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A B S T R A C T

The lack of lubrication affects the performance of both natural and artificial joints and

often leads to their failure. This research investigates the tribological performance of four

carbon-based molecules, phloroglucinol, 1,2-dihydroxynaphthalene, graphene oxide (GO),

and diamondoid (diamantane-4,9-dicarboxylic acid), as water-based lubricants against

ultra-high-molecular-weight polyethylene (UHMWPE). Results showed friction reduction

for all lubricants and GO performed the best. Molecular dynamics simulations indicated

that GO flakes were prone to be adsorbed on the surface. The mending effect was dominant

for the rest molecules that is less effective in lowering friction.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Synovial joints present extremely low friction coefficients

(0.003) with a lifespan for more than 70 years [1–5]. The lubri-

cation in synovial joints is a complex process possessing

multi-mechanisms including boundary lubrication [5–8],

hydrodynamic and elastrohydrodynamic lubrication [9,10],

and mixed lubrication [2]. According to the American Acad-

emy of Orthopaedic Surgeons, there are 543,000 total knee

replacements performed per year in U.S. alone [11]. The life

expectancy of current prosthetic implant is limited to 10–

15 years [12]. In natural joints, articular cartilages slide

against each other in a cavity filled with synovial fluid. The

lack of lubrication affects the performance of both natural

and artificial joints and often leads to their failure [13,14]. In

patients undergoing arthroplasty, the synovial membrane

that produces lubricant hyaluronan is reformed, causing a

reduction in secretion [15]. Hyaluronan has been used as an
intra-articular injection agent in order to relieve pains in

patients with osteoarthritis, but beneficial effects are debated

[16–19] that is probably due to the bio-degradation of hyaluro-

nan and the lack of a continuous supplying method. It is of

interest to search for lubricants that are effective and com-

patible with the surface materials of artificial joints.

Carbon-based lubricant molecules have been studied and

applied in lubrication, such as carbon nanotube, graphene,

graphene oxide (GO), graphite, fullerene, and diamondoid.

Graphene is a 2D sheet of graphite that has a single atomic

layer of carbon atoms [20]. Favorable properties of graphene

include: extreme mechanical stiffness, elasticity and

strength, high electrical and thermal conductivity, gas imper-

meability, and many others [21,22]. The oxidation products of

graphene, GO, present hydroxyl groups, carboxyl groups, and

others on the 2D plane, though certain bonds are disrupted by

the oxidation process. Graphene and GO have been applied as

single- or multi-layer coatings on sliding surfaces in order to

http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2015.01.017&domain=pdf
http://dx.doi.org/10.1016/j.carbon.2015.01.017
mailto:hliang@tamu.edu
http://dx.doi.org/10.1016/j.carbon.2015.01.017
http://dx.doi.org/10.1016/j.carbon.2015.01.017
http://dx.doi.org/10.1016/j.carbon.2015.01.017
www.sciencedirect.com
http://www.elsevier.com/locate/carbon


C A R B O N 8 6 ( 2 0 1 5 ) 1 3 2 – 1 3 8 133
reduce wear and friction. In addition, graphene has been used

as an additive in oil or organic solvent to provide lubrication.

The large van der Waals forces between graphene flakes

results in their aggregations in water and limits the possibility

of use as a water-based lubricant without adding surfactants

[23], which are usually harmful for biomedical applications.

The oxidative functional groups make GO flakes hydrophilic

so that water molecules are able to intercalate [24]. GO flakes

can be dispersed easily in water and were shown as effective

water additives [25,26]. Diamantane is a member of the dia-

mondoid molecular series [27,28]. Diamondoids are com-

posed of sp3 carbon atoms arranged in the 3D carbon

framework of diamond: its structure can be superimposed

upon the diamond lattice. Diamantane is the 2-diamond-

crystal cage member of the nanodiamond, diamondoid series.

The one-cage member, the smallest diamondoid, is adaman-

tane, a compound whose derivatives are used in pharmaceu-

ticals that treat viral infections and neurological disorders

[29], in the synthesis of high-temperature polymers, and

many other applications [27,28]. Alkylated diamondoids and

adamantane diesters have been used in various synthetic

lubricants [30,31], but no report has been found on the biolog-

ical lubricants. Diamondoids with more than three cages,

known as the ‘‘higher diamondoids,’’[32] have recently

become available and shown to have many unusual and use-

ful properties [33,34]. Like graphene, underivatized diaman-

tane is strongly hydrophobic and aggregations in aqueous

solutions [35]. Accordingly, the more hydrophilic derivative,

diamantane-4,9-dicarboxylic acid (4,9D) [36] was applied in

these studies.

The relationship between the molecular structures and

the bio-tribological performance of the carbon-based lubri-

cants is of great interest and is expected to guide further

development and optimization of bio-lubricants in artificial

joints. In this research, the carbon-based molecules of various

dimensional and geometrical complexities–phloroglucinol

(phl), 1,2-dihydroxynaphthalene (dhn), GO, and 4,9D–were

studied for their bio-tribological behaviors on a common arti-

ficial joint material, ultra-high-molecular-weight polyethyl-

ene (UHMWPE). Molecular dynamics simulations were

carried out to provide molecular level understanding in the

interactions between the lubricants and the polymeric sur-

faces. The locations and kinetics during the adsorption of

lubricants were determined.
Fig. 1 – Molecular structure
2. Materials and methods

2.1. Materials

Four types of carbon-based molecules were investigated:

phloroglucinol (phl), 1,2-dihydroxynaphthalene (dhn),

diamantane-4,9-dicarboxylic acid (4,9D) [36], and graphene

oxide (GO). Fig. 1 shows the structures of phl, dhn, and 4,9D.

For phl, three hydroxyl groups are connected to one ring.

For dhn, two hydroxyl groups are synthesized on the naph-

thalene structure. Both phl and dhn were obtained from

Sigma–Aldrich.

GO was fabricated using improved Hummers method

[37,38]. In brief, 60 ml H2SO4 was mixed with 6.7 ml H3PO4

and the mixed solution was added to a mixture of 0.5 g graph-

ite powder (Sigma–Aldrich) and 3.0 g KMnO4. The mixture was

then heated in a water bath at 50 �C while stirred for 12 h. The

resulting product was added to ice made from 66.7 ml H2O

and 0.5 ml H2O2. The solution was filtered using a paper filter.

The filtrate was rinsed and centrifuged with 10% HCl three

times (600 ml total), then DI water three times (600 ml total).

Lastly, it was dried under vacuum at room temperature and

the washed GO was weighed and re-dispersed in water. The

GO-containing water solution was dried on a Si substrate

for atomic force microscope (AFM) imaging, as seen in

Fig. 2. The micron-sized GO flakes showed a height profile

of �1 nm that corresponds to a single-layered structure

[24,39]. All lubricants were in 0.4 mg/ml water solution for tri-

bo-testing.

2.2. Tribological characterization

A tribometer (Model TRB, CSM Instruments Inc., Switzerland)

was used in the study of the frictional behaviors. A pin-on-

disc arrangement was applied with a glass ball of 6.35 mm

diameter as the pin and a UHMWPE disc. The testing speed

was 1.5 cm/s and the normal load was 1 N. 50 cycles were

tested [40,41].

2.3. Molecular dynamics simulation

Materials Studio 6.0 (Accelrys, San Diego) was used to perform

the molecular dynamics (MD) simulation. The structures of

lubricants were constructed and their geometries were
s of phl, dhn, and 4,9D.



Fig. 2 – AFM image of GO flakes after drying on a Si substrate. The image was taken under non-contact mode. The plot on the

right represents the height profile. (A colour version of this figure can be viewed online.)
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optimized. According to Shih et al. [42], the formula of GO was

set to as C10O1(OH)1(COOH)0.5 and the dimension of a GO flake

was 10 · 10 Å. The surface of amorphous UHMWPE was con-

structed according to Liu et al. [43]. Using Amorphous Cell,

the polymer molecules of 15 repeating units were packed in

a confined layer to reach the density of UHMWPE at 0.94 g/

cm3. Two layers of xenon crystals were used as bottom and

top walls. The hypothetical structure of the xenon crystal pro-

vided a flat surface with inert atoms that are suitable for act-

ing as confining walls. Dynamics equilibration was applied to

relax the system. After the removal of the xenon layers, the

equilibrated confined layer of polyethylene was achieved.

Super layers of several unit cells were built along the xy plane.

Fig. 3 shows a layer of 4 unit layers with a dimension of

40 · 40 · 26 Å, in which the xy plane was the surface used.

The kinetics of the adsorption in water were studied using

the Forcite module with the dynamics task, where the atoms
Fig. 3 – The amorphous cell of polyethylene of 4 units. The dime

viewed online.)
of the surface were fixed. A box of 40 · 40 · 30 Å was con-

structed that filled with water and lubricant molecules. The

box was placed on top of the surface super layer and below

a vacuum layer of 70 Å. NVT assembly and a total of 20 ps

were used. The Adsorption Locator module was applied to

determine the locations of the adsorbed lubricants, where

COMPASS force field was in use and no water molecules

was included.

3. Results and discussion

3.1. Tribological performance

The four tested potential bio-lubricants share two similari-

ties: (a) a ring of 6 carbon as the building block; (b) OH and/

or COOH functional groups for improved water solubility.

Fig. 4 shows the coefficient of friction (COF) of non-additized
nsion is 40 · 40 · 26 Å. (A colour version of this figure can be



Fig. 4 – COFs of water, 4,9D, GO, phl, and dhn. (A colour

version of this figure can be viewed online.)

Table 1 – Surface roughness of the simulated UHMWPE
surface.

Roughness parameters Values (Å)

Ra 1.05 ± 0.22
Rz 4.09 ± 0.59
Rq 1.27 ± 0.26
Rt 5.26 ± 0.37
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lubrication (water only) was around 0.08. The addition of car-

bon-based lubricants reduced COFs. 4,9D lowered the COF but

was less effective compared with GO, phl, and dhn. The GO

appeared to be the best water-based lubricant under testing

conditions and reduced the COF to below 0.06. The COF of
Fig. 5 – The kinetics of lubricant adsorption in a water environm

surface in 20 ps (solid: molecules approach the surface; hollow: m

for the kinetics simulation. Water box atop a polymer box with

viewed online.)
dhn was �0.02 lower than that of water. The results indicate

the tested carbon-based lubricants could improve UHMWPE’s

lubricating ability.

The friction reduction trend is: GO > dhn >

phl > 4,9D > water. As the best lubricant, the 2D GO flakes

are micron-sized, which are larger than dhn, phl, and 4,9D.

4,9D is the only 3D lubricant and the least effective one in fric-

tion reduction. Phl and dhn are composed of 1 and 2 building

blocks and their lubricating performances were between GO

and 4,9D. The frictional tests are designed to be in the bound-

ary lubrication regime where the surface adsorption of lubri-

cants plays a major role in friction. For 3D lubricants, such as

nanoparticles, the friction reduction mechanisms include

ball-bearing effect [44–47], mending effect (filling in surface

valleys) [48], protective layer [49], and polishing effect [50].

Kinoshita et al. showed that the 2D GO sheets in water

reduced boundary friction through surface adsorption and

the formation of a protective layer [25]. Hence, MD simula-

tions were applied to explore the surface adsorption.

3.2. Surface adsorption

The roughness parameters of the simulated UHMWPE surface

were calculated (Table 1). The Ra values of the simulated sur-

face and the experiential surface are 1.05 ± 0.22 Å and

0.436 ± 0.072 lm, respectively. Except GO, the sizes of phl,

dhn, and 4,9D are less than 1 nm. Hence, the nanoscale

surface roughness is more meaningful in studying the

adsorption of lubricants and was calculated based on the

4 · 4 nm unit cell generated in Materials Studio.

The kinetics of the adsorption of lubricants in water was

examined. In Fig. 5(a), the distances between the lubricant

molecules and the polymeric surface were expressed as func-

tions of the simulation time. Fig. 5(b) shows the constructed

lubricant-water-polymer system. Except for GO, the lubri-

cants either approached the surface (solid symbols) or idled

above (hollowed symbols). Initially, all lubricants idle in the
ent. (a) Distance between the lubricants and the polymeric

olecules idle above the surface). (b) The system constructed

red dots as water. (A colour version of this figure can be



Fig. 6 – The locations of surface adsorption of (a) GO, (b) 4,9D, (c) phl, and (d) dhn. The dashed lines separate the repeating

units. Shadowed area I–III are the peaks; shadowed area IV–VI are the valleys. (A colour version of this figure can be viewed

online.)

Fig. 7 – The COFs (solid square; based on results in Fig. 4)

and surface coverage from the simulation (hollow squares)

of 4,9D, phl, dhn, and GO. Linear trend lines added. (A colour

version of this figure can be viewed online.)
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water environment. As a result of Brownian motion, some

lubricants approach the surface and then the strong attrac-

tive forces (van der Waals and electrostatic) between the

surface and the lubricants keep lubricants being adsorbed.

For small molecules (phl, dhn, and 4,9D), Brownian motion

is strong that overwhelms the attractive forces, resulting

more idling molecules. For big molecules (GO), the attractive

forces suppress Brownian motion, resulting only adsorption.

Fig. 6 shows the adsorbed lubricants on the polymeric sur-

face with the dashed lines as the boundaries of repeating

units. In order to achieve a same concentration, 1 GO

molecule, 5 phl molecules, 4 dhn molecules, and 2 4,9D
molecules were used in the simulation, respectively. The

shadowed areas I–III and IV–VI indicate peaks and valleys

on the surface, respectively. In Fig. 6(a), as expected, the peaks

were covered by GO: II was fully covered and I and III were

partially covered. In Fig. 6(b), due to the smaller size and

geometry, 4,9D molecules were all trapped in the valleys on

the surface: IV and VI were filled each with 1 4,9D molecule.

In Fig. 6(c), either 3 phl molecules stacked or 1 phl molecule

in valley VI. Fig. 6(d) shows 1 dhn molecule on peak I and 2

dhn molecules in valley VI.

The surface coverage by lubricant molecules was calcu-

lated and plotted together with their experimental COFs in

Fig. 7. The COFs from the lubricants decrease with the

increase of their surface coverage. 4,9D showed the highest

COF and the lowest surface coverage at 9.46%. This phenom-

enon corresponds to the mending effect that 4,9D molecules

were trapped in the valleys. The simulated GO flakes showed

the highest surface coverage (13.33%) and the lowest experi-

mental COF. The size of the simulated GO flakes (10 · 10 Å)

was much smaller than that in experiments (see Fig. 2). The

real surface coverage would be significantly higher. Phl and

dhn shared similar surface coverage and COF.

Fig. 8 presents the proposed mechanism. The friction is

reduced when the lubricant molecules cover nanoscale peaks

(l > s) hence keep the asperities from adhering, where a pro-

tective layer formed. For smaller lubricants (d < s), the peaks

are covered less since lubricant molecules trap in the valleys

(mending effect). The numbers of carbon atoms per unit cell

are 6, 5, and 2 for phl, dhn and GO, respectively. At the same

weight concentration, GO provides the most unit cells while

phl the least. Large molecules are prone to be adsorbed but

small ones idle above the surface.



Fig. 8 – Friction reduction mechanism based on the size of

the carbon-based lubricants. GO flakes cover the nanoscale

peaks and prevent adhesion. Small lubricant molecules trap

in the valleys. (A colour version of this figure can be viewed

online.)
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4. Conclusions

In summary, the effects of molecular structures of carbon-

based molecules as potential bio-lubricants have been stud-

ied. Phloroglucinol, 1,2-dihydroxynaphthalene, graphene

oxide, and diamondoid were explored as water-based lubri-

cants against common polymeric biomaterials of artificial

joints. All tested lubricants reduced the friction on self-lubri-

cating UHMWPE and the friction reduction trend is: graphene

oxide > 1,2-dihydroxynaphthalene > phloroglucinol > dia-

mondoid > water. Molecular dynamics simulations showed

that graphene oxide flakes were prone to keep being adsorbed

on the surface. The mending effect was dominant for phloro-

glucinol, 1,2-dihydroxynaphthalene, and diamondoid that

was less effective in lowering friction than the protective

layer formed by 2D graphene oxide. The revealed correlations

between the dimensional complexities and the friction reduc-

tion mechanisms allow the development of lubricants for bet-

ter performance in prosthesis.
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