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Abstract: We propose a system that transports oocytes and measures their mechanical 
characteristics in an open environment using a robot integrated microfluidic chip (chip). The 
cells are transported through a micropillar array in the chip, and their characteristics are 
measured by a mechanical probe and a force sensor. Because the chip has an open 
microchannel, important cells such as oocytes are easily introduced and collected without 
the risk for losing them. In addition, any bubbles trapped in the chip, which degrade the 
measurement precision, are easily removed. To transport the oocytes through the open 
microchannel, we adopt a transportation technique based on a vibration-induced flow. Under 
this flow, oocytes arrive at the measurement point, where their mechanical characteristics 
are determined. We demonstrate the introduction, transportation, measurement of mechanical 
characteristics, and collection of oocytes using this system. 
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1. Background 

The mechanical characteristics of cells have been extensively researched [1–7] because, like 
traditional biochemical characteristics [8–13], they are thought to reflect cell quality. The cell 
mechanical characteristics, such as elasticity and viscoelasticity, are determined by measuring the 
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cellular reaction force and cell deformation under an external force. The external force is conventionally 
applied by a micromanipulator or an atomic force microscope, and observed under an optical microscope. 
However, these cell manipulations must be skillfully performed by operators, and high-throughput 
highly repeatable measurements are difficult to achieve. 

The above mentioned problem could be solved by measuring the cell mechanical characteristics on a 
chip. With recent micro–nano processing techniques and microfluidics technologies, on-chip measurements 
have become a feasible option. However, most research on this topic has involved mechanical 
stimulation of cells by a fluid force applied in a closed microchannel [14,15]. Because no mechanical 
sensors are employed, these methods cannot reliably quantify the cell mechanical characteristics. 

On the other hand, our group has proposed a robot integrated microfluidic chip (chip) for measuring 
the cell mechanical characteristics [16,17]. For quantitative measurement, the chip contains a mechanical 
probe and a force sensor. The target cell is transported to the measurement point under a fluid flow 
controlled in the microchannel. Having reached the measurement point, the cell is subjected to an 
external force and its reaction force is measured by the force sensor, as shown in Figure 1. This 
mechanism enables continuous and quantitative measurement of the mechanical characteristics of cells. 

 

Figure 1. On-chip measurement of mechanical characteristics of oocytes. 

However, the closed microchannel is problematic for several reasons. For instance, bubbles often 
become trapped in the movable part of the force sensor. If these bubbles contact the force sensor, their 
surface tension adds to the force detected by the sensor, elevating the apparent reaction force of the 
oocytes. The compressive property of the bubbles also destabilizes the fluid control. Furthermore, the 
closed microchannel requires complex connection of the microfluidic channel to the external pump, such 
as tube connections. Thus, target cells can be easily lost at the connection part and difficult to be 
introduced and collected. Cell loss is a serious problem when measuring important cells, such as oocytes. 
To achieve a bubble-free system in which cells are easily introduced and collected, we employ an open 
microchannel for measuring the cell mechanical characteristics. 

Cells in an open microchannel can be manipulated by optical tweezers, surface acoustic waves, or 
dielectrophoresis. Optical tweezers [18,19] can manipulate a single cell with high positional accuracy, 
but offer small trapping force, which limits their use to small cells. Surface acoustic wave techniques [20] 
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are difficult to integrate with other functional devices (such as mechanical probes and sensors) on a 
piezoelectric substrate. Dielectrophoresis [21,22] can manipulate cells in an open microchannel, but 
requires multiple independently controlled electrodes, which complicates the fabrication process and 
control system. 

On the other hand, large cells can be transported by a vibration-induced flow technique [23]. 
Furthermore, an on-chip transportation functionality is obtained merely by fabricating micropillars on 
the chip. Therefore, by using vibration-induced flow as a cell transport mechanism through the chip, we 
can measure the cell mechanical characteristics without bubble formation or cell loss. 

To this end, we construct a transportation and measurement system for mouse oocytes, and 
demonstrate the introduction, transportation, measurement of mechanical characteristics and collection 
in this study. Mouse has been widely used as the experimental animal because it shares a high degree of 
homology with human gene. According to the study of Sun et al. [4], there is a difference between young 
mouse oocyte and old mouse oocyte in terms of their reaction force. Additionally, in Reference [13], it 
is reported that the fertility decreases with aging. Thus, it is thought that there are some relationships 
between the mechanical characteristics of mouse oocyte and the qualities (e.g., fertility), and we choose 
mouse oocyte as a target. 

2. Concept 

This paper proposes a system for transporting oocytes through a chip with an open microchannel, and 
measuring their mechanical characteristics. The system is conceptualized in Figure 2. The transportation 
and measurement is performed in four steps: 

(i) Introduction: An oocyte is introduced to the chip. By virtue of the open microchannel, oocytes 
can be introduced by merely dropping the oocyte-containing culture medium into the channel. 

(ii) Transportation: By applying circular vibration to the chip, local flow can be generated around 
each micropillar. Thus, we can transport the oocyte by patterning micropillar array on the  
chip and applying circular vibration to the chip. We can transport the oocyte along micropillar 
array towards the measurement point by a vibration-induced flow. By stopping the circular  
vibration when the oocyte reaches the measurement point, we can introduce the oocyte to the  
measurement point. 

(iii) Measurement: A mechanical probe and a force sensor are installed at the measurement point. 
The mechanical probe is driven by an external single-axis motorized stage, and the probe pushes 
the oocyte toward the force sensor. The mechanical characteristics of the oocyte are calculated 
from the displacement of the force sensor and the oocyte deformation. 

(iv) Collection: The oocyte is collected after measurement. Similar to step (i), the oocyte can be 
collected by aspirating it with a syringe. 
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(c) 

Figure 2. Concept of on-chip transportation and measurement of the mechanical characteristics 
of oocyte in an open-environment: (a) Schematic of the system setup; (b) schematic of the 
chip design; (c) procedure of proposed measurement method. 

3. Experimental Section 

3.1. Chip Design 

Figure 3 shows the chip design. The oocyte is transported through a micropillar array as shown in 
Figure 2b, based on a vibration-induced flow technique [23]. The measurement point contains a 
cantilever-type force sensor and a mechanical probe. Transported oocyte is pushed to the force sensor 
by the mechanical probe and reaction force of the oocyte is measured from the displacement of the 
sensor. Mechanical characteristics of the oocyte can be calculated from the reaction force and the 
deformation amount of the oocyte. 

The displacements of the force sensor and the mechanical probe are measured by the sampling moiré 
method [24,25]. We make grating structures on the force sensor and the mechanical probe and capture 
the images of the grating patterns by CCD (Charge-Coupled Device) camera. By down-sampling the 
captured images and interpolating them, the images of the moiré fringe are obtained. The intensity of 
the moiré fringe is expressed as: 

𝐼𝐼𝑘𝑘 = 𝐼𝐼𝑎𝑎cos �φ(𝑥𝑥) +
2π𝑘𝑘
𝑁𝑁 � + 𝐼𝐼𝑏𝑏 (1) 
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where 𝐼𝐼𝑎𝑎 represents the amplitude of the optical intensity on the gratings, 𝐼𝐼𝑏𝑏 represents the background 
intensity, φ  represents the phase of the moiré fringe, 𝑥𝑥  represents the horizontal position of the 
sampling point, 𝑘𝑘 represents the index of the phase shift on the moiré fringe, and 𝑁𝑁 is the maximum 
value of the index 𝑘𝑘, respectively. The phase distribution of the fringe is obtained by applying Discrete 
Fourier Transformation to Equation (1), which is expressed as: 

φ = −tan−1 �
∑ 𝐼𝐼𝑘𝑘 sin �2π𝑘𝑘

𝑁𝑁 �𝑘𝑘

∑ 𝐼𝐼𝑘𝑘 cos �2π𝑘𝑘
𝑁𝑁 �𝑘𝑘

� (2) 

and finally the displacement 𝑢𝑢 is expressed as: 

𝑢𝑢 =
∆φ
2π

𝑝𝑝 (3) 

where 𝑝𝑝 represents the grating pitch. Thus, by analyzing the phase of the moiré fringe, we can measure 
the displacement of the force sensor and the mechanical probe when they are moved. 

In this study, we determine the design values as follows. Each micropillar is 100 μm in diameter and 
200 μm high. The micropillars are pitched at 150 μm and the channel width is 250 μm. The sensitivity 
of the force sensor that measures the oocyte mechanical characteristics is 6.79 × 10−2 N/m. The pitch of 
the grating structure is 100 μm. 

 

Figure 3. Design of robot integrated microfluidic chip. 

3.2. Chip Fabrication 

The chip fabrication process is shown in Figure 4. If the mechanical probe or force sensor exerts 
significant friction against the glass substrate, the mechanical characteristics of the oocyte are difficult 
to measure. To achieve the necessary friction reduction, we specify a clearance on the glass substrate. 
During step (iii) of the fabrication process, a Cr/Au layer is patterned on the Si substrate as the etch-stop 
layer. This layer is critically important for fabricating the micropillar array, mechanical probe, and force 
sensor without overetching during step (vi) of the fabrication (see Figure 4). 

Panels (a) and (b) of Figure 5 present a photograph of a fabricated chip and an SEM image of the 
measurement point, respectively. 
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Figure 4. Fabrication process of microfluidic chip: (i) To make a clearance pattern between 
glass substrate and movable part of Si layer, SU-8 is patterned onto a glass substrate as the 
etching mask for reactive-ion etching (RIE); (ii) RIE of the glass substrate is performed to a 
depth of 10 μm; (iii) A Cr/Au layer is patterned by lift off process as an etch stop layer. 
Cr/Au is deposited by sputtering; (iv) The clearance-patterned glass substrate is bonded to 
the Cr/Au patterned Si substrate by plasma activated bonding. Both substrates are treated 
with O2 and N2 plasma prior to bonding. After that, these substrates are bonded together and 
applied 700 V DC voltage; (v) SU-8 is patterned on the Si substrate as the etching mask for 
deep RIE (DRIE); (vi) The micropillar array, mechanical probe and force sensor are 
fabricated by DRIE of the Si substrate, followed by etching of the Cr/Au layer. 

  
(a) (b) 

Figure 5. A fabricated chip: (a) Photograph of chip; (b) scanning electron microscope 
(SEM) image of the measurement point. 

3.3. System Setup 

Figure 6 presents the overall experimental setup. Two horizontally positioned piezoelectric actuators 
(PAC166J, Nihon Ceratec Co., Ltd., Miyagi, Japan) are connected to a function generator (WF1974,  
NF Corporation, Kanagawa, Japan) through a voltage amplifier (Four-channel high-voltage wideband 
amplifier 9400, gain x50, TOYO Corporation, Tokyo, Japan). The function generator applies sinusoidal 
input signals with 90° or 270° phase difference to the double-axis piezoelectric actuator. This actuator 
is connected to the chip through a jig with adhesive. A vibration-induced flow is generated by applying 
circular vibration to the chip. The mechanical probe integrated in the chip is driven by an external single-axis 
motorized stage (ALS-301-HM, Chuo Precision Industrial Co., Ltd., Tokyo, Japan) through a jig. The 
single-axis motorized stage is equipped with a stepping motor. The transportation and measurement 
process is observed by using the optical microscope. 
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Figure 6. Experimental setup. 

3.4. Sample Cell Preparation 

Sample mouse oocytes were purchased from Japan SLC Inc. (Shizuoka, Japan). Immediately prior to 
experiment, the oocytes were cryopreserved and thawed following the protocols of Reference [26]. In 
all experiments, we used Medium 199 (11150-059, Life Technologies Japan Ltd., Tokyo, Japan) for 
oocyte culture medium. 

4. Results 

4.1. Evaluation of Mechanical Probe 

For precise measurement of the mechanical characteristics of oocytes, we evaluated the positioning 
accuracy of the mechanical probe. Figure 7a plots the relationship between the number of steps applied 
to the stepping motor and the displacement of the probe tip. The mechanical probe was driven through 
250 steps of the stepping motor. In Figure 7a, the blue dots represent the measured tip positions, and the 
black line represents their linear fitting through the point (0, 0). The positioning accuracy of the 
mechanical probe is 0.96 μm/step. 

 

Figure 7. Performance evaluation of mechanical probe: (a) Displacement of probe tip vs. 
step count; (b) original probe position; (c) position after 200 steps of the stepping motor. 
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4.2. Introduction of Oocytes 

An oocyte was introduced to the chip through the PFA (polytetrafluoroethylene) tube, as shown in 
Figure 8a,b. The PFA tube is connected to the syringe, and the flow is controlled by manually handling 
the plunger. The oocyte was not lost when the tube was removed from the chip (Figure 8c). 

 

Figure 8. Demonstration of oocyte introduction: (a) Before introduction; (b) after 
introduction; (c) after removal of the PFA tube. 

4.3. Transportation of Oocytes 

Once the oocyte had been introduced to the channel, it was transported under a circular vibration applied 
to the chip. The transportation by the vibration-induced flow is demonstrated in panels (a)–(c) of Figure 9. 
The applied frequency was 300 Hz. The relationship between the input voltage from the function generator 
and the oocyte transportation velocity is plotted in Figure 9d. The average diameter of four sample 
oocytes was approximately 108 μm (with a standard deviation of 2 μm). The black dots in Figure 9d 
represent the average transportation velocity at each input voltage,and the error bars represent the variation. 
The transportation velocity can be varied from 0.3 μm/s to 78 μm/s by changing the applied voltage. 

 

Figure 9. Demonstration of oocyte transportation under a vibration-induced flow, and the 
experimental result: Microscopic images (a) before application of the circular vibration;  
(b) after 3.4 s; (c) after 5.3 s; (d) transportation velocity vs. input voltage. 
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4.4. Measurement of Mechanical Characteristics of Oocytes 

Once the target oocyte had reached to the measurement point, its mechanical characteristics were 
measured. Firstly, we actuated the mechanical probe towards the oocyte and stopped when it contacted 
to the oocyte. Then, we repeatedly actuated the probe with 1.92 μm displacement that was equivalent to 
2 steps of the stepping motor and waited 5-s for each actuation. We applied a total of 38.4 μm 
displacement from the contact point for each measurement. The schematic of the measurement is shown 
in Figure 10a. D represents the original diameter of the oocyte, 𝛿𝛿 represents the deformation amount of 
oocyte, 𝑢𝑢1 represents the applied displacement of the mechanical probe (38.4 μm in this study) and 𝑢𝑢2 
represents the displacement of the force sensor. 

This experiment was performed on a mouse oocyte that had been thawed and cultured for 1 h. A 
typical measurement result is photographed in Figure 10. We measured the reaction force of the oocyte 
from the displacement of the force sensor 𝑢𝑢2 and the deformation amount of the oocyte 𝛿𝛿. Figure 10d 
plots the relationship between the deformation ratio and the oocyte reaction force. The black points 
represent the measured values. In this research, the oocyte was modeled as a sphere with a spring 
element. Under this assumption, we adopted Hertzian contact theory and calculated the Young’s 
modulus EC of the oocyte [16,27]. The reaction force was then expressed as: 

𝑃𝑃 =  
4(𝐷𝐷/2)1/2

3
∙

𝐸𝐸𝐶𝐶
1 − 𝜈𝜈2

(𝛿𝛿/2)3/2 (4) 

where P and denote the reaction force. 𝐸𝐸𝐶𝐶 represents the Young’s modulus, ν represents the Poisson’s 
ratio. The Poisson’s ratio of a spherical object composed of incompressible fluidic material is 0.5. The 
Young’s modulus of the oocyte photographed in Figure 10 was estimated as 203.2 Pa. The red line in 
Figure 10d is the reaction force predicted by Hertzian contact theory. 

 

Figure 10. Mechanical characterization of oocytes: (a) Concept of measurement;  
(b) photograph taken before measurement; (c) photograph taken during measurement;  
(d) deformation ratio vs. reaction force; (e) model of Hertzian contact theory. 
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The above measurements were performed on nine oocytes, and the results are summarized in Table 1. 

Table 1. Experimental results. 

Sample No. Diameter (μm) Ec (Pa) 
1 100 203.2 
2 96 404.6 
3 97 367.5 
4 108 222.0 
5 96 381.8 
6 99 224.2 
7 97 406.0 
8 97 332.8 
9 102 281.4 

4.5. Oocyte Viability Evaluation 

All of the measured oocytes were collected, cultivated for approximately 5 h, and subjected to a 
viability analysis. The viability of the cultivated oocytes was assessed by using the LIVE/DEAD 
Viability Kit (L-3224, Life Technologies Japan Ltd.). Seventy eight percent of the oocytes were alive at 
the end of the cultivation period, comparable to the viability of control samples (82%; N = 11). Thus, 
we conclude that the proposed measurement system causes no significant damage to the cells.  

5. Conclusions 

We have proposed a system for transporting oocytes and measuring their mechanical characteristics 
in a robot integrated microfluidic chip. The proposed system solved the intractable problems of 
conventional closed-chip systems (bubble formations, difficult cell introduction, and cell loss prior to 
collection). Furthermore, we demonstrated the introduction, transportation, measurements of mechanical 
characteristics, and collection of oocytes in the proposed system. The absence of bubbles and retrieval 
of oocytes after the measurement were confirmed in the demonstration. The proposed system enables 
post-measurement analysis, which is important for relating the mechanical characteristics and biological 
properties, such as fertility or development rate with long-term incubation. It will contribute to the 
quality evaluation of oocytes for clinical fertility treatment and basic biological research. 
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