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Abstract: Friction is a genuine issue in the use of many medical devices involving rubbery materials such as 

plungers in medical syringes. This paper presents a new direction for the reduction of friction in medical syringes 

based on surface texturing of the rubber plunger. The specimens were prepared by casting poly(vinylsiloxane) 

(PVS) rubber into a pre-fabricated negative template obtained by 3D printing. Friction tests were performed 

on a home-made test-rig. It was clearly shown that friction resistance can be considerably manipulated when 

using textured plungers. 
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1  Introduction 

Low-friction combined with smooth movement is vital 

characteristic for drug-delivery devices particularly 

in medical syringes. Current materials and design, 

however, do not optimize these features. Indeed, many 

medical syringes use a rubber plunger for adequate 

sealing and compliance. In addition, it has been well 

established that the laws of metallic friction do not 

apply to rubber, since contacting asperities are primarily 

in the plastic loading range in the friction of metallic 

materials [1, 2]. In contrast, rubber asperities in contact 

remain generally in the elastic range [3]. Thus, appro-

priate friction mechanisms should be considered when 

investigating friction of rubber materials.  

Relevant findings of many research projects on the 

friction of rubber lead to the current acceptance of three 

distinct friction mechanisms that develop, when rubber 

slides against harder counterface: adhesion [4], bulk 

deformation and hysteresis [5], and wear [6]. An early 

study published by Roth et al. indicates that the 

rubber coefficient of friction decreases as the applied 

normal load increases [7]. Another study published 

by Schallamach reports that, analogously to metals, 

the friction force generated by rubber is proportional 

to the real contact area of asperities contacting the 

antagonist surface [8].  

It has also been reported that at higher speeds the 

compressed rubber surface in front of the asperity 

undergoes a buckling that produces detachment waves 

known as Schallamach waves [9]. In the light of the 

above, the complexity of rubber friction mechanisms 

indicates that friction is a practical issue for many uses 

of medical devices involving rubber, such as syringes, 

injection pens, and auto-injectors. For instance, a too- 

high friction value between plunger and barrel in a 

medical syringe may influence the delivery of a drug, 

resulting in the patient receiving a spurt of the drug 

or a smaller than expected dose.  

Known solutions to the problem often deal with 

plunger design. These solutions are generally protected 

by patents [10, 11]. However, no attempts based on 

tribological considerations have yet been reported to 

resolve the problem of reducing friction between rubber 
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plunger and barrel in medical syringes. 

Rubber surface texturing was considered for 

increasing friction in a wet contact condition. Kown 

et al. studied the friction of a micro-patterned elastomer 

in an attempt to enhance adhesion on a small intestinal 

surface for the development of friction-based clamping 

mechanisms for robotic endoscopic microcapsules 

[12]. Similarly, Tsipenyuk and Varenberg used rubber 

with a biomimetic hexagonal textured surface to 

increase friction against lubricated skin for shaving 

applications [13]. 

Even though rubber surface texturing has already 

been taken into account for increasing friction in a 

wet condition, it can be considered for decreasing 

friction in a wet condition like in medical syringes, as 

well. Thus, the present work aims at investigating, 

for the first time, the possibility of decreasing friction 

between rubber plunger and barrel in medical syringes 

by introducing surface texturing in the plunger. The 

concept is based on using a micro-surface structure in 

the form of micro-dimples obtained by casting rubber 

into a pre-fabricated negative template. The surface 

texturing in the form of micro dimples has been 

developed during the recent decades and was proved 

as an effective technology for reducing friction between 

mechanical components undergoing relative motion 

under lubricated condition [14]. It consists of the 

application of texturing to one of the two mating 

surfaces under lubricated contact. Due to relative 

motion, a hydrodynamic pressure is produced tending 

to separate the mating surfaces, thus reducing the 

friction between them. Indeed, each micro-dimple 

acts as a micro-hydrodynamic bearing to enhance 

hydrodynamic lubrication. The load carrying capacity 

provided by each micro-dimple is due to an asymmetric 

hydrodynamic pressure distribution over the dimple 

[15]. While this technology was essentially developed 

for hard materials such as sealing and cylinder liners 

[16, 17], in which both of the mating surfaces were 

rigid. Surface texturing, however, can also be effective 

in tribological contacts involving mating surfaces of 

which one is soft (Young’s modulus around 10 MPa) 

[18, 19]. In this case, the soft material may be deformed 

under the influence of the hydrodynamic pressure 

and viscous shear. Such cases are known as soft 

elastohydrodynamic lubrication (SEHL). Typical SEHL 

applications can be found in elastomeric seals [20–23], 

e.g., elastomer bearings [24], and metering size press 

[25]. 

In the present study we intend to apply this concept 

to textured rubber plungers (micro-dimples on the 

surface) and investigate by experiments the impact 

on the dynamic friction. To this end, three plungers 

having different textured surfaces but made of the 

same poly(vinylsiloxane) (PVS) rubber material have 

been prepared by casting. They were tested in medical 

syringes with three different fluids: water, alcohol 

(ethanol) and glycerol. Friction tests were performed 

at different sliding velocities. 

2 Experimental 

2.1 Materials 

Poly(vinylsiloxane) (PVS) was obtained from Coltène 

Whaledent AG, Altstätten, Switzerland. This material 

has been used for the manufacturing of bionic textured 

surfaces for enhanced friction and adhesion [26, 27]. 

2.2 Smooth and textured plungers 

The purpose of the present work is to investigate 

experimentally the possible positive effect of plunger 

surface texturing in reducing dynamic friction. Thus, 

we compare the frictional behavior of smooth and 

textured plungers. According to a theoretical model 

[28], the optimum dimples size of textured surface in 

rigid sealing is around 100 microns in diameter and 

10 microns depth. This model was also validated 

experimentally [29]. Based on these data and taking 

into consideration the fact that in our case plungers 

are made from soft material (Young’s modulus around 

3 MPa) that is largely deformable, we chose to texture 

the plunger with dimples having 200 microns diameter 

and 20 microns depth. Textured and smooth plungers 

were prepared from the same PVS material and used 

to slide inside commercial medical syringes (5 mL, 

inner diameter 12.5 mm). Of the three plungers one was 

completely smooth (used as reference), one textured 

with small dimple depth (20 microns, diameter 200 

microns) and the 3rd also textured with large dimple 

depth (50 microns, but the same diameter 200 microns) 

in order to study the possible influence of the depth. 

Smooth and textured plungers were prepared at the 
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JCE’s Solid & Tribology Laboratory on three succeeding 

steps: 

At first, flat negative templates were prepared   

by 3D printing (3D Printing Center, The Hebrew 

University, Jerusalem, Israel) from high definition 

acrylate material. The 3D printing method was used 

for its good resolution and accuracy to achieve 

rapidly and easily complicated features as well as 

for its production time and cost effectiveness in 

possible future mass production. The quality of the 

obtained negative template was evaluated by 3D 

optical profilometer (Wyko NT1100, Veeco, Tucson, 

AZ, USA). 

Then, the negative templates were used to cast 1 mm 

thick strips textured on the front side (dimples) and 

smooth on the backside. These strips were casted 

from PVS using Young’s modulus around 3 MPa 

[30]. The cast thickness was controlled by using 

spacers of 1 mm height between the negative 

template and a smooth covering flat surface (see 

illustrations in Figs. 1(a)–1(c)). 

 In the third step the obtained textured strip was 

cut to the right size of 5.9 mm × 40.9 mm and rolled 

inside a master cylinder prepared by 3D printing, 

specifically to this end with an inner diameter of 

12.9 mm (see illustration in Fig. 2). It is important to 

note that the inner diameter of the master cylinder 

was calculated based on the free state of the plunger 

(outside barrel) in medical syringes. This diameter, 

slightly larger than the inner diameter of the barrel 

(12.5 mm), guarantees a constant tolerance required 

for adequate contact pressure and sealing. The rolled 

strip fitted the master cylinder in one of two ways: 

(1) the textured side contacts the inner wall of the 

master cylinder to obtain textured plunger, or (2) the 

smooth back side contacts the wall of the master 

cylinder to obtain a smooth plunger. Then the tip of 

the piston was inserted inside the rolled textured 

strip, and PVS was used to fill the empty space 

between the rolled film and the tip. Once PVS was 

completely polymerized, the ready-to-use plunger 

was inserted into a new barrel (syringe). 

The specimens obtained (smooth and textured 

plungers) were imaged in an FEI Quanta 200 

environmental SEM (FEI Co., Brno, Czech Republic) 

to check their quality (see example of textured 

plunger, dimples height 50 microns, in Fig. 3). 

 

Fig. 1 Schematic illustration of casting process. 

 

Fig. 2 Illustration of cast process to obtain plunger shape using 
textured strips. 

 

Fig. 3 SEM images of final plunger with textured surface (micro- 
dimples, height 50 microns). 
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2.3 Test apparatus description 

The friction tests were performed using a home-made 

test-rig that was specifically designed at the Solid   

& Tribology Laboratory, the Jerusalem College of 

Engineering (JCE) to evaluate frictional performances 

between plunger and barrel in medical syringes. The 

device was constructed on the basis of a one-pass- 

vertical displacement consisting of driving and mea-

suring units. Figure 4 presents a general view of   

the experimental test-rig incorporating the different 

elements used for controlled vertical displacement and 

measuring force. A medical syringe {1} whose rubber 

plunger underwent surface texture modification was 

held on a rigid holder {2}. The plunger’s tip head was 

pressed by a motorized linear actuator (A-LAR300APC- 

01, US) {3} at a constant velocity. A recipient {5} was 

placed below the syringe to collect the injected liquid. 

The friction force resisting the sliding of the plunger 

inside the barrel was recorded by the measurement 

unit consisting of an accurate load cell FUTEK 

(FSH00098, US) {4}. The measurements were sampled  

 

Fig. 4 General view of the used homemade experimental test-rig. 

with a multifunctional data acquisition board Lab- 

PC-1200 (National Instruments Co., Austin, Texas, USA) 

and processed using a LabVIEW software package 

(National Instruments Co., Austin, Texas, USA). 

2.4 Test procedure 

The plunger is inserted inside the barrel, then the 

syringe is filled with the desired liquid and positioned 

in the rigid holder. All tests begin by pre-touch, during 

which the head of the vertical actuator is brought 

into contact with the upper part of the sliding piston 

of the syringe at a small sliding velocity of 2 mm/s, 

until a certain pre-load of 0.5 N is reached, then the 

motion is stopped. The value of the pre-load was 

determined by preliminary tests with the different 

liquids to set the smaller value of the pre-load that 

guarantees identical initial conditions for the different 

tests (pre-position of the rubber plunger and eliminating 

possible clearance leading to reproducible and stable 

frictional behavior during the posterior test). Once 

pre-touch is accomplished, the tests are performed 

under a predefined constant sliding velocity and a total 

stroke distance. All tests are performed at a room 

temperature of 21–22 °C and a relative humidity 

ranging between 45%–50%. 

3 Results and discussion 

Each plunger was tested with three different liquids, 

i.e., water, glycerol and alcohol (ethanol). In Table 1 

the characteristics of the different tested liquids   

are reported. The tests were conducted under three 

characteristic sliding velocities V, i.e., 2.5, 5, and    

10 mm/s. Figure 5 presents a graph showing the typical 

variation of friction force resisting the motion of the 

plunger inside the barrel during a test conducted with 

glycerol at 2.5 mm/s for the three different plungers 

(smooth, textured 20 μm height, textured 50 μm height). 

This behavior can be divided into three characteristic 

stages: Stage {1} relates to friction increase during  

Table 1 Characteristics of the tested liquids at 20 °C. 

 Density, ρ (kg/m3) Viscosity, μ (N·s/m2) 

Water 999.8 1.002 

Alcohol 786.5 0.0011 

Glycerin 1259 0.95 
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Fig. 5 Typical behavior of friction force resisting the motion of 
the plunger inside the barrel during a test realized with glycerol 
under sliding velocity of 2.5 mm/s. 

pre-sliding and elastic deformation of the plunger; 

Stage {2} designates the maximum static friction force 

reached at sliding inception; and finally, Stage {3} 

corresponds to the stabilization of the dynamic friction 

force during full sliding of the plunger. It is important 

to note that for all tests we verified that no liquid 

leakage occurred between the plunger and the barrel 

of the syringe. In this study, the average stabilized 

friction force during sliding (Stage {3}) was recorded 

for each test. The average resistance friction force   

FR and errors bars (obtained from 4 repetitions) are 

computed for the three plungers tested at the different 

sliding velocity V when considered separately and 

presented in Figs. 6(a)-6(c). 

It should be clarified that the measured resistance 

force FR is composed of two main sources, namely 

the friction resistance FF between the plunger and the 

inner wall of the barrel; and, the liquid inner shearing 

forces FS, which depends on its viscosity (see Eq. (1)). 

FR = FF + FS               (1) 

Although the measured friction force is composed of 

two different source, when considering tests conducted 

with the same liquid at the same sliding velocity, the 

liquid shearing force FS is assumed to remain constant. 

Besides taking into consideration that all three plungers 

are only differentiated by surface texture, all other 

parameters such as material and macroscopic dimensions 

were kept constant. It is, therefore, valid to assume 

that in this case the variation of the resistance force FR 

can be related to the unique change in the friction 

force FF and related to plunger surface texturing. 

Three main observations can be made from these 

results (Fig. 6):  

The resistance friction force FR is always higher in 

the case of a smooth plunger regardless of the liquid 

used and/or sliding velocity. This finding highlights 

the fact that using a textured plunger reduces the 

resistance friction force. To explain these results, we 

should consider the relative motion of two surfaces 

 

Fig. 6 Average friction resistance force FR and error bars for the 
three plungers at sliding velocity (a) 2.5, (b) 5, and (c) 10 mm/s. 
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against each other with the presence of a lubricant 

that flows through a converging wedge forming  

a hydrodynamic fluid film between them [31].  

The variation of lubricant pressure in a converging 

wedge is described by the Reynolds equation that 

allows determining the pressure distribution and 

load capacity [32, 33]. A full film lubrication regime 

can be achieved, if the thickness of the lubricant 

film is large enough, compared to the average 

roughness of the surface, to entirely separate the two 

mating surfaces [34]. To illustrate the positive effect 

of the surface texturing (micro spherical dimples as 

considered in the present work) in increasing the 

hydrodynamic pressure between two sliding surfaces, 

which allows to separate them and reduce thus the 

friction, it is necessary to examine the hydrodynamic 

effect that occurs at the converging and diverging 

zones of an individual micro dimple (see schematic 

illustration in Fig. 7). Then, the plurality of micro 

dimples can be considered as a set of micro bearings. 

The pressure within the lubricant film increases in 

the converging area and decreases in the diverging 

area. Therefore, the positive effect of surface texturing 

can be obtained only if the increase of pressure at 

the converging zone of the micro dimples is higher 

than its decrease at the diverging zones. This can 

explain why, in the case of a smooth plunger (without 

dimple), the friction force is higher than those 

obtained with the textured surfaces. 

By comparing the frictional performances of the two 

textured plungers, it can clearly be remarked that the 

smaller texture height (dimple height of 20 micros) 

generates smaller resistance force. It is important 

to recall that the two textured plungers have the 

same dimple diameter and the same aspect ratio. 

Thus, the real contact surface between the textured 

plunger and the inner wall of the barrel (syringe) 

is equal, as well. Therefore, the difference in terms 

of the resistance force developed by the two textured 

plungers can only be related to the features of the 

dimples. Given that in the case of high dimple 

height (50 micros) the size of the converging wedge 

is higher, it can be assumed that the pressure increase 

within the lubricant film is smaller compared to 

the small dimple height (20 micros). This difference 

can explain why the friction force is smaller in the 

case of a textured plunger with small dimple height 

(20 micros). This also suggests the existence of 

optimized texturing height giving enhanced per-

formance. This point will be considered in future 

work. 

 While the friction resistance force decreases notably 

between the large height and small height dimples of 

the textured plunger when tested with water and 

glycerol, conversely in the case of alcohol the 

variation is too small or even non-existent. Obviously, 

this can be related to the small viscosity of the 

alcohol (ethanol) compared to those of the water 

and glycerol (see Table 1), which do not generate 

sufficient pressure within the lubricant film under 

the considered operational conditions. 

4 Conclusion 

The influence of rubber plunger surface texturing on 

the resistance friction force in medical syringes was 

investigated experimentally. To this end, a home-made 

experimental test-rig was specifically designed at the 

Solid & Tribology Laboratory in JCE to evaluate 

frictional performance between plunger and barrel in 

medical syringes. The device was constructed on the 

basis of a one-pass-vertical displacement. The plungers 

were prepared from PVS. Textured surfaces were 

obtained by casting PVS into a negative template 

prepared by 3D printing. Different injected liquids 

including water, alcohol and glycerol were used to  

 

Fig. 7 Typical pressure distribution in plunger with spherical 
micro textured surface. 
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conduct friction tests. The tests were performed at three 

different sliding velocities, i.e., 2.5, 5 and 10 mm/s. The 

following observations were made:  

The resistance friction force decreases notably with 

the textured plungers, regardless of the liquid used 

and/or sliding velocity. 

The smaller texture (dimples height of 20 micros) 

generates a smaller resistance force, suggesting  

the existence of an optimized design for enhanced 

frictional performances. 

 In contrast to water and glycerol, alcohol decreases 

the friction resistance force between large and small 

texturing (dimples height). The friction is too small 

or even non-existent. This can be related to the 

small viscosity of the alcohol (ethanol), which does 

not allow the generation of sufficient high pressure 

within the lubricant film at the converging zones 

of the micro dimples. 
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