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Abstract—Objective: Micro-hole perforation on skull is 
urgently desired for minimally invasive insertion of 
micro-tools in brain for diagnostic or treatment purpose. 
However, a micro drill bit would easily fracture, making it 
difficult to safely generate a micro-hole on the hard skull. 
Methods: In this study, we present a method for ultrasonic 
vibration assisted micro-hole perforation on skull in a 
manner similar to subcutaneous injection on soft tissue. 
For this purpose, a high amplitude miniaturized ultrasonic 
tool with a 500 μm tip diameter micro-hole perforator was 
developed with simulation and experimental 
characterization. In-depth investigation of micro-hole 
generation mechanism was performed with systematic 
experiments on animal skull with a bespoke test rig; effects 
of vibration amplitude and feed rate on hole forming 
characteristics were systematically studied. It was 
observed that by exploiting skull bone’s unique structural 
and material properties, the ultrasonic micro-perforator 
could locally damage bone tissue with micro-porosities, 
induce sufficient plastic deformation to bone tissue around 
the micro-hole and refrain elastic recovery after tool 
withdraw, generating a micro-hole on skull without 
material. Results: Under optimized conditions, high quality 
micro-holes could be formed on the hard skull with a force 
(< 1N) even smaller than that for subcutaneous injection on 
soft skin. Conclusion: This study would provide a safe and 
effective method and a miniaturized device for micro-hole 
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perforation on skull for minimally invasive neural 
interventions. 

Index Terms—Ultrasonic vibration, bio-manufacturing, 
skull bone, craniotomy, micro-hole forming, bio-composite 

 

I. INTRODUCTION 

N minimally invasive neural intervention, micro-tools such 

as micro-electrodes or micro-catheters need to be inserted in 

brain for treatment of diagnostic purpose such as targeted drug 

delivery, tumor tissue biopsy or localized neuromodulation 

[1-4]. However, as brain is protected by skull, a high strength 

bio-composite material with micro-porosities, this natural 

barrier needs to be penetrated for the insertion of micro-tools 

for minimally invasive neural intervention. Perforation of skull 

bone is conventionally achieved by material-removal 

techniques such as drilling/grinding [5, 6]. Due to the high 

strength of skull bone (Young’s modulus of 22-45 GPa [7]), a 

micro drill bit would easily fracture under a large thrust force, 

making it difficult to safely generate a micro-hole on skull by 

drilling. Meanwhile, as bone tissue is removed by rotating 

cutting edges in the conventional drilling craniotomy, rotating 

cutting edges would pose a great thread to soft tissue such as 

dura or even brain tissue at the end of skull perforation [5]. 

 To address this issue, low frequency or ultrasonic vibration 

has been incorporated to change the tool-tissue interaction. 

Alam et al. demonstrated that ultrasonic vibration could 

effectively reduce the thrust force, but displacement amplitude 

was found to have minimal effects on the drilling force [8]. Li 

et al. developed an information feedback self-adaptive harmony 

search algorithm to minimize the thrust force in bone drilling 

[9], showing that low frequency vibration (≤ 1 kHz) was also 

effective in reducing the thrust force under optimized 

parameters. Despite the advances in vibration assisted 

manufacturing, micro-hole drilling on skull for minimally 

invasive neural intervention was rarely reported. Meanwhile, 

researchers also investigated the possibility of laser drilling on 

bone [10-12]. However, it is difficult to accurately monitor the 

laser drilling terminal in physiological conditions and 

over-cutting would cause serious damage to brain tissue [10]. 

Due to the lack of safe techniques for micro-hole craniotomy, 

insertion of micro-tools in brain is conventionally conducted 

through a large burr hole opened on skull, leading to serious 

tissue damage and cerebrospinal fluid leakage which may cause 
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brain shift [13] and impair implantation accuracy of the 

micro-tool for neural intervention [14].  

Different from soft tissue such as abdominal skin which can 

be easily penetrated by a syringe needle, skull bone is a high 

strength bio-composite material composed of organic collagen 

fibers and inorganic hydroxyapatite components [7, 15] and it 

is hard to be penetrated by a slender micro-tool which would 

bend or fracture during indentation. Meanwhile, skull bone is 

microscopically porous with a porosity of 5-10% for the 

cortical bone and 70-95% for the sponge bone; this porous 

structure can be compressed and plastically deformed under 

loading [15-17]. In response to urgent need for micro-hole 

perforation on skull in minimally invasive neural operations, 

this study presents a novel method for micro-hole perforation 

on skull with a miniaturized micro-hole perforator. 

In this article, inspired by acupuncture and subcutaneous 

injection on soft tissue, a miniaturized ultrasonic device with a 

conically tipped micro-perforator (500 μm diameter) was 

developed in this study to enable micro-hole formation on the 

hard skull. Rational design of the miniaturized ultrasonic 

micro-perforator was performed with simulation and 

experimental characterization. Systematic experiments were 

conducted on animal skull to investigate micro-hole formation 

mechanism by comparing the thrust force, diameter and 

morphology of micro-holes generated under different vibration 

amplitudes and feed rates. With the assistance of high 

amplitude ultrasonic vibration, the conically tipped 

micro-perforator could microscopically damage skull bone’s 

micro-porous structure, plastically deform and squeeze bone 

tissue around the conical tip, presenting a novel method for 

micro-hole forming on skull. Under optimized conditions, high 

quality micro-hole formation on skull has been achieved with a 

force (< 1 N) even smaller than that for soft tissue (porcine skin) 

penetration by a subcutaneous injection needle, showing its 

great potential for applications in minimally invasive neural 

operations. 

II. DEVICE DEVELOPMENT 

A. Vibration Mode Analysis of Piezoelectric Rings 

In order to design a high performance ultrasonic micro-hole 

perforator, electromechanical properties of the piezoelectric 

rings should be investigated. Lead zirconate titanate (PZT) 

piezoelectric rings from the same batch were used to ensure 

consistency of material properties (PIC-181, PI Ceramic; outer 

diameter: 10 mm; inner diameter: 5 mm; thickness: 2 mm). 

Electrical characteristics of the piezoelectric ring were 

measured using an impedance spectrum analyzer (4294A, 

Agilent) with a swept signal of 1.0 V (peak-to-peak).  

Fig. 1(a) shows the electrical impedance and phase 

characteristics of the PIC181 ring. Three distinctive peaks 

could be detected in the frequency range of 10 kHz to 1 MHz, 

which are denoted as A, B and C, respectively, representing 

three vibration modes of the piezoelectric ring. Frequency 

response characteristics (calculated as the average velocity on 

the surface of the PIC181 ring) for different vibration modes 

are compared in Fig. 1(b). As for Mode A, it would represent 

the radial mode of the piezoelectric ring; its velocities in X and 

Y directions are similar, which are considerably higher than 

that in the Z direction, confirming the dominant radial motion. 

As for Mode C, the velocities in all directions have similar 

amplitudes; inner and outer edges of the piezoelectric ring are 

moving up and down in-phase, while the central region of the 

ring surface stays almost static. In Mode B, the velocity in the 

thickness direction (or the Z direction) exhibits the largest 

amplitude; this mode is recognized as piezoelectric ring’s 

thickness mode. 

To identify the vibration mode shapes, finite element 

analysis (FEA) was performed using Abaqus-Simulia (Dassault 

Systèmes, Vélizy-Villacoublay, France), which was validated 

by experimental modal analysis (EMA) with a MSA-100 3D 

Laser Doppler Vibrometer (Polytec, Waldbronn, Germany). 

Fig. 1(c) compares the three vibration modes predicted in FEA 

and measured in EMA. Based on the FEA and EMA results, the 

miniaturized ultrasonic micro-hole perforator will be developed 

based on the thickness mode of the piezoelectric ring (or Mode 

B in Fig. 1(c-2)). Also, as shown in Fig. 1(c-2), there is a good 

agreement between the FEA predictions and the EMA 

measurements in terms of deformation and resonance 

frequency; this accurate and reliable FEA model of 

piezoelectric rings will be used for the design of the 

miniaturized ultrasonic tool in the following.  

 
Coefficient values for electromechanical characteristics of 

the piezoelectric ring for mode A, B and C are further compared 

in Table 1. The effective electromechanical coupling 

coefficient, keff, was calculated from the impedance spectrum 

data using equation keff
2 = (fa

2 - fr
2)/fa

2, where fa is the 

 

Fig. 1. (a) Electrical impedance and phase characteristics of the 
piezoelectric ring. (b) Frequency response of the average velocity on 
the surface of the piezoelectric ring per unit voltage. (c) FEA and EMA 
results of the piezoelectric ring showing three vibration modes, Mode A, 
Mode B and Mode C, from 10 kHz to 1 MHz.  

https://www.3ds.com/products-services/simulia/products/abaqus/
https://www.3ds.com/products-services/simulia/products/abaqus/
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anti-resonance frequency and fr is the resonance frequency 

[18], providing a measurement of the electromechanical 

conversion efficiency. The mechanical Q factor was estimated 

for different resonances from the impedance spectrum data. As 

shown in Table 1, the resonance frequencies agree well 

between the impedance measurements and EMA experiments. 

Also, Mode B (the thickness mode) exhibits the largest 

electromechanical coupling coefficient (keff), the lowest 

impedance value (Zmin) and the highest mechanical Q, 

confirming the feasibility of employing the thickness mode of 

the piezoelectric ring to design the ultrasonic micro-hole 

craniotomy device. 

 

B. Device Design and development 

The ultrasonic micro-hole craniotomy device was designed 

based on the configuration of a Bolt Langevin Transducer 

(BLT). As shown in Fig. 2(a), a stack of 4 piezoelectric rings 

were sandwiched between a cylindrical back mass and a step 

shape front mass. The perforator tip with a terminal diameter of 

500 µm was attached to the front mass. Regarding the 

materials, titanium alloy (Ti-6Al4V) was used for the 

micro-hole perforator, including the front mass, the back mass 

and the perforator tip; A4 tool steel was used for the pre-stress 

bolt and copper was used for the electrodes (Table 2). 

Mimicking the acupuncture needle, a 60° conical tip was 

designed at the end of the perforator tip. Fig. 2(b) shows a 

miniaturized ultrasonic micro-hole craniotomy prototype 

device in comparison with a pen. This perforator was tuned to 

its 1st longitudinal mode (L1) at a resonance frequency close to 

22.5 kHz.  

 
To understand vibrational behaviors of the miniaturized 

micro-hole perforator in Fig. 2(a-b), FEA and EMA 

experiments were performed. To assist displacement amplitude 

measurement, a 500 μm diameter tool with a blunt tip was used 

as it was difficult to stably attach a laser reflective tape on a 

conical tip. As shown in Fig. 2(c-d), there is a good agreement 

between the vibration mode shape predicted by FEA and the 

EMA measurement. The longitudinal displacement node was 

found to locate at the flange; the amplification gain showed a 

consistent value around 5.4 (defined as the ratio of the 

amplitude at the perforator tip to the amplitude at back mass’s 

end surface), indicating that ultrasonic vibration generated by 

the piezoelectric rings could be amplified by 5.4 times to 

achieve a large amplitude at the tip.  

Table 3 further compares the electromechanical 

characteristics of the miniaturized micro-hole craniotomy 

device from FEA or EMA measurements. Resonance frequency 

fr of the L1 mode predicted by FEA was similar to that 

measured in EMA, with a difference smaller than 2.6%; the 

amplification gain from FEA or EMA also showed a constant 

value of 5.3 to 5.4. Results in Fig. 2 and Table 3 show that we 

have established a reliable framework for the design and 

fabrication of the miniaturized ultrasonic micro-hole 

craniotomy device. 

 

 

C. Characterization of Device Performance 

To ensure optimal vibration, effects of pre-stress applied on 

piezoelectric rings on vibration behaviors were investigated by 

incrementally increasing the torque. As shown in Fig. 3(a-b), 

the change in resonance and anti-resonance frequencies 

diminished as the tightening torque was increased (see Fig. 3(a) 

for impedance-frequency curves under different press-stress 

torques). At a torque of 3.0 Nm, there was no evident increase 

in the resonance and anti-resonance frequencies. The ultrasonic 

device with a press-stress torque of 3.0 Nm was further left for 

5 days, allowing the piezoelectric rings to age.  

TABLE 3 
ELECTROMECHANICAL CHARACTERISTICS OF THE ULTRASONIC TOOL 

fr (FEA) [kHz] 22.47 

fr (Impedance) [kHz] 23.06  

fr (EMA) [kHz] 22.7  

fa (Impedance) [kHz] 23.41 

keff 0.712 

Zmin [Ω] 702.7 

Q 213.6 

Amplification gain (FEA) 5.45 
Amplification gain (EMA) 5.33 

 

TABLE 1 
ELECTROMECHANICAL CHARACTERISTICS OF THE PIEZOELECTRIC RING 

 Mode A Mode B Mode C 

fr(Impedance) [kHz] 146.0 620.9 818.3 
fr(EMA) [kHz] 146.0 617.49 815.43 

fa [kHz] 155.3 695.4 855.6 

keff 0.341 0.450 0.292 
Zmin[Ω] 169.1 8.21 31.8 

Q 143.3 460.0 285.1 

 

 

Fig. 2. The miniaturized ultrasonic micro-hole craniotomy device. (a) 
The 3D model. (b) The miniaturized miniaturized ultrasonic micro-hole 
craniotomy device in comparison with a pen. (c) FEA results showing 
the vibration mode shape of the L1 mode. (d) EMA results showing the 
vibration mode shape of the L1 mode.  

TABLE 2 
MATERIAL PROPERTIES FOR COMPONENTS OF THE MICRO-HOLE 

CRANIOTOMY DEVICE 

 Ti6Al4V A4 tool steel Copper 

Density ρ [kg/m3] 4430 8000 8900 

Young’s modulus E [GPa] 109 210 110 
Poisson’s ratio ν 0.313 0.29 0.37 

Acoustic impedance [Pa.s/m×106] 27.32 45.40 41.61 
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Harmonic analysis experiments were performed to study the 

vibration responses of the ultrasonic device excited in 

resonance (L1 mode) at escalated high excitation levels for 

practical use. Excitation was applied around the resonance 

frequency of the L1 mode with a burst sine signal generated by 

a signal generator (Agilent 33210A, Santa Clara, CA, USA) 

and amplified by a power amplifier (HFVA-62, Nanjing 

Foneng Technology Industry Ltd, Nanjing, China). 

Longitudinal vibration response was measured using a 1D laser 

Doppler vibrometer (OFV 303, Polytec GmbH, Waldbronn, 

Germany) from a grid point on the front face of the perforator 

tip. To minimize frequency shifts caused by heating of 

piezoelectric rings at high excitation levels, each sine burst 

signal had 5000 oscillation cycles, which was sufficient to 

ensure a steady state while minimizing thermal effect. Also, a 

2-second interval was applied between sequential bursts to 

ensure a constant temperature for a complete frequency sweep. 

The displacement amplitude-frequency responses were 

measured at different levels of excitation voltage.  

Fig. 3(c-d) shows a maximal frequency shift of around 200 

Hz at an excitation voltage of 60 Vrms. This nonlinear dynamic 

behavior could be exacerbated when the ultrasonic tool is 

engaged with the bone material due to the “vibro-impact” 

response between the perforator tip and the external load [19]. 

As shown in Fig. 3(c), the amplitude increased at a higher 

excitation level. A zero-to-peak amplitude of 27 µm was 

achieved at a voltage 60 Vrms. Also, the amplitude-frequency 

curves demonstrated a “softening” nonlinear response [20], 

with the backbone bending to the left. At a voltage higher than 

20 Vrms, the “jump” phenomenon occurred, which would be due 

to the loss in piezoelectric properties at escalated excitations 

[21].  

To deal with the nonlinear vibration responses in Fig. 3(c-d), 

a robust resonance tracking system based on auto-resonance 

control strategy is required to maintain the working efficiency 

of the ultrasonic device for high quality micro-hole generation 

on skull [22]. In this study, the resonance tracking system 

PDUS210 FLEX (Piezodrive) for real-time resonance tracking 

during skull perforation was employed. The resonance tracking 

unit is based on the auto-resonance control [23], which consists 

of a positive feedback loop [21], locking the phase of the 

applied AC voltage and current to ensure maximal energy 

transfer; a negative feedback control loop is also implemented 

to maintain a prescribed electrical current level by 

automatically adjusting the input voltage, which can indirectly 

help maintain the desired ultrasonic vibration amplitude. 

Fig. 3(e) shows the electrical impedance of the miniaturized 

micro-hole perforator measured by the PDUS210 FLEX unit. 

The impedance magnitude is around 686.5 Ω at a resonance 

frequency of 23.26 kHz, demonstrating a good match with the 

impedance measured by the impedance analyzer. Further, the 

relationship between the prescribed electrical current and the 

vibration amplitude at the tip of the perforator was 

characterized by a 1D laser Doppler vibrometer (LDV). As 

shown in Fig. 3(f), a linear trend existed between the driving 

current and the vibration amplitude, with a peak-to-peak 

amplitude of 44.6 μm at a driving current of 0.15 A. By 

adjusting the driving current, vibration amplitude of the 

ultrasonic tool could be conveniently controlled for micro-hole 

craniotomy.  

 
Thus, through rational design with FEA analysis and EMA 

characterization, we successfully designed a miniaturized 

ultrasonic micro-hole craniotomy device with a resonance 

frequency around 23 kHz and a maximal peak-to-peak 

amplitude of 44.6 μm. In the following, high quality 

micro-holes generation on skull without material removal will 

be investigated with this miniaturized ultrasonic micro-hole 

craniotomy device. 

D. Experiment conditions and sample preparation 

The experiment setup for micro-hole perforation on skull is 

shown in Fig. 4(a). The developed ultrasonic device with a 60° 

conical tip (diameter: 500 μm; Fig. 4(b)) driven by the 

PDUS210 FLEX was used for micro-hole perforation in vitro 

on rabbit skull. The ultrasonic device was mounted on a 

micro-precision 3-axis translational stage. Bone sample was 

clamped by a sample holder which was mounted on a force 

sensor (LH-SZ-60F3; capacity: 49.0 N). Micro-hole perforation 

process was monitored with a CCD camera; the thrust force 

was recorded by a data acquisition device (USB 6218, National 

 

Fig. 3. (a) The L1 mode impedance-frequency spectrum of the 
developed ultrasonic micro-hole craniotomy device with increasing 
torques. (b) Effects of tightening torque on resonance and 
anti-resonance frequencies. (c) Vibration-frequency characteristics of 
the device at different excitation voltages. (d) Shift in resonance 
frequency as a function of excitation voltage. (e) The 
impedance-frequency response of the ultrasonic device measured by 
Piezodrive. (f) Relationship between the vibration amplitude 
(peak-to-peak) and the driving current. 
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Instruments, Austin, TX, USA). Skull bone samples were 

harvested from adult New Zealand rabbits (18-21 weeks) with 

institutional approval (Institutional Animal Care and Use 

Committee approval No.: SYSU-IACUC-2022-000621). 

Rabbits were sacrificed by injecting overdose pentobarbital 

sodium. Samples were harvested from the central part of skull 

to reduce variation in sample thickness. Harvested bone 

samples were measured to have an average thickness of 1.54 ± 

0.26 mm (n = 5). Before experiment, bone samples were 

preserved in the physiological saline solution to keep them 

hydrated.  

 
Effects of vibration amplitude on micro-hole perforation 

were investigated at three different amplitudes with a constant 

feed rate of 0.05 mm/s. Vibration amplitude was varied by 

adjusting the current value of the ultrasonic driver (see Fig. 

3(f)). Feed rate was also varied to study the effect on 

micro-hole perforation. Thrust forces for micro-hole 

perforation under different vibration amplitudes and feed rates 

were recorded and compared. After micro-hole perforation, 

bone samples were dried, sputter-coated with gold and 

observed under scanning electron microscope (SEM) to 

measure hole diameter and characterize surface morphology of 

micro-holes generated under different conditions. For accurate 

measurement of the hole diameter, bone samples were polished 

with sandpapers to prepare a flat surface for micro-hole 

generation. Bone samples were also cleaved to expose the inner 

surface of micro-holes for surface morphology 

characterization.  

III. RESULTS AND DISCUSSION 

A. Micro-hole generation on skull with an extremely 

small force 

Fig. 5(a) shows representative force curves for skull 

penetration by the ultrasonic micro-hole craniotomy device at 

different vibration amplitudes; skull penetration without 

ultrasonic vibration was used as control. As skull bone has a 

typical three-layer structure (the outer layer and the inner layer 

being the cortical bone and the inner layer being the sponge 

bone), two peaks can be detected on force curves, with the first 

and the second peak indicating the penetration of outer and 

inner cortical bone, respectively. Without ultrasonic vibration, 

although the micro-tool could penetrate skull bone in some 

cases, an extremely large force (peak force > 35 N) was 

experienced by the micro-tool; after penetration, a large 

residual force (> 10 N) still persisted, which would be 

attributed to friction between the elastically deformed bone 

tissue and the micro-perforator. Also, as the surface of skull 

bone was not ideally flat, a large lateral force could be 

introduced in the initial indentation stage, which caused tool 

bending and fracture sometimes in the experiment, making the 

non-ultrasonic micro-hole perforation unsafe for clinical use. 

With the introduction of ultrasonic vibration, the thrust force 

was greatly reduced, as observed in the ultrasonic vibration 

assisted bone drilling [8, 24, 25]. Upon skull penetration, the 

thrust force reduced to zero, showing that the micro-hole 

perforation process could be accurately controlled with 

close-loop force-displacement control.  

Fig. 5(b) further compares the maximum thrust force 

required for micro-hole perforation on skull at different 

amplitudes (n = 6; feed rate: 0.05 mm/s). In the control case 

(non-ultrasonic vibration), an average thrust force of 20.7 ± 2.9 

N was needed for skull penetration. Low amplitude ultrasonic 

vibration (peak-to-peak amplitude: 18.4 μm) reduced the 

maximum thrust force to 16.3 ± 3.6 N, which was further 

reduced to 3.6 ± 2.2 at an amplitude of 30.2 μm. At the largest 

amplitude of 44.6 μm, an extremely small force of 0.98 ± 0.67 

N was observed, which would enable safe micro-hole 

perforation on skull without tool fracture. 

In the micro-hole perforation process, the apparent ultimate 

stress σu experienced by skull bone at amplitudes of 0 μm, 18.4 

μm, 30.2 μm and 44.6 μm were 105.5 MPa, 83.1 MPa, 18.3 

MPa and 5.0 MPa, respectively. Linearly fitting the data, we 

have σu = σ0 - 2.46A, where A is the vibration amplitude and σ0 

is the nominal ultimate strength of the skull bone used in this 

study. σ0 (110 MPa) estimated here is of the same order of 

magnitude as reported in the literature [7, 17]. Findings in Fig. 

5(b) imply that with the assistance of large amplitude ultrasonic 

vibration, the skull bone could be penetrated at a considerably 

small nominal stress. 

Fig. 5(c) further compares the maximum thrust force for 

micro-hole perforation on skull under different feed rates at a 

constant amplitude of 44.6 μm (peak-to-peak). The feed rate 

was found to have a great influence on the thrust force. When 

the feed rate was increased to 0.50 mm/s, the thrust force soared 

to 21.2 ± 11.5 N, which was about 22 times higher than that at a 

feed rate of 0.05 mm/s. Similar observations were reported in 

 

Fig. 4. (a) 3D model of the experiment setup for micro-hole perforation 
tests. (b) Zoom-in view of the ultrasonic micro-hole craniotomy device 
feeding towards the skull bone. (c) The experiment platform for in vitro 
micro-hole craniotomy tests on skull bone samples. 
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the drilling of composite materials [26]. In the micro-hole 

perforation process, bone tissue below the ultrasonic tool would 

go through microscopic fracture and plastic deformation due to 

the high frequency hammering of the conically tipped tool. At a 

higher feed rate, there would be less time for the ultrasonic tool 

to squeeze bone tissue aside; bone tissue accumulated below 

the micro-perforator would present more resistance to the 

micro-tool, leading to a larger thrust force as experimentally 

observed [26, 27]. Findings in Fig. 5(b-c) show that with the 

assistance of high amplitude ultrasonic vibration at a low feed 

rate, the high strength skull bone can be easily penetrated by the 

ultrasonic micro-hole perforator with a force smaller than 1 N, 

which has not been achieved before to the best of our 

knowledge.  

 

To highlight this outstanding performance, ultrasonic 

vibration assisted micro-hole perforation on skull was 

compared to skin penetration by a sharp needle. Skin 

penetration tests were performed with the same micro-hole 

perforator (without ultrasonic vibration) and a 26G needle with 

a sharp bevel tip that was clinically used for subcutaneous 

injection (outer diameter: 450 μm). Before experiment, the 

porcine skin was covered with a cotton gauze saturated with 

phosphate buffered saline solution to sufficiently hydrate the 

skin tissue. Porcine skin was manually penetrated by the 

non-ultrasonic micro-perforator and the 26G needle (Fig. 5(d-1) 

and (d-2), with the force measured by a force sensor (n = 6, Fig. 

5(e-1)). 

Fig. 5(e-2) compares the maximum force required for the 

micro-perforator to penetrate porcine skin (Perforator @ skin; 

without ultrasonic vibration) or the skull bone (Perforator @ 

skull; with ultrasonic vibration), compared with the skin 

penetration force by the 26G needle (Needle @ skin; control). 

In the control group (26G needle), despite the sharp tip, an 

average force of 3.14 ± 0.52 N was experienced by the 450 μm 

diameter subcutaneous injection needle. As for the 

micro-perforator, its tip was not as sharp as the 26G needle, 

leading to an unexpectedly large force of 21.94 ± 2.66 N during 

skin penetration; with ultrasonic vibration, the maximum 

penetration force reduced to 1.83 ± 0.27 N (Ultrasound @ skin, 

Fig. 5(e-2)), possibly due to the cavitation effect during skin 

penetration. Compared with the force for penetrating soft skin 

by the sharp subcutaneous injection needle, the force required 

for ultrasonic vibration assisted micro-hole formation on skull 

was 68.8% smaller (amplitude: 44.6 μm; feed rate: 0.05 mm/s). 

We thus provide an effective method for micro-hole perforation 

on the hard skull with a force (< 1 N) even smaller than that for 

subcutaneous injection on soft skin. In the next stage, 

intelligent control algorithm will be developed based on the 

force-displacement curve in Fig. 5(a) for accurate end-point 

detection during micro-hole perforation on skull.   

In practical application, it is challenging to manually 

maintain a stable and consistent feed rate. To test the effects of 

manual operation on thrust force, micro-hole perforation was 

manually performed at vibration amplitudes of 44.6 μm and 

30.2 μm (see representative thrust force curves during manual 

operation in Fig. 5(g)). Manual operation was found to generate 

a thrust force of 3.79 ± 0.60 N (n = 5) at the amplitude of 44.6 

μm, which was significantly larger than that performed with 

numerically control at a feed rate of 0.05 mm/s (0.98 N, Fig. 

5(b)). At a smaller amplitude of 30.2 μm, the thrust force 

increased to 4.08 ± 0.40 N (n = 5), which would be owing to 

the tool-bone interaction of reduced intensity. Besides, as 

reflected from the force curve in Fig. 5(g), manual perforation 

at the amplitude of 30.2 μm was halted a few times in order to 

prevent damage to the micro-perforator. Therefore, to ensure 

low force micro-hole perforation on skull, the miniaturized 

micro-hole perforator can be operated by a robotic arm.  

Meanwhile, at the end of skull penetration, tip of the 

ultrasonic tool would inevitably contact dura mater, a tough 

membrane beneath skull composed of fibroblasts and 

extracellular collagen. In vitro experiments were performed to 

 

Fig. 5. (a) Representative force-distance curves for micro-hole 
perforation at different peak-to-peak amplitudes of 0 μm (control), 18.4 
μm and 44.6 μm; feed rate: 0.50 mm/s. (b) Comparison of the 
maximum thrust force for micro-hole perforation under different 
vibration amplitudes. (c) Summary of the maximum thrust force under 
different feed rates. (d-1) and (d-2) Penetration of the porcine skin by 
the micro-perforator without ultrasonic vibration and a 26G 
subcutaneous injection needle, respectively. (e) Typical force curves 
for skin penetration by the micro-perforator without ultrasound vibration 
(no u.v.) or with ultrasound vibration (u.v.) and by the 26G needle 
(control). (f) Summary of the maximum force required for micro-hole 
perforation on skull (Perforator @ skull; amplitude: 44.6 μm; feed rate: 
0.05 mm/s), compared with the skin penetration force by the 26G 
needle (Needle @ skin; manual) or the micro-perforator with or without 
ultrasonic vibration (Perforator @ skin, manually without ultrasonic 
vibration; Ultrasound @ skin, manually with ultrasonic vibration, 
amplitude: 44.6 μm). (g) Representative thrust force curves for 
generating a single hole with manual operation at  amplitudes of 44.6 
μm and 30.2 μm.  
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clarify if contact between the ultrasonic tool and dura would 

instantly damage or penetrate the dura. Dura mater harvested 

from the New Zealand rabbit was clamped by the sample holder 

(Fig. 6(a)); the ultrasonic tool (vibration amplitude: 44.6 μm) 

was feed towards the dura mater at a feed rate of 0.05 mm/s. As 

shown in Fig. 6(b), the ultrasonic tool did not damage or 

penetrate the soft dura mater after contact. With the 

advancement of the ultrasonic tool, the dura mater was 

deformed and bulged without breaking. After about 44 

seconds’ sustained contact, the dura mater started to be 

penetrated by the tip of the micro-tool as reflected from the 

force-displacement curve in Fig. 6(c), due to the excessive 

deformation of the dura mater at the contact point (bulging 

height: ~2.2 mm; see the bottom-right image in Fig. 6(b)).  

Results in Fig. 6(b-c) reveal that at the end of skull 

perforation, contact of the dura mater by the ultrasonic tool 

would not damage or penetrate the soft dura mater. This would 

be owing to the frequency designed for the ultrasonic tool (~23 

kHz) in the current study. Ultrasonic tools with frequency blow 

30 kHz can selectively fragment hard bone tissue without 

causing damage to adjacent soft tissue [28], like the 

commercial Piezosurgery® device used in maxillofacial or 

spine surgery [29, 30]. 

 

 
Besides, temperature profile of the ultrasonic device during 

operation was also investigated with an infrared camera (K20, 

HIKMICRO ltd.; room temperature: 24 ℃) [31]. Temperature 

was measured after 180 seconds’ operation, which would be 

enough for human skull perforation even at a low feed rate of 

0.05 mm/s (human skull thickness ranges from 2 to 8 mm [32]). 

As shown in Fig. 6(d-e), after 3 minutes’ operation, the 

maximum temperature at the housing (near to the transducer) 

increased to 47 ℃ (Fig. 6(d)), while the temperature at the tip of 

the tool was only 34.9 ℃ (Fig. 6(e)) which would not cause 

necrosis to bone tissue or soft tissue [31, 33]. Similar to 

commercial ultrasonic bone scalpels, if cooling system were 

integrated into the ultrasonic device and physiological coolant 

were used during micro-hole perforation [29, 30], thermal 

effect to bone tissue or soft tissue could be further minimized 

for micro-hole generation on skull.  

B. Precision of micro-hole perforation on skull 

The micro-hole generated on skull is intended to be used as a 

guide hole for minimally invasive insertion of micro-tools in 

brain for targeted diagnostic or treatment purpose. Elastic 

recovery of deformed bone tissue may change the hole diameter 

after tool withdraw. To investigate this effect, micro-holes 

generated at different vibration amplitudes were observed 

under SEM to measure hole diameter (n = 4).  

 Fig. 7 compares the diameter of micro-holes generated at 

different amplitudes and feed rates. As shown in Fig. 7(a), at a 

low vibration amplitude, micro-holes appeared to have a 

smaller diameter. For instance, micro-holes generated at the 

amplitude of 18.4 μm had a diameter of 438.1 ± 17.2 μm, much 

smaller than that of the micro-hole perforator (diameter: 500 

μm). Low intensity tool-bone tissue interaction at a decreased 

amplitude would lead to insufficient plastic deformation to 

bone tissue; elastic recovery after tool retrieval would make the 

hole have a smaller diameter than that of the micro-tool. At an 

increased amplitude of 30.2 μm, the micro-hole presented a 

diameter of 506.8 ± 20.6 μm, which was similar to that of the 

micro-hole perforator; this implied that sufficient plastic 

deformation was achieved which effectively refrained elastic 

recovery and generated a hole with nearly the same diameter as 

the micro-perforator. However, at a the largest amplitude of 

44.6 μm, micro-holes were found to have a diameter of 550.3 ± 

30.1 μm, slightly larger than that of the micro-tool, which could 

be attributed to the undesired lateral vibration of 

micro-perforator’s tip at a high excitation level [34]. Owing to 

the slender geometry of the miniaturized tool (Fig. 2(a-b), the 

distal tip was prone to develop lateral vibration in response to 

loading with high excitation, which could be mitigated by 

optimizing the design. 

 

 
Similar to the vibration amplitude, the feed rate was found to 

have a prominent influence on hole diameter. As shown in Fig. 

7(b), micro-holes were found to have a smaller diameter at a 

higher feed rate. At an elevated feed rate of 0.20 mm/s, 

 

Fig. 7. Diameter of micro-holes generated at different (a) vibration 
amplitudes and (b) feed rates. 

 

Fig. 6. (a) The setup for in vitro tool-dura interaction tests. (b) 
Deformation of the dura mater by the ultrasonic tool; vibration 
amplitude: 44.6 μm; feed rate: 0.05 mm/s. (c) A representative 
force-displacement curve of the dura mater with the advancement of 
the ultrasonic tool; tool-dura contact did not instantly cut or penetrate 
the dura mater, the dura was bulged and eventually penetrated due to 
large deformation. (d) Maximum temperature measured at device’s 
housing and (e) its tip after 3 minutes’ operation. 
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diameter of the micro-hole decreased to 478.8 ± 46.1 μm, 

smaller than that of the micro-tool. When the feed rate was 

further increased to 0.5 mm/s, micro-holes were measured a 

small diameter of 438.1 ± 23.3 μm, even with a large vibration 

amplitude of 44.6 μm. 

C. High quality micro-hole formation on skull 

For in-depth investigation of micro-hole perforation assisted 

by ultrasonic vibration, surface morphology of micro-holes 

generated at different vibration amplitudes and feed rates was 

characterized under SEM. Fig. 8 compares surface morphology 

of micro-holes generated under different vibration amplitudes. 

In the control case (without ultrasonic vibration), although the 

micro-tool could penetrate bone tissue sometimes free of 

bending or fracture, micro-holes were found to have 

deteriorated quality with a small diameter; layers of bone tissue 

residuals were observed on the inner surface of micro-hole after 

tool withdraw (Fig. 8(a)). In the skull penetration process 

without ultrasonic vibration, bone tissue was locally fractured 

and squeezed aside by the conically tipped tool. However, the 

low intensity tool-tissue interaction in the control case was not 

able to induce sufficient plastic deformation to bone tissue 

around the hole. After tool withdraw, elastic recovery of bone 

tissue would lead to a smaller hole diameter and formation of 

laminated bone tissue around the hole as observed in Fig. 8(a).  

With the presence of ultrasonic vibration, high quality 

micro-holes were generated (Fig. 8(c)), surface morphology of 

the generated micro-holes was different from the control case. 

As shown in Fig. 8(c) and Fig. 9(a), at a high vibration 

amplitude of 30.2 μm, a high quality micro-hole was 

successfully formed with an integral edge and a smooth inner 

surface free of micro-cracks. At a lower vibration amplitude of 

18.4 μm, although micro-holes with relatively smaller diameter 

and coarse edge were generated (Fig. 8(b)), no laminated bone 

tissue was observed on micro-hole’s inner surface. 

In the ultrasonic vibration assisted micro-hole generation 

process, the relative velocity between the micro-perforator and 

bone tissue can be described by v(t) = v0+ 2πfAcos(2πft), where 

v0 is the feed rate, A is the vibration amplitude and f is the 

resonance frequency. For amplitude (peak-to-peak) from 18.4 

μm to 44.6 μm, the maximum instant impacting speed can reach 

up to 1.34 ~ 3.26 m/s. As skull bone is a composite material 

composed of inorganic minerals and organic collagen with 

micro-porosities, in response to the high-intensity tool-bone 

interaction, this porous architecture would be locally damaged 

by the conically tipped ultrasonic micro-perforator, generating 

a micro-hole in skull bone. The high frequency hammering 

would plastically deform and squeeze bone tissue around the 

conical tip in a manner similar to ultrasonic micro-forging [35, 

36], forming a dense layer of bone tissue around the hole. In 

this process, porous structure of bone tissue around the 

micro-hole would be elastically compressed to accommodate 

plastically deformed bone tissue. 

 
Micro-hole generation on skull assisted by ultrasonic 

vibration would be a balance between plastic deformation and 

elastic recovery of bone tissue. At a low vibration amplitude, 

bone tissue around the hole would be plastically deformed with 

a low compressive stress; elastic recovery of bone tissue after 

tool withdraw would lead to a micro-hole with a coarse edge 

and a smaller diameter as observed in Fig. 8(b). At a larger 

vibration amplitude, the high intensity tool-bone interaction 

would cause sufficient plastic deformation to bone tissue, 

which has refrained the elastic recovery of bone tissue after tool 

removal, generating a high quality micro-hole with nearly the 

same diameter as the micro-tool as shown in Fig. 7(a) and Fig. 

8(c).  

Surface morphology of micro-holes generated at different 

feed rates is further compared in Fig. 9 (vibration amplitude: 

44.6 μm). With the increase in feed rate, the generated 

micro-holes showed deteriorated quality with a reduction in 

diameter. At a low feed rate of 0.05 mm/s, micro-holes with a 

clear border and a good circularity were generated (Fig. 8(c)). 

When the feed rate was increased to 0.10 mm/s, micro-holes 

with a clear border was formed; but a few subsurface 

micro-cracks were also observed around the hole (Fig. 10(a)), 

which would be attributed to the mild elastic recovery of bone 

tissue after tool removal. With a further increase in feed rate to 

0.20 mm/s, micro-cracks and wrinkles were developed on the 

inner surface of the micro-hole (Fig. 9(b)), micro-burr was also 

detected at the entrance (Fig. 10(b)), similar to the top burr 

generated in micro-end milling [37, 38]. Burr formation 

 

Fig. 8. SEM images showing micro-holes generated on skull at different 
peak-to-peak amplitudes (a) 0 μm as the control, (b) low amplitude of 
18.4 μm and (c) high amplitude of 30.2 μm. Feed rate: 0.05 mm/s. 
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became more outstanding at an even higher feed rate of 0.5 

mm/s, resulting in micro-holes with irregular geometry as 

shown in Fig. 10(c), which could not be used as the entrance 

hole for micro-tool insertion in minimally invasive neural 

intervention.  

 

 
Micro-holes generated with manual operation were also 

characterized under SEM (Fig. 10(d-e)). Manual operation was 

found to generate a micro-hole of a larger diameter (564.7 ± 

16.9 μm at amplitude of 30.2 μm; 553.7 ± 36.7 μm at amplitude 

of 44.6 μm; n = 3), which would be due to tool tilting or shaking 

during manual operation. Also, different from the micro-holes 

generated with numerical control (Fig. 8(b-c)), manually 

generated micro-holes were observed to have deteriorated 

quality. Powdery bone debris were observed around the hole 

(Fig. 10(d-e)), implying that manual holding caused ejection of 

fractured bone particles in the hole forming process; unstable 

manual operation also lead to micro-holes with enlarged 

entrance as observed in Fig. 10(d). Besides, at a smaller 

amplitude (30.2 μm), manual operation would lead to 

micro-holes of irregular geometry, with burr formed at the 

entrance and laminated bone tissue formed on the inner surface 

(Fig. 10(e)). Thus, for precise and high quality micro-hole 

generation, numerical controlled operation would be preferred.  

Deteriorated hole quality at elevated feed rate would be 

related to the following two factors: firstly, the duration of 

tool-bone interaction (or cycles of ultrasonic hammering per 

depth) at an increased feed rate would be significantly reduced, 

resulting in insufficient plastic deformation of bone tissue 

around the hole. Secondly, skull bone was reported to have a 

larger elastic modulus at a higher strain rate [39, 40]; bone 

tissue would stiffen at a higher feed rate, making it more 

challenging for the micro-tool to deform the bone tissue as 

revealed from the increase thrust force at higher feed rates in 

Fig. 5(c). Thus, for high quality micro-hole generation on skull, 

a relatively smaller feed rate (such as ≤ 0.1 mm/s) would be 

desired to facilitate sufficient plastic deformation on bone 

tissue around the micro-hole. Considering the fact that human 

skull has an average thickness of about 6-7 mm [7], it would 

take about 1~2 minutes for the micro-hole perforation on skull 

with the method/device developed in this study at a feed rate of 

0.05 ~ 0.1 mm/s. Compared with the conventional burr hole 

drilling technique, this method would be quick enough to 

facilitate minimally invasive neural intervention. 

 

 
Based on the above investigations, we have shown that with 

the miniaturized ultrasonic micro-hole perforator, high quality 

micro-holes can be generated on hard skull with the assistance 

of high amplitude ultrasonic vibration at an extremely small 

force, which will provide a safe and effective method for 

micro-hole perforation on skull. Different from micro-hole 

drilling or grinding where tissue cutting/removal is involved, 

micro-hole perforation on skull is implemented with a novel 

mechanism without material removal, similar to subcutaneous 

injection. Taking advantages of skull bone’s unique material 

 

Fig. 9. SEM images of the inner surface of micro-holes generated at (a) 
feed rate 0.05 mm/s, amplitude 30.2 μm and (b) feed rate 0.20 mm/s, 
amplitude 44.6 μm. 

 

Fig. 10. SEM images of micro-holes generated on skull bone at 
different feed rates: (a) 0.10 mm/s, (b) 0.20 mm/s, (c) 0.50 mm/s, (d) 
manual operation at a peak-to-peak amplitude of 44.6 μm, and (e)  
manual operation at the amplitude of 30.2 μm. 
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properties (especially its porous structure), an ultrasonic 

micro-hole perforator can locally damage and plastically 

deform bone tissue for micro-hole craniotomy on skull. 

Micro-hole formation characteristics are affected by 

displacement amplitude and feed rate of the device, which 

could take effect by influencing the intensity and duration of 

tool-bone interaction. Under optimized conditions (large 

displacement amplitude and low feed rate), high quality 

micro-holes could be easily formed on the hard skull bone with 

a force even smaller than that for subcutaneous injection on 

skin (soft tissue).  

Compared with the conventional bone micro-drilling, 

micro-hole perforation on skull could be achieved by the 

ultrasonic device with a force smaller than 1 N; in contrast, the 

maximum thrust force for micro-hole drilling on bone would be 

up to 4 N as previously reported [41], which would 

significantly increase the risk of drill bit fracture. Also, as the 

micro-hole is formed without material removal, the micro-hole 

generated on skull could be clearly visualized and accessed by 

micro-catheters or micro-electrodes for neural intervention; in 

contrast, bone chips generated during bone drilling would 

accumulate around the micro-hole, which needs to be carefully 

cleaned after surgery [41, 42]; otherwise, powdery bone 

debris/chips may partially block the micro-hole, impairing 

subsequent neural intervention.  

Therefore, with the miniaturized micro-hole perforator, this 

study has presented a method for micro-hole perforation on the 

high strength skull bone (a bio-composite material with 

micro-porosities) without material removal. Integrating the 

miniaturized micro-perforator with a robotic arm, it is 

anticipated that minimally invasive neural intervention can be 

implemented through a micro-hole on skull in a minimally 

invasive manner similar to subcutaneous injection or 

acupuncture [1-3, 43]. Another advantage of this method is that 

unlike the conventional large burr hole drilling, micro-hole 

perforation proposed in this study would cause neglectable 

damage to the skull; after neural operation, the micro-hole 

could be easily sealed with a plaster, significantly promoting 

post-operation recovery.  

IV. CONCLUSION 

In this article, a novel method for micro-craniotomy on skull 

has been presented, which can be performed in a minimally 

manner similar to subcutaneous injection or acupuncture on 

soft tissue. For this purpose, a miniaturized ultrasonic 

micro-hole perforator device was developed with rational deign 

and systematic characterization. In-depth investigation of the 

micro-hole craniotomy mechanism was performed with 

systematic experiments on animal skull. Effects of vibration 

amplitude and feed rate on micro-hole forming characteristics 

including thrust force, diameter and morphology of generated 

micro-holes were systematically investigated. Exploiting skull 

bone’s unique structural and material properties, the ultrasonic 

micro-perforator could locally damage the bone tissue with 

micro-porosities and induce sufficient plastic deformation to 

the bone tissue around the micro-hole and refrain elastic 

recovery after tool withdraw, thus providing a novel method for 

micro-hole generation on skull without material removal. 

Under optimized conditions, it is shown that a high quality 

micro-hole could be generated on the hard skull with a force (< 

1 N) even smaller than that for subcutaneous injection on soft 

skin. With the minimally invasive micro-hole perforation 

technique and the miniaturized ultrasonic tool developed in this 

study, we anticipate that neural operations such as localized 

drug delivery, neural sensing, tissue biopsy or tumor treatment 

can be implemented in a manner similar to subcutaneous 

injection through a micro-hole on skull, bringing great benefits 

to both patients and the research community.  
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