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In the current work, polycrystalline silicon microdevices are treated with a 1H,1H,2H,2H-

fluorodecyltrichlorosilane (FDTS) self-assembled monolayer (SAM) film. Using a microelectromechanical 

systems-based tribometer, the adhesion characteristics of the FDTS-treated surfaces are compared to those 

of untreated surfaces over a range of approximately ten million impact cycles. FDTS-treated surfaces showed 

a lower zero-hour adhesion force compared to untreated surfaces under identical environmental conditions. 

The presence of the monolayer did not have a discernible effect on the number of cycles to initiate the surface 

degradation that was manifested as an increase in the adhesion force. Based on trends in degradation, it is 

concluded that similar chemical and physical wear mechanisms dominate the evolution of adhesion in both 

treated and untreated devices. The qualitative results of the experiment are reinforced by molecular dynamics 

(MD) simulations of a single nanoasperity contact coated with an octadecyltrichlorosilane (ODTS) SAM. 

MD simulations show cleavage of bonds along the aliphatic chains of ODTS resulting in adhesion 

fluctuations. In agreement with experimental observations, the MD simulation shows a logarithmic increase 

in adhesion force with increasing number of cycles. MD simulations also predict a logarithmic decrease in 

adhesion energy with increasing cycles. These results provide insight into the physicohemical changes 

occurring during repetitive impact of surfaces coated with low surface energy films. 

I. INTRODUCTION 

A. Tribology in microelectromechanical systems 

As the promise of increased efficiency and unique properties continues to drive the size decrease of electronic 

and electromechanical devices, the surface area-to-volume ratio of these systems increases. The small scale and 

relatively smooth surfaces in microelectromechanical systems (MEMS) amplify the role of surface phenomena on the 
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operational behavior of microdevices [1][2][3].  At this scale, the influence of relatively high van der Waals and 

capillary forces result in friction and adhesion forces of similar magnitude to inertial forces, mechanical restorative 

forces, and externally applied loads [4]. The resulting reliability issues are exacerbated by repetitive loading and the 

associated tribofilm degradation and surface smoothening [5][6]. 

There have been a wide variety of techniques developed for reducing the surface energy and, thereby, the 

tribological forces of adhesion and friction. These methods include surface roughening to decrease the real contact 

area [7], treatment with hard, resilient thin films created through atomic layer deposition (ALD) [8], and adsorption 

of sacrificial lubricant molecules using vapor-phase lubrication [9]. Another common technique is the deposition of 

low surface energy self-assembled monolayer (SAM) films [10]-[12]. 

B. Monolayer physicochemistry 

The growth of alkyltrichlorosilane SAM films is spontaneous and dominated by the strong attraction between the 

trichlorosilane head groups and the hydrated oxidized silicon and silanol surface [13]. As individual molecules 

approach the surface, the trichlorosilane groups are hydrolyzed and bonded unstably to the surface silanols and to each 

other by hydrogen bonds. Water is then eliminated from the unstable bond, resulting in a network of covalent bonds 

within the aliphatic chain head group, between neighboring head groups, and between the substrate and the head 

group. Both liquid-phase and vapor-phase deposition techniques exist. However, vapor-phase deposition techniques 

have been shown to be far more reliable, reproducible, and uniform than liquid-phase techniques and are significantly 

more common in industry [14][15]. 

The presence of densely-packed alkylsilane SAM films reduces adhesion and friction forces in MEMS by 

drastically decreasing the surface energy of the substrate. Due to the decreased polarizability of C–F bonds compared 

to C–H bonds, perfluorinated alkylsilane SAM films induce lower van der Waals forces than equivalent hydrogenated 

films, thereby rendering lower surface energies. Bhushan et al. investigated the adhesive properties of three different 

fluoroalkyl- and alkylsilane monolayers using atomic force microscopy. Their experiments demonstrated the lowest 

adhesion force for the fluorinated monolayer (FDTS) and a slight increase in the adhesion and friction forces with 

increased aliphatic chain length over the range of lengths tested [16]. The observed increase in adhesion with 

increasing chain length was attributed to reduced molecular packing densities caused by defects associated with 

excessively long aliphatic chains. Additionally, Li et al. explored the effects of the local packing environment by 

modulating the chain length and composition of methyl- and fluoromethyl-terminated alkanethiol SAM films on gold, 
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finding that the resulting changes in steric strain and end group composition strongly influenced frictional behavior 

[17]. 

Despite their prevalence in industry, tribofilm degradation can occur when SAM-coated surfaces are placed under 

high local contact stresses, as is the case at nanoasperity contacts [18][19]. Several studies have been performed to 

quantify the effects of such wear. Philippine et al. attributed an observed logarithmic increase of the adhesion force 

with impact cycles to a breakdown of the adsorbed organic layer and subsequent exposure of the high surface energy 

oxide layer [5]. Laboriante et al. observed that the surface roughness of contacts in SAM-coated microdevices did not 

decrease over billions of impact cycles while decreased roughness in untreated devices indicated smoothening of 

contacting nanoasperities. The monolayer film passivated the impacting surfaces, preventing the flattening of 

asperities and decreasing adhesion [20]. Timpe et al. investigated the evolution of wear at sidewall interfaces of SAM-

coated MEMS and observed agglomeration of organic material originating from degradation of SAM chains [18]. 

Xiang and Komvopoulos [21] investigated the tribological degradation of 1H,1H,2H,2H-perfluoro-

octyltrichlorosilane (FOTS, CF3(CF2)5(CH2)2SiCl3) SAM films under sidewall impact and sliding contact using a 

custom-designed microdevice [22] and compared the results to untreated devices. In each of the test conditions, 

monolayer coated samples and untreated samples displayed similar degradation trends with coated samples showing 

slightly longer lifetimes. 

C. Molecular dynamics 

Computational simulations of MEMS adhesion and friction forces have been carried out using finite-element 

discretization to model asperity contacts [23]-[25]. However, precise details related to the surface physicochemistry 

require more atomistic approaches. As such, molecular dynamics (MD) simulations are often implemented in order to 

investigate phenomena on length scales difficult to observe in laboratory settings. Barriga et al. used MD to determine 

the optimal packing density and examine the thermal stability of ODTS adsorbed on oxide-coated (100) silicon [26]. 

Lane et al. investigated the effect of water penetration on the degradation of alkylsilane SAM films on an amorphous 

silica substrate, finding that adsorbed water heals small defects while promoting chain desorption at larger defects 

[27]. Ewers and Batteas investigated the effect of roughness on the properties of SAM films, finding that sharp 

nanoasperities showed a lower molecular packing density and less stable film as compared to smoother surfaces. The 

authors attributed this to high curvature inhibiting the usual island growth mechanism and decreased hydration at 

asperity peaks [28]. 
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Additionally, MD simulations have been used to investigate the tribological behavior of SAM films. Lorenz et 

al. investigated the effects of monolayer density and sliding velocity on the frictional dynamics of amorphous silica 

coated with FDTS using MD simulations [29]. Their study found frictional behavior of the film to be independent of 

velocity, monolayer stiffness to increase with packing density, and shear stress to decrease with increasing density. 

Park et al. and Lewis et al. used MD simulations to compare adhesive and frictional properties of methyl- and 

fluoromethyl-terminated SAM films and found both end groups to exhibit similar behavior [30][31]. 

As demand for more reliable and complex micro- and nanodevices continues to increase, the need for a 

phenomenological understanding of the tribological behavior of these complicated systems is becoming ever more 

critical. The purpose of this study is to investigate the micro-, nano-, and atomic-scale wear mechanisms of impacting 

surfaces treated with fluoroalkyl- and alkyltrichlorosilane SAM films utilizing experimental adhesion tests and 

corresponding MD simulations. 

II. EXPERIMENTAL METHODS 

A. Microfabrication 

The devices used in the current work are surface micro machines designed specifically for obtaining 

measurements of adhesive force in sidewall contact. All devices are fabricated using the Polysilicon Multi-User 

MEMS Processes (PolyMUMPs, MEMSCAP Inc.). Devices are fabricated using a series of deposition, lithography, 

and etching sequences with polycrystalline silicon used for the structural and wiring layers, phosphosilicate glass 

(PSG) used for the sacrificial layers, silicon nitride used for the electrical insulation layer, and gold used for the 

electrical contact layer. For more details of the fabrication process, see [32]. 

In order to yield free-standing devices, the sacrificial PSG was removed through a 2.5 min wet etch in aqueous 

hydrofluoric acid (49% HF). After release, die were rinsed in deionized water and transferred to isopropyl alcohol 

(IPA). The IPA was removed via super-critical point carbon dioxide drying using a Tousimis Autosamdri-PVT-3b 

instrument. 

Released microdevices were treated with a 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FDTS, 

CF3(CF2)7(CH2)2SiCl3) SAM film using an Applied Microsystems MVD100 molecular vapor deposition system. The 

samples were first subjected to a 30 sec treatment with an O2 plasma (200 W power, 200 sccm O2 flow rate, and 300 

mTorr chamber pressure) in order to remove organic contaminants and other debris and to pre-functionalize the 

surfaces with silanol groups. To ensure optimal reaction conditions, the gas expansion lines were heated to 100 °C, 
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the FDTS vial heated to 60 °C, the water held at room temperature (22 °C), and the process chamber heated to 35 °C. 

The deposition process consisted of introducing two cycles of FDTS precursor vapor to the process chamber at 600 

mTorr followed by one cycle of water vapor at 18 Torr. Next, the vacuum valve to the process chamber was closed 

for a 5 min reaction dwell time. The treatment was followed by five pump/purge cycles before the samples were 

removed from the chamber. 

The presence of the FDTS constituent molecules was confirmed by Fourier transform infrared (FT-IR) 

spectroscopy (Thermo Nicolet 4700 IR) on simultaneously treated bare (100) silicon substrate samples. Surface 

hydrophobicity was confirmed using contact-angle measurements with ~5 μL deionized water droplets. 

 

B. Microdevice description 

The microtribometer used in this work is shown in the scanning electron microscope images in Figure 1. The 

instrument consists of two shuttles, suspended by double-folded flexure beams and actuated using electrostatic comb-

drive actuators. As shown in Figure 1(b), a ~5 μm gap exists between the shuttles. When the comb drives are activated, 

the shuttles come together, closing this gap and establishing a controlled sidewall contact. Further details of the test 

devices can be found elsewhere [33][22]. 
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FIG. 1. SEM images of the MEMS device used in all adhesion experiments. Image (a) is an overview image of the 
full instrument, and (b) is a detail of the sidewall contact interface. 

 

The evolution of the adhesive properties was monitored under controlled normal loading and environmental 

conditions in accordance with methods developed and described elsewhere [33][22]. The procedure consisted of 

alternating sequences of quasi-static adhesion measurement and cyclic impact operation. To measure the adhesion at 

a given number of cycles, the shuttles are first brought into contact and an external loading force is applied. The load 

is then decreased gradually until separation is observed. The adhesive force is calculated using a static force balance 

at the instant of separation. This process is repeated ten times for statistical analysis. 

Between each set of static measurements, dynamic impact loading was performed for a predetermined number of 

cycles. Cyclic operation was accomplished via a 40-Hz sinusoidal waveform with a peak force equal to that of the 

static loading and an estimated impact velocity of ~260 μm/s. 

A multi-probe station (Cascade Microtech Inc., Summit 12742B-6) equipped with tungsten probe tips was used 

to interface the microdevices with voltage sources including two direct current power supplies (Agilent E3647A) and 

a function generator (Agilent 33120A). All testing was conducted in air at ~23 °C and ~57% relative humidity. 

C. Molecular dynamics model description 

Molecular dynamics simulations were performed in order to gain further insight into the surface degradation 

mechanisms. The system consisted of a 5 unit cell by 5 unit cell (100) crystalline silicon structure built to a depth of 

2 unit cells. The silicon is topped with 2 layers of silicon dioxide to simulate the native oxide structure. Finally, a 

single molecular layer of octadecltrichlorosilane (ODTS) is on top of the oxide, completing the structure of a coated, 
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sharp asperitiy tip. This structure was mirrored as shown in Figure 2 in order to simulate a single nanoscale contact 

interface. 

 
 
FIG. 2. 3-D Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) rendering of the initial structure 
of the molecular dynamics model. Silicon atoms are represented in yellow, Oxygen in red, Carbon in cyan, and 
Hydrogen in white. 

 

Using a timestep of 0.1 fs, the contacts are brought together at a constant force of 98 nN until impact. After a brief 

interval at the peak force of 98 nN, the contacts are separated at a constant velocity of 4.34 Å/ps. The adhesion energy 

is determined as the work required to separate the contacts and initiate retraction, and the adhesion force is determined 

as the maximum force during separation [5]. In addition to these extracted properties, qualitative insight into the 

chemical degradation mechanisms on the atomic scale is provided by examining animations generated using the 

atomic coordinates at each time step. 

The evolution of the tribological behavior was analyzed over the course of 65 cycles. While this is a relatively 

small number of cycles, it should be noted that, in actual microdevice contacts, the ratio of the real to apparent contact 

is on the order of 10-6 [34]. As such, a given surface asperity is only likely to experience a small number of actual 

contacts over the course of a relatively large number of cycles. Therefore, the 65 cycles of simulated contact on a 

single asperity correspond to several million cycles in an actual microcontact interface. 

Molecular dynamics computations were performed using the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) [35]. To ensure accuracy of simulated interatomic forces during contact, the ReaxFF [36] 

interaction potential was used. Initial structures for the Si-SiO2-ODTS system were obtained from Barriga et al. [26], 

and were extended to form two non-periodic structures with rigid substrates which simulate impact between two pre-
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compressed asperity tips coated with a tightly-packed monolayer. This simulation thus represents an ideal case of 

monolayer durability compared to other, more-disordered models supported by recent experiments [37] and focuses 

on molecular and chemical changes of the SAM film rather than nanoscale deformations which have been explored 

elsewhere [38]-[40]. 

III. RESULTS AND DISCUSSION 

A. Monolayer characterization 

The presence of FDTS was confirmed via FTIR spectral analysis. The IR absorption spectra of the treated samples 

was compared to the background spectra and resulted in relevant peaks at 1000-1070 cm-1, associated with the 

anchoring siloxane bonds and the C-F molecular segments of the SAM, and at 3300-3600 cm-1, associated with the 

hydrogen-bonded anchoring hydroxyl groups. Surface hydrophobicity was confirmed using water contact-angle 

goniometry. Treated samples showed contact-angles of over 100° compared to 45° to 50° for the untreated samples. 

The somewhat large contact angle of the untreated samples, as compared with the nearly zero contact angle expected 

from clean silicon dioxide surfaces [41], indicates that some adsorbed organic material exists on these surfaces. 

B. Experimental tribological characterization 

The tribological degradation was measured using 5 individual microdevices – 2 devices treated with the FDTS 

SAM coating and 3 devices in the as-released condition. Figure 3 shows the static adhesion force as a function of 

impact cycles for applied normal loads ranging between 146 and 305 nN. Data points represent the mean value of 10 

adhesive force measurements and error bars are placed at ±1.0 standard deviations above and below the corresponding 

means. 

A slightly lower (approximately 20 nN) adhesion force was observed in the treated devices. This difference is 

likely due to the low surface energy and hydrophobic nature of the FDTS which weakens the van der Waals force and 

inhibits the meniscus formation associated with the capillary force. It should be noted that the unavoidable presence 

of adsorbed low surface-energy organic material from supercritical-point CO2 drying and hydrophobic hydrogen-

terminated surface oxides from HF-etching has a minimizing effect on the capillary and van der Waals forces for the 

untreated devices. The chemical contaminants on the untreated surfaces, combined with inefficient packing densities 

of the monolayer coating expected on reactive ion etched sidewalls, suggests that treated and untreated devices are 

similar from a surface energy standpoint. The small magnitude of the change in adhesion resulting from the differences 
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in hydrophobicity between treated and untreated devices is in agreement with the results from literature [21], and 

suggests that van der Waals interactions dominate the adhesive phenomena for both treated and untreated devices. 

Consistent with previous results [5], the tribological degradation consists of a run-in period with relatively little 

change in the measured adhesion force, followed by a logarithmic increase in the adhesion. The run-in period is a 

result of the relatively low real contact area at this scale while the degradation is associated with chemical and physical 

alteration of the surfaces. Results show that the treated devices tend to begin logarithmic degradation near the same 

number of impacting cycles as the untreated devices. Additionally, the slope of the degradation curve is similar 

between the treated and untreated microtribometers. This indicates that the same physicochemical wear mechanisms 

are associated with the tribological degradation of both device types. Most likely, the degradation is dominated by two 

mechanisms: (1) removal and relocation of low surface energy organic compounds away from asperity contacts 

resulting in a higher surface energy per unit of contact area and (2) plastic deformation at contacting asperity tips 

resulting in an increase in the real contact area. In light of these mechanisms, it is not surprising that the treated and 

untreated devices display similar degradation trends. In terms of the chemical mechanism, removal of the intentionally 

deposited fluorocarbon monolayer from the treated surfaces and removal of the unintentionally deposited organic 

material from the untreated surfaces would be expected to have similar repercussions in the measured adhesion force. 

In terms of the physical mechanism, since surfaces are created with identical reactive ion etching techniques, the 

similar roughness profiles and material compositions would be expected to display similar deformations. 

Also of interest in Figure 3 is the lack of a discernible trend related to the applied normal load. While both 

literature [21][33][42] and common sense dictate that larger normal loads will result in greater adhesion, it is 

concluded that the device-to-device scatter [33] obscures these effects. 
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FIG. 3. Adhesion force as a function of number of impact loading cycles for different microtribometer devices under 
different loading conditions. Data points represent the average of ten tests, and error bars are placed at one standard 
deviation above and below the corresponding average value. 
 
C. Molecular dynamics modeling 

Molecular dynamics modeling was used to simulate 65 impact loading cycles between two nanoasperities treated 

with dense ODTS SAM films and operating in vacuum. The analysis was designed to observe monolayer degradation 

at minimal computational cost. The flattened asperity permits a dense monolayer packing structure and represents a 

pre-compressed asperity tip. Vacuum operation prevents destructive hydrolyzation of the exposed monolayer 

anchoring bonds. 

The initial structure of the monolayer in Figure 2 shows that the aliphatic chains of the ODTS are slanted inwards 

toward the center of the asperity tip. This is due to the imbalance of inter-chain attractive forces present near the edges 

of the asperity contact. In a real MEMS sidewall surface, the root-mean-square roughness [43] is several times larger 

than the ideal thickness of a dense ODTS SAM film [26]. Thus, aliphatic chains neighboring the top surface of the 

asperity most likely do not significantly interact with the molecules on top. The inwardly tilted monolayer structure 

shown in Figure 2 is, therefore, a realistic molecular morphology at the tip of a nanoasperity. This could have 

significant effects on the surface characteristics at the tip of the asperity contact in unevacuated, humid environments 

as inward-slanted chains will likely cause the monolayer to be more hydrophobic at the center of asperities than the 

edges. This could conceivably allow water to migrate to the anchoring bonds near the more accessible edges, resulting 

in destructive hydrolysis and thinning of the monolayer [27][28]. 

Figure 4 shows multiple characteristic instants of time during the simulation. Figure 4(a), during initial contact, 

shows that the ODTS monolayer is effective in preventing contact between high surface-energy oxides. In Figure 4(b), 

during the first separation cycle, it is apparent that the adhesive forces experienced during disengagement are 

destructive to the alkylsilane monolayer. Individual fibrils, indicative of cleavage of the aliphatic chains, are observed 

spanning the gap between the surfaces. Figure 4(c) shows the surfaces after complete separation on the first contact 

cycle. By comparing Figures 2 and 4(c), it can be seen that the molecular topology of the monolayer on the asperity 

has already been significantly altered. As the simulation continued through multiple contact cycles, monolayer damage 

continued through aliphatic chain cleavage and disruption of the well-structured initial monolayer. Figure 4(d) shows 

the structure after several contact cycles (corresponding to millions of cycles in a real microdevice in which the ratio 

of the real to apparent contact area can be as low as 10-6 [34]). 
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FIG. 4. Images of simulated degradation of the ODTS monolayer on nanoasperity contacts (a) during initial loading, 
(b) during initial separation, (c) after one cycle, and (d) after several cycles. Silicon atoms are represented in yellow, 
Oxygen in red, Carbon in cyan, and Hydrogen in white. 
 

The molecular dynamics simulations indicate that the monolayer degrades into short, free-radical carbon chains 

as damage accumulates. The visual data presented in Figure 4 and animations of the simulation confirm that these free 

carbon chains are actively polymerizing due to cleavage of carbon-carbon bonds, resulting in both interstitial alkanes 

between the anchored alkylsilanes and a wider distribution of aliphatic chain lengths in the anchored alkylsilanes. Gao 

et al. reported similar polymerization effects in MD simulations of amorphous carbon systems where tribochemical 

reactions were observed to alter surface chemistry and lead to adhesion [44]. This phenomenon is consistent with the 

experimental observations of Timpe et al. [45] in frictional sliding tests of microdevices treated with a 1H,1H,2H,2H-

perfluoro-octatris(dimethylamino)silane (FOTAS, CF3(CF2)5(CH2)2Si(N(CH3)2)3) SAM film. In these experiments, 

smeared agglomerations of organic wear debris were observed after ~2 × 106 sliding cycles. De Boer et al. [3] also 

observed mounds of residue devolved from FDTS monolayers on cantilever contact surfaces when operated cyclically 

at high relative humidity.  

To characterize the simulated degradation of the ODTS-coated monolayer in the context of the microscale 

experiments performed using the microtribometer, the adhesion force and adhesion energy observed in the simulation 

are shown in Figure 5. Based on Figure 5(a) it is apparent that the accumulation of wear in the asperity tip results in a 

logarithmic increasing trend of the maximum force required to separate the asperities with respect to the number of 

impact cycles. This agrees with the experimentally observed degradation trends shown in Figure 3. Since the 

simulation does not include the effects of physical wear (i.e. surface smoothening), it is clear that the chemical changes 

of the monolayer are driving the increase in the maximum adhesion force. This is in agreement with the experimental 
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conclusions which theorize that chemical degradation at the asperity contacts, in addition to physical wear and 

smoothening of the asperities, is the cause of the observed increase in adhesive forces with number of impact cycles. 

Figure 5(b) shows that the accumulation of chemical damage from impacting cycles reduces the energy required 

to separate the contacting nanoasperities. Considering the opposite trend shown in Figure 5(a), it is apparent that the 

adhesion between the contacts evolves from a ductile (high-adhesion energy, low-adhesion force) union to a brittle 

(low-energy, high-force) union as damage accumulates. A possible explanation to this phenomenon is that, as long 

aliphatic chains are cleaved into many shorter ones, more molecules become available to directly interact and bind the 

surfaces together. This effectively decreases the interstitial spacing between the contacts and increases the surface 

area which, in turn, increases the maximum force required to separate the asperity contact. However, these shorter 

molecules cannot form fibrils to resist separation as do the longer aliphatic chains. Thus, the damaged surfaces are 

less effective at binding through a distance, resulting in a decrease in the adhesion energy of the contact. 
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FIG. 5. Plots showing the evolution of (a) maximum adhesion force and (b) adhesion energy as a function of the 
number of impact cycles in the MD simulation of ODTS-coated nanoasperity contact. 
 
IV. CONCLUSIONS 

The evolution of micro- to nanoscale adhesion phenomena of surfaces treated with self-assembled monolayer 

(SAM) films was explored through both experiments and molecular dynamics simulations. The relatively similar 

magnitude of the zero-hour adhesion force observed in the experiments implies that the randomly adsorbed organic 

material on untreated surfaces effects tribological properties in a similar manner as does the intentionally deposited 

FDTS SAM. Additionally, device-to-device variation, likely due to nanoscale variations in the physicochemical nature 

of initial surfaces, dominates over any signal related to the applied impact load within the tested range. However, the 

slope of the experimental degradation curve is similar between treated and untreated samples. It is therefore 

hypothesized that the dominant wear mechanisms are shared between treated and untreated microdevices. These 

mechanisms include smoothening of nanoasperity contacts and breakdown of surface organic layers. This organic 

material may be intentionally deposited via a self-assembly process or unintentionally adsorbed to untreated surfaces, 

but has a similar chemical nature in both cases and, thus, a similar degradation behavior. 

Based on the molecular dynamics simulations, under non-periodic conditions simulating the tip of an asperity 

contact with a self-assembled ODTS monolayer, the inter-chain attractive forces are not balanced, leading to molecular 

chains tilted inward toward the asperity tip. This likely has a significant detrimental effect on monolayer stability as 

the tilted chains may allow water to catalyze decoupling hydrolysis and degrade the monolayer structure. 

Under impact loading conditions similar to experimentally measured microcontacts, MD simulations indicate that 

individual ODTS molecules begin to degrade through cleavage of individual carbon-carbon bonds in the aliphatic 
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chain. The resulting free, short chain alkanes are then unrestricted to polymerize with other free alkanes. As damage 

accumulates, the nature of the adhesion mechanism between the nanoasperity contacts evolves from a ductile union 

exhibiting a higher adhesion energy and a lower maximum adhesion force to a brittle union exhibiting a lower adhesion 

energy and a higher maximum adhesion force. This is attributed to the larger number of short chain molecules, 

resulting in an increased contact area but a decreased proclivity for fibril formation. 
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