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Experimental Details 

Sample preparation   

An NRC certified cellulose nanocrystal reference material, CNCD-1 was employed for sample 

preparation. The previously published sample preparation method (Jakubek et al. 2018) was used 

with minor variations as follows. Dry CNC was dispersed to give a 2% by mass suspension that 

was probe sonicated (5 kJ/g), diluted (0.004% w/v and 0.003 % w/v for the 2.54 cm x 2.54 cm 

(mica A) and 12 mm diameter (mica B) substrates, respectively) with deionized water (18.2 

MΩ·cm) and vortex-mixed for 5 s. To minimize agglomeration, CNCs were deposited on poly-L-

lysine (PLL, 0.01 wt % Sigma-Aldrich) coated mica. The PLL-coated mica was prepared by 

adding a 200 µL aliquot of 0.01 wt% PLL solution to a freshly cleaved mica substrate for mica A 

(or 40 µL for mica B). The mica substrate was placed in a covered petri dish for 10 min, after 

which it was rinsed with deionized water (x 5) and dried in a nitrogen stream. The substrate was 

mounted on a spin coater (WS-650SZ-6NPP/LITE, Laurel) and a 200 µL aliquot (mica A) of a 

0.004% CNC suspension (40 µL of a 0.003% CNC suspension for mica B) was pipetted onto the 

center of a freshly prepared PLL-mica substrate, ensuring that the suspension covered all the 

substrate.  The substrate was spun at 4000 rpm for 25 s, with an acceleration rate of 2000 rpm/s. 

Samples were air-dried and stored under a positive pressure of nitrogen prior to packaging. The 

amount of CNC suspension and spin coating parameters were optimized for each size of mica to 

minimize aggregated CNCs while maximizing the number of individual particles per image. 

 

Image analysis protocol 

The Gwyddion protocol is based on drawing line profiles through the long axis of the particle for 

all individual CNCs in a single image. An image before and after drawing profiles through all 

individual CNC particles is shown in Fig. S1. The line profiles are then used to determine the 

height and length sequentially for each particle in the image. This procedure reduces the data 

analysis time relative to one-at-a-time manual measurement of CNC profiles to extract length and 

height data. The length is measured at the point of intersection of the profile with the background.  

The height is the difference between the maximum height on the long axis profile (excluding any 

obvious random noise spikes) and the average background for that particle. Note that the 

maximum height is not necessarily at the widest part of the particle.     

The selection of individual CNCs is based on the following guidelines. Adjacent particles should 

only be analyzed if the separation between them is clearly established in the contact or near-



contact areas. Aggregated particles, particles crossing or touching an edge of the image, particles 

<25 nm long, particles crossing each other and particles with imaging artifacts should not be 

analyzed. Note that the identification of individual particles is challenging due to the irregular 

shape of some CNC particles and the fact that the height may vary across the length of the 

particle, as illustrated by the features highlighted with arrows in Fig. S1. The height variations 

across the individual particles could in principle lead to errors in estimation of the height as the 

maximum on the long axis of the particle. However, tests on a limited number of particles in 

previous work indicated that this is not generally the case. This factor could be addressed more 

easily with automated analysis methods. Note that we have not examined any possible effects of 

orientation of the particles with respect to the scan direction.  However, we do not expect 

orientation to have a large effect on length, particularly when considering that the length data are 

no corrected for tip convolution effects   

 

Fig. S1  (Top Left) An AFM image displayed in Gwyddion. (Top Right) The same image with profiles of 

individual CNCs for analysis. The two CNCs marked with a white arrow in the left image appear to be 

laterally aggregated particles when viewed on a larger scale; the CNC marked with a green arrow has been 

excluded because it is not clear whether this is a single particle or there is a small particle on top of a 

larger particle.  (Bottom) Line profiles for the CNC highlighted with a green arrow (left) and CNC #12 

(right) in the AFM image     
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Table S1.  Summary of results from test of image analysis protocol 

Lab1 N 
Length (nm) Height (nm) 

Mean (SE)2 Std dev median Mean (SE) Std dev median 

Lab 1, 

analyst 1 
140 80.7 (3.1) 37.0 70.4 3.6 (0.10) 1.2 3.7 

Lab 1, 

analyst 2 
146 81.1 (2.6) 30.9 72.4 3.9 (0.10) 1.2 3.8 

Lab 2 198 83.3 (2.6) 36.3 74.7 3.8 (0.09) 1.3 3.9 

Lab 3 87 78.2 (3.1) 28.5 69.8 3.7 (0.12) 1.1 3.7 
1 Of the 6 possible pairs of laboratories, only 1 pair are significantly different for length (Lab 1, analyst 2 

and Lab 3) based on the Kolmogorov-Smirnov test; none are significantly different for height.   

2 SE is standard error 

 

 

 

Fig. S2  Plots illustrating variability in data received from image analysis tests. Lab 1 has two analysts, A1 

and A2. The bottom and top of the colored boxes represent the 25th and 75th percentiles; the mean and 

median are shown as an open square and solid line, respectively; the vertical bars are 1.5 times the 

interquartile range, with point outside this range shown as filled diamonds   
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Fig. S3  Lab A5 test of applied imaging force.  Plot of measured CNC height vs cantilever amplitude set 

point; free air amplitude = 30 nm and cantilever spring constant, k = 5.45 N/m   

 



Table S2.  Summary of AFM instruments, calibration, operating conditions and analysis software used by each participating laboratory   

Lab 
Instrument, operating 

mode 

AFM Probe1 

Calibration 
Probes 

used 

CNCs 

analyzed 

Analysis 

software Type 
Spring 

constant 

Resonance 

frequency 
Tip 

A1 

Asylum MF3-PD, 

tapping 

scanner, NA 

NanoWorld 

NCHR 
42 N/m 320 kHz 

Silicon, 4-

sided; 

height 12.5 

± 2.5 µm; 

radius 8 ±2 

nm 

Asylum Research 

CalibrateAR 3D 

Calibration (x,y: 10 

um; z, 200 nm) 

3 500 Gwyddion 

A2 

Veeco Multimode, 

MMAFMLN-AM, 

closed loop tapping 

E scanner 

MikroMasch 

NSC35/AlBS, 

cantilever C 

5.4N/m 150 kHz 

Thickness, 2 

µm radius, 8 

nm 

STS2-180P (VLSI 

Standards Inc) 
3 544 

Gwyddion 

2.52 

A3 

Bruker MultiMode VIII, 

soft tapping 

J scanner 

Bruker 

RTESPA-150 
1.5 N/m 150 kHz 

Height, 10-

15 µm, 

radius, 8 nm 

Bruker, VGRP-

15M (180 nm 

Depth, 10μm Pitch) 

 

1 441 FiberApp 

A4 

Bruker Nanoscope 9.1 

R3, PeakForce QNM, 

tapping 

Bruker 

SCANASYST

Air 

0.4 N/m 70 kHz 
Radius, 2 

nm 
Grid, 18 nm height  4 355 Nanoscope 

A5 

Asylum Research, 

MFP3D-SA, Closed 

loop, intermittent 

contact 

90x90 flexure stage 

Budget 

Sensors 

Tap150Al-G 

5.45 

N/m2 
170 kHz 

Radius < 10 

nm 
VLSI STS2-180P 1 563 

Gwyddion 

2.52 

A6 
JPK Nanowizard 3, 

tapping 

Olympus 

AC160TS-R3 
26 N/m 300 kHz 

Radius, 7 

nm, height, 

14 µm t 

TGZ1, TGZ2, 

TGZ3 (tipsnano) 
4 409 Gwyddion 

A7 

Custom low noise AFM 

(Nanofocus Inc., 

AutoShot-M), closed 

loop, tapping,  

XY : flexure scanner (25 

µm) 

Nanosensors 

PPP-NCHR 
42 N/m 330 kHz 

Height, 10-

15 µm, 

radius < 10 

nm 

Z-calibration: 

KRISS CRM 207-

04-010 

XY-calibration: 

STS2-440P VLSI-

NIST Certified 

14 620 
Gwyddion + 

Matlab 



Z : tube scanner (2  µm) 

A83 

Asylum Cypher S 

Scanner 30 x03 x 5, 

closed loop, tapping 

Olympus 

AC160 
26 N/m 

200-400 

kHz 

Silicon 

sharpened 

tetrahedral 

length, 14 

µm, radius 7 

nm 

Factory calibration 

(Z LVDT, 

interferometer; X 

and Y LVDTs, 

calibration grid) 

5 509 Gwyddion 

A9 
Asylum Cypher Arc 2, 

closed loop tapping  

NuNano Scout 

70R 
2.18 N/m 70 kHz 

Radius < 10 

nm 

NPL traceable 

calibrated blaze 

grating for x,y and 

5 step height stds 

1 125 Gwyddion 

A10 

Bruker Multimode 8,  

J type scanner 125μm × 

125μm × 5μm 

open loop, ScanAsyst-

Air mode 

ScanAsyst-Air 

probe(Bruker)  
0.4 N/m 70 kHzR 

Radius, 2 

nm  

50 nm step-height 

standards calibrated 

by NIM  

1 500 
Gwyddion 

2.53 

1 Unless otherwise noted the probe parameters are nominal values provided by the manufacturer 
2 Measured value 
3 Using an Asylum semi-automated data acquisition mode 

 

 



 

Fig. S4  Histograms of AFM length data from each laboratory with the skew normal fits in red. The full 

data set is used for fitting; histograms are for display purposes only    
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Fig. S5  Histograms of AFM height data from each laboratory with the skew normal fits in red. The full 

data set is used for fitting; histograms are for display purposes only    
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Fig. S6  Histograms of AFM aspect ratio from each laboratory with the skew normal fits in red. The full 

data set is used for fitting; histograms are for display purposes only    
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Fig. S7  Plots comparing the 10 data sets for AFM length, height and aspect ratio. The red lines represent 

the range covering 10 % to 90 % of the data, with the 50 % value indicated by a symbol ()      

 

 

Table S3.  Kolmogorov-Smirnov pairwise comparison of data sets obtained with  

different AFM probes for 3 laboratories   

Lab 
AFM 

Probe1 

Length2 Height2 

Probe 1 Probe 2 Probe 3 Probe 1 Probe 2 Probe 3 

A1 Probe 1  D ND  ND ND 

Probe 2   D   ND 

A2 Probe 1  D D  ND ND 

Probe 2   D   ND 

A6 Probe 1  ND ND  ND ND 

Probe 2   ND   ND 
1 Number of CNCs analyzed with each probe: A1, probe 1 (129), probe 2 (124) and probe 3 (247);  

A2: probe 1 (136), probe 2 (221) and probe 3 (187); A6, probe 1 (91), probe 2 (112) and probe 4 (176) 
2 D = Different; ND = Not Different 

 

Table S4.  Kolmogorov-Smirnov pairwise comparison of data sets obtained with different  

AFM probes for laboratory A7. Note that 14 probes were used but probes for which < 60 CNCs were 

analyzed are not included   

1 Probe # (number of CNCs analyzed): 1 (63); 4 (110); 5 (60); 8 (76) and 9 (84) 
2 D = Different; ND = Not Different 

  

Length (nm)                                                                           Height (nm)                                                               Aspect ratio

AFM 

probe1 

Length2 Height2 

Probe 1 Probe 4 Probe 5 Probe 8 Probe 9 Probe 1 Probe 4 Probe 5 Probe 8 Probe 9 

Probe 

1 

 D ND ND ND  ND ND ND ND 

Probe 

4 

  ND D ND   ND ND ND 

Probe 

5 

   ND ND    ND ND 

Probe 

8 

    ND     ND 



Fig. S8   Plots illustrating the cumulative mean length as a function of the probes used for laboratories that 

used multiple probes.  The cumulative number of CNCs analyzed for each probe is plotted to show the 

evolution in mean as a function of number of analyzed CNCs. The error bars are the standard error on the 

cumulative mean and the dashed lines show the means for the complete data set for each laboratory. Note 

that laboratory A4 used 3 probes but did not record the point at which probes were changed. Laboratory 

A7 used 14 probes and each data point represents the cumulative mean after measurements with that probe    

 

Fig. S9  Plots illustrating the cumulative mean length as a function of the number of CNCs analyzed for 

each laboratory that used a single probe. The dashed lines show the means for each data set with error bars 

of standard error    
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Fig S10  Plots illustrating the cumulative mean height as a function of the probes used for laboratories that 

used multiple probes.  The cumulative number of CNCs analyzed for each probe is plotted to show the 

evolution in mean as a function of number of CNCs. The error bars represent the standard error on the 

cumulative mean and the dashed lines show the mean for the complete data set for each laboratory.  Note 

that laboratory A4 used 3 probes but did not record the point at which probes were changed. Laboratory 

A7 used 14 probes and each data point represents the cumulative mean after measurements with that probe      

 

 

Fig. S11  Plots illustrating the cumulative mean height as a function of the number of CNCs analyzed for 

each laboratory that used a single probe. The dashed lines show the means for each data set with error bars 

of standard error  
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Fig. S12  Log-log cumulative probability plots for CNC length and height for laboratory A1 with fits of 

normal (N), lognormal (logN), skew normal (sN), and 2-mixture normal (N+N) distributions. The sN 

distribution (black line) provides a better fit than the other three models for length data sets; all four 

models provide reasonable fits for height. 

 


