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Abstract 

The excellent lubrication present within mammalian synovial joints attracted scientific 

interest, and some close-to-realistic models were applied to study the mechanism in vitro. In 

this project, the synergistic lubrication of synovial fluid was investigated by using 1,2-

Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), hyaluronic acid (HA), and phosphate-

buffered saline (PBS buffer) to mimic the synovial fluid. Lubrication by the model synovial 

fluid was studied using borosilicate glass specimens in Mini-Traction Machine (MTM). The 

experiments proved that the DPPC vesicle solution and mixed DPPC/HA solution had 

excellent lubrication ability, stemming both from adsorption of a lubricious layer at the 

surface of glass specimens and from presence of material reservoir available for repair of 

wear defects in the lubricious layer. Comparing the macroscale results obtained in this project 

by MTM with the results in previous studies on microscale by using AFM, we concluded that 

the microscale study of synergistic lubrication could predict macroscale results, even though 

some differences were detected due to limited possibilities for exact replication of 

experimental conditions at the two scales. 
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1 Introduction 

As research increased our understanding of nature science, we became more and more 

impressed by how great the Nature can be. Not only the fantastic double helix molecular 

structure of DNA, but also the symbiotic relationship between different species and the 

synergistic effects between molecular components in various biological systems are attracting 

our attention. For example, the smooth movement of human joints is a result of such synergy. 

It is of interest to scientists who try to mimic the structure and function on the synovial joint 

and synovial joint lubrication. Also, protection of our environment, using naturally occurring 

materials such as the biolubricants, instead of ecotoxic chemicals is a worthy goal of these 

efforts. Mimicking the lubrication function of mammalian synovial joints and taking 

advantage of the lubricants in the joint would contribute a breakthrough for aqueous 

lubrication. Understanding of the synergistic effects would also aid in finding cures for 

malfunctioning joints.  

Bone ends of articular joints are covered by soft nano-structured cartilage that is protected by 

synovial fluid in synovial joints such as hip, knee and elbow[1]. Cartilage does not have 

nerves and vascular system, therefore it is hard for human to feel its damage until the bones 

suffer friction directly and the failure of cartilage causes osteoarthrosis[1]. So far, there is no 

sufficiently effective treatment that can stop the wear of cartilage and only some physical 

therapies such as hot or cold treatment and supportive devices like finger splints can be 

used[2]. In addition to those, the persisting pain in articular joints can be eased by injecting 

hyaluronic acid (HA) solutions [1, 2].  

While HA is one of the main components in synovial fluid, it is not the only contributor to the 

excellent lubrication in healthy joints. Lubrication is the result of the synergistic action of 

different synovial fluid components including phospholipids and glycoproteins[3-5]. The 

synergy of phospholipids and HA was studied before on microscale by using Atomic Force 

Microscopic (AFM)[3, 6-9]. Since the contacting areas in AFM systems are much smaller and 

smoother than the contact in articular joints, the question remains if the synergistic lubrication 

observed with AFM is also valid on a macroscopic scale.  

In this project, the synergistic lubrication of 1,2-Dipalmitoyl-sn-glycero-3-

phosphatidylcholine (DPPC) and HA was investigated on a macroscale model of a 

mammalian articular joint. Instead of AFM, where friction was measured between flat silica 

surface and silica colloidal probe on µm scale, the Mini-Traction Machine (MTM) was 
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applied and friction was measured between a flat borosilicate glass surface and a borosilicate 

glass sphere on cm scale, while solutions of synovial fluid components was applied as 

lubricants. In Discussion part of this thesis, AFM and MTM results are compared to draw 

conclusions on applicability of micro-scale experiments to study macroscale phenomena.   

1.1 Synovial Fluid 

The synovial fluid (SF) is bathing the synovial joint Figure 1.1. Synovial joint plays an 

important role in supporting body’s movement[10]. Not just the machine gear needs 

lubrication oil, the synovial joints also need lubricant to facilitate their movement and prolong 

their life span. This lubricant is called synovial fluid. The synovial fluid has a relatively high 

viscosity and it is secreted from synovial membrane cells. It is not only working as lubricant 

between the thin cartilages but it also moistens cartilage[10]. 

 

Figure 1.1 The sketch of synovial joint capsule, and the lubricant between two cartilage is synovial 

fluid[10].  

Synovial fluid is a multicomponent solution. In general, there are three main lubricating 

components in synovial fluid - proteoglycan (also known as lubricin), hyaluronic acid (HA) 

and surface-active phospholipids (SAPL)[3-5, 11]. The approximate concentrations of 

different synovial fluid components in healthy and pathological human synovial fluid is 

presented in Table 1.1. 
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Table 1.1 The approximate concentrations of each constituent in synovial fluid [12, 13]. 

Constituent Proteoglycan HA SAPL 

Concentration in 

healthy fluid, mg/mL 

13.1±0.36  1.45-3.12  ~ 0.1-0.2  

Concentration in 

pathological fluid, 

mg/mL 

27.6-34.4  1.09-1.20  ~ 0.2-0.3  

 

1.2 Phospholipids 

Research provided much evidence that SAPL play important roles for functionality of 

synovial fluid [3-6, 8, 9, 11, 13-21]. In general, there are two types of SAPL contributing in 

SF, phosphatidylcholines (PCs) and non-phosphatidylcholines[11]. The non-

phosphatidylcholines are only present in a quite small amount; the PCs are most abundant, 

therefore the material used is chosen from them. Differing in the saturation level of fatty acid 

chains, PCs are classified as saturated. 

According to the research by L. R. Gale, et al. in 2007, there were six species of unsaturated 

and two species of saturated PCs detected in synovial joints, which were: dilinoleoyl 

phosphatidylcholine (DLPC), palmitoyl linoleoyl phosphatidylcholine (PLPC), palmitoyl 

oleoyl phosphatidylcholine (POPC), dioleoyl phosphatidylcholine (DOPC), stearoyl linoleoyl 

phosphatidylcholine (SLPC), oleoyl stearoyl phosphatidylcholine (OSPC), DPPC and 

palmitoyl stearoyl phosphatidylcholine (PSPC) [11]. Among these 8 species, only DPPC and 

PSPC are saturated PCs, and the others are unsaturated SPCs. In addition, the PCs adsorbed 

on artificial implants - polymeric and metallic - were determined by high-performance liquid 

chromatography (HPLC), and the relative proportions of each PC are presented in Table 

1.2[11]. In general, the unsaturated PCs were more common than the saturated PCs, and 

unsaturated PCs are likely predominant in lubrication by SF.  
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Table 1.2 The average proportions of each phosphatidylcholines (PCs) adsorbed on two implant 

surfaces from synovial fluid (the units of all values are %)[11].  

 Unsaturated PCs Saturated PCs 

DLPC PLPC POPC SLPC OSPC DPPC PSPC 

Adsorbed on polymer 

part of joint implants  

1.3 28 33 27 0.4 11 0.2 

Adsorbed on metallic 

part of joint component 

5 24 27 28 0.5 15 0.3 

 

Among all kinds of saturated PCs in SF, the 1,2-Dipalmitoyl-sn-glycero-3-

phosphatidylcholine (DPPC), see Figure 1.2, is the most abundant and surface-active[11]. 

Since the DPPC is stable, most studies used DPPC representing the SAPL in SF to measure 

the lubrication[3-6, 8, 9, 11]. Similarly, in this project DPPC is applied to measure the 

synergistic lubrication with HA, and the reasons of using DPPC were the stability of it and it 

was used in previous AFM studies[3, 6-9]. It is likely, that the lubricating phospholipid layer 

that is present on cartilage in live synovial joint is in fluid state.  The liquid phase transition 

temperature of hydrated DPPC is 41°C to 46°C, therefore, most of the friction experiments 

where the DPPC was used were performed at  47°C[3, 6-8, 22].  
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Figure 1.2 The chemical structure of DPPC molecule.  

1.3 Hyaluronic acid 

Hyaluronic acid (Figure 1.3) is a main component in SF.  In medical area, HA is used to ease 

the pain of osteoarthritis by injecting HA into joint[2]. The HA applications are determined by 

the molecular weight (Mw) of HA molecules. According to the study by L. Lubomír, et al. in 

1998, the Mw of HA ranges from 104 to 107 Da[23]. The average Mw of HA in healthy 

human SF is about 7.4×105 Da with the concentration about 3.4 mg/mL, therefore, HA can 
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provide enough viscosity to the synovial fluid[23, 24].  HA associates with SAPL and 

proteoglycans to lubricate the joints[20, 24]. Furthermore, the lower Mw HA (the minimum 

1.7×105 Da) can cause fragmentations and break the large multilayers liposome into small 

vesicles[21, 24]. In this project, the HA used was about 6.2×105 g/mol, which approximately 

meets the value of healthy HA Mw.  
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Figure 1.3 The repeating unit of hyaluronic acid molecule[24, 25]. 

Hyaluronan is a soluble linear polysaccharide with high Mw[20]. In Figure 1.3, the repeating 

unit of HA is shown, and it contains β-1,3-D-glucuronic acid and β-1,4-N-acetyl-D-

glucosamine groups. The pKa of glucuronic acid is about 2.9, which means the HA has high 

negative charge in both PBS buffer at pH 7.4 and synovial fluid[20, 26]. In this project, the 

sodium salt of hyaluronic acid was used. 

1.4 Microscale friction studies  

The lubrication by synovial fluid was investigated, and the friction coefficient in synovial 

joints with SF was measured to be about 0.002-0.006[5]. By taking the low speed in to 

account, and thus the presence of only boundary lubrication layer, this is far better lubrication 

than would be expected by using existing technologies [5]. There were different methods used 

to investigate the properties of SF and its constituents, such as Atomic Force Microscope 

(AFM), X-ray reflectivity (XRR), Brewster angle microscopy (BAW), Thin-layer 

chromatography (TLC), Surface forces apparatus (SFA, also known as SFB) and Quartz 

crystal microbalance with dissipation (QCM-D)[3, 6-9, 13, 15, 16, 18, 19, 27-29]. Among 

other synovial fluid constituents, phospholipids and HA were studied at a microscale as 

lubricants both separately and in synergistic combination by AFM[3, 6-9]. AFM is a type of 

Scanning Probe Microscope (SPM) with high resolution, and by employing it we can both 

image the surface topography and, in AFM-colloidal probe mode, we can measure fiction 

between the surface and colloidal particle. 
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Wang, et al., studied the lubrication properties of adsorbed phospholipid and hyaluronan 

layers by using a liquid cell of AFM, Quartz Crystal Microbalance with Dissipation (QCM-D) 

and Dynamic Light Scattering (DLS)[6]. According to Wang’s findings on layer formation by 

QCM-D, the HA failed to adsorb on silica surface, but the DPPC vesicles did adsorb and form 

a bilayer on silica surface[6]. The sequential adsorption to form DPPC and HA multilayers 

was achieved by injecting and rinsing cycles with DPPC and HA solutions[6]. Wang also 

concluded that the DPPC and HA associated in bulk solution, and that DPPC bilayer in NaCl 

solution provided an excellent lubrication with the low friction coefficient approaching to the 

friction coefficient found in synovial joints[6]. Wang’s study also showed that HA did adsorb 

on DPPC bilayer but not on silica surface. However, adsorption of HA on DPPC deteriorated 

the lubrication properties of the layer and friction coefficient increased rapidly with increase 

of loading [6]. Further, some repair of lubrication ability of DPPC-HA multilayers could be 

attained with the additionally adsorbed DPPC layer on the outermost HA layer and the 

friction coefficient decreased again but the friction measurement turned to be more noisy 

compared to that of DPPC bilayer alone[6]. In conclusion, Wang et al. found that composite 

DPPC-HA layers provide to be very lubricious and with high load bearing capacity, and 

especially so when the multilayers are topped with the DPPC  layer[6]. 

Further, the synergistic lubrication of DPPC and HA was studied by A. Raj, et al. by using 

AFM[3]. Raj investigated the DPPC and HA mixture solution.in which the DPPC and HA 

were present at equal concentrations of 0.5 mg/mL[3]. It is worth noting that the adsorption 

layer formed from mixture solution was inhomogeneous when compared to the relatively 

smooth layers formed by sequential adsorption of DPPC and HA[3]. Interestingly, the friction 

coefficients were affected by the action of friction[3]. The conclusions drawn by Raj were that 

under pressure and shear the mixture layers transformed to the structures conducive to low 

friction, and the layers adsorbed by DPPC/HA self-assembling exhibited better lubrication 

compared to adsorbed DPPC bilayer alone[3]. 

The effect on temperature to lubrication ability of DPPC was also an interesting question to 

investigate. The liquid/solid phase transition temperature of hydrated DPPC is in the range of 

41°C to 46 °C, which is much higher than normal human body temperature. M. Wang, et al. 

investigated the effect of temperature on friction by DPPC bilayer by using AFM[7, 22]. 

Wang chose the temperature range from 25°C to 52°C to measure the lubrication by DPPC 

bilayer coated on silica surface, and this range was divided into 5 steps which were at 25°C, 

32°C, 37°C, 47°C and 52°C[7]. The load bearing capacity of DPPC bilayer was investigated 
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as well, and the results showed that with the increasing temperature and, thus, the fluidity of 

the layer, the load bearing capacity of DPPC bilayer was increasing[7]. This finding was 

rationalized as being due to increased healing capacity of the DPPC adsorption layers due to 

increased molecular mobility. 

As discussed above, in previous microscale investigations, the synergistic effect was 

investigated by measuring friction on sequential adsorbed multilayers of DPPC and HA and 

on DPPC/HA mixture layers. Also, lubrication by the pure DPPC bilayer was studied and the 

effect of temperature was mapped[3, 6, 7]. The results demonstrated superior lubrication in all 

the above cases. However, we note that all the aforementioned experiments were performed 

using extremely smooth underlying substrate surfaces (silica) and at microscale, using a silica 

colloidal particle as a counterpart surface[3, 6, 7]. Thus, the question arises if the conclusions 

about the friction and load bearing capacity of lubricating layers, obtained in the studies 

mentioned above, can be extended to macroscopic rough surfaces, such as the surfaces found 

in the synovial joint. To answer this important question is the ambition of the present study.    
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2 Materials and methods 

2.1 Materials 

The phospholipid used was 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 

C40H80NO8P) with molecular weight of 734.05 g/mol. It was purchased from Avanti with 

purity >99%. 

The sodium hyaluronate used in this work had mean molecular weight of 6.2×105 g/mol as 

determined by asymmetric flow flow-field fractionation (AFFFF), and it was received as a 

gift from Novozymes.  

Table 2.1 Information on chemicals used. 

Chemicals Formulas Molecular 

weight, g/mol 

Chemical Grade Manufacturer 

1,2-Dipalmitoyl-sn-

glycero-3-

phosphatildylcholine 

(DPPC)  

 

C40H80NO8P 734.05  >99% Avanti Polar 

Lipids 

Sodium hyaluronate 

(HA) 

 

[C14H19NNa]n 6.2×105  HyaCare Medical 

device grade 

Novozymes 

Chloroform 

 

CHCl3 119.38  99.97% Fisher Chemical 

Phosphate-buffered 

saline (PBS buffer)  

 

- - 

 

Tablet, pH=7.4 

0.01 M phosphate 

buffer contains 

0.0027M KCl and 

0.137 M NaCl 

Sigma-Aldrich 

 

All solutions were prepared using deionized Milli-Q water (Millipore) with resistivity larger 

than 18 MΩ∙cm at 25oC.  
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2.1.1 Preparation of DPPC vesicle solutions 

Dispersions of small DPPC vesicles in PBS buffer were prepared by the method described 

below.  

1. DPPC powder was dissolved in chloroform to the concentration of 5 mg/mL.  

2. 12 mL of the chloroform solution of DPPC was transferred into a round-bottom flask with 

nominal volume of 100 mL for vacuum rotary evaporation (Heidolph, Germany). The aim of 

this preparation step was to create a thin DPPC film on the flask wall after chloroform 

evaporation. This thin film later facilitated formation of DPPC vesicles in aqueous solution 

and therefore, the ratio of the flask surface area to volume of the DPPC solution in chloroform 

was an important parameter in the vesicle preparation process. During the rotary evaporation 

(Figure 2.1), the rotary speed was 40 rpm, the vacuum pressure was 300 mbar, the heat 

exchanger of the cooling water was set to -10oC and the water bath used for evaporation was 

kept at 55oC. During the rotary evaporation, the pressure and rotary speed should be 

controlled carefully to avoid violent boiling since this would prevent formation of an even 

phospholipid film on the inner surface of the flask. After rotary evaporation, the flask was put 

into a vacuum oven (Binder VD 53, Germany) at 25oC overnight to remove any residual 

chloroform.  

 

Figure 2.1 The preparation of the DPPC film. (a) By vacuum rotary evaporation, most of the 

chloroform was removed from the flask. (b) A thin DPPC film was formed on the inner wall of the 

flask. 
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3. DPPC film was dispersed in phosphate-buffered saline. Phosphate-buffered saline (PBS), 

pH 7.4, was prepared by dissolving one tablet in 200 mL of Milli-Q water. The buffer was 

added into the flask with chloroform-free DPPC film aiming at obtaining a 1mg/mL DPPC 

dispersion in PBS. 

4. DPPC dispersion in PBS was placed into ultrasonic bath (Bandelin Sonorex Digitec, with 

frequency 50-60 Hz) at the temperature set to 55oC and sonicated for 4 to 5 hours until the 

solution turned almost transparent (Figure 2.2). This indicates formation of small vesicles that 

scatter light less than larger aggregates. In general, the larger volume of DPPC dispersion, the 

longer sonication time was needed.  

 

Figure 2.2 An almost clear dispersion of DPPC vesicles in PBS (1 mg/mL) after ultrasonication for 5 

hours at 55oC. 

5. The prepared dispersion of DPPC vesicles was kept refrigerated until the day of use, but no 

longer than 1 week.  

6. On the day of using the DPPC vesicles in friction experiments, the DPPC dispersion was 

sonicated again at 55°C for at least 1 hour, after which the volume size distribution of the 

vesicles was characterized by Dynamic Light Scattering (DLS, Zetasizer, by Malvern 

Instruments, UK) to make sure that the size of most of the DPPC vesicles was below 100 nm 

(Figure 2.3). Then, the vesicle dispersion was kept in a water bath set to 55oC until used in the 

experiments on the very same day.  
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Figure 2.3 Size distribution of DPPC vesicles after 5 hours of 50 Hz ultrasonication at 55oC (98.4% of 

DPPC vesicles are on the nanoscale). 

2.1.2 Preparation of HA solution 

The HA solution was prepared by dissolving sodium hyaluronate powder in PBS to the HA 

concentration of 1 mg/mL. The HA powder initially aggregated in the solution, but by heating 

the whole dispersion to 55oC and shaking the bottle with HA dispersion every 15 minutes 

accelerated the dissolution.  

2.1.3 Preparation of DPPC/HA mixture 

The mixture of DPPC and HA was prepared by slowly adding the equal amounts of 1 mg/mL 

DPPC and 1 mg/mL HA solutions to the beaker and, next, the mixture solution was vortexed 

to make sure that the components mixed evenly. Before mixing, both the DPPC and the HA 

solutions were heated to 55oC.  

2.1.4 Overview of solutions used for experiments 

To keep the same concentration of different lubricants, for experiments with only DPPC and 

only HA solution, both should be diluted to 0.5 mg/mL which can be achieved by adding PBS 

and vortexing the diluted solution. The sample solutions used in the experiments are 

summarized in Table 2.2. 
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Table 2.2 Overview of solutions used for experiments 

Solution used in friction experiment Preparation of solution 

0.5 mg/mL DPPC 2 ×  dilution of 1 mg/mL dispersion of DPPC 

vesicles in PBS 

0.5 mg/mL HA 2 × dilution of 1 mg/mL HA solution in PBS 

0.5 mg/mL DPPC + 0.5 mg/mL HA 1:1 volume ratio mixing of 1 mg/mL DPPC 

vesicle dispersion in PBS with 1 mg/mL HA 

solution in PBS  

 

2.2 Instruments and Methods 

2.2.1 Mini-Traction Machine 

The Mini-Traction Machine (MTM) from PCS Instruments, UK was employed for 

investigating friction forces. In this project, the MTM 2 was used to determine the friction 

coefficient values between glass surfaces exposed to DPPC and/or HA lubricants. The friction 

forces were measured between a borosilicate ball and disc substrates, which were produced by 

PCS Instrument and designed specifically for MTM measurements. The diameter of the ball 

was 19.05 mm (3/4”) and that of the disc was 50 mm. In the MTM instrument, to achieve 

sliding movement we used the instrument in “pin-on-disc” mode, in which the ball was kept 

immobile and the disc was freely moving. The friction between the disc and the ball can be 

measured by moving the disc relative to the stationary ball in either reciprocating mode or 

rotating mode. Considering the reciprocal movement of the human knee and hip joints during 

walking, reciprocating mode of disc movement was judged to be a better, but still simplified, 

model of joint motion. However, after a few experiments in reciprocating mode, both ball and 

disc silica specimens were significantly worn, also posing a risk of damaging to the machine 

itself by silica debris. Thus, to avoid this, the rotating mode of disc movement was employed 

in our experiments.  

Silica is a hydrophilic material. I found that it was not sufficient to rinse the silica surface by 

deionized water to clean it enough to subsequently achieve spreading of the DPPC vesicles on 

the surfaces of the borosilicate specimens. In order to achieve this and thus assemble a DPPC 

bilayer on the silica surface, both ball and disc needed to be treated by air plasma in order to 

introduce some more OH-groups on the surface. Thus, the following cleaning protocol was 
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adopted. The silica specimens were first cleaned with 2 wt% deconex 20 NS-x for one hour, 

rinsed with Milli-Q water and ethanol, and then treated with air plasma for 5 minutes. An air 

plasma contains a variety of reactive species. Overall, air plasma oxidizes and removes 

organic contaminants and introduces silanol (Si-OH) groups on the surface, which makes the 

silica surface hydrophilic. This appears essential for facilitating the DPPC vesicles to spread 

and adsorb on the silica surface. 

After mounting the silica ball and disc in the MTM, the 15 mL of lubricant solution was 

poured into the MTM reservoir thus assuring that a sufficient portion (about ¼) of the silica 

ball is immersed in solution and the lubricant molecules were left to adsorb on the silica 

surfaces. Referring to previous studies, the suggested adsorption time for DPPC was 15 

minutes and for HA it was 30 minutes[6].  

In general, the lubrication was measured in two situations, one was when the lubricant 

molecules were present in reservoir, and the other when the lubricant molecules were 

removed from MTM reservoir by rinsing with PBS. It is of interest to learn how the DPPC 

bilayer is affected by removal of DPPC from the bulk solution, and if the bilayer structure can 

be stabilized by adsorption of an outer HA layer.  

 

Figure 2.4 Sketch of MTM reservoir, containing reservoir filler, silica surfaces (a flat disc and a ball), 

and lubricant. 

A sketch of the MTM reservoir is shown in Figure 2.4. The blue shading represents the 

lubricant, and its volume is 15 mL. The DPPC bilayer must always be immersed in solution 
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since it will readily re-structure/desorb if exposed to air. Considering this, the following 

methods were applied to change the solution in the MTM reservoir.  

First, I gently used a pipette to suck about 5 mL of the solution above the silica disc, and then 

add 8 mL PBS into reservoir in order to minimize the risk of exposing the adsorption layer to 

air. The new solution was mixed for 60 seconds using no load and a rotation speed of 100 

mm/s at 47°C. This process was repeated 8 times (with a dilution factor of 5/9). Thus, the 

final concentration of DPPC in solution resulted in a value below 1×10 -3 ppm, which can be 

considered as essentially DPPC-free PBS and the lubricant layers were only left on silica 

surfaces. 

Hydrated supported DPPC bilayers have relatively high solid/liquid phase transition 

temperature of 41 to 46°C[8], and the effect of temperature on lubrication was of interest. 

Hence, the friction coefficient values were measured at 25oC, 32oC, 37oC, 47oC and 52oC, 

when the loading force was 5 N and the rotating speed of the disc was 10 mm/s. To 

investigate the robustness of the adsorbed lubricant layers, experiments with loading change 

from 5 N to 10 N and then back to 5 N were performed at 47oC, using 10 mm/s rotating speed. 

In this case, higher loading force was attempted, but considering both the fragility of the silica 

specimens and limits of the machine itself, 10 N was the highest load that could be applied in 

these experiments in consideration of the endurance of MTM, and it is already beyond the 

highest pressure that mammalian synovial joints (≤ 20 MPa)[30].  

The cleaning of both the MTM measuring cell and the silica specimens was important for 

maintenance and further measurements. The detergent used was 0.1% sodium dodecyl sulfate 

(SDS, molecular weight 288.38 g/mol, assay ≥90.0%) solution. For MTM cleaning, first SDS 

solution was added into the lubrication reservoir and kept there for 15 minutes. Then the 

reservoir was rinsed with plenty of Milli-Q water. Next, the reservoir was wiped with a tissue 

and made sure there is no visible SDS solution left in the reservoir. Finally, ethanol was used 

to rinse and dry using air flow. Meanwhile, silica specimens, screw, nut and reservoir filler 

were cleaned using the same concentration of SDS, and these parts were put in an 

ultrasonication cleaner for 15 minutes (at room temperature). Next, they were washed 3 times 

with Milli-Q water and ultrasonicated for 15 minutes (at room temperature). In the end, they 

were again washed with Milli-Q water and dried with ethanol and air flow. To remove any 

possible residue from the silica surfaces remaining after the experiment, the silica specimens 
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were rinsed in 2 % deconex 20 NS-x for an hour, then transferred them into Milli-Q water 

rinsing before experiments next day. 

2.2.2 Dynamic light scattering 

Dynamic light scattering (DLS, also known as Photon Correlation Spectroscopy) was used to 

determine the particle size distribution by measuring the Brownian motion of particles in 

solution. The particle size values measured by DLS in this report were hydrodynamic 

diameters and they were calculated by Stokes-Einstein equation which was widely used to 

identify the particle size in solution. In this project, DLS was of importance for determining 

the vesicle size since only small vesicles (≈< 100 nm) form well-defined bilayers on the silica 

surface. DPPC vesicles were formed by ultrasonication, therefore, DLS was the key method 

used for determining how to make the ultrasonication process as efficient as possible.  

There are some different types of size distribution standards that can be evaluated in DLS 

measurements, which were intensity, volume and number distribution. The intensity 

distribution is the one that most strongly emphasizes the presence of large objects, where the 

number distribution most strongly emphasizes the presence of smaller objects. As a 

compromise, the volume distribution was applied to judge the DPPC vesicle dispersion 

(Figure 2.3). Generally, when the peak below 100 nm had a proportion above 90%, we judged 

that the DPPC vesicle solution would be able to form bilayers on silica surfaces.  

According to Table 2.2, not only the 0.5 mg/mL DPPC dispersion contained vesicles, but also 

the DPPC and HA mixture, hence, the particle size distribution after adding HA into the 

DPPC solution was of interest. Therefore, DLS measurements were performed with both pure 

DPPC dispersions and DPPC/hyaluronan mixtures.  

2.2.3 Profilometry 

A profilometer was used to measure the surface profile, for the purpose of evaluating surface 

roughness and obtaining 3D images of the borosilicate substrate disc. The profilometer used 

was a DektakXT Stylus Profiler produced by Bruker, USA.  

The glass specimens were fragile, and the pressure applied was high, much bigger than the 

maximum pressure that the mammalian synovial joint can withstand (≤ 20 MPa)[30]. For 

example, when the loading force was 5 N, the pressure on the silica disc was 133 MPa, as 

calculated by the Johnson-Kendall-Roberts (JKR) model[31]. Therefore, already after the first 



20 

 

friction run some scratches were left on the silica surface, which increased the surface 

roughness. This could influence the spread and adsorption of DPPC vesicles. For this reason, 

the profilometer was employed to identify the surface roughness of the silica discs before and 

after experiments. 

The measuring principle of a profilometer is similar to that of an AFM, but in the profilometer, 

instead of a cantilever, a diamond stylus is used to contact the surface. In the profilometer, a 

sample stage was used to hold the material, and by adjusting the height of stylus the point 

surface structure was caught by software. But to measure the 2D and 3D surface structure, the 

horizontal measurements were important, in this case, the stylus was kept stationary, and the 

stage which held the silica disc was moved forwards and backwards, hence, the surface 

profile was measured along a line. Thus, by moving the surface in 2 dimensions, and at the 

same time following the height variation, a 3D map of the surface was attained. In general, the 

profilometer provided information about the degree of silica surface damage after MTM 

experiments.  
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3 Results and Discussion 

In this section, the DPPC size distribution evaluation by DLS in DPPC dispersions, the 

friction experiments on silica surfaces by MTM, and the surface roughness data of silica 

specimens measured with profilometer are described. 

3.1 Size of DPPC vesicles 

3.1.1 Effect of ultrasonication 

It is important to control the particle size of DPPC vesicles. As mentioned, a near transparent 

DPPC vesicle solution is obtained after ultrasonication for 5 hours. The time required to 

achieve this depends on the amount of DPPC in the PBS buffer. A batch of DPPC dispersion 

was prepared at the very beginning of the experiments and it was stored at 4°C. Before each 

MTM experiment the DPPC was re-dispersed by ultrasonication. In Figure 3.1 and Table 3.1, 

two size distribution results (in terms of hydrodynamic diameter) are shown. The red line 

demonstrates the volume size distribution after removing the sample from the fridge but 

before re-sonication, and the green line shows the size distribution after 60 minutes re-

sonication at 55°C.  

 

Figure 3.1 The DLS results after storage of a DPPC dispersion in the fridge. The red line shows the 

size distribution at 25°C before re-sonication, and the green line shows the size distribution at 55°C 

after 60 minutes re-sonication. 
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Table 3.1 The average volume size distribution data for each peak in Figure 3.1 

 Peak 1 

Hydrodynamic  

Diameter, nm 

Peak 2 

Hydrodynamic  

Diameter, nm 

Peak 3 

Hydrodynamic  

Diameter, nm 

Red Line 54 (70.6 v%) 777 (23.5 v%) 5571 (2.3 v%) 

Green Line 60 (88.4 v%) 267 (11.6 v%) - 

 

It is obvious that large aggregates (Peak 2 and 3 of the red line) are decomposed to smaller 

aggregates by ultrasonication. In general, the whole particle hydrodynamic diameters shift to 

smaller values after 60 minutes ultrasonication. In this test, the ultrasonicated DPPC solution 

was 40 mL of concentration 0.5 mg/mL. The data show that pre-prepared and during storage 

aggregated DPPC dispersion can be re-condition to consist of smaller aggregates by 

sonication for 60 minutes at 55°C. 

3.1.2 DPPC mixed with HA 

In this project, the lubrication of DPPC/HA mixtures is also investigated. It is therefore of 

interest to know whether the size of the DPPC vesicles will change in the mixed solution. In 

Figure 3.2, the green line shows the size distribution in DPPC/HA 1:1 mixture solution, and 

the red line represents the size distribution in pure DPPC vesicle dispersion. Both solutions 

contain 0.5 mg/mL DPPC.  

 

Figure 3.2 Size distribution of DPPC vesicle dispersion (red) and DPPC/HA 1:1 mixture (green) with 

the same DPPC vesicle concentration, 0.5 mg/mL. 
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The two samples were diluted or mixed from the same 1 mg/mL DPPC vesicle dispersion and 

evaluated 10 minutes after dilution or mixing. In effect of the association with HA, the 

hydrodynamic diameter of DPPC vesicles decreases. We note that this result is the opposite to 

that reported previously[25].  

3.2 Lubrication 

In this section, I report lubrication experiments performed with MTM where the loading 

forces were changed from 5 N to 10 N and then back to 5 N using different solutions as 

lubricants. The measurement experiment was set up in such a manner that each load was 

applied for 5 minutes with 10 mm/s spinning speed and all the experiments were performed at 

47°C.   

3.2.1 Lubrication by DPPC and HA 

First, friction coefficient between silica surfaces in PBS without any lubricant was determined. 

Then, the friction coefficients were obtained with using solutions containing only one 

component, DPPC or HA. In Figure 3.3, two repeated experiments using PBS buffer solutions 

are illustrated. The experiments were initiated by measuring friction at the load of 5 N, then 

increasing the load to 10 N and decreasing it to 5 N again. Apparently, at all 3 loads, the 

friction coefficient is similar, relatively stable, and is around 1.05. We note that friction 

increases from 0.4 to ~1.05 during first 8 seconds of the first experiment (figure 3.3a, blue 

line). This is due to the stabilization process of the MTM equipment. Subsequently, the 

friction coefficient in PBS buffer on silica surfaces is 1.05. This is our reference value used to 

evaluate the lubrication of surfaces in DPPC and HA solutions. 

 

Figure 3.3 Friction coefficient measured between silica surfaces across PBS. Figures a and b are two 

separate experiments. Numbers 1, 2 and 3 indicate the order in which the load was changed. 
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Measurements performed using 0.5 mg/mL HA solution in PBS are shown in Figure 3.4. The 

friction coefficients in these two experiments are very similar to these detected in pure PBS 

and are approximately 1.05. Thus, we conclude that the HA solution at this concentration does 

not provide any lubrication benefit. 

 

Figure 3.4 Friction coefficients measured between silica surfaces across PBS solution containing of 

0.5 mg/mL HA. Figures a and b are data from two separate experiments. Numbers 1, 2 and 3 indicate 

the order in which the load was changed. 

Next, the DPPC vesicle dispersion (concentration of 0.5 mg/mL) in PBS was applied as 

lubricant using same experimental settings, and the two separate experiments are shown in 

Figure 3.5. Compared to the data obtained from the experiments with PBS and HA solutions, 

the friction coefficient achieved in the DPPC vesicle solution is an order of magnitude lower 

and thus is about 0.1. The same friction coefficient was obtained at all three loading steps of 

the experiment. Thus, we conclude that DPPC vesicles provide significant lubrication for 

silica surfaces in PBS, whereas HA does not. 

 

Figure 3.5 Friction coefficient measured between silica surfaces across PBS containing 0.5 mg/mL 

DPPC vesicle dispersions. Figures a and b show data from two separate experiments. Numbers 1, 2 

and 3 indicate the order in which the load was changed. 
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3.2.2 Lubrication by DPPC/HA mixtures 

The lubrication of DPPC/HA mixture solution (with both components at a concentration of 

0.5 mg/mL) was investigated in four experiments (a, b, c and d in Figure 3.6).  In this case, we 

initially observe pronounced friction peaks, which suggest that stick-slip processes are at play. 

This provides evidence for a less homogeneous initial surface layer as compared to what is 

formed by DPPC alone. Most interesting is that the friction coefficient decreases during the 

friction run from an initially rather high value of 0.8 to a value 0.1, which is as low as the 

value found with DPPC alone. This behavior is observed in step 1 (5 N load) and step 2 (10 

N), whereas in step 3 (5 N again) the friction coefficient remains low throughout. Intuitively, 

expectation would be for the DPPC/HA mixed layers to be rough and the friction force to be 

high. However, it is clear that the combined action of load and shear results in re-structuring 

of the surface layer which ultimately leads to formation of the structure on surface that 

provide low friction. It seems likely that it involves formation of DPPC bilayers separated by 

easily sheared water layers. That mixed DPPC/HA layers provide very low friction and high 

load-bearing capacity has been observed before using a smooth silica surface and a silica 

colloidal probe[3].  
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Figure 3.6 Friction coefficient measured between silica surfaces across a DPPC/HA mixture. Panels a, 

b, c and d represent data from four separate experiments. Numbers 1, 2 and 3 indicate the order in 

which the load was changed. 

3.2.3 Lubrication by DPPC-HA multilayers 

DPPC forms vesicles in dispersions, but when contacting the silica surface the DPPC vesicles 

attach and spread to form bilayers. In Figure 3.7, the DPPC vesicle and the bilayer adsorbed 

on a hydrophilic silica disc are sketched.  

 

Figure 3.7 Sketches of a DPPC vesicle (left) and a DPPC bilayer structure on the silica surface (right). 

Below the data are presented for lubrication of silica surfaces when lubricants are present only 

as adsorption layers and no lubricant reservoir is available in the bulk solution. 

First, friction between silica surfaces coated with DPPC bilayers in PBS buffer was 

investigated and data are shown in Figure 3.8. Notably, initial friction is characterized by 

friction coefficient of 0.7, and it increases steadily to 0.9 within 5 minutes (blue line in Figure 

3.8 b). Although there are some fluctuations in step 2 and 3, the friction coefficient values are 

around 1 in the end of experiments. To sum it up, the presented friction results show that the 

bilayer, in absence of DPPC reservoir in bulk solution, is quickly damaged and cannot 

provide favorable lubrication. It is clear that DPPC present in bulk solution is necessary to 

enable self-healing of the adsorbed DPPC bilayer, and if the DPPC is removed from the bulk, 

the lubrication layer is rapidly destroyed, and lubrication is poor. This is definitely the case 

only within the frame of our experimental conditions. We note that even the lowest pressure 

used in our experiments is very high, 133 MPa, which is much higher than that normally 

encountered in synovial joints. In the synovial joint such high pressures are not relevant, as 

the cartilage material cannot sustain the axial pressure above 25 MPa before it breaks[30]. 

Thus, we cannot conclude that the bilayer of DPPC is not sufficient to lubricate the living 
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cartilage surface, where it normally would operate at pressures at least one order of magnitude 

lower that our experimental lowest pressure. 

 

Figure 3.8 Friction coefficient between silica surfaces carrying an adsorbed DPPC bilayer across PBS 

buffer. Panels a and b show data from two separate experiments. Numbers 1, 2 and 3 indicate the order 

in which the load was changed. 

To investigate lubrication by DPPC/HA layers and if there is any synergy between these 

components of synovial fluid the composite layers of DPPC and HA were prepared by 

alternately exposing the silica surfaces to the DPPC vesicles solution and then the HA 

solution, and rinsing after each layer deposition. The DPPC/HA composite layer deposition 

procedure was described in section 2.2.1, and there are two layer-by-layer structures 

investigated in this project. These were DPPC-HA layers and DPPC-HA-DPPC multilayers. 

These types of  multilayer structures were suggested by Wang, et al. in their studies[6, 9], but 

in the present study the number of alternating layers was limited to maximum of three due to 

limitations of  MTM design.   

The friction between DPPC-HA composite layer coated surfaces across PBS is shown in 

Figures 3.9 a and b. As it can be seen from the data, initial friction between DPPC-HA 

sequentially adsorbed layer coated surfaces across PBS is somewhat lower than between pure 

DPPC bilayers and is ≈ 0.2 – 0.4, however, also in this case, it rapidly deteriorates and 

reaches the high value of ≈ 1 (blue lines in Figures 3.9 a and b). Thus, it  is clear again that the 

lubricant components need to be present in bulk solution to remedy eventual damages 

occurring in lubricating layers to provide self-healing. 
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Figure 3.9 Friction coefficient measured between silica surfaces carrying a pre-adsorbed DPPC-HA 

composite layers across PBS buffer. Figures a and b show data from repeated experiments. Numbers 1, 

2 and 3 indicate the order in which the load was changed. 

Previous microscale studies of DPPC - HA lubrication pair performed using AFM 

demonstrated that it is beneficial to bring the larger amount of lubricant to the surface in order 

to facilitate lubrication[6, 9]. In addition, it was shown that the friction is reduced when the 

DPPC/HA layer is coated by the outermost DPPC layer. Thus, DPPC-HA-DPPC multilayers 

were also studied at macroscale in MTM and obtained results are displayed in Figure 3.10. As 

can be seen, this lubricant arrangement provides some lubrication benefit during initial stages 

of measurement, although stick-slip is pronounced, and the friction coefficient values are high, 

about 0.7 -0.9 (see blue lines in Figures 3.10 a and b). Again, it is noted that without the bulk 

reservoir of lubricating molecules that can supply material needed for repairing the layer 

damaged by friction, the lubrication performance is poor.  

 



29 

 

Figure 3.10 Friction measured between silica surfaces precoated with DPPC-HA-DPPC multilayers 

across PBS buffer. Figures a and b report data from two separate experiments. Numbers 1, 2 and 3 

indicate the order in which the load was changed. 

3.2.4 Restructuring and durability of DPPC/HA mixed adsorption layers 

As described in section 3.2.2, friction in DPPC/HA mixture solutions improved due to a re-

structuring of initially poorly ordered DPPC/HA layer under the influence of shear. Thus, the 

question arises if such pre-formed and intentionally re-structured by shear (in presence of bulk 

lubricants) DPPC/HA layer would be still durable even when the reservoir molecules are 

removed, and no self-repair is possible. 

1. DPPC/HA layers adsorbed from the mixture (“directly adsorbed”) 

A set of experiments was performed with the DPPC/HA layers prepared by first filling the 

MTM reservoir containing mounted glass substrates with DPPC/HA mixture and letting 

DPPC and HA adsorb for 30 minutes. Then, the molecules in bulk were removed by rinsing 

the reservoir. Adsorption layers formed this way we call “directly adsorbed”. Friction 

measured between directly adsorbed mixture layers is shown in Figures 3.11 a and b). 

2. Re-structured DPPC/HA mixture layers 

To investigate the properties of the re-structured DPPC/HA mixture layer, the following layer 

preparation procedure was applied. First, the DPPC/HA layer was adsorbed on silica surface. 

Next, one set of MTM friction test was performed with the DPPC/HA mixture present in bulk. 

Friction results are shown in Figure 3.6. After the friction, the re-structured layer was allowed 

to “rest” in the bulk solution containing DPPC and HA for 30 minutes and then the bulk 

reservoir molecules were removed by rinsing with PBS. Friction between the DPPC/HA 

layers prepared in this manner are shown in Figure 3.11 c and d.  
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Figure 3.11 Friction coefficient measured between silica surfaces with pre-adsorbed DPPC/HA 

mixture layers across PBS buffer. The friction results of a and b are measured on directly adsorbed 

DPPC/HA mixture layers; the friction results of c and d are measured on re-structured DPPC/HA 

mixture layers. Numbers 1, 2 and 3 indicate the order in which the load was changed. 

As can be seen from Figure 3.11 the directly adsorbed layers (figures a and b) provide similar 

friction as the layer-by-layer deposited DPPC and HA mentioned before, and these layers are 

destroyed in the beginning of friction experiments. On the other hand, the results obtained 

using re-structured DPPC/HA mixture layers are interesting. The layers re-structured by 

friction in DPPC/HA reservoir not only show low friction at the load of 5 N (pressure of 133 

MPa) and survive an entire run of 300 seconds, but also sustain low friction  coefficient in the 

initial stages of 10 N run (see figures 3.11 c and d). This is an unexpected and promising 

result with respect to friction between cartilage surfaces, considering that the lowest applied 

pressure is about 5 times higher than the pressure that mammalian synovial joint can 

withstand before being damaged[30].   

3.3 Lubrication measurements with temperature change 
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As mentioned before, the liquid/solid phase transition temperature of hydrated DPPC is in the 

range of 41°C to 46°C[22]. Previous AFM studies reported how temperature affected the 

lubrication properties of DPPC bilayers on silica surfaces. In this project, the relation between 

temperature and lubrication properties of DPPC on silica surfaces are investigated by MTM.  

Each lubricant solution was studied at 5 temperatures, starting at 25 °C and ending at 52 °C. 

In each case the load was 5 N and the rotation speed was 10 mm/s, and each temperature step 

lasted for 2 minutes. The average friction coefficient values of each temperature are shown in 

Figure 3.12.  

 

Figure 3.12 The friction coefficient as a function of temperature measured in MTM in PBS buffer, 

HA solution, DPPC vesicle dispersion and DPPC bilayer immersed in PBS.  

As can be seen from figure 3.12 the temperature effect on friction is not pronounced. All the 

experiments are repeated twice, except of DPPC bilayer film in PBS, that is replicated three 

times, and the results are relatively stable. It seems that temperature does not have a clear 

effect on friction. 

3.4 Summary of MTM results 

The experimental findings where the lubricant was present in bulk solution are summarized in 

Figure 3.13. Because of the bilayer structures formed by adsorption of DPPC vesicles on 
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silica surfaces, the lubrication by the DPPC vesicle dispersion is the best. In other 

experiments reported in the thesis it was shown that the DPPC bilayer could not provide good 

lubrication performance in absence of DPPC vesicles in bulk solution. Thus, it appears that 

self-healing of the lubricating layer by means of lubricants present in solution is essential for 

maintaining favorable lubrication properties. Moreover, the DPPC/HA mixture solution also 

provides good lubrication, especially interesting was the finding that a re-structuring of the 

surface layer under the combined action of load and shear resulted in a strong decrease in 

friction coefficient with time. In converse, HA solution alone (at a concentration of 0.5 

mg/mL) does not provide any lubrication benefit but has the same lubrication property as PBS 

buffer.  

 

Figure 3.13 The average friction coefficients between silica surfaces across PBS buffer, HA solution, 

DPPC vesicle dispersion and DPPC/HA mixture solution,  5 N-step 1,  10 N-step 2,  5 N-step 3.  

For the lubrication properties of layers with no lubrication present in the bulk, the experiments 

work on DPPC bilayer, DPPC-HA layers, DPPC-HA-DPPC multilayer, adsorbed DPPC/HA 

mixture layer and repaired DPPC/HA mixture layer in PBS are shown in Figure 3.14.   
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Figure 3.14 The average friction coefficients of different lubrication layers which are measured at 

three different loads,  5 N-step 1,  10 N-step 2,  5 N-step 3.  

None of the investigated lubrication layers can withstand friction being intact in the whole 

cycle of measurements at changing loads. Instead, the layers are destroyed under high 

pressure and cannot be repaired without the reservoir of the lubricant molecule in the bulk 

available for restoring the damaged lubrication structure. But the repaired DPPC/HA mixture 

layer works good under 5 N loading force, at least, during 5 minutes test it still has low 

friction coefficient of 0.1 and this layer gets damaged when the loading force increases to 10 

N. The DPPC-HA layer is the least lubricating layers, which agrees with the results by M. 

Wang, et al. who observed that multilayers with HA adsorbed on top of DPPC provided poor 

lubrication[6].   

The investigations of temperature effects also agree with the results reported by Wang M, et 

al. which drew a conclusion that the lubrication of DPPC bilayer was independent of 

temperature[7].  
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3.5 Silica Surface Topography 

Silica is a hard but fragile material. Compared with previous AFM studies I used pressures 

about 2-5 times higher than in the AFM. I also measure friction forces over larger surface area 

and larger sliding lengths than what is normally encountered in the AFM experiments. Thus, 

it is of interest to learn how smooth my surfaces are before the measurement starts and how 

the roughness changes due to wear during the measurements. To this end I used a 

profilometer and calculated various quantities that describe the surface roughness. Sa 

represents the mean roughness of the surface over a 3D image, and Sq represents the root 

mean square (RMS) roughness over a 3D image. The corresponding values in 2D, i.e. along a 

line are reported as Pa and Pq, respectively. 

3.5.1 Linear surface profile 

In total, three specimens were studied, including a new disc, a disc used for loading force 

change measurements and the third one used for speed change measurements. (Figure 3.15). 

The loading force change experiments were successful, though some damage of the silica 

surface occurred. The speed change measurements caused much more scratches on silica 

surface and this can be seen in Figure 3.15, therefore, the speed change experiments were 

abandoned, but the surface profile of Disc 3 were investigated.  

 

Figure 3.15 Pictures of three silica discs used in profilometer measurements. 

Firstly, the linear surface roughness of these three discs are measured. For the disc 1 and 2 

which have smaller wear area, 3 mm length lines are measured with profilometer respectively; 

for disc 3 which has larger wear area, a 5 mm length line is measured. In Figure 3.16, the 

height variation of the surface features of three discs and one picture of Disc 3 with measured 

length are plotted.  
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Figure 3.16 The 2D- linear surface roughness measurements of three silica discs in 3 mm length (Disc 

1 and Disc 2) or 5 mm length (Disc 3).  

The roughness data of these 2D- linear measurements along 1 mm segment (the green square 

area in Figure 3.16) are shown in Table 3.2. 

Table 3.2 The 2D- linear surfaces roughness data in 1 mm length of three discs, and the units of them 

need to be aware. 

 Disc 1 Disc 2 Disc 3 

Pa 4.0 nm 1.7 μm 1.5 μm 

Pq 12.9 nm 2.5 μm 1.8 μm 

 

According to the values shown in Table 3.2, fresh surfaces of a silica disc is rather smooth, 

and the roughness of Disc 1 is in nanometer scale, which are about 1000 times smaller than 

the roughness of wear surfaces. In this case, the 3D images of Disc 2 and Disc 3 are of interest.  

3.5.2 3D images of silica specimens 

In Figure 3.17, 1 mm2 3D images (a and b from two angles) and a picture of the second disc 

used in a series of 5-10-5 N experiments are shown. The red parts represent the unworn silica 

surface, and the green and blue valleys represent the wear scratches. The deepest valley in the 
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wear scar is 32 μm below the surface. In the reported surface area, Sa and Sq are 3.7 μm and 

5.0 μm, respectively. In addition, there are two areas which suffer the most due to scratches 

on the silica ball. Thus, the silica specimens are destroyed severely and unevenly in loading 

change experiments. Considering this it is remarkable that the DPPC dispersion consistently 

provides good lubrication, particularly when considering that the thickness of a DPPC bilayer 

is only 4 nm whereas the roughness of the surfaces is much larger. 

 

Figure 3.17 The 3D images of silica Disc 2 which was applied in loading force change experiments. 

Except the loading change and temperature sweep experiments, a disc spinning speed sweep 

experiment was attempted, but during the experiment the specimens were severely damaged. 

Thus, speed sweep was abandoned since too much silica debris could cause damage in MTM 

instrument. Nevertheless, the surface condition after the speed sweep experiments was 

investigated. In this case the 3D images of 1 mm2 area of the Disc 3 are shown in Figure 3.18. 

In this case, the deepest valley is -13 μm, Sa is 1.5 μm and Sq is 1.9 μm. Although this 

roughness is smaller than for the disc reported previously, the damaged area of this surface is 

much larger.  

 

Figure 3.18 The 3D images of silica Disc 3 which was applied to measure spinning speed sweep 

experiments. 
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4 Discussion and summary 

In this section, the results received from the macroscale MTM measurements in this work and 

the microscale AFM measurement in the previous studies by other researchers will be 

compared. In the earlier studies, AFM was used to measure the lubrication by DPPC and HA. 

The AFM – colloidal probe technique, by design, probes just a microscopic area of the surface. 

Moreover, in the AFM experiment, the surface used is very smooth. This is far off the 

condition that are encountered in joint where the surfaces are rough on the μm-scale[32]. We 

attempted to narrow the gap between the AFM- model experiments and the naturally 

occurring surface condition by applying the macroscopic and microscopically rough surfaces. 

In this project, we used the same method and material to prepare the DPPC and HA solution, 

and the chemically similar type of substrates. Thus, the comparison between our and previous 

studies can offer insights on similarities and differences between micro- and macroscale 

lubrication.  

In this present work, the lowest loading pressure used was 133 MPa which is 2-5 times higher 

than the highest pressure applied on microscale measurements and it exceeds the load bearing 

capacity of the cartilage in synovial joints, so in Table 4.1, the friction coefficient values from 

macro- and microscale experiments are presented, and the data on macroscale are the average 

values measured in the first 20 seconds of first step. We note that although the initial friction 

coefficient value of DPPC-HA layers is lower than the DPPC bilayer value, the DPPC-HA 

layer is destroyed faster than the DPPC bilayer. 

Table 4.1 Friction coefficients measured with different lubrication layers on macroscale (in this report 

by MTM) and microscale (previous reports by AFM)[3, 6].  

Types of layers 

Friction coefficients on 

Macroscale 

Friction coefficients on 

Microscale 

Average 

Values 
Pressure 

Average 

Values 

Maximum 

Pressure 
Reference 

DPPC vesicle solution 0.1 133 MPa - - - 

DPPC bilayer 0.7 133 MPa 0.01 68 MPa [6] 

DPPC-HA layers 0.5 133 MPa 0.03 56 MPa [6] 

DPPC/HA mixture layer 0.1 133 MPa 0.006 23 MPa [3] 
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In studies of temperature effect on friction by DPPC bilayers, the results obtained by AFM 

generally reported friction coefficient less than 0.03 and independent on temperature[7]. All 

the macroscale values measured in this project for DPPC bilayers (with DPPC vesicle 

dispersion in bulk) were below 0.2 (Figure 3.13). The Friction coefficient was slightly 

increasing when the temperature was rising to 52°C, which may be due to that DPPC bilayer 

was partially destroyed in solid state (up to 37°C) and the repair speed of solid DPPC was 

lower than in liquid state. The friction coefficients are similar at 47°C and 52°C (at these 

temperatures the hydrated DPPC bilayer is in fluid state). In absence of the DPPC reservoir in 

the bulk solution, the DPPC layer was most likely worn off during the friction experiment run 

and the increase of friction coefficient observed at the temperature of 52 °C can be attributed 

to the fact that fluid DPPC bilayer wears off easily. 

In general, the macroscale measurements were operated under 2-5 times higher pressure than 

the microscale measurements, and the contact area was much bigger than on microscale as 

well. But on both scales, the DPPC/HA mixture layers gave the lowest and favorable values 

of friction coefficients. Moreover, in the multilayer experiments, both in the macro- and 

microscale the multilayers with DPPC on top had higher load bearing capacity. The 

conclusion and explanation received from the research made by M. Wang, et al. were that 

DPPC bilayers were able to lubricate when attached to surfaces[6]. This conclusion agrees 

with the data obtained in the present study. 

5 Conclusions  

In this project, the synergistic lubrication of DPPC and hyaluronic acid (HA) was investigated 

on macroscale by using Mini-Traction Machine (MTM). Dynamic light scattering (DLS) and 

Profilometry were used as complementary methods to characterize the DPPC dispersion and 

silica surfaces, respectively.  

Stability of bulk DPPC dispersion is affected by the presence of HA in bulk solution. The 

nanoscale DPPC vesicle dispersion can remain stable in 55°C for at most 4 hours and the 

nano size vesicles are easier to spread and adsorb on flat silica surface. The DPPC vesicle and 

HA mixture solution are more stable compared to DPPC vesicle solution. This can be 

explained by the fact that the high Mw HA wraps around the vesicles and prevents the DPPC 

vesicles from aggregation.  
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DPPC vesicle dispersion is an excellent lubricant with friction coefficient as low as 0.1, which 

is attributed to adsorption of DPPC bilayer at the sliding surfaces. The self-healing property of 

DPPC bilayer in vesicle solution provides a low and stable coefficient under high loading 

pressure. For the friction measurements on different layers in PBS buffer, containing no 

reservoir of DPPC molecules to provide self-healing possibility, the friction coefficient 

increases during measurements.  

The DPPC/HA mixed layers formed from mixed DPPC/HA solutions have higher load 

bearing capacity which means they can survive longer even in high loading pressure. The 

DPPC and HA mixture solution presents an impressive lubrication ability, because the friction 

coefficient after friction is lower than before friction, and the explanation of this phenomenon 

is the mixture layer on silica surface undergoes a restructuring or self-assembling process 

under pressure. In this case, when the mixture solution is rinsed out by PBS buffer, the 

mixture layer restructured by friction has higher lubrication ability and load bearing capacity 

than the mixture layer adsorbed directly on silica surface without friction. 

The temperature effect of DPPC bilayer was studied on microscale by M. Wang, et al., and 

they found out that the lubrication ability of DPPC bilayer was independent on temperature[7]. 

The results of the present study hint at that the friction is indeed independent of temperature, 

however, in case of DPPC bilayers immersed in PBS the load bearing capacity decreases with 

increasing temperature.  

According to the profilometer tests of the silica substrates, the loading pressure is too high for 

silica, which causes scratches and increases the surface roughness of silica. In future, a more 

precise equipment with smaller and more stable pressure on macroscale can be applied to 

compare the results of micro- and macroscale measurements. In my point of view, the results 

measured by MTM and AFM are correlated, which suggested the microscale study of 

synergistic lubrication can be extrapolated to explain lubrication phenomena at macroscale. 
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7 List of abbreviations 

AFM           Atomic Force Microscope 

DLS             Dynamic light scattering 

DPPC          1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine 

HA              Sodium hyaluronate 

HPLC          High-performance liquid chromatography 

JKR             Johnson-Kendall-Roberts 

MTM          Mini-Traction Machine 

PBS             Phosphate-buffered saline 

PCs              Phosphatidycholines 

SAPL          Surface-active phospholipids  

SDS             Sodium dodecyl sulfate 

SF                Synovial fluid 

SPCs            Saturated phosphatidycholines 

USPCs         Unsaturated phosphatidycholines 



41 

 

8 References  

[1] M. J., [Chapter 5: Biomechanics of Cartiledge], 5 (2013). 

[2] MedicineNet, [Osteoarthritis (OA): Treatment, Symptoms, Diagnosis], (2016). 

[3] A. Raj, M. Wang, T. Zander et al., “Lubrication synergy: Mixture of hyaluronan and 

dipalmitoylphosphatidylcholine (DPPC) vesicles,” Journal of Colloid and Interface 

Science, 488, 225-233 (2017). 

[4] I. H. M. Muir, [2-The Chemistry of  the Ground Substance of Joint Cartilage] 

Academic Press, 2 (1980). 

[5] A. Neville, A. Morina, T. Liskiewicz et al., “Synovial joint lubrication — does nature 

teach more effective engineering lubrication strategies?,” Proceedings of the 

Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering 

Science, 221(10), 1223-1230 (2007). 

[6] M. Wang, C. Liu, E. Thormann et al., “Hyaluronan and Phospholipid Association in 

Biolubrication,” Biomacromolecules, 14(12), 4198-4206 (2013). 

[7] M. Wang, T. Zander, X. Liu et al., “The effect of temperature on supported 

dipalmitoylphosphatidylcholine (DPPC) bilayers: Structure and lubrication 

performance,” Journal of Colloid and Interface Science, 445, 84-92 (2015). 

[8] F. Yarrow, and B. W. M. Kuipers, “AFM study of the thermotropic behaviour of 

supported DPPC bilayers with and without the model peptide WALP23,” Chemistry 

and Physics of Lipids, 164(1), 9-15 (2011). 

[9] C. Liu, M. Wang, J. An et al., “Hyaluronan and phospholipids in boundary 

lubrication,” Soft Matter, 8(40), (2012). 

[10] OpenStax, [Chapter 9. Joints-Anatomy & Physiology] OpenStax CNS, 9 (2013). 

[11] L. R Gale, Y. Chen, B. A Hills et al., “Boundary lubrication of joints: Characterization 

of surface-active phospholipids found on retrieved implants,” Acta Orthopaedica, 

78(3), 309-314 (2009). 

[12] E. A. Balzas, D. Watson, I. F. Duff et al., “Hyaluronic acid in synovial fluid. I. 

Molecular parameters of hyaluronic acid in normal and arthritic human fluids,” 

Arthritis & Rheumatism, 10(4), 357-376 (1967). 

[13] T. A. Schmidt, N. S. Gastelum, Q. T. Nguyen et al., “Boundary lubrication of articular 

cartilage: Role of synovial fluid constituents,” Arthritis & Rheumatism, 56(3), 882-

891 (2007). 

[14] S. Graindorge, W. Ferrandez, E. Ingham et al., “The Role of the Surface Amorphous 

Layer of Articular Cartilage in Joint Lubrication,” Proceedings of the Institution of 

Mechanical Engineers, Part H: Journal of Engineering in Medicine, 220(5), 597-607 

(2006). 

[15] B. A. Hills, and B. D. Butler, “Surfactants identified in synovial fluid and their ability 

to act as boundary lubricants,” Annals of the Rheumatic Diseases, 43, 641-648 (1984). 

[16] D. C. F. Wieland, P. Degen, T. Zander et al., “Structure of DPPC–hyaluronan 

interfacial layers – effects of molecular weight and ion composition,” Soft Matter, 

12(3), 729-740 (2016). 

[17] R. Goldberg, A. Schroeder, G. Silbert et al., “Boundary Lubricants with Exceptionally 

Low Friction Coefficients Based on 2D Close-Packed Phosphatidylcholine 

Liposomes,” Advanced Materials, 23(31), 3517-3521 (2011). 

[18] L. Zhu, J. Seror, A. J. Day et al., “Ultra-low friction between boundary layers of 

hyaluronan-phosphatidylcholine complexes,” Acta Biomaterialia, 59, 283-292 (2017). 

[19] T. Zander, D. C. F. Wieland, A. Raj et al., “The influence of hyaluronan on the 

structure of a DPPC—bilayer under high pressures,” Colloids and Surfaces B: 

Biointerfaces, 142, 230-238 (2016). 



42 

 

[20] A. Dėdinaitė, “Biomimetic lubrication,” Soft Matter, 8(2), 273-284 (2012). 

[21] A. Dėdinaitė, and P. M. Claesson, “Synergies in lubrication,” Physical Chemistry 

Chemical Physics, 19(35), 23677-23689 (2017). 

[22] J. Yang, and J. Appleyard, “The Main Phase Transition of Mica-Supported 

Phosphatidylcholine Membranes,” J. Phys. Chem. B, 104, 8097-8100 (2000). 
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