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Supplementary Materials  

Accurate measurement of elastic modulus and hardness via a rate-jump method  

In this method, the elastic modulus and hardness are evaluated at the onset of an unloading 
stage. Such an onset point for unloading is a rate-jump point, the true elastic modulus Se can be 
calculated from the data just before and after the unloading point using equation (1) [1],  ଵௌି = ቀଵௌ − ሶೠሶ ቁ ଵ൬ଵିುሶುೠሶ ൰                  (1) 

ܵ =  =ܧ2ܽ
ଶாଵି௩మ= ଶாଵି.ଷమ=2.2(2)            ܽܧ 

where S is the apparent tip–sample contact stiffness at the onset of unload and equals to dP/dh, P is 
force and h is  displacement. ℎሶ 	is the displacement rate just before the unload,		 ሶܲ and ሶܲ௨ are the 
loading and unloading rate, respectively. K is the fitting parameter and equals to zero when the 
indentation is performed in air condition. Following the Sneddon relation [2,3] we can have equation 
(2), where Er and E are the reduce modulus and the elastic modulus of the tested materials, v is the 
poission ratio, ݒ) = 0.3	for glass-ionomer cement, [4]). ܽ is the radius of the contact area. The contact 
size a can be estimated from a pre-calibrated shape function f(hc) = π ܽ 2 of the tip. The contact depth 
hc is obtainable using the Oliver–Pharr relation [5] with the true contact stiffness Se, as shown in 
equation (3). ℎ = ℎ௫ − ε ೌೣௌ 	= ℎ௫ − 0.75 ೌೣௌ 																														(3) 

Where hmax and Pmax are the maximum indenter displacement at the onset of unloading and the 
load before unloading, respectively. ε is a constant (ε =0.75 for Berkovich tip). And the hardness 
can be measured by equation (4), ܪ = ೌೣ                                   (4) 

All the raw data collected from the nanoindentor were read and calculated via Matlab R2014a 
software. Here we show how the results of one set data were calculated. 

Sample 1:  

Since samples are tested in air testing condition, K=0,  
 
ଵௌ = ቀଵௌ − ሶೠሶ ቁ ଵ൬ଵିುሶುೠሶ ൰  = ቀ ଵଵହସଷ − ଶହ.×ଵషవିଽ.ଽଽଷ×ଵషయቁ ଵ൬ଵି ళ.భరమ×భబషయషవ.వవయ×భబషయሶ ൰,   

The true elastic stiffness Se= 2.1×104 N/m; 
The contact depth ℎ = ℎ௫ − 0.75 ೌೣௌ = 5700 × 10ିଽ − 0.75	 × ଵ×ଵషయଶ.ଵ×ଵర = 2.13 × 10ିm 

The contact size ܣ =1.11× 10ିଵ m2  
The contact radius a = 5.95× 10ି m  
The true elastic modulus    ܧ = ௌଶ.ଶ =1.16 × 10ଽ Pa=1.16 GPa  

The hardness ܪ = ೌೣ 	= ଵ×ଵషయଵ.ଵଵ×ଵషభబ=	9.01 × 10଼ Pa=0.9 GPa 
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