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Abstract

This paper presents a geometric analysis modeling and control of micro-slots manufacturing for compliant needles fabrication 
and biomedical applications. In medical applications, the insertion accuracy of medical needles is closely related with the 
insertion forces encountered during the relative motion between needle and tissue. This paper presents a new design of compliant 
needle featured by 4-bevel tip and shaft slots for vibratory needle insertion, whose capability in reducing insertion force has been 
demonstrated in our earlier works. The effects of the design variables of the slots on needle tip vibration pattern are studied using 
harmonic analysis with a focus on slot width and slot depth. This paper presents a method of using harmonic analysis to identify 
the effects of the design variables of the slots on needle tip vibration pattern with a focus on slot width and slot depth. Based on 
the analysis results, an analytical model is presented and validated for accurate calculation of slot depth in the EDM-based 
(electrical discharge machining) fabrication process. To use slot width to fine tune the tip vibration, a methodology involving 
additional electrode motions after initial slot cutting is proposed to increase slot width. This paper provides practical design and 
manufacturing guidance for vibration-assisted medical insertion devices. Examples and experimental results are presented in the 
paper for demonstration and validation. The presented geometric analysis model and manufacturing techniques can be used for 
micro-slots fabrication and biomedical applications.  
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1. Introduction

Needles are among the most widely used medical devices, and they serve in a wide variety of percutaneous 
procedures, from common procedures like blood sampling and regional anesthesia and drug delivery to advanced 
procedures like tissue biopsy and brachytherapy for cancer treatments [1]. The effectiveness of a treatment or the 
precision of a diagnosis is highly dependent on the accuracy of percutaneous insertion  [2]. Clinical studies have 
revealed that common factors that contribute to needle misplacement in percutaneous procedures include human 
errors [3], imaging limitations [1], target uncertainty [4], tissue deformation and needle deflection [5,6]. Among 
these factors, tissue deformation and needle bending are directly related to the forces experienced by the needle 
during the insertion procedure in a proportional manner [7]. Accordingly, a practical approach to reduce needle 
placement errors is to reduce the insertion force [8]. Low insertion force also results in less pain, trauma and edema 
to the patients, which increases procedures efficacy and allows for shorter recovery time [9,10].

According to DiMaio and Salcudean [2,11], the insertion force comprised of two major components: a uniform 
axial friction force between the needle and the tissue along the shaft, and a force peak of cutting at the needle tip. To 
date, researchers have explored a variety of methods to reduce the insertion force. Modeling, optimization and 
innovation of needle geometries (rake angle, inclination angle, diameter, etc.) were conducted to reduce the tip force 
[12,13], while special treatments of needle surface [7,14] were demonstrated to be helpful for reducing the friction. 
Some researchers also tried to optimize insertion process via velocity control and trajectory selection, etc. [15-17].

Vibratory needle insertion is an optimization technique where low amplitude high-frequency vibration is applied 
to a needle in addition to the main insertion motion, as shown in Fig. 1. In tissue cutting, increased insertion speed 
has been shown to reduce insertion force [18,19] and improve insertion accuracy [20,21], but higher insertion speed 
often results in more difficulty in control. In this case, vibration offers a way to increase the maximum local insertion 
speed of the needle tip while maintaining a slow and controllable average insertion rate [22]. Actually, vibration-
assisted needle insertion has been shown to reduce insertion force in tissue cutting by several researchers [15,23-27].

To further explore the potentials of vibratory needle insertion, we formerly proposed a novel design of solid 
surgical needle featured by its 4-bevel tip and shaft slots [28]. Accordingly, a non-traditional manufacturing process 
using electric discharging machining (EDM) for the tip and slots was presented. Insertion experiments showed that 
with certain geometry variables, the new design could further reduce insertion force because of the transverse 
vibration transferred from the axial vibration at the needle base [29,30]. This paper presents a method of using 
harmonic analysis to identify the effects of the design variables of the slots on needle tip vibration pattern with a 
focus on slot width and slot depth. Based on the analysis results, an analytical model for accurate calculation of slot 
depth is presented based on relative motion between electrode and needle, and a methodology for effective increase 
of slot width was proposed using EDM program functions. This paper provides practical design and manufacturing 
guidance for vibration-assisted medical insertion devices.

This paper presents a unique design of solid surgical needle featured by its 4-bevel tip and shaft slots with the aim 
to further explore the potential of vibratory needle insertion. The design philosophy of the needle was introduced. To 
overcome the challenging issues faced in fabricating the designed needles, a non-traditional manufacturing process 
using electric discharging machining (EDM) for the tip and slots is presented. Two important parameters for needle 
cutting edges, the inclination angle and the included angle, were derived from the two fabrication variables of the 
bevel angle and the interval angle. Needle prototypes of the proposed design were fabricated with different 
geometries, and they are used to conduct several different experiments. In the first experiment, the needles were 
inserted into tissue phantom, and the friction slope was chosen as the performance criterion. In the second 
experiment, the testing medium was skin-mimicking polyurethane sheet, and the puncture force and depth were used 
to evaluate the performance. In both experiments, different vibration conditions were applied in terms of frequency 
and amplitude. The preliminary results showed both weakness and potentials of the proposed design, and indicated 
the necessity for more experiments. Details of the proposed design and manufacturing processes along with the 
experimental results are presented in the following sections.   
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