
678 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 65, NO. 3, MARCH 2018

A Flexure-Guided Piezo Drill for Penetrating the
Zona Pellucida of Mammalian Oocytes
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Abstract—Mammalian oocytes such as mouse oocytes
have a highly elastic outer membrane, zona pellucida (ZP)
that cannot be penetrated without significantly deforming
the oocyte, even with a sharp micropipette. Piezo drill
devices leverage lateral and axial vibration of the mi-
cropipette to accomplish ZP penetration with greatly re-
duced oocyte deformation. However, existing piezo drills
all rely on a large lateral micropipette vibration amplitude
(>20 µm) and a small axial vibration amplitude (<0.1 µm).
The very large lateral vibration amplitude has been deemed
to be necessary for ZP penetration although it also induces
larger oocyte deformation and more oocyte damage. This
paper reports on a new piezo drill device that uses a flexure
guidance mechanism and a systematically designed pulse
train with an appropriate base frequency. Both simulation
and experimental results demonstrate that a small lateral
vibration amplitude (e.g., 2 µm) and an axial vibration am-
plitude as large as 1.2 µm were achieved. Besides achiev-
ing 100% effectiveness in the penetration of mouse oocytes
(n = 45), the new piezo device during ZP penetration in-
duced a small oocyte deformation of 3.4 µm versus larger
than 10 µm using existing piezo drill devices.

Index Terms—Cell manipulation, piezo drill, zona
pellucida penetration.
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I. INTRODUCTION

P ENETRATING the zona pellucida (ZP) of mammalian
oocytes and embryos is an important step in cell surgeries,

such as intracytoplasmic sperm injection (ICSI) [1], [2] and
biopsy for preimplantation genetic screening (PGS) [3]–[5], for
in vitro fertilization, husbandry, and biology research [6], [7].
The ZP is a thick, highly elastic layer composed of glycopro-
teins surrounding an oocyte or embryo [8] (Fig. 1). Severely
deforming the oocyte is typically required for ZP penetration
even when a sharp micropipette tip is used [9]. Large oocyte
deformation can damage oocyte spindles and lead to failure of
oocyte fertilization and embryo development [10].

The use of piezo actuated vibrations can reduce oocyte defor-
mation and improve ZP penetration [11]–[14]. Piezo drills are
inertial impact devices [15] using piezoelectric actuators to gen-
erate high frequency axial vibrations of a micropipette to induce
local rupture of the ZP. Current piezo drill designs cause cell
damage by undesired large lateral vibrations on the micropipette
tip [Fig. 1(a)]. To help dampen lateral vibrations, a segment of
mercury is often used close to the tip of the micropipette [16].
The use of mercury in direct contact with biomaterials causes
concerns in clinical practice as well as in biology research. Even
with mercury damping, existing piezo drills have a lateral vibra-
tion amplitude larger than 20 μm. It has been deemed that such
large lateral vibration amplitudes are required for accomplishing
ZP penetration [17]–[19].

Fig. 2(a) and (b) summarize existing piezo drill designs.
The design shown in Fig. 2(a) has the piezo actuator located
far from the micropipette and produces large lateral vibrations
on the micropipette tip. Placing the piezo actuator directly be-
hind the micropipette holder can help better focus the vibration
at the micropipette tip, as shown in Fig. 2(b). It was reported that
this design configuration reduced the lateral vibration to around
20 μm [20], [21] as opposed to over 100 μm in the design shown
in Fig. 2(a) [22], when mercury is not used for damping.

This paper presents a new piezo drill design which is capable
of generating a substantially larger axial vibration amplitude
(1.2 μm vs. <0.1 μm in literature) while significantly reducing
the lateral vibration amplitude compared to existing piezo drill
designs (<2 μm vs. >20 μm). We further demonstrate that this
new piezo drill device is effective in ZP penetration without the
need of using mercury for damping. The ZP of mouse oocytes
are known for being the most difficult to penetrate among mam-
malian oocytes because of their significantly higher elasticity
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Fig. 1. (a) Present piezo drill devices produce large lateral vibration for
penetrating the zona pellucida (ZP) of an oocyte. The resulting oocyte
deformation is still relatively large, although not so severe as in passive
penetration without using a piezo drill. Large oocyte deformation can
cause oocyte spindle dislocation and potential damage. (b) Our new
piezo drill is capable of generating a strong axial vibration amplitude while
greatly reducing the lateral vibration amplitude to effectively penetrate the
ZP with significantly smaller oocyte deformation.

Fig. 2. (a) Design configuration used by PrimeTech and Burleigh in
commercial piezo drills [16]. The piezo is located far away from the mi-
cropipette resulting in poor control over the actuation direction. (b) Design
with the piezo actuator located directly behind the micropipette [20], [25].
(c) Schematic of our design with a flexure guidance structure for control-
ling actuation direction and dynamics. (d) Picture of our new piezo drill
device.

[23]. We used mouse oocytes in experiments to validate the
new piezo drill and determine appropriate operational param-
eters. The results demonstrate that our new piezo drill device
is capable of producing a small oocyte deformation of 3.4 μm
(vs. >10 μm using existing designs without using mercury for
damping) [24].

Fig. 3. (a) Micropipette in contact with the ZP. (b) Dynamic model
of the micropipette interaction with the ZP.

II. DEVICE DESIGN

For a piezo drill device to achieve a large axial vibration
amplitude with suppressed lateral vibration, the device must
guide the trajectory of the micropipette in the actuation direction
(i.e. axial direction), and the resonant frequencies that result in
large lateral vibration must be removed from the input pulse
train. By systematic analysis of mode shapes, the piezo drill
device, when operated with a carefully selected and filtered
pulse train signal, can achieve a large axial vibration amplitude,
a low lateral vibration amplitude, and a low oocyte deformation
during ZP penetration.

A. Structural Design

As shown in Fig. 2(c) and (d), the flexure-guided design has a
piezoelectric actuator integrated on the flexure base. The motion
of the micropipette is guided by a number of compliant flexures.
The device was manufactured from a single piece of stainless
steel by wire electrical discharge machining (EDM); thus, its
monolithic structure does not suffer from nonlinearities caused
by friction, wear and backlash.

Control over the actuation direction depends on the stiffness
ratios between the lateral axes (Y and Z) and the axial axis (X).
By achieving a low X-axis stiffness with respect to the other
two axes, the motion of the micropipette can be guided in the
axial direction irrespective of slight misalignment during device
assembly.

B. Micropipette Dynamics

A dynamic model of the micropipette was first established.
The objective was to ensure that the micropipette’s lateral res-
onant frequencies are avoided in the design of flexures and the
operational pulse train. Fig. 3(a) shows a schematic of the mi-
cropipette in contact with an oocyte, and Fig. 3(b) shows the
equivalent mechanical system as described in [26].

Using Euler-Bernoulli beam theory, the micropipette tip’s
equation of motion can be written as

EI
∂4u

∂x4 + T
∂2u

∂x2 + ρA
∂2u

∂t2
+ c

∂u

∂t
= 0 (1)

Boundary conditions are

u(0, t) = 0,
∂u(0, t)

∂x
= 0,

∂2u(L, t)
∂x2 = 0,

∂3u(L, t)
∂x3 = 0 (2)

where u is the lateral displacement of the micropipette tip; x is
the position along the micropipette tip before the shoulder; E
is the elastic modulus of the micropipette; I is the area moment



680 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 65, NO. 3, MARCH 2018

TABLE I
MICROPIPETTE LATERAL RESONANT FREQUENCIES

Mode 1 2 3 4 5

Frequency Analytical 4.26 26.73 74.85 146.67 242.44
(kHz) Numerical 4.26 26.72 74.79 146.43 241.81

of inertia of the micropipette; T is the axial force seen by the
micropipette when in contact with the oocyte; ρ and A are the
density and sectional area of the micropipette, respectively, used
to calculate the mass per unit length; c is the viscous damping
coefficient; and L is the length of the micropipette tip.

Assuming the micropipette is in free vibration and harmonic
motion, (1) is simplified as

EI
∂4u

∂x4 − ρAω2u = 0 (3)

where ω is the vibration frequency of the micropipette.
Rewriting (3) gives

∂4u

∂x4 − β4u = 0 (4)

where β4 = ρAω 2

EI , from which resonant frequencies ωn can be
expressed as

ωn = (βnL)2

√
EI

ρAL4 = k2
n

√
EI

ρAL4 (5)

where kn is the wave number.
The general solution of (3) is

u = A cosh βx + B sinhβx + C cos βx + D sinβx (6)

Substituting boundary conditions into (6), the characteristic
equation is obtained as

1 + cos(βnL) cosh(βnL) = 1 + cos kn cosh kn = 0 (7)

The first five solutions for kn are 1.875, 4.694, 7.854, 10.996,
14.137. The geometrical parameters of the micropipette include
L = 1.5 mm, outer diameter Do = 10 μm, inner diameter
Di = 8 μm, A = 2.83 × 10−11 m2 , and I = π

64 (D4
o − D4

i ) =
2.90 × 10−22 m4 . The material properties are ρ = 2,230 kg/m3

and E = 64 GPa for borosilicate glass.
By substituting micropipette parameters and wave number

kn into (5), we analytically solved the first five resonant fre-
quencies. Finite element analysis of the micropipette was also
performed to obtain the numerical solutions of resonant fre-
quencies. The analytical and numerical results are in consistent
agreement as summarized in Table I. The finite element model
was later used to simulate the vibration of the micropipette.

When the piezo drill is operated at a frequency sufficiently
far from the micropipette’s lateral resonant frequencies, the
micropipette’s motion can stay largely along the axial direc-
tion. Therefore, the operation frequency ranges of 0–3 kHz and
7–20 kHz were targeted for inducing low lateral vibrations.

Fig. 4. (a) Flexure configuration chosen in the design of our piezo drill
device. The parameters that need to be determined are labelled. (b)–(d)
Three different hinge configurations: (b) circular, (c) corner-filleted, and
(d) elliptical.

C. Flexure Dynamics

The piezo drill uses a flexure guidance mechanism. Flex-
ure mechanism uses the elastic deformation of the material to
deliver motion, and is widely used in precision positioning ap-
plications [27], [28]. For flexure design, the inner section of
a uniform beam is thickened to strengthen its out-of-plane (Z)
stiffness [29], [30], which results in the double hinged beam
configuration shown in Fig. 4(a). Fig. 4(b)–(d) show candidate
geometries for the hinges. Circular hinges [Fig. 4(b)] have a high
out-of-plane stiffness but a low motion range. Corner filleted
hinges [Fig. 4(c)] have a large motion range but a poor out-
of-plane stiffness. Elliptical hinges [Fig. 4(d)] combine these
properties allowing for a stiff flexure while maintaining a rela-
tively low stress at maximum extension for the flexure to have
a long fatigue life [31], [32]. For the chosen flexure configura-
tion shown in Fig. 4(a), the six parameters of the flexure that
need to be determined are the number of beams, beam thick-
ness (BT ), beam length (BL ), hinge shape, hinge pivot point
thickness (HT ), and hinge length (HL ).

Stainless steel was chosen to construct the piezo drill device
because of its high yield strength (505 MPa), which is signif-
icantly higher than the predicted maximum stress of 250 MPa
encountered during vibration.

The selected piezoelectric actuator (TA0505D024W, Thor-
labs Inc.) is compact (5 mm × 5 mm × 2.4 mm) and has a
displacement output up to 2.8 μm ± 15%. Considering that
the blocking force of this piezo actuator is 400 N and typically
a piezo is preloaded with one quarter of its blocking force, a
100 N preload was used in our design [33]. Preload was imple-
mented by pressing the piezoelectric actuator against the flexure
with a screw and a metal shim. The 100 N preloading force
was calibrated by measuring the screw torque with a vertical
torque gauge (S0-12, Seekonk). The axial force exerted by the
screw was calculated with the measured torque, screw diame-
ter, and friction coefficient. Sufficiently preloading the piezo is
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TABLE II
DIMENSIONS OF FLEXURE ELEMENTS FROM SIMULATION

BL BT BW HL HT Flexure
(mm) (mm) (mm) (mm) (mm) Number

7 1.2 5 1 0.3 8

TABLE III
SYSTEM VALUES DETERMINED BY FINITE ELEMENT STRUCTURAL

SIMULATION

kx ky kz X-axis resonant max stress at
(N/μm) (N/μm) (N/μm) frequency (Hz) 100 N (MPa)

3.5 230.5 200.1 24,927 250

Fig. 5. Modal analysis showing the mode shapes, translational
resonant frequencies, and rotational resonant frequencies.

important for ensuring its stability and avoiding brittle frac-
ture at operating frequencies approaching or above the flexure’s
resonant frequencies.

The X-axis resonant frequency must be higher than the in-
put pulse’s frequency to avoid initiating flexure or micropipette
resonance. However, too high an X-axis resonant frequency re-
quires a high stiffness kx . Low stiffness ratios, ky/kx and kz/kx

can cause large off-axis motion and large lateral vibration. Con-
sidering the selected frequency ranges of 0–3 kHz and 7–20 kHz
(see Section II-B), the X-axis resonant frequency of 25 kHz was
chosen in the design.

With the target X-axis resonant frequency of 25 kHz and a
preload of 100 N, iterative finite element structural simulation
was conducted. Tables II and III summarize the determined
flexure dimensions and other major parameters. The complete
piezo drill device has a footprint of 40 mm × 36 mm × 15 mm.

Modal analysis was then performed. As shown in Fig. 5,
X-axis resonance occurs at approximately 25 kHz which is lower
than all other translational and rational resonant frequencies.
The X-axis resonant frequency must be lower than all other
resonant frequencies to achieve strong axial vibrations.

D. Driving Pulse Train Design

As discussed in Section II-B, operating the device at a con-
tinuous frequency in the ranges of 0–3 kHz and 7–20 kHz can
result in low lateral vibrations. Piezo drills use a pulse train
to penetrate the ZP of an oocyte with reduced energy transfer

for less oocyte damage [22]. A driving pulse train is formed
by applying multiple pulses per second with intervals among
them; thus, it contains less energy compared to continuous
driving signals. A continuous sinusoidal signal has all of its
spectral power at one point [see Fig. 6(a) and (b), frequency:
18 kHz]. Fig. 6(c) shows a pulse with a base frequency of 18 kHz
generated from the continuous sinusoidal signal shown in
Fig. 6(a). Its frequency response [Fig. 6(d)] contains values from
all frequencies including 3–7 kHz and above 20 kHz which can
cause lateral resonance.

A band-stop filter with cutoff frequencies of [3 kHz, 7 kHz]
and a low-pass filter with a cutoff frequency of 20 kHz were
used to filter the original pulse signal shown in Fig. 6(c). Both
filters are second-order infinite impulse response (IIR) filters,
expressed as

y[n] =
2∑

k=0

bkx[n − k] −
2∑

k=1

aky[n − k] (8)

where y and x are the output and input of the filters, bk is
the kth feed-forward coefficient, and ak is the kth feedback
coefficient. For the low-pass filter, b0 = 3 × 10−4 , b1 = 6 ×
10−4 , b2 = 3 × 10−4 , a1 = −5.85 × 10−4 , a2 = 2.85 × 10−4 .
For the band-stop filter, b0 = 0.99, b1 = −1.98, b2 = 0.99,
a1 = −1.97, a2 = 0.98.

The filtered pulse signal is shown in Fig. 6(e) and (f). It can be
seen that this filtered pulse has the undesired frequency ranges
of 3–7 kHz and above 20 kHz significantly attenuated.

When the piezo drill device was used in experiments, the
filtered pulse shown in Fig. 6(e) was applied multiple times
within a second (100 pulses), which forms a pulse train, to
the piezo actuator as the driving signal for ZP penetration.
The amplitude of the driving pulse can be altered by varying
the peak voltage, which was varied from 4 V to 20 V with 4 V
increments in the experiments. The speed of the micropipette
was approximated as the amplitude of its axial motion divided
by the peak time [Fig. 6(e)] of the driving pulse.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Vibration Simulation

To validate the piezo drill design and analyze the causes of mi-
cropipette tip’s lateral vibration, finite element simulation was
conducted. Simulation showed that the designed piezo drill pro-
duces strong axial vibration and small lateral vibration, and the
reduction of the lateral vibration is due to the suppression of flex-
ure off-axis oscillation. In the finite element model [Fig. 7(a)],
a driving pulse with the frequency of 18 kHz and peak voltage
of 20 V was applied to the piezoelectric actuator. The period
of a driving pulse is 56 μs (corresponding to 18 kHz), which
is significantly shorter than the 10 ms period of a pulse train
(100 pps). Thus, the transient responses of the flexure and the
micropipette under a single driving pulse were studied.

With this driving pulse, the actuator outputs a displacement
with the amplitude of 0.8 μm, which is exerted at the inter-
face between the flexure and the actuator. In simulation, this
displacement of 0.8 μm was assumed to deviate from the axial
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Fig. 6. (a), (b) A sinusoidal signal (frequency: 18 kHz) has a spectral power at one point. (c), (d) A pulse with a base frequency of 18 kHz. The full
spectrum shown in the FFT will trigger lateral resonance in the micropipette. (e), (f) The pulse shown in (c) is filtered, and frequencies of 3–7 kHz
and above 20 kHz are attenuated.

direction by 6◦ to take the effect of misalignment in device as-
sembly into account, resulting in a lateral amplitude of 0.08 μm
and an axial amplitude of 0.796 μm at the interface between
flexure and the actuator [Fig. 7(d)]. These displacement ampli-
tudes are transmitted to the micropipette base where the flexure
and micropipette are connected and further to the micropipette
tip.

Fig. 7(b) and (c) show the axial and lateral vibrations of the
flexure (where flexure and micropipette are connected) and the
micropipette tip. The flexure has an axial vibration amplitude of
1.00 μm and a lateral vibration amplitude of 14.27 nm. Trans-
mitted from the piezoelectric actuator through the flexure, the
axial vibration amplitude of the micropipette tip is 1.24 μm,
and the lateral vibration amplitude is 0.62 μm. Compared to the
flexure, the micropipette’s axial vibration amplitude is slightly
larger than the flexure’s axial vibration amplitude (1.24 μm vs.
1.00 μm) [Fig. 7(b)] because the micropipette, made of borosil-
icate glass and firmly attached to the flexure, experiences elastic
deformations along the axial direction due to inertia. For lateral
vibration, flexure’s vibration amplitude is significantly ampli-
fied when transmitted to the micropipette tip [Fig. 7(c)].

The lateral vibration of the micropipette tip stems from both
the lateral deflection of the micropipette and the flexure off-
axis oscillation [Fig. 7(e)]. When subject to lateral vibration,
the micropipette tip undergoes lateral deflection because the
micropipette tip is highly flexible as a thin beam with a high
length-to-diameter ratio of 150. In the meanwhile, the flexure
off-axis oscillation makes the base of the micropipette subject
to not only lateral translation but also rotation.

To understand the individual contribution of the mi-
cropipette’s lateral deflection and the flexure oscillation to the
lateral vibration of the micropipette tip, we modeled the mi-
cropipette tip as a cantilever [Fig. 7(f)] undergoing only lateral

deflection when subject to the lateral displacement of the mi-
cropipette after shoulder. Because the segment of micropipette
after shoulder (1 mm diameter vs. 10 μm for micropipette tip)
is orders of magnitude stiffer than micropipette tip, the lateral
displacement input to the micropipette tip was taken from the
lateral amplitude of the micropipette base (i.e., where flexure
and micropipette are connected), which is 14.27 nm. As shown
in Fig. 7(g), the resulting lateral vibration amplitude of the mi-
cropipette tip is 110.00 nm, which is the sum of the lateral
deflection of the micropipette tip and the lateral displacement
of the micropipette after shoulder. This value of 110.00 nm ac-
counts for a very small portion of the overall lateral vibration
amplitude of 0.62 μm; therefore, the lateral vibration amplitude
of the micropipette tip mostly results from the flexure oscilla-
tion. As an example, for a 0.1◦ flexure oscillation, the lateral
vibration amplitude of the 1.5 mm long micropipette tip is as
large as 1500sin(0.1◦) = 2.6 μm. In our design, suppression of
flexure oscillation is well accomplished by the high stiffness
ratios, ky/kx and kz/kx (see Table III).

To study the damping effect of liquid when the micropipette
tip is immersed into the culture medium during oocyte pen-
etration, simulation of the micropipette tip in liquid was also
performed. The results show that in liquid (viscosity μ =
1.003 mPa · s, density ρ = 998.2 kg/m3) the micropipette tip
has an axial vibration amplitude of 1.21 μm and a lateral vibra-
tion amplitude of 0.23 μm, as shown in Fig. 7(b) and (c). The
axial vibration amplitude of the micropipette tip only becomes
slightly lower (1.21 μm in liquid vs. 1.24 μm in vacuum), but
the lateral vibration amplitude is reduced by 63% (0.23 μm in
liquid vs. 0.62 μm in vacuum). The results indicate that the piezo
drill can maintain strong axial vibration with lateral vibration
significantly reduced when the micropipette tip is immersed in
liquid.
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Fig. 7. (a) Simulation model for the designed piezo drill. The output
displacement of the piezoelectric actuator is exerted at the interface be-
tween the flexure and the actuator. For vibration analysis, locations are
1) where the micropipette and flexure are connected; and 2) the mi-
cropipette tip. (b) Axial vibration of the flexure and the micropipette. The
vibration amplitude of the micropipette tip is larger than that of the flexure
due to the elastic deformation of the micropipette along the axial direc-
tion under inertia. (c) Lateral vibration of the flexure and the micropipette.
The vibration amplitude is significantly amplified from the flexure to the
micropipette tip because of micropipette deflection and flexure oscilla-
tion. (d) Diagram of the piezo drill. The displacement d = 0.8 μm is
exerted at the interface between the piezoelectric actuator and the flex-
ure, and deviates from the axial direction by 6◦ due to misalignment in
device assembly. (e) The lateral vibration amplitude of the micropipette
tip is the combination of flexure oscillation and micropipette deflection.
(f) Cantilever model of the micropipette tip. The lateral vibration of the mi-
cropipette tip is induced by the lateral displacement of the micropipette
after shoulder. (g) The lateral vibration of the micropipette tip and the
micropipette after shoulder. The lateral vibration of the micropipette tip,
in this case, is caused only by the deflection of the micropipette tip.

B. Micropipette’s Vibration Behavior

We first used scanning electron microscopy (SEM, SU3500,
Hitachi) to characterize the micropipette’s vibration ampli-
tudes. SEM imaging has a low bandwidth (20 Hz); thus, as the
micropipette vibrates, its vibrational envelope appears in SEM

Fig. 8. (a) SEM image of the micropipette tip before a driving pulse
was supplied to the piezo actuator. (b) Driving pulses of 15 kHz pro-
duced a lateral vibration amplitude of approximately 500 nm and an
axial vibration amplitude of approximately 1.2 μm. (c) Driving pulses of
18 kHz produced a lateral vibration amplitude of approximately 2 μm,
and the axial vibration amplitude was still approximately 1.2 μm. (d)
Driving pulses of 4 kHz produced a large lateral vibration amplitude of
12 μm. (e) Micropipette’s axial vibration amplitude measured by laser
doppler vibrometry. The frequency of the supplied driving pulses was
18 kHz. (f) Frequency response of the micropipette. The highlighted re-
gions are frequency ranges selected for avoiding the resonance of the
micropipette tip.

imaging as blurred edges [see Fig. 8(b)–(d)]. Measuring the dis-
tance between an edge of the micropipette and its corresponding
vibration-caused blurry edge enabled the quantification of the
micropipette’s axial and lateral vibration amplitudes.

Fig. 8(b)–(d) correspond to 15 kHz, 18 kHz, and 4 kHz,
respectively, which are the frequencies of the driving pulse
supplied to the piezoelectric actuator. The peak voltage of the
driving pulse was held constant at 20 V. It can be seen in Fig. 8(d)
that 4 kHz driving pulses produced a large lateral vibration am-
plitude of 12 μm on the micropipette tip because 4 kHz is close to
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the first lateral resonant frequency of the micropipette (4.26 kHz,
see Table I). When 15 kHz driving pulses [Fig. 8(b)] were ap-
plied to the piezo actuator, the micropipette tip had a lateral
vibration amplitude of 500 nm and an axial vibration amplitude
of 1.2 μm. When the driving pulse’s frequency was increased to
18 kHz [Fig. 8(c)], the micropipette’s axial vibration amplitude
was still approximately 1.2 μm; however, the lateral vibration
amplitude increased to 2 μm (vs. 0.5 μm produced by 15 kHz
driving pulses).

We then used a laser Doppler vibrometer (OFV-5000, Poly-
tec) to verify the micropipettes axial vibration amplitude mea-
sured by SEM. The displacement resolution of the vibrometer
is better than 1 nm. With 18 kHz driving pulses, the axial vibra-
tion amplitude measured by the laser doppler vibrometer was
1.2 μm [see Fig. 8(e)], in agreement with the SEM measured
results. The experimentally measured axial vibration amplitude
is consistent with the value predicted in finite element simula-
tion (1.2 μm vs. 1.24 μm); however, the simulation-predicted
lateral vibration amplitude is smaller than the experimentally
measured value (0.62 μm vs. 2 μm). This discrepancy is likely
due to hysteresis and fluctuation in the displacements generated
by the piezoelectric actuator. Piezoelectric actuators exhibit hys-
teresis due to crystalline polarization effects and molecular fric-
tion, which can cause considerable nonlinearity in displacement
[34], [35].

SEM images were also used to measure the frequency re-
sponse of the micropipette along the lateral direction. To
quantify the lateral vibration amplitudes, the driving pulse’s
frequency was increased with an increment of 1 kHz each time,
and the lateral vibration amplitude was measured from the SEM
images. As summarized in Fig. 8(f), it can be seen that in the
range of 8–20 kHz for the driving pulse’s frequency, the lateral
vibration amplitude of the micropipette was consistently within
2 μm. SEM and vibrometry measurements were made in vac-
uum and in air, respectively. When the micropipette tip operates
in liquid, simulation indicated that the lateral vibration ampli-
tude can be reduced by 63% [see Fig. 7(c)]. Therefore, with
18 kHz driving pulses, we can estimate that the lateral vibration
amplitude in liquid could be reduced from 2 μm as measured in
vacuum (SEM) and in air (vibrometry) to 0.74 μm.

C. Mouse Oocyte ZP Penetration

The zona pellucida (ZP) of mouse oocytes is known to be
the most difficult to penetrate among all mammalian oocytes.
Thus, we conducted ZP penetration experiments using mouse
oocytes for evaluating the performance of our new piezo drill
device. Mouse oocytes used in this work were gathered from
the Canadian Mouse Mutant Repository in the Toronto Centre
for Phenogenomics. The success rate of ZP penetration with
the piezo drill was 100% based on the testing of 45 mouse
oocytes.

Fig. 9(a) and (b), corresponding to supplied driving pulses
of 18 kHz and peak voltage of 20 V, show that the piezo drill
was capable of penetrating the ZP of mouse oocytes with small
oocyte deformation (see Supplementary Video). As summarized
in Fig. 9(c), oocyte deformation decreased when the driving

Fig. 9. (a), (b) ZP penetration with little oocyte deformation. Driving
pulse’s frequency and peak voltage were 18 kHz and 20 V, respec-
tively. (c) Oocyte deformation at penetration vs. driving pulse’s frequency.
n = 4; total number of oocytes measured: 20. Peak voltage was 20 V.
(d) Oocyte deformation at penetration vs. axial vibration amplitude.
n = 5; total number of oocytes measured: 25. Driving pulse’s frequency
was 18 kHz.

TABLE IV
PIEZO DRILL PERFORMANCE AT SELECTED FREQUENCIES

frequency axial lateral micropipette average
(kHz) vibration vibration speed deformation

amplitude amplitude (mm/s) at penetration
(μm) (μm) (μm)

14 1.2 0.5 33.6 27.5
16 1.2 1.5 38.4 7.5
18 1.2 2 43.2 3.4

Peak voltage of the driving pulse was 20 V in all cases.

pulse’s frequency was increased. At 18 kHz, oocyte deformation
was as small as 3.4 ± 1.7 μm.

Fig. 9(d) shows that oocyte deformation at penetration de-
creased as the piezo drills axial vibration amplitude increased.
In experiments, a higher axial vibration amplitude was achieved
by applying a larger peak voltage in the driving pulse. From
Table IV, one can also see that when the driving frequency
was increased with peak voltage held constant (20 V), the mi-
cropipette’s motion speed also became higher. At a low motion
speed, the micropipette significantly deformed the oocyte. It has
been shown that penetrating the ZP at a low speed requires the
production of high tensile stress in the ZP until it reaches a criti-
cal value for ZP rupturing [9], [36]. With a higher motion speed,
this critical tensile stress becomes significantly lower, making
ZP penetration easier.

Existing piezo drills all have a large lateral vibration am-
plitude (>20 μm) and a very low axial vibration amplitude
(<0.1 μm). It was deemed that a large lateral vibration
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amplitude is necessary for ZP penetration. Differently, our re-
sults indicate that a large axial vibration amplitude and a small
lateral vibration amplitude are highly effective in ZP penetra-
tion. For instance, with a driving pulse’s frequency of 18 kHz
and a peak voltage of 20 V, the axial vibration amplitude was
1.2 μm and the lateral vibration amplitude was 2 μm. Un-
der this condition, the average oocyte deformation was 3.4 μm
(Table IV). In comparison, existing piezo drills produce mouse
oocyte deformations larger than 10 μm unless a drop of mercury
is used in the micropipette for damping.

The data in Table IV also shows that even though the axial vi-
bration amplitude is large, too low a lateral vibration amplitude
(e.g. 0.5 μm for 14 kHz) still resulted in a large oocyte deforma-
tion with a mean value of 27.5 μm. When the lateral vibration
amplitude was increased to 2 μm (see 18 kHz), oocyte defor-
mation became as small as 3.4 μm. Although the micropipette
speed also increases when driving pulses frequency rises, speed
alone cannot explain significant decrease of oocyte deforma-
tion as the increase of the micropipette speed is not compara-
bly significant. The decrease of oocyte deformation should be
mainly attributed to the increase of lateral vibration amplitude.
The results suggest that lateral vibration is necessary for ZP
penetration; however, the lateral vibration amplitude does not
need to be higher than 2 μm (vs. >20 μm in existing piezo
drills) when the axial vibration amplitude is larger than 1 μm
(vs. <0.1 μm in existing piezo drills). Mouse ZP penetration
under these conditions was highly effective (100% successful
based on the 45 oocytes tested) with significantly reduced oocyte
deformation (3.4 μm vs. 10 μm using existing piezo drills). Fur-
ther increasing the lateral vibration amplitude from 2 μm to a
higher value induced larger oocyte deformation in experiments
since large lateral vibration can create more strain on oocyte
ZP [17].

Both axial and lateral vibrations play a role in ZP penetration.
The axial movement of the micropipette tip introduces tensile
stress on ZP and leads to ZP rupture when the exerted tensile
stress surpasses the critical tensile stress of ZP. Large axial vibra-
tion of the micropipette tip can lower the critical tensile stress by
punching the ZP at a high speed [36], making the penetration of
ZP easier and oocyte deformation reduced. Lateral vibration of
the micropipette tip exerts strain on the zone of contact with ZP.
It was reported, via simulating ZP as an elastodamage model,
that the strain caused by micropipette’s lateral vibration can lead
to local failure of ZP, and stress accumulation can occur around
the failure site, facilitating ZP rupture [17]. Micropipette’s lat-
eral vibration can also locally push ZP away from the zone of
contact between the micropipette tip and ZP, reducing the fric-
tion between them. Thus, lateral vibration helps maintain the
impact energy of axial vibration by lowering friction-caused
energy loss. This is analogous to the ultrasonic vibration in-
duced by piezoelectric actuators in the application of ultrasonic
cutting where the friction between the cutting tool and the
workpiece is reduced [37]. However, lateral vibration should
be limited (e.g., 2 μm) in order not to induce large oocyte de-
formation during ZP penetration for preserving oocyte spindle
integrity [10].

IV. CONCLUSION

This paper presented a new piezo drill device for penetrating
the ZP of mouse oocytes. Through systematically performing
structure modeling and dynamic analysis, design parameters
were rationally chosen. The designed flexure-based piezo drill
can guide the motion of the micropipette along the axial di-
rection and reduce lateral vibration. An approach for selecting
proper driving pulses was also developed. Finite element mod-
els were established to guide the design of the piezo drill, and
it was found that reducing flexure off-axis oscillation is critical
for suppressing micropipette’s lateral vibration. SEM and laser
doppler vibrometry measurements quantitatively related driv-
ing pulse’s frequency and resulting lateral and axial vibration
amplitudes. Experiments on mouse oocytes revealed that this
piezo drill is capable of generating strong axial vibration and
small lateral vibration, which together were proven to be effec-
tive for ZP penetration with small oocyte deformation. This is
drastically different from the previous belief that a large lateral
vibration amplitude is necessary for penetrating the ZP.
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