Supplementary information to:

Mapping Humidity-dependent Mechanical Properties of a Single Cellulose Fibre 

Julia Auernhammer1, Tom Keil2, Binbin Lin3, Jan-Lukas Schäfer4, Bai-Xiang Xu3, Markus Biesalski4 and Robert W. Stark1*
1 Technical University of Darmstadt, Institute of Materials Science, Physics of Surfaces, Alarich-Weiss-Str. 16, 64287 Darmstadt, Germany
2 Technical University of Darmstadt, Institute of Materials Science, Physical Metallurgy, Alarich-Weiss-Str. 2, 64287 Darmstadt, Germany
3 Technical University of Darmstadt, Institute of Materials Science, Mechanics of Functional Materials, Alarich-Weiss-Str. 16, 64287 Darmstadt, Germany
4Technical University of Darmstadt, Department of Chemistry, Macromolecular Chemistry and Paper Chemistry, and Center of Smart Interfaces (CSI), Petersenstraße 22, 64287 Darmstadt, Germany
*corresponding author







Supplementary Table



Table S1: Information of the used Linters fibre
	Fiber length
(Weightage to mass)
	1.13 mm 

	  Fibre width
	16. 5 µm

	Curl
	12.87 %

	Coarseness
	0.09 mg/m

	FinesA
	19.55 %

	Fibrillation
	1.78 %




 Supplementary Figures
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Figure S1: Use of different glues and imbibition of the glue into the fibre. a) Entire fibre, both ends fixed with the glue. No glue has been soaked into the fibre. b) Closeup of the fibre structure. c) Here a glue has been soaked into the fibre.
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Figure S2: CLSM three-dimensional representation of the investigated paper fibre.












Strategy for calculation the eccentricity 

This strategy is extracted from (Barber et al. 2018). 
For a detailed insight into the Hetzian Contact Calculations see Chapter 3 in this book!


Profiles of the contacting should be known
Use equation to determine A and B

			(S1)
Rx and Ry are the principal radii of curvature of the surface.
With
		
  					(S2)

   And

     				(S3)


Read out e from the graph

[image: ]
Figure S3: Eccentricity e of the contact area as a function of . From (Barber et al. 2018).






Read out the elliptical integrals K(e) and E(e) 
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Figure S4: The complete elliptic integrals K(e), E(e) as functions of eccentricity e. From (Barber et al. 2018).


Calculate the ellipse major and minor axis a and b

 					(S4)

						(S5)

P is the applied force.



Repeat

Repeat these steps for every bending point and every applied force.
Thus, one gets out elliptical contact areas for every applied force and every fibre surface curvature.

For an example calculation see (Barber et al. 2018), chapter 3, page 37-38.
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Figure S5: Typical DMT modulus maps in a-d) for 2%, 40%, 75% and 90% RH. e) Typical cross sections across a-d) highlighting the reduced stiffness variation in c) and d), i.e. for 75% and 90% RH.



















Determination of virtual Young’s moduli

With Hooke’s law, the Young’s modulus can be determined in the linear elastic area. The calculated Young’s moduli for every RH in the three ROIs are shown in table 1. In opposite to the literature, we extract the Young’s modulus not for the whole fibre, but in sections of the fibre. Additionally, in our contact model we assume a conformal contact between colloidal probe and fibre and a homogeneous fibre material. Thus, the Young’s modulus values display a measure for the fibre stiffness in a certain ROI on the fibre and cannot be treated as absolute values. 

Table S3: Corresponding virtual Young’s moduli of ROIs I, II, and III of figure 10.
	RH (%)
	 E (GPa) ROI I
	E (GPa) ROI II
	E (GPa) ROI III

	2
	32 ± 8
	93 ± 28
	95 ± 27

	40
	28 ± 7
	72 ± 20
	51 ± 13

	75
	10 ± 4
	49 ± 10
	25 ± 5

	90
	2 ± 2
	19 ± 3
	20 ± 4



The virtual Young’s moduli in ROI I exhibited lower values than those in ROIs II and III (Table I). Typical values for the Young’s modulus for plant-based cellulose are 20-80 GPa but can also amount to 138 GPa for highly crystalline cellulose (Cabrera et al. 2011; Eichhorn and Young 2001; Groom et al. 2002; Jayne 1959; Kolln et al. 2005; Lorbach et al. 2014; Nishino et al. 1995; Page et al. 1977). Furthermore, the Young’s modulus is dependent on geometrical aspects, such as cell wall thickness or fibre width. 
In figure 9, the corresponding SE images of the ROIs are shown.
ROI I exhibited a larger diameter and thus had a high fibre mass, which is mostly represented by the S2 wall. The S2 wall is mainly responsible for the mechanical properties (Mather and Wardman 2015; Sctostak 2009). Also, the surface in ROI I showed an unordered macroscopic fibril orientation. In ROIs II and III, the SE images in figure 9 show smaller diameters and an ordered macroscopic fibril orientation on the surface. This observation could support the fact that the fibre mass (corresponding the mass of S2 layer) plays a role in the stiffness of a fibre. Furthermore, the order and arrangement of the microscopic fibrils on the surface could be an indicator of the mechanical strength of the fibre. Additionally, with respect to the mechanics, it seems reasonable that unordered macroscopic fibrils are indicative of a reduced local stiffness of the fibre.
[bookmark: _GoBack]All values of the Young’s moduli in table 1 decreased with increasing RH. This is also stated in with reports in the literature (Czibula et al. 2019; Ganser et al. 2015; Hellwig et al. 2018; Placet et al. 2012; Salmen and Back 1980). The values of table S3 were normalised to the Young’s modulus values of 2 % and plotted in figure S6. From figure S6, it is clear that all normalised Young’s moduli from the different ROIs decreased to the same range of values at 90 % RH. In ROI I, the normalised Young’s moduli decreased to 0.21, 0.20 in ROI II, and 0.22 in ROI III. This means that we observed a decrease in the Young’s moduli of 6-7 times from the initial value at 2 % RH. As we did not immerse the fibre in water to cause a drop of 10-100 times the Young’s moduli and obtain values in the kPa range as (Hellwig et al. 2018), we think a decrease of 6-7 times at 90 % RH aligns with (Czibula et al. 2019).
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Figure S6: Young’s modulus (normalised to the modulus at RH = 2 %) versus the RH for ROIs I-III.



























Repeatability of measurement

[image: ]
Figure S7: The first cycle of changing the RH is on the left side and the second cycle on the right. a), b) displays the bending at 500 nN, c), d) at 1000 nN, e), f) at 1500 nN and g), h) at 2000 nN. The blue lines are at 2 %, red at 40 %, green at 75 % and black at 90 % RH.
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Figure S8: Bending along the longitudinal direction of the fibre at different RHs in both cycles. a) at 2 % RH, b) at 40 % RH, c) at 75 % RH and d) at 90 % RH. The first cycle is plotted in solid lines and the second cycle in dashed lines.



























 MATLAB Code

Please note:
The code of the determination of the contact point is from the Bruker Matlab Toolbox (Bruker, Santa Barbara, USA). 

Determination of contact point

Find Contact Point: MATLAB CODE
function [contactPointIndex] = FindContactPoint(xData, yData)
% Finds intersection point of the curve and line connected the first and last point. 
% curveStartIndex, contactPointIndex andcurveEndIndex are 0 if no intersection exists.
%
% Example
 
    curveStartIndex = 0;
    contactPointIndex = 0;
    curveEndIndex = 0;
    xSize = max(size(xData));
    ySize = max(size(yData));
    %if(xSize == ySize)
 
    %Method for contact point is subtract the line connected the first and last point from all points in the curve, and use the lowest point
    slope = (yData(ySize) - yData(1)) / (xData(xSize) - xData(1));
    minY = 0;
    for i = 1:ySize
        yVal = yData(i) - slope * xData(i);
        if (i == 1 || yVal < minY )
            minY = yVal;
            contactPointIndex = i;
        end
    end
    %Determine direction of curve. Method assumes end of the contact region is higher that the non-contact region
    if (yData(1)> yData(ySize))
        curveStartIndex = ySize;
        curveEndIndex = 1;
    else
        curveStartIndex = 1;
        curveEndIndex = ySize;
    end;
    %Method is find highest point after contact point
    if curveEndIndex > contactPointIndex
        increment = 1;
    else
        increment = -1;
    end
    maxY = 0;
    i = contactPointIndex + increment;
    while i * increment <= curveEndIndex * increment
        if yData(i) > maxY
            maxY = yData(i);
        end
        i = i + increment;
    end
    targetMaxY = (maxY - yData(contactPointIndex)) + yData(contactPointIndex);
    maxIndex = contactPointIndex;
    i= contactPointIndex + increment;
    while i * increment <= curveEndIndex * increment
        if (yData(i) > targetMaxY)
            break;
        end
        maxIndex = i;
        i = i + increment;
    end
    curveEndIndex = maxIndex;
end
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