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Abstract 

Surface wettability is one of most important indexes for understanding the interfacial characteristics between a solid 
surface and a liquid, especially such physico-chemical properties as hydrophilicity and water repellency. Recently, 
non-contact wettability assessment by monitoring the behavior of liquid covering a sample surface by jet-flow 
application to the liquid has been proposed. This method is applicable to the in-liquid assessment of high wettability 
materials for which it is difficult to measure the contact angle, such as cultured cells in a liquid culture medium. How-
ever, when the flow is dirty, the contamination of the cell culture system by particles (e.g. microorganisms, virus, and 
aerosols) may occur. To solve this problem, we developed a contamination-free non-contact wettability assessment 
system that is composed of a clean-air source having a particle filter and an automated system for image process-
ing instrumentation and motorized alignment device for sample positioning. We confirmed that the filtered air-jet 
contained no particles, although over ten thousand particles had been included in the air source. Furthermore, we 
detected no microorganisms on agar culture plates, which had been exposed to the air-jet before being incubated. 
With the image instrumentation, we automatically measured the liquid-squeezed size, which was the main index of 
surface wettability. The motorized alignment device allowed us to control the sample position without human direct 
operation. This developed system is compatible with wettability assessment in a high-level clean environment such as 
quality control of culture cells for regenerative medicine and in vitro assay of drug efficacy and safety.
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Background
The surface wettability is an index of affinity between 
a liquid and a solid surface [1]. Because this index 
depends on the functional groups of surfaces, con-
taminants adhered on a surface, or surface roughness, 
the wettability value is useful for assessing physical 
and chemical properties. Especially, bio-surfaces such 
as biomaterials and cellular tissues are important tar-
gets for wettability assessment, because bio-surfaces 
interact with other materials via both physical and 
chemical interaction [21]. For example, temperature 
responsive cell culture dishes are important biomateri-
als for fabricating cell sheets based on the wettability 

change on the dishes obtained by controlling the sur-
face temperature [4, 13, 23]. Such cell sheet technolo-
gies are applicable to regenerative medicine for the 
malfunction of various organs and tissues [2, 3, 5–7, 11, 
12, 15]. Regarding cellular tissues, one possible appli-
cation could be in treatment of dry eye syndrome; this 
is a corneal disorder wherein the corneal surface loses 
its tear film because of less secretion of tears and/or 
wettability loss on the corneal surface [10]. In analysis 
of disease occurrence, in  vitro systems which use cell 
culture dishes are often used. Therefore, the wettability 
assessment method applicable to cell culture dish sys-
tems is in high demand.

The contact angle which is the angle on the contact 
interface between the liquid and solid is a popular index 
for expressing surface wettability of general materials 
such as metals, glasses, and resins [22]. However, meas-
urement of the contact angle on high wettability surfaces 
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such as hydrogels and cellular tissues is seldom done, 
because the liquid drop is immediately fused with the 
material surface. Furthermore, in the case of cellular tis-
sues, the wet condition of tissues must be maintained, 
because drying on the surface causes cell damage. To 
keep the wet condition, a captive-bubble based contact-
angle measurement was developed [14], however, this 
measurement is difficult to apply to cell culture dish 
systems in vitro because the entire culture dish must be 
immersed into a liquid pool.

Recently, non-contact wettability assessment by mon-
itoring the behavior of liquid covering a sample surface 
by air jet-flow application to the liquid has been pro-
posed [18]. The area of liquid squeezed by the jet-flow 
application is the index of wettability in this method; 
small and large squeezed areas indicate high and low 
wettability, respectively (Fig.  1). This method is appli-
cable to the in-liquid assessment of high wettability 
materials, such as cultivated oral mucosal epithelial 
cells [8, 9, 17]. In a previous study [19], we reported 
that the diameter of a culture medium, which initially 
covered the epithelial cells and then was squeezed 
by air-jet flow application, differed for culture condi-
tions. Furthermore, higher wettability cells have been 
found to produce higher level of glycoproteins such as 
mucin. Although the method has been used to achieve 
wettability assessment for high wettability cellular sur-
faces in culture medium, jet-flow application presents 
a contamination risk for the cells. Therefore, our pre-
vious study only made a sampling assessment, and we 
were unable to cultivate the tested samples continuously 
and use them for further applications after the assess-
ment. Because the contamination-free condition was 
not guaranteed, damages caused by the air-jet applica-
tion and by particle contamination could not be dis-
tinguished separately. Furthermore, the usability of the 
non-contact wettability assessment method as com-
pared to conventional methods such as contact angle 
measurement has not been quantitatively confirmed, 
though the basic relationship between liquid-squeezed 
size and contact angle is known (Fig. 1c–f ).

There are two approaches to reduce the contamination 
risks: (1) improve the jet-flow cleanness and (2) lower the 
numbers of human operations, which introduce various 
contaminating particles. In this study, we incorporated 
the filtration of compressed air and robotic technologies 
such as position control and image processing to realize 
a contamination-free non-contact wettability assessment 
system using the above approaches. With the contami-
nation-free system, we can evaluate the damage to cells 
from just the air-jet application and we can compare the 
cell wettability to the conventional wettability index, con-
tact angle.

Results and discussion
Non‑contact wettability assessment system
We developed a non-contact wettability assessment sys-
tem (Fig. 2a) based on our previous study [19] and related 
patent [20]. The system is equipped with a particle filter 
(Fig.  2a), an XYZ-three-axis motorized stage (Fig.  2b), 
and image processing instrumentation to allow detection 
of the liquid squeezed area automatically. The particle fil-
ter is readily available commercially as an item for clean 
rooms. Because various types of motorized stages are 
provided by several companies, we selected an appropri-
ate type for the system from the viewpoints of position 
accuracy, size of the system and samples to be analyzed. 
The main system is W400 ×  L300 ×  H250  mm, and it 
can be installed on a standard clean bench. We also use a 

Fig. 1 Surface wettability assessment based on liquid squeezing by 
a jet flow. Schematic illustrations a, b show the liquid squeezing on 
hydrophilic and hydrophobic surfaces, respectively. Photographs c, d 
show the behaviors of ultra-pure water squeezed by an air-jet flow on 
hydrophilic and hydrophobic surfaces, corresponding to the contact 
angles of 65.8° (e) and 85.2° (f), respectively
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PC for system control and a compressed-gas source, such 
as an air compressor and a pressurized gas cylinder.

Assessment of particle contamination
First, we counted the particles in air flow from an oil-free 
air compressor (Fig. 3a) or non-contact wettability assess-
ment system (Fig. 3b). The air flow from the compressor 
contained a large number of micro-particles: 1.8 ×  104, 
1.0 ×  104, and 7.2 ×  103 particles in a cubic foot with 
diameters of 0.3, 0.5, and 1.0  μm, respectively (Fig.  3c). 
These values were still smaller than that in a typical lab-
oratory room, which reaches particle numbers of  105 to 
 106 particles (with a diameter of 0.3 μm) in a cubic foot. 
By installing the particle filter before the solenoid valve, 
the particles in the air-jet flow from the air nozzle were 
captured and removed (Fig.  3d). Therefore, filtration of 
the compressed air was quite useful for the risk reduction 
of particle contamination and necessary to achieve class 

5 level in the ISO 14644-1 cleanroom standards, which 
should be met to perform therapeutic cell culturing.

The microorganism test was also performed with 
agar culture plates (Fig.  3e). A colony was observed on 
the Sabouraud agar plate, which was exposed to the air 
directly from the air compressor and incubated. On the 
other hand, no colonies were observed on both trypticase 

Fig. 2 Development of the non-contact wettability assessment 
system. a Photo of the system, consisting mainly of the jet-flow 
application and observation parts. b Schematic diagram showing the 
position adjustment mechanism

Fig. 3 Assessment of particle contamination risks. Two air-jet flows 
were investigated from: a an oil-free air compressor and b the air 
nozzle of the non-contact wettability assessment system. Graphs c, 
d show the numbers of particles with the diameters of 0.3, 0.5, and 
1 μm in the two types of air-jet flows (N = 1). Photographs e show 
the results of micro-organism tests. The red arrow head indicates the 
colony of micro-organisms
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soy and Sabouraud agar plates in the case of air-jet appli-
cation from the air nozzle. Because trypticase soy and 
Sabouraud agar plates are suitable for cultivation of bac-
teria and fungi, respectively, the colony on the Sabouraud 
agar plate exposed to compressed air might consist of 
fungi derived from inside the air compressor. The result 
indicated that the air-jet from the non-contact wetta-
bility assessment system never contained bacteria and 
fungi. Therefore, the particles including microorganisms 
derived from the air compressor were effectively sup-
pressed by insertion of the particle filter into the air sup-
ply line.

Advantages obtained by using robotic technology 
and image processing instrumentation
The main manual operation in the non-contact wet-
tability assessment is the adjustment of measurement 
position, because the operator wants to make assess-
ments on various points of the sample surface. The three-
axis motorized stage enables system users to avoid the 
manual handling of target samples. During continuous 
movement of the three-axis electric stage for 1  min, no 
particles were detected. Although mechanical movement 
elements such as screws, bearings, and motors could be 
a particle source, the components of this system and the 
movement condition never generated particles.

To avoid the need for human operators to approach the 
measurement area, a digital camera and image processing 
instrumentation are included in the system. Obviously, 
these elements are not particle source, and the problem 
of contaminating particles derived from human operators 
was well eliminated. Furthermore, remote observations 
were implemented using software for the image instru-
mentation. This software detects the liquid squeezed area 
and measures its diameter. By automating this work, the 
time needed for analysis is shortened. In our previous 
study [19], human operators had to analyze huge num-
bers of recorded images to measure the diameter of the 
liquid squeezed area. But the simple algorithms of the 
image processing (Fig. 4a), allow the liquid squeezed area 
to be detected from just one monitored image (Fig. 4b–d; 
Additional file 3: Movie 1).

The performance of the image processing instrumen-
tation was evaluated using circle patterns with known 
diameter values that had been printed on a sheet of 
paper (Fig. 4e–g). The diameter values of the actual and 
detected circles coincided within the worst coefficient of 
variation being 0.05% (=SD/mean) (Fig. 4h).

Comparison with contact angle method
To confirm the usability of our developed system, we 
compared the two indexes, liquid-squeezed diameter 
during air-jet application and the liquid recovery time 

after ceasing the air-jet application, with the conven-
tional contact angle measurement on the same surfaces 
(Fig. 5). To obtain surfaces with various wettability val-
ues, polystyrene petri dishes were treated with atmos-
pheric pressure nitrogen-plasma for 0, 3, 6, 12, 18, 30, 
and 60 s. With the extension of treatment time, the con-
tact angle was decreased, indicating that the wettability 
was improved (Fig.  5a). Both liquid-squeezed diameter 
and liquid recovery time were also measured on these 

Fig. 4 Image processing instrumentation for detecting liquid-
squeezed area and estimating the diameter of a circular shape. a 
Flowchart of image processing for liquid-squeezed area detection 
and diameter estimation. Photographs b–d show part of the experi-
mental setup, liquid behavior as monitored by the digital camera, 
and the result of the liquid-squeezed area detection, respectively 
(see also Additional file 3: Movie 1). Photographs e–g show the 
detected results of printed circular patterns with diameters of 5, 10, 
and 20 mm, respectively, for confirming the estimation accuracy. 
Black scale bars in photographs c–g indicate 1 cm. Graph h shows the 
relationship between measured and actual sizes of circular patterns. 
The dotted line in graph h indicates the linear approximation line for 
data points obtained using the linear regression equation and the 
coefficient of determination R2 is 0.999
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surfaces with the developed system and the relationship 
to the contact angle was investigated. The line express-
ing the relationship between the liquid-squeezed diam-
eter and contact angle had a positive slope (Fig. 5b) with 
a small squeezed diameter at a small contact angle and 
a large diameter at a large angle, as observed earlier 
in Fig.  1c–f. Interestingly, the increase of the liquid-
squeezed diameter had two different slopes with the 
turning point being around 72° for the contact angle; 
that is, the slope for the contact angle below 72° (Fig. 5c) 
was quite a bit gentler than that over 72° (Fig.  5d). In 
each region (Fig.  5c, d), the relationship seemed to be 
almost linear and the linear approximation lines well fit 
the data points with a coefficient of determination R2 
over 0.9. Unfortunately, we could not identify the mech-
anism causing the slope change; however, we could con-
firm assessment usability between the liquid-squeezed 
diameter and contact angle, which is the gold standard 
among wettability indexes, but contact angle measure-
ment cannot be applied to cell surfaces.

Through this experiment, we investigated the relation-
ship between the liquid recovery dynamics after ceasing 
the air-jet application and the contact angle (Fig. 5e). In 
the case of the surface with a contact angle over 70.7°, 
the liquid never recovered the surface and the liquid 
squeezed area caused by the air-jet application remained. 
On the other hand, the surface with a contact angle below 
65.6° was always recovered by the liquid. Furthermore, 
whenever the liquid recovery occurred, the liquid recov-
ery time increased with the contact angle. And this result 
suggested that the liquid recovery time could be used 
as an index of wettability, especially for high wettability 
surfaces with small values of the contact angle. Suppos-
ing the relationship was modelled as linear, we saw the 
approximation line provided a good estimation of contact 
angle from the liquid recovery time with the coefficient of 
determination R2 over 0.8.

The coefficient of variation (CV), which was defined as 
the standard deviation per mean value, of each wettabil-
ity index was calculated (Fig.  5f ). On a low wettability 

surface with plasma treatment time from 0 to 12  s, the 
contact angle was the best index among the three indexes. 
On the other hand, the CV value of liquid-squeezed 
diameter was the best index for a higher wettability sur-
face with 18-s or more treatment time. Therefore, the air-
jet based liquid squeezing method implemented in our 
non-contact wettability assessment system would be the 
most suitable for the in-liquid wettability assessment of 
high wettability surfaces. The liquid recovery time had 
4–30 times larger CV values compared with those of 
contact angle and liquid-squeezed diameter. Because the 
liquid recovery is a quite fast behavior, the measurement 
system with more frequent sampling, which exceeds 
the current system with a normal video rate of 30 Hz, is 
required for accurate evaluation.

We found the contact angle measured in the gas phase 
was strongly dependent on ambient humidity and the 
trend for the dependency varied with the surface materi-
als (Additional file 1: Figure S1). Therefore, the ambient 
humidity must be controlled for accurate measurement 
of contact angle. On the other hand, this non-contact 
wettability assessment system is free from the effect 
of ambient humidity, because it is an in-liquid method, 
although the proposed method cannot be applicable to 
the wettability assessment in dry condition.

Influence on cultivated cells during wettability assessment
To investigate physical and biochemical influences dur-
ing wettability assessment, we cultivated mouse skeletal 
myoblast cells on cell culture dishes (Fig. 6a).

First, mechanical strength was assessed by observing 
peeling off of cultivated cells from the dish during air-jet 
application. However, cells were never peeled from the 
dish and the cellular shape was seemingly never changed 
before and after the air-jet application of 10 kPa pressure 
(Fig. 6b, c). When a gentler air-jet is required to reduce 
the pressure on the surface, not only the regulation of gas 
pressure but also the nozzle height from the surface is 
effective. From the spatial distribution of pressure (Addi-
tional file  2: Figure S2), the maximum pressure, which 

(See figure on previous page.) 
Fig. 5 Comparison between a conventional contact angle method and our air-jet based liquid squeezing method as realized in the non-contact 
wettability assessment system. Graph a shows the relationship between contact angle on the polystyrene surfaces treated with atmospheric-pres-
sure nitrogen-plasma and this treatment time. Graphs b–d show the relationship between liquid squeezing diameter during air-jet application and 
contact angle. Dashed-line rectangles c, d in graph b indicate the region shown in graphs c, d, respectively. Graph e shows the relationship between 
liquid recovery time after ceasing the air-jet application and contact angle on the polystyrene surfaces. The blue- and yellow-background regions 
in graph e indicate recovering of liquid and the remaining squeezed area after ceasing the air-jet application, respectively, as shown in the paired 
photographs in graph e. The dashed vertical lines in graph e indicate the boundaries between the liquid recovery and the remaining squeezed 
area in the experiment and the values at the bottom end of each line are the contact angles at the boundaries. Dotted lines in graphs c–e are linear 
approximation lines for data points (R2 the coefficient of determination is shown in each graph). Data points and error bars indicate mean values and 
standard deviations (n = 5), respectively. Graph f shows the relationship between the coefficient of variation (=standard deviation/mean value) 
and plasma treatment time for contact angle, liquid-squeezed diameter, and liquid recovery time
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Fig. 6 Influence on cultivated cells during non-contact wettability assessment. a Photo showing part of the experimental set-up. Microphoto-
graphs b, c show the surfaces of cultivated cells before and after 10-kPa-pressure air-jet application, respectively. Graphs d–f show the glucose 
consumption, lactate production, and lactate dehydrogenase release of the culture system during a 1-day culturing after noncontact wettability 
assessment, respectively. Bars and error bars indicate average values and standard deviations (n = 3), respectively. g Series of monitored images 
showing culture medium during non-contact wettability assessment (see also Additional file 4: Movie 2). Graph h shows the time-course of the 
liquid-squeezed diameter. Data points and error bars indicate mean values and standard deviations (n = 3), respectively
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was caused at the point just under the nozzle center, can 
be suppressed by controlling the nozzle height.

Next, to investigate biochemical influences, glyco-
metabolism and damage to the cytomembrane were 
assessed for the 10  kPa air-jet application, which never 
caused the peeling off of cells. The condition without the 
air-jet application was defined as the control. Generally, 
cells consume glucose and convert it into lactate in gly-
cometabolism. Therefore, the concentration changes of 
both glucose and lactate in culture media were quanti-
fied during a 1-day culturing after the air-jet application 
(Fig. 6d, e). As a result, we saw no differences in the glu-
cose consumptions and lactate productions between the 
control and air-jet application conditions. The released 
concentrations of lactate dehydrogenase (LDH) were 
also quantified to assess damage to the cytomembrane, 
because LDH is normally located in the cytoplasm and 
released through a damaged cytomembrane (Fig. 6f ). The 
LDH release from cells showed no significant difference 
between the control and air-jet application conditions. 
Therefore, these results suggested that there were no 
influences on the cells during the wettability assessment 
in comparison with the control condition.

Wettability assessment
Here, we assessed the wettability of cultivated mouse 
skeletal myoblasts with air-jet based liquid squeezing. 
The behavior of the liquid squeezing and liquid recov-
ery could be monitored by the developed system (Fig. 6g; 
Additional file  2) and we analyzed the image data to 
obtain the time-courses of squeezed diameter from the 
image instrumentation (Fig.  6h). The time-courses of 
three individual measurements were in almost complete 
agreement. As compared with the squeezed diameter 
using the normal polystyrene dish during air-jet applica-
tion (Fig. 4b; Additional file 3: Movie 1), the diameter of 
the squeezed culture medium area was almost the same 
as that when using the dish. On the other hand, although 
the squeezed area remained in the case of the polysty-
rene dish after the air-jet cut-off, the culture medium 
fully recovered the cell culture surface (Additional file 3: 
Movie 1, Additional file  4: Movie 2). Therefore, these 
results suggested that hysteresis between liquid-squeez-
ing and rewetting was also important information about 
surface wetting.

Conclusions
In this study, we developed a contamination-free non-
contact wettability assessment system by installing 
robotic technology and image processing instrumenta-
tion for applications in biomedical fields. Air-jet applica-
tion at a 10 kPa pressure never caused peeling off of cells 

and it did not influence biochemical activities including 
glycometabolism and it did not cause cytomembrane 
damage. Because the micro-particles including micro-
organisms can be eliminated by air filtration, the system 
will be applicable to in vitro assessment of wettability on 
cell surfaces during culturing.

Methods
System setup
The non-contact wettability assessment system was 
mainly composed of two parts: (1) an air-jet applica-
tion part and (2) a part for the acquisition and analysis 
of liquid behavior. The air-jet application part had a com-
pressed air line from an air compressor as an air source 
(PC3-5.5T; Yaezaki Kuatsu, Tokyo, Japan) to an air noz-
zle and the line was equipped with a pressure regulator 
(IR2000-A; SMC Corporation, Tokyo, Japan), a particle 
filter (ZFC53; SMC), and solenoid valve (custom-made; 
SMC). Both pressures before and after the solenoid valve 
were monitored by pressure sensors (PSE540; SMC). The 
air-jet was switched by the solenoid valve that was con-
trolled from a laptop computer (ProBook650G1; HP, Palo 
Alto, CA). The liquid behavior in a sample container on 
the measurement table of the system was monitored by a 
digital camera located above the table. The surface tem-
perature of the measurement table was controlled by a 
heater according to the user’s requirements. The relative 
position between the air nozzle and measurement table 
could be adjusted with the XYZ-three-axis motorized 
stage (XY-axes: KYL06, Suruga Seiki, Shizuoka, Japan 
and Z-axis: DRSM42, Oriental Motor, Tokyo, Japan) 
via numerical control from the computer. The acquired 
images were transferred to the computer and then fur-
ther analyzed by our in-house software.

Particle counting
All experiments were performed with a particle counter 
(MET ONE HHPC 3+; Beckman Coulter, Brea, CA) in 
a laminar flow type clean bench (MCV-710ATS; Pana-
sonic Healthcare, Tokyo, Japan). Before the air supply 
was fed from the air sources, we confirmed no particles 
could be counted in the clean bench. For the air com-
pressor (PC3-5.5T; Yaezaki Kuatsu, Tokyo, Japan), the 
air was introduced into the particle counter in the clean 
bench via a tube. When the air-jet from the air nozzle 
of the non-contact wettability assessment system was 
assessed, first, the system was installed into the clean 
bench and put into the stand-by mode until no particles 
were detected in the bench. Then, the air-jet was applied 
to the particle counter (Fig. 3b). The three different sizes 
of particles in the air were simultaneously counted by 
the particle counter.
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Microorganism test
Two types of agar plates were used for the microorgan-
ism test: trypticase soy (51048; Nissui Pharmaceutical, 
Tokyo, Japan) and Sabouraud agar plates (51033; Nis-
sui). Each agar plate was exposed to the air from air com-
pressor or the air nozzle of our system for 1 min. After 
being covered with a lid, the plates were incubated at 
37 °C for 2 weeks. After the incubation, the colonies were 
monitored.

Contact angle measurement
A contact angle meter (DMs-401; Kyowa Interface Sci-
ence, Saitama, Japan) were used for assessing the wetta-
bility of the surface as a standard method. A 10 μL droplet 
of ultra-pure water was applied to the surface to be eval-
uated. The contact behavior between the droplet and sur-
face was monitored with a digital camera equipped in the 
contact angle meter. The value of the contact angle was 
automatically measured from the camera image using the 
software of the contact angle meter. To obtain surfaces 
with various levels of wettability, polystyrene petri dishes 
(351007, Corning, Corning, NY) and vacuum-gas-plasma 
(VGP) treated polystyrene cell culture dishes (353002; 
Corning) were prepared. The polystyrene petri dishes 
were further treated with nitrogen-plasma generated by a 
pen-style atmospheric-pressure plasma device (P500-SM; 
Sakigake Semiconductor, Kyoto, Japan).

Cell culturing
The cell culturing of mouse skeletal myoblast cell line 
C2C12 was performed as described elsewhere [16]. 
Briefly, Dulbecco’s modified Eagle’s Medium (DMEM) 
(A6429; Sigma-Aldrich, St. Louis, MO) supplemented 
with 10v/v% fetal bovine serum (FBS) (Nichirei Bio-
sciences, Tokyo, Japan) and 1v/v% penicillin–streptomy-
cin solution (168-23191; Wako Pure Chemical, Osaka, 
Japan) was prepared as a culture medium. Cells were 
seeded in the culture medium in a 60-mm cell culture 
dish (353002; Corning) at an initial density of 6 ×  104 
cells/cm2. Cells were cultivated for 5  days in a humidi-
fied condition with 5%  CO2 at 37  °C. Cell morphology 
was monitored with a phase-contrast microscope (IX71; 
Olympus, Tokyo, Japan).

Wettability assessment
For assessing the wettability of 60-mm polystyrene petri 
and cell culture dishes to an ultra-pure water (electri-
cal resistivity: ≥18 MΩ cm), 2.7 mL of ultra-pure water 
was poured into the dish. In case of the assessment for 
cultivated cells, the same volume of culture medium 
was poured in cell culture dish covered with the cells at 
confluence. The volume of liquid (2.7  mL) gave a liquid 
height of 1.2  mm in the dish. After the target dish was 

placed on the measurement table of the system, the air-
jet was applied from the air nozzle at the height of 15 mm 
from the liquid surface with a regulated pressure of 
10 kPa. The behavior of liquid was recorded by the sys-
tem camera from 0.1 s before the 1 s air-jet application to 
0.5 s after ceasing it.

Image instrumentation
Digital camera images showing liquid behavior were 
transferred from the digital camera embedded in the 
non-contact wettability assessment system to a lap-
top computer. The images were analyzed by image pro-
cessing software for detecting the liquid-squeezed area 
based on a circle detection algorithm as described in the 
flowchart of Fig. 4a. In the case of an absence of liquid-
squeezed area, the software provided a diameter of zero 
as an undetected signal. To determine the diameter of 
the liquid-squeezed area, the relationship between actual 
distance and pixel distance in the image was calibrated in 
advance.

Pressure distribution measurement
The spatial distribution of pressure caused by the air-
jet application was measured with a digital manometer 
(8230; AZ Instrument, Taichung, Taiwan). The air-jet at 
the regulated pressure of 10 kPa was applied to the pres-
sure sensor located under the air nozzle of the developed 
system. The relative position of the pressure sensor to the 
nozzle was changed as heights of 5, 10, and 15 mm and 
distances from the point just under the nozzle between 0 
to 5 mm in 1-mm increments.
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Additional file 1: Figure S1. Comparison of measured contact angle in 
different humidity environments. Photographs (A) show the 10-μL-volume 
droplet on the bare and vacuum-gas-plasma (VGP) treated surfaces of 
polystyrene in five different environments humidified at 39, 51, 61, 71, and 
80% relative humidity (RH). Graph (B) shows the relationship between the 
value of the contact angle and %RH. Data points and error bars indicate 
mean values and standard deviations (n = 5), respectively.

Additional file 2: Figure S2. Pressure distribution caused by the air-jet 
application with different nozzle heights of 5, 10, and 15 mm. Data points 
and error bars indicate mean values and standard deviations (n = 6), 
respectively.

Additional file 3: Movie 1. Squeezing ultra-pure water covering a 
polystyrene dish by 10-kPa-pressure air-jet and the result of squeezed area 
detection.

Additional file 4: Movie 2. Squeezing cell culture medium covering cul-
tivated mouse skeletal myoblasts on a cell culture dish by 10-kPa-pressure 
air-jet and the result of squeezed area detection.
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