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chain-level rearrangement processes that manifest as macroscale viscoelastic behavior. Macroscale normal detachment experiments of 
glass (Maugis and Barquins, 1978) and silicon nitride (Lorenz et al., 2013) spheres from polyurethane and PDMS elastomeric films, 
respectively, have shown that the apparent work of adhesion increases with the peeling rate (or crack tip velocity). For instance, Zeng 
et al. (2006) performed pull-off experiments on thin polystyrene films attached to mica cylinders and showed that even at the 
micrometer length scales, the pull-off force, and thus the apparent surface energy, increases with the separation rate following an 
S-shaped growth curve. 

In the absence of adhesion, the linear viscoelastic contact problem of spheres has been studied in detail by Ting (1966) and Graham 
(1967). Later, Maugis and Barquins (1978) used linear elastic fracture mechanics (LEFM) to generalize the mechanics of adhesion of 
elastic bodies, and experimentally showed that the effective work of adhesion required to separate two adhering objects was a function 
of the rate of peeling. A relevant solution to the problem of crack propagation and healing in viscoelastic materials was provided earlier 
by Schapery (1975), (1975) and (1989). Contrary to elastic materials, during crack growth in viscoelastic materials the energy flowing 
from the far field to the crack tip is affected by energy dissipation, thus, making the available energy for crack growth a quantity that 
needs to be determined. Therefore, although the reversible elastic problem (where loading and unloading contact size vs. normal load 
data are identical) is completely described by the work of adhesion (i.e., the total work done by the adhesive forces), the problem of 
crack growth in viscoelastic materials requires additional information about the distribution of the adhesive forces in order to develop 
a thorough description. For a growing crack in a viscoelastic medium, the material near the crack tip would experience an “infinite” 
strain rate due to the singular stress field associated with a JKR type model (because of negligible cohesive zone length), and as a result, 
there can be no dissipation or crack velocity dependence on the propagation of the crack. In contrast, introducing a cohesive zone with 
a finite size over which the interaction stresses act, leads to a finite strain rate resulting in velocity dependent dissipation (Hui et al., 
1998; Barthel and Frétigny, 2009). Hence, models that consider a simple distribution of adhesive forces, such as the Dugdale (1960) 
and Barenblatt (1962) or the double-Hertz (Greenwood and Johnson, 1998) cohesive-zone models, have been successful in describing 
viscoelastic crack growth. Cohesive-zone crack modeling has been used, for example by Liechti and Wu (2001), to simulate crack 
propagation in rubber-metal debonding. The authors introduced a rate-dependent traction-separation law at the rubber-metal 
interface along with a rate-dependent bulk rubber behavior to model quasi-static debonding under opening and mixed-mode 
loading conditions. The results in Liechti and Wu (2001) highlighted the need to introduce rate-dependence in the cohesive zone. 

Consideration of the aforementioned time-dependent processes in adhesive contacts at the micron and the nanometer length scales 
is further restricted by the lack of experimental data, stemming from inherent difficulties in conducting experiments at these length 
scales and actually measuring the geometry of the contact. The majority of the few existing studies focus on the normal detachment 
problem of two nanofibers at a single detachment rate (Das and Chasiotis, 2020; Shi et al., 2010; Stachewicz et al., 2014; Wang et al., 
2012, 2017). Only one experimental study (Shi et al., 2012) has delved into the effect of the detachment rate on the “pull-off” force 
between polycaprolactone microfibers, showing an increase in the work of adhesion with increasing detachment rate, albeit in a quite 
narrow range of applied detachment rates. However, for meaningful conclusions to be drawn, such experimental results need to be put 
in a theoretical framework that incorporates the effect of viscoelasticity on the adhesive response. 

This combined experimental and analytical study focuses on the role of time-dependent material processes in the apparent work of 
adhesion between polymeric nanofibers interacting through strong van der Waals forces. The experimental method allows for a broad 
spectrum of detachment rates and contact displacements, bridging limit cases in rate-dependent normal detachment response. A 
theoretical framework using the M-D model combined with LEFM and linear viscoelasticity provides the background to analyze the 
experimental results, quantify the relevant material time scales at the fiber contact, and make predictions for the apparent work of 
adhesion as a function of detachment rate. 

2. Materials and methods 

Nanoscale contact experiments were carried out with polyacrylonitrile (PAN) nanofibers. The latter were selected because of the 
high surface energy of PAN (Das and Chasiotis, 2020) which during cold drawing deforms homogeneously without strain localization 
and necking (Naraghi et al., 2007). The PAN nanofibers were synthesized via electrospinning from N, N-dimethylformamide (DMF) 
solutions of 9, 12, and 15 wt.% PAN powders with MW=150,000 g/mol (Sigma–Aldrich). The PAN powders were dissolved in DMF at 
room temperature through constant stirring for 24 h. The electrospinning voltage and the distance to the collector were 25 kV and 25 
cm, respectively, at a relative humidity of 17% which was maintained inside a chamber by using calcium sulfate as desiccant. PAN 
nanofibers with uniform diameter along their length were spun in suspended form on a wireframe collector and subsequently annealed 
at 105 ̊C (20 ̊C above the glass transition temperature, Tg) for 2 h to remove the surface roughness and any residual solvent (Das and 
Chasiotis, 2020). The fiber diameter was controlled by the concentration of the polymer solution. Higher polymer concentrations 
increased the solution viscosity and limited the stretching effect of the electrostatic repulsion forces, hence resulting in fibers with 
larger diameters (Das and Chasiotis, 2020). Two extreme cases of PAN fibers were explored in this study, with diameters of 380 nm and 
4100 nm. 

Measurements of the adhesion force between individual PAN nanofibers were conducted in ambient conditions (23◦C, 20–50% 
relative humidity) by using a Microelectromechanical Systems (MEMS) type device under a high magnification optical microscope. 
Due to the sensitive nature of the polymer nanofibers, in-situ tests inside a Scanning Electron Microscope (SEM) are prohibitive. 
Instead, the optical microscopy method developed for this study allowed for fast imaging via a high-speed digital camera with frame 
rates as high as 30,000 fps to record high magnification optical images during fast testing. Then, Digital Image Correlation (DIC) was 
applied post-mortem to the optical images of the test device with the attached nanofiber, Fig. 1, to calculate the relative motion of the 
components of the MEMS device and thus derive the applied force on the fibers (Naraghi et al., 2010; Naraghi et al., 2007) with a 
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of dpull-off from the numerical simulation (Section 3.5.1). The four S-shaped curves plotted with solid lines in Fig. 6(c) are valid for the 
model developed in this work for λ∞≥1. The curves demonstrate an increase in the normalized pull-off force with decreasing λ∞. If the 
assumption by Barthel and Roux (2000) (Section 3.4.1) is considered as valid, the current M-D viscoelastic model could be extended to 
the DMT limit that is represented by dashed lines in Fig. 6(c), for the cases of λ∞=0.01 and λ∞=0.02. Furthermore, the normalized 
pull-off force has the following two limits at the extremes of the rate parameter: For slow detachment rate parameters: ψ →1.5 (JKR: 
λ∞>5) and ψ →2 (DMT: λ∞<0.1) (Eq. (1)), and for fast detachment rate parameters: ψ/k →3 (JKR) and ψ/k →4 (DMT). 

4. Conclusions 

The rate dependent adhesion of viscoelastic polymer nanofibers interacting through strong van der Waals forces was investigated 
via a coupled experimental/theoretical approach. The experiments were carried out via a recently developed method for normal and 
shear detachment experiments between individual nanofibers, which utilizes precision MEMS force sensors. It was shown that the 
apparent work of adhesion of PAN fibers, as calculated from the pull-off force in normal detachment experiments, increases with the 
rate of unloading by a factor of two within a three orders of magnitude increase in the unloading rate. The M-D contact model was 
extended to account for viscoelastic dissipation, which provided a good fit of the experimental normal pull-off force vs. unloading rate 
data. The extended M-D contact model for a standard linear solid with extracted time constants τ=2‒6 ms (z0=0.165 nm) or τ=45‒90 
ms (z0=1 nm), captured well the experimental results for two fiber diameters that differed by an order of magnitude. This study 
provides new perspectives into the rate-dependent adhesion of soft fibers interacting with strong van der Waals forces, with direct 
implications in the way energy dissipation in natural/artificial fibrous systems is treated, as well as the design of strong and tough 
networks of soft fibers and their composites. 
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