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The less-invasive non-embedded cell cutting or slicing technique provides opportunities for a bio-

study at subcellular scale, but there are few effective solutions available at the current stage. This

paper reports a robot-aided vibrating system for less-invasive non-embedded cell cutting and inves-

tigates the role of key vibrating parameters in the cell cutting process. First, a nanoknife with sharp

angle 5� is fabricated from a commercial atomic force microscope cantilever by focused ion beam

etching and a vibrating system is constructed from a piezo actuator. Then, they are integrated with

a self-developed nanorobotic manipulation system inside an environment scanning electron micro-

scope. After that, we choose yeast cells as the sample to implement the vibrating cutting and inves-

tigate the effect of vibrating parameters (frequency and amplitude) on cell cutting quality. The

results clearly indicate that the vibrating nanoknife is able to reduce the cutting force and improve

the cutting quality. It is also suggested that the repeated load-unload (impact) cycle is the main rea-

son for the better performance of vibrating cutting. The effect of vibrating parameters at small scale

benefits our fundamental understanding on cell mechanics, and this research paves a way for the

low-destructive non-embedded cell cutting and promotes the practical cell cutting techniques.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975004]

A bio-study at a subcellular level provides opportunities

for the in-depth understanding of the cell’s activities, which

is of great significance in bioscience and modern medi-

cine.1–4 As one of the most basic techniques to approach

sub-cell analysis, precise cell cutting plays a significant role

in many fields, such as investigating the biophysical factors

in various cell interactions, neuron signal transduction,5 in-
vivo axon microsurgery,6 and wound healing.7 In addition,

the cell cutting technique provides a powerful tool for the

less-invasive cell operation, by which we are able to isolate

single organelles, such as a mitochondrion,8 from a cell,

thereby promoting the in-depth understanding of the

mitochondria-related bioactivities.

One main request in cell cutting, especially for the non-

embedded cell cutting, is to apply as small physical compres-

sion to the cell as possible, thus protecting the inner structure

of the cell from large deformation. To address this issue, sci-

entists have made great efforts in developing tiny tools based

on micro-nanotechnology, i.e., developing nanoknives to

replace the traditional glass or diamond knife. Benefiting

from the small size and sharp edge of the nanoknife, the

invasion to the cell can be reduced during cell cutting. For

instance, an atomic force microscope (AFM) cantilever

based nanoknife is applied to cut and separate two connected

cells, through which the mechanical property of a single cell

is investigated.9 A carbon nanotube (CNT) based nano-

knife10,11 is able to reduce the compression effect on the cell

owing to its small size. Previously, we developed a nano-

knife from the AFM cantilever based on focused ion beam

(FIB) etching, which had a sharp tip (5�) and a cutting load

ability up to 100 lN.12,13 It was used to automatically cut the

single cell within an environmental scanning electron micro-

scope (ESEM), and the results showed that the nanoknife

could cut the cell with less force and less invasion. However,

after several years of effort, the cutting edge of the nanoknife

almost reaches to its limit. Hence, it is hard to reduce the cut-

ting force further by reducing the tip size.

In the traditional manufacturing field, scientists realized

that the force can be reduced and the manufacturing quality

can be improved while vibrating the machine tools.14–16 In

the medical field, it is also found that the ultrasonic tool has

better performance in tissue cutting.17–21 Although the mech-

anism for those phenomena is still not fully understood, it

can be naturally expected that the vibrating cutting could

also have positive effects on the cell cutting process at small

scale, e.g., reducing the force and improving the cutting

quality. Recently, the oscillating knife for epoxy embedded

cell cutting has been reported, which shows that the com-

pression to the sample can be reduced when using the oscil-

lating diamond knife.20,21 An ultrasound-assisted microknife

cutting off animal cells in the transverse direction and plant

cells in various directions also shows a narrow cut line and

light damage to the cells.22,23 However, the cutting force

during the sample cutting was unmeasurable; thereby, it is

hard to estimate how much cutting force is reduced or

increased and to quantitatively evaluate how the vibrating

parameter affects the cutting quality. In addition, the non-
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embedded cell has obviously different mechanical properties

compared with the epoxy embedded cell. Therefore, it is not

proper to take those results as evidence to predicate the non-

embedded cell cutting.

In this paper, we report a vibrating system for the non-

embedded cell cutting based on the nanoknife. The nanoknife

is fabricated by FIB etching, and the vibrating system is con-

structed based on a piezo actuator. After that, the above parts

are integrated with a nanorobotic manipulation system inside

ESEM. With the above setup, the non-embedded cell cutting

experiment is implemented, and the effect of the vibration fre-

quency and amplitude on cell cutting quality is evaluated.

The nanorobotic manipulation system24 is assembled

inside the chamber of an environmental scanning electron

microscope (E-SEM) (Figures 1(a) and 1(b)). The nanoknife,

with a sharp tip (5�), is fixed at the end of a piezo actuator,

which is assembled on the nanorobotic manipulator (unit 1)

(Figure 1(c)). The vibration amplitude response of the nano-

knife is calibrated experimentally inside ESEM (Figure

1(d)). In this process, a series of DC voltages (1 V–5 V) are

supplied to the piezo actuator, and the corresponding posi-

tion of the nanoknife’s tip is measured from the ESEM

images. The results indicate that the amplitude showed a

good liner response to the applied voltage, which is approxi-

mately 0.09 lm/V after linearization (Figure 1(e)).

The vibrating cell cutting experiment is illustrated in

Figure 2. Driven by the nanomanipulator and vibrated by the

piezo actuator, the nanoknife moves toward the cell and

finally slices it into two parts. Considering two main

parameters of vibration, i.e., the amplitude A and frequency

f, we designed a series of experiments at various frequencies

and amplitudes: First, the vibration amplitude is fixed as

90 nm, and the vibration frequency is set as 50 Hz, 100 Hz,

1 kHz, and 10 kHz, respectively; second, the vibration fre-

quency is fixed as 1 kHz, and the experiment is implemented

at vibration amplitudes of 90 nm, 180 nm, 270 nm, 360 nm,

and 400 nm, respectively. During the cutting process, the cut-

ting force exerting on the cell is calculated based on the

deflection of the nanoknife’s beam.12,13 At the moment just

before the cell ruptures, the cutting force will be maximum.

To evaluate the cutting efficiency, the maximum cutting

force F is taken as the reference parameter. F is the largest

required force to cut the cell, and it is obvious that smaller F
indicates higher cutting efficient (less power is required) and

less physical damage (the cell will undergo lower compres-

sion force). In addition, compared with cell deformation, F
could provide us a quantitative value for estimation. The

images of cell cutting without vibration (Figure 2(b)) and

with vibration f¼ 10 kHz and A¼ 90 nm (Figure 2(c)) at dif-

ferent time points are given in Figure 2(c), which show the

initial condition, contact time point, during and after cutting.

Meanwhile, the cutting force F during this time period is

also calculated based on image processing (Figure 2(d)).

Figure 3(a) gives the maximum cutting force at various

vibration frequencies, i.e., 0 Hz, 50 Hz, 100 Hz, 1 kHz, and

10 kHz, respectively.3 The results clearly indicate that the

cutting force from the vibrating nanoknife dramatically

decreases compared to that without vibration. For instance,

FIG. 1. Cell cutting system based on

the nanorobot and vibrating nanoknife.

(a) and (b) The nanorobotic system

inside the SEM chamber. (c) Image of

the vibrating nanoknife. (d) and (e)

Characterization of the vibration prop-

erty of the nanoknife by in-situ SEM

manipulation.
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the cutting force reduces 26% (f¼ 50 Hz), 33% (f¼ 100 Hz),

36% (f¼ 1 kHz), and 54% (f¼ 10 kHz) compared with the

direct cutting without vibration. Figure 3(b) gives the maxi-

mum cutting force for the cell at various vibration ampli-

tudes, i.e., 0 nm, 90 nm, 180 nm, 270 nm, and 360 nm. The

results indicate that the cutting force also decreases greatly

as the vibration amplitude increases. For instance, the cutting

force reduces 36% (A¼ 90 nm), 51% (A¼ 180 nm), 54%

(A¼ 270 nm), and 65% (A¼ 360 nm) compared with the

direct cutting without vibration. In addition, the result also

shows that a higher vibration frequency and amplitude can

reduce the cutting force further.

Cell cutting would be accomplished when the applied

load is larger than the fracture strength of the cell wall/mem-

brane. As a typical biomaterial, the cell wall/membrane dem-

onstrates high elasticity and plasticity.25–28 Hence, while a

cutting force is applied on it, the cell usually has a large

deformation to relieve the cutting load, resulting in a big

challenge to the direct non-embedded cell cutting. That is

the main reason why we always embedded the cell in ice or

epoxy. However, after employing vibration, we are able to

divide the continuous cutting process into many load-unload

circles. In each circle (T), the cell will be subject to an

impact load F. Different to the condition at continuous cut,

the cell deformation has a time to recover, thus preventing

the deformation’s spread from the loading point to the all

surface. Most of the energy is concentrated on the loading

point, and the cell cannot relief the energy easily by defor-

mation, so the cell will be easily cut.

This explanation fits well with the experimental result

(Figure 3(c)), i.e., the cell has less deformation during cut-

ting when vibrating is added. In addition, higher f and A
mean higher energy, so the cutting force is much smaller at

high f and A.

Besides the cutting force F and cell deformation, we

also investigated the cell slice angle h after cutting, which is

defined as the intersection angle of the cell’s two separated

fracture surfaces’ tangent. As the results shown in Figure

3(d), the slice angle is almost the same at different

frequencies. It means that the final slice angle is mainly

caused by the physical shape of the tip although the whole

cell body has less deformation while vibrating cutting is

used (Figure 3(c)). Those results could be another evidence

that the cell cutting is mainly determined by the cycling

impact. Once the cell is broken, the fracture will not transmit

and affect other parts, so the final angle will not be affected

by the previous steps.

Unexpectedly, we found that the vibration amplitude has

negative effects on the slice angle. As the results shown in

Figure 3(e), the slice angle increases with the increasing

amplitude. We think that it is caused by the swing of the nano-

knife during vibration. At small scale, the rigid of the structure

becomes relatively low. In addition, the contact between the

cell surface and knife tip is not stable during the cutting pro-

cess. Thus, the swing of the knife in the horizontal direction is

unavoidable, especially when the vibration amplitude becomes

larger, which results in the large slice angle finally. The above

explanation can be proofed by the results that the gap is usu-

ally larger between two slices when the vibration amplitude is

high. Thus, our results suggest that we should avoid selecting

the large amplitude for cell cutting at small scale.

Less-invasive cell cutting is an essential requirement in

the biological field. Vibration-aided manufacturing is

regarded as a powerful technique in reducing the force and

improving the quality. Actually, the vibrating microtome is

widely used in tissue cutting.17–19 However, at the current

stage, how the vibration parameters, i.e., frequency and

amplitude, affect the cutting process is still not clear and

rarely studied quantitatively. In addition, the vibration pro-

cess for non-embedded cell cutting at small scale is also

rarely studied. The work in this paper provides us the possi-

bility to study the effect of vibration parameters on the cell

cutting process. The results clearly indicate that the cut will

be easier while using higher frequency and amplitude vibra-

tion. In the oscillation manufacturing, similar results can

also be found, i.e., the oscillation would make the

manufacturing easier.14–16 For the reasons, it is usually

explained as that the vibration would reduce the friction

FIG. 2. Cell cutting experiment with-

out and with vibration. (a) Schematics

of the experimental setup. (b) Cell cut-

ting without vibration. (c) Cell cutting

with vibration parameters f¼ 10 kHz

and A¼ 90 nm. (d) Typical force

curves versus cutting depth.

043701-3 Shang et al. Appl. Phys. Lett. 110, 043701 (2017)



force between the machine tool and object.15 However, we

found that this explanation cannot be used to explain our

results because the side part of the knife has very little con-

nection with the cell. If the friction plays the most important

role in cell cutting, the effect of vibration should be much

smaller than we observed. Based on our experiment, we

think that the mechanism is a little bit different at small

scale. We found that the main reduction comes from the

repeat impact rather than the friction since the fiction

between the cell and knife is almost zero during the cutting.

Thus, we suggest to carefully reconsider the hypothesis that

friction force played a main role at Marco scale in the future.

In conclusion, this paper reports a vibrating nanoknife

for less-invasive non-embedded cutting. The results clearly

indicate that the vibrating nanoknife is able to reduce the cut-

ting force and improve the cutting quality. It is also sug-

gested that the repeated load-unload (impact) cycle is the

main reason for the better performance of vibrating cutting.

This research paves the way for low-destructive non-

embedded cell cutting and elucidates the effect of vibrating

parameters at small scale, which would benefit our funda-

mental understanding on cell mechanics and promote the

practical cell cutting techniques.
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vibration parameters on cell deformation and invasion. It indicates that
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and increasing the amplitude could result in larger invasion to the cell. (d)

Slice angle versus frequency. The frequency does not have obvious effects on

cell’s slice angle. (e) Slice angle versus amplitude. Increasing the amplitude

would result in a larger slice angle. All data are from 10 cells’ average value.
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