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The optical microscopic observation of frictional interface
between high strength gels and a glass ball by ball-on-disk method
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Abstract
The polymer gels with the properties of high strength and low friction show promise as the ideal materials for a living

body-like soft robot joint. To date, the relationship between contact area and friction behavior of hydrogels has been

revealed from the observation of flat frictional surface. Here, we designed the microscopic observation system for the

friction surface of soft materials under deformation condition. A specially arranged ball-on-disk measuring part was

combined with inverted microscope to observe the frictional interface during the friction. Both of transparent glass ball and

moving glass stage were employed in this instrument and the microscope camera was thereby able to take the moving

picture of frictional interface imaged by the refractive index differences between a soda-lime glass ball, transparent

hydrogels and air. By using this customized measuring instrument, when water was not rich on the friction surface, the

moving pictures of the frictional interface between glass ball and transparent polymer gels were observed while measuring

the frictional force. The visualized frictional contact area due to the differences of refractive index and the frictional

measurement data indicated that the local deformation by adhesion between gels and counter sample cause high friction

resistant as a static friction coefficient.

1 Introduction

Friction and lubrication are one of the familiar physical

phenomena and have been studied for a long time because

of its importance in engineering. It is commonly known

that the friction behavior of soft materials such as polymers

and rubbers is different comparison with hard materials

(Grosch 1963). Polymer gels are also typical soft materials

and its frictional properties have been studied experimen-

tally in systematic (Gong et al. 1997, 2001; Ren et al.

2015). In recent years, hydrogel’s superior properties

including frictional characteristic have been significantly

focused in the fields of material and biomedical science due

to the ability to hold large amount of water in the cross-

linked polymer network which is considered as inherent

beneficial properties of hydrogels (Green and Elisseeff

2015).

To date, a lot of functional gels have been reported and

enhanced the possibilities of hydrogels as shown in follows,

e.g., volume phase transition (Tanaka 1978), low frictional

properties (Wada et al. 2013, 2018), shape memory gels

(Kagami et al. 1996), self-healing gels (Kakuta et al. 2013;

Sun et al. 2008), self-oscillating gels (Yoshida et al. 1996)

and high strength gels (Okumura and Ito 2001; Haraguchi

and Takehisa 2002; Gong et al. 2003; Sakai et al. 2008;

Wang et al. 2010). These unique properties were realized by

designing the ingenious polymer structures. Furthermore,

the development of additive manufacturing method for

hydrogels overcame the difficulty of free-forming and

provided new possibilities as mechanical materials (Muroi

et al. 2013; Shiblee et al. 2018, 2019). These fundamental

and practical studies are expected to become the bases of

the application such as a soft robot consisting of living body

like soft and wet materials.

Double Network gels (DN gels) are one of the high

strength gels having interpenetrating polymer networks

consist of different two types polymers. Typical type of DN

gels are prepared by two types of different gels which are

electrolyte gel as first polymer network and neutral gel as
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second. Despite using weak gels as a material, the maxi-

mum breaking stress in compression test of well-designed

DN gels reaches several 10 MPa with high amount of water

around 90%. Besides, it is revealed that DN gels have low-

friction surface and it has 10–4 order of frication coeffi-

cient by a chemical modification of surface. Such

mechanical properties shows the remarkable value which is

equal to or greater than the joint cartilage in our living

body. Consequently, DN gels are expected to be applied as

soft and wet components in soft robotics.

In the study on friction, the observation of frictional

surface have been played an important roles to understand

its phenomena. There are many this kinds of researches

being reported by using microscope, X-ray photograph and

infrared light, but few researches on the surface of polymer

gels (Newby and Chaudhury 1998; Yamamoto et al. 2014;

Nanao et al. 2015; Hase 2019). In terms of the friction of

polymer gels, water layer in the interface contributes to the

reduction of frictional resistance. The adsorption of surface

polymer to the counter sample is dominant factor in low

friction speed, however, the frictional coefficient decreases

as the speed increases because the water is drawn into the

frictional interface. In addition, the frictional behavior

under the condition the contact region deformation occurs

cannot be neglected for the practical use. When consider-

ing these points, it can be said that the direct observation of

frictional behavior is important to understand polymer gel

surface characteristic. Inhere, we report that the develop-

ment of the microscopic observation system of frictional

interface between polymer gels and a glass ball and show

the results when water was not rich on the surface.

2 Methods

2.1 Observation and measuring system
designing

We designed the instrument for the observation of dynamic

friction interface between transparent polymer gels and a

glass ball (developed jointly with Trinity-Lab inc.). The

frictional interface pictures were taken macroscopically by

the microscope camera (DP71, Olympus Corp.). The

schematic depiction and pictures of the instrument are

shown in Figs. 1 and 2 separately. The ball-on-disk type

measurement instrument was arranged so as to straddle

inverted microscope (IX71, Olympus Corp.) and to posi-

tion the contact area exactly on the objective lens. This

friction measurement part was designed based on conven-

tional model (lV1000, Trinity-Lab inc.). The balancing toy
structure can apply arbitrary vertical load from 50 to 500 g.

The sample stage can move horizontal uniaxial direction at

Fig. 1 The schematic depiction of measuring and observation system

Fig. 2 The picture of observation instrument and the detail of

measuring part
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arbitrary velocity from 0.1 to 100 mm/s with the maximum

distance of 200 mm. The load cell was built in the part of

the balancing structure to measure the friction coefficient.

The LED light source was incorporated inside the ball

holder. A transparent glass balls (BK-7) were used as the

counter sample toward hydrogels and a glass disk was fixed

on the moving stage so that white light can pass through

from the light source to an objective lens. The frictional

surface pictures were taken as moving images with the

microscope camera.

2.2 Gel synthesis

Double Network gels were prepared by two times synthesis

processes of an electrolyte gel and a neutral gel. The 1st

gels were synthesized by using 2-acrylamido-2-methyl-

propanesulfonic sodium salt (NaAMPS, Sigma-Aldrich Co.

LCC.) as monomer, N,N0-methylenebis-acrylamide

(MBAA, FUJIFILM Wako Pure Chemical Corp.) as

crosslinker, 2-oxoglutaric acid (a-keto, FUJIFILM Wako

Pure Chemical Corp.) as UV initiator and pure water as

solvent. The 4 mol% of MBAA and 0.1 mol% of a-keto
were added to 1 M NaAMPS aqueous solution. After being

bubbled with nitrogen gas for 15 min, the precursor solu-

tion was poured into the mold which was prepared by

sandwiching the silicone spacer of 1 mm thickness

between two pieces of glass plates. The pre-gel solution

was irradiated with ultraviolet rays for 1 h at room

temperature 30 �C in UV curing box (Peak wavelength

352 nm; intensity 0.1mW; TOSHIBA Corp.). Then 1st gel

was swollen with 2nd gel solution for 48 h to reach the

equilibrium swelling. The 2nd gel solution was prepared by

stirring 0.02 mol% of MBAA and 0.1 mol% of a-keto into

1 M of N,N-dimethylacrylamide (DMAAm, Tokyo

Chemical Industry Co., Ltd.) aqueous solution and the

solution was bubbled with nitrogen gas for 15 min. The

swollen gel was sandwiched between a couple of glass

plates and the polymerization was induced by UV irradi-

ation for 1 h in the constant temperature 30 �C. After the
two times gelation, gels were swollen with pure water for

48 h.

2.3 Measurement and observation setting

DN gel sheet was adsorbed on the moving glass stage by

their natural adsorbability when water on the surface lost

not to slip between the stage and the opposite side of

measuring surface. Here, two types of surface, dry surface

and water rich surface, were prepared as shown in Fig. 3.

An objective lens magnification was 4 and the stage height

of measurement part was adjusted to have appropriate

distance to focus on the frictional interface between gel and

glass ball. The vertical load was 100 g and the sliding

velocity was 10 mm/s in this experiment.

Fig. 3 The experiment settings

of polymer gels on the stage;

wiped surface (left) and water

rich surface (right)

Fig. 4 The contact areas

between hydrogels and glass

ball during the frictional

measurement, the initial

position (a) and the position at

the time 0.09 s after the

measurement started (b). The
outline of contact area could be

confirmed clearly. The

displacement of contact area

caused by frictional resistant
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3 Results

When the surface was filled with water, the differences

between the frictional surface and non-contact area were

not recognized because of the less difference in the

reflective index between DN gels, glass ball and water.

Figure 4 shows the frictional measurement after wiping

water on the surface. The parameter of microscope image

such as exposure time and white balance were calibrated so

that the images can show the contact area clearly. Fig-

ure 4a shows the initial position of measurement. The

contact area was distinctly visible in air condition and the

moving pictures made it possible to confirm the displace-

ment of contact area behind the travelling direction as

shown broken red line in Fig. 4b. This displacement

occurred immediately by the static friction at the beginning

of measurement and the contact area remained in the

backward during the measurement. It is considered that the

deformation in frictional measurement cause the displace-

ment of contact area by the frictional resistance. Figure 5

shows the raw frictional measurement data carried out at

the same time as the observation. The frictional coefficient

showed the static friction coefficient of 1.23. The dry

surface means there was the high adhesion between the

surface of gels and a glass ball and the softness of gels and

that cause the unstable coefficient value shown in Fig. 5.

4 Discussion

In this experiment, the frictional interface was observed

when water was not rich on the friction surface. On the

other hand, the contact area between gel and glass were not

observed because of the similarity of reflective index. To

visualize the wet surface is a future consideration, and it is

potentially resolvable by using optical glasses or lubricant

with high transparency and a high reflective index. The

colored lubricant might help to figure the contact area and

water layer. However, it is indicated that the deformation

by adhesion at friction surface induced the frictional

coefficient high. The unstable friction coefficient as shown

in Fig. 5 was seen in the measurement of well lubricated

condition. In the future work, the measurement will be

carried out with various speed and weight and we would

like to clarify the frictional behavior from the observation

of the boundary lubrication and the hydrodynamic lubri-

cation in polymer gel friction.

5 Conclusions

The microscopic observation system of the friction surface

of polymer gels was developed by combining inverted

microscope and specially arranged ball-on-disk friction

measuring machine. The contact area during the friction

under deformation condition between hydrogels and a glass

ball was observed at the same time as the frictional mea-

surement. When the surface was not filled with water, the

results showed that hydrogels were deformed by the fric-

tional force and the displacement of contact area was

observed during frictional measurement.
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