ cosh 𝜆𝑛𝐿′)] + 

[(1 − cos 𝜆𝑛𝐿1 cosh 𝜆𝑛𝐿1)(sin 𝜆𝑛𝐿′ cosh 𝜆𝑛𝐿′ − cos 𝜆𝑛𝐿′ sinh 𝜆𝑛𝐿′)]          (S12) 

where 𝜆𝑛𝐿, 𝜆𝑛𝐿1, and 𝜆𝑛𝐿′ are complex normalized wavenumbers described by the cantilever 

length dimensions 𝐿, 𝐿1, and 𝐿′ shown in Figure S4b and defined as: 

𝜆𝑛𝐿 = 𝑎𝑛 + 𝑖𝑏𝑛  and  𝜆𝑛𝐿1 = 𝛾𝜆𝑛𝐿  and  𝜆𝑛𝐿′ = (1 − 𝛾)𝜆𝑛𝐿           (S13) 

where the wavenumbers are related through the tip offset (𝛾 = 𝐿1 𝐿⁄ ) which is equal to 0.968, as 

shown in Figure S5a. 𝜆𝑛𝐿 has real (𝑎𝑛) and imaginary (𝑏𝑛) parts according to: 

𝑎𝑛 = 𝑥𝑛
0𝐿√

𝑓𝑛
𝑐

𝑓𝑛
0   and 𝑏𝑛 = 𝑎𝑛 [

2𝜋𝑓𝑛
𝑐−𝜒𝑄𝑛

𝑠

8𝜋𝑓𝑛
𝑐𝑄𝑛

𝑠 ]         (S14) 

where 𝑥𝑛
0𝐿 are the solutions to the characteristic equation for free flexural resonance at mode 𝑛 

described by: 

1 + cos 𝑥𝑛
0𝐿 cosh 𝑥𝑛

0𝐿 = 0         (S15) 

For mode 1 and mode 3, 𝑥1
0𝐿 and 𝑥3

0𝐿 equals 1.8751 and 7.8548, respectively. 𝑓𝑛
0 and 𝑓𝑛

𝑐  are the 

free and contact resonance frequencies at mode 𝑛 determined using the peak fitting procedure 

described in Section S8.1.3. 𝑄𝑛
𝑠  is the quality factor of the sample at mode 𝑛 calculated according 

to Equation S17. 𝜒 is the cantilever damping in the fixed-free mass distribute beam model and 

defined as: 

𝜒 =
2𝜋𝑓𝑛

0

𝑄𝑛
0            (S16) 

where 𝑄𝑛
0 is the free quality factor at mode 𝑛 determined using the peak fitting procedure described 

in Section S8.1.3. 
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(a)     (b)  

Figure S4: Distributed mass beam model used to analyze the collected free (a) and in-contact (b) CR-FM 

measurements. The cantilever is considered a homogeneous beam of uniform cross section (𝑨), density (𝝆), moment 

of inertia (𝑰), elastic modulus (𝑬𝒄), and stiffness (𝒌𝒄). The tip of the cantilever is offset from the fixed end by a distance 

𝑳𝟏. In free space, the cantilever has one fixed and one free end. In contact with the sample, the cantilever has one fixed 

and one surface coupled. In latter case, the tip-sample interaction is represented using a linear spring and dashpot 

where 𝒌∗ is the tip-sample contact stiffness and 𝒄 is the damping constant.  

The tip offset (𝛾) of the cantilever is determined using a “mode crossing” approach (Rabe et al., 

2000), as shown in Figure S5a. Since the same cantilever was used for data sets in Figure 5 and 

Figure 6, the tip offset was determined using the data set in Figure 5 and then used for both data 

sets. The response spectra with the highest resonance frequency computed during the peak fitting 

procedure was selected for the “mode crossing” approach. For mode 1 and mode 3, 𝛼 was plotted 

as a function of 𝛾 and the value at the intersection of the two curves is considered the location of 

𝛾 on the cantilever. In this case, the curves intersect at 𝛾 equal to 0.968, as shown in Figure S5a, 

which is within the typical tip offset range of 0.90 to 1.05. 

In order to account for effects of environmental damping due to the presence of air under the 

cantilever during contact resonance measurements, a hydrodynamic correction is applied to 𝑄𝑛
𝑐  at 

a given 𝑓𝑛
𝑐 . The corrected quality factor of the sample (𝑄𝑛

𝑠 ) is defined as: 

1

𝑄𝑛
𝑠 =

1

𝑄𝑛
𝑐 −

1

𝑄ℎ𝑦𝑑𝑟𝑜
                (S17) 

where 𝑄ℎ𝑦𝑑𝑟𝑜  considers the damping associated with the environment and is determined using a 

hydrodynamic fit of 𝑄𝑛
0 and 𝑓𝑛

0 data from measurements near the sample surface, as shown in 

Figure S5b. The hydrodynamic fit function used to determine 𝑄ℎ𝑦𝑑𝑟𝑜 at a given 𝑓𝑛
𝑐  is: 

1

𝑄ℎ𝑦𝑑𝑟𝑜
= 𝐵1 +

𝐵2

√𝑓𝑛
𝑐 +

𝐵3

𝑓𝑛
𝑐         (S18) 

where 𝐵1, 𝐵2, and 𝐵3 are varied based on the best fit of the data and, in this case, are equal to 

0.000462, 0.270, and 308.46, respectively, as shown in Figure S5b. 

Once 𝛼 and 𝛽 from Equation S11 are determined for a contact resonance peak, the viscoelastic 

loss tangent (tan 𝛿) is then computed according to.  

tan 𝛿 =
(𝑥𝑛

0𝐿)
2

𝛾2𝛽

𝛼

𝑓𝑛
𝑐

𝑓𝑛
0          (S19) 

Using CRFM to measure tan 𝛿 is a more recently developed method (Campbell et al., 2012; Hurley 

& Killgore, 2013). One advantage of using the CRFM method is the direct measurement of tan 𝛿 

via beam mechanics without needing to measure 𝐸′ and 𝐸′′ (Killgore & DelRio, 2018). 
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(a)  (b)  

Figure S5: As part of the viscoelastic CRFM analysis process, the tip offset was determined using the “mode-

crossing” approach (a) and the hydrodynamic function fit of experimental data (b) was used to correct for 

environmental damping when determining 𝑸𝒏
𝒄  at 𝒇𝒏

𝒄 . 

S8.6.2 Glass and Silicon Substrate CRFM Measurements as Static Force Increases 

Figure S6 shows the results from substrate locations on the lines of measurements taken using a 

cantilever with a sharp tip. For comparison, Figure S6 also shows results from substrate 

measurements taken at single locations using a cantilever with a blunted tip. The blunted tip 

increases the contact area with the sample which corresponds to an increase in stress field 

penetration depth into the surface in accordance with Hertzian contact. 

  (b)  

Figure S6: Glass and silicon substrate 𝒌∗ and 𝐭𝐚𝐧 𝜹 results versus static force from measurements using cantilevers 

with sharp and blunted tips.  

The 𝑘∗ and tan 𝛿 results from the substrate measurements are shown in Figure S6a and Figure 

S6b, respectively. It is expected that the glass substrate would have a greater  𝑘∗ and smaller tan 𝛿  

than the silicon substrate. This expected trend is true for the blunted tip measurements. Since the 

penetration depth is greater for the blunted tip measurements, the results are considered more 

representative of the bulk material and accordingly follows the expected trend. Conversely, the 
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results for the sharp tip measurements are not representative of the respective bulk materials. 

CRFM measurements at low static forces and using a sharp tip may not generate a stress field 

dominated by the bulk material. At the surface, the results may be influenced by a contamination 

layer from the drop cast method used during sample prep or the presence of an oxide layer on the 

silicon. However, CRFM measurements using sharp tip and low static forces are necessary for 

measuring the thin hexagonal rod-shaped CNF. 

S8.3 Correlating Height and 𝐭𝐚𝐧 𝜹 Results from LTF-CRFM Measurements 

Figure S7 shows the correlation between the sample surface topography and the tan 𝛿 results using 

the arrangement with Sections 1 and 2 for illustration. Due to the experimental drift commonly 

found at the length scales of the measurement, the topographic images taken before measurements 

are not aligned with the tan 𝛿 results from the grid of LTF-CRFM measurements locations. As 

such, the height data collected during the LTF-CRFM measurements were used to identify the top 

of the CNF for tan 𝛿 property mapping. The section lines were drawn using the height results from 

the grid of LTF-CRFM measurement locations (Figure S7a), and the same section lines were used 

to report the tan 𝛿 results over distance (Figure S7b). The tan 𝛿 results were averaged over a 

section line width of two points in order to obtain a mean and standard deviation and report a more 

representative measurement of the material. In order to increase experimental speed to reduce 

experimental drift, the LTF-CRFM measurements were collected at one static force for all 

locations on the grid. Therefore, the tan 𝛿 property mapping describes the relative variation in 

tan 𝛿 over the length of the CNF and does not reflect the measured tan 𝛿 value of 0.015 ± 0.0094. 

 
Figure S7: Representative height and 𝐭𝐚𝐧 𝜹 results from a grid of LTF-CRFM measurements locations. A section line 

following the top of a CNF was drawn using the height results (left) to report the 𝐭𝐚𝐧 𝜹 results along the same section 

line (right). The section lines have a width of 2 points. 
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