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Abstract Studying the functioning of the brain through

the use of penetrating microelectrodes has revolutionized

our understanding of the brain and has the potential to treat

physical conditions such as the aftermath of a stroke, dis-

ease or other neural problems. Cochlear implant electrodes

have transformed the lives of people who were suffering

from cochlear auditory disorders. However, limitations of

manufacturing procedures restrict the choice of work

materials to mostly silicon based materials, and biocom-

patibility issues have constrained the extensive use of these

devices. Metal microelectrodes can absolve this limitation

and enable extensive study of the neural centers. In this

paper we report the fabrication of tungsten penetrating

microelectrodes using electrochemical machining. Ultra

high aspect ratio penetrating metal microelectrodes with

diameters 10 lm and below, with surface roughness (Ra)

values in the range of 300–500 nm, have been fabricated

by electrochemical machining process. Details regarding

the fabrication process and a mathematical model devel-

oped for the electrochemical machining process are dis-

cussed in this paper.

1 Introduction

Penetrating microelectrode neural implants have been one

of the main techniques used to understand how the brain

processes information to sense and control body functions

(Jensen et al. 2006).These devices allow direct and selective

recording and stimulation of neural tissue which aids in the

understanding of the neurophysiological processes in the

human brain (McCarthy et al. 2011; Bak et al. 1990). From

rats to monkeys, these microelectrodes have been used to

control neuroprostheses through chronically implanted

cortical electrodes, which sampled the extracellular poten-

tials of the neuron (Taniguchi et al. 2007). Penetrating

microelectrodes have also been used in auditory brain stem

implants for the treatment and understanding of hearing

related disorders (Schwartz et al. 2008; Spelman 1999). The

diameter of these electrodes needs to be small in order to

minimize the damage to neural tissue during the process of

penetration. A smaller diameter of the electrode is also

desirable due to lower penetrating forces associated with

these devices (Jensen et al. 2006).

Advances in micro fabrication techniques, material sci-

ences, and electronics have fueled a steady advancement in

the development of these implantable microelectrodes for

reliable and stable long-term monitoring of neuronal activ-

ities from the brain (Lee et al. 2004; Rousche et al. 2001).

Many different materials have been explored for making

multifunctional neural interfaces. Among the different

materials, silicon has thus far been the most widely inves-

tigated material due to the ease of manufacturing enabled

by the bulk manufacturing processes. However, there are

questions regarding long-term stability with silicon-based

implants, especially when considering that the brain is

continuously under micro-motion that induces strain

between the brain tissue and the implanted electrode. This

promotes chronic injury and glial scarring locally around the

implant site, thus causing concern for long-term safety and

functional stability of the implanted device. Another sig-

nificant drawback of the silicon based neural implants is its

tendency to buckle. Buckling strength is an important

mechanical characteristic of the penetrating microelectrode

for neural interfaces. High buckling strength results in
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higher resistance to bending during insertion into the brain.

But the small cross-sectional area and high aspect ratio of

the microelectrode gives it an intrinsically low buckling

strength, which becomes the main cause of failure for such

devices. In order for a microelectrode to be directly inserted

into the brain, its buckling strength must be high enough to

withstand forces required to penetrate brain tissue and

overcome the friction applied on the moving probe during

insertion. Being brittle, solid silicon is prone to buckling

which can result in serious tissue damage and neural dis-

orders. This tendency to buckle is one limiting factor

restricting the length of the microelectrode (Najafi et al.

1990). Longer electrodes provide access to subcortical

structures which help in the study of neural processing

networks such as corticothalamic loops (Nicolelis and

Shuler 2001). The realization of the true potential of these

devices has been hindered by these limiting factors in silicon

microelectrodes.

Metal microelectrodes offer considerable advantages

over silicon microelectrodes as they do not fail in brittle

mode lowering the chance of catastrophic failure

(McCarthy et al. 2011). Also, higher buckling strength

permits the usage of slender high aspect ratio microelec-

trodes. The microelectrodes can be inserted into neural

tissue without buckling and are easily manipulated into

arrays. Metal microelectrodes that have been used for

neural implants include tungsten (Patrick et al. 2008), and

titanium (Droge et al. 1986). Commercial microelectrode

arrays, as well as many noncommercial arrays, are made

with tungsten microelectrodes. The strength, rigidity, and

recording properties of tungsten microelectrodes make

them desirable for intracortical applications (Patrick et al.

2011). Tungsten microelectrodes have also been used to

study the activities of limb and facial peripheral nerves on

conscious human subjects (Navarro et al. 2005). Studies

show that although tungsten is prone to corrosion within

biological systems it does not seem to be having any

significant toxic effect on the metabolic rates (Peuster

2003). Current methods for fabrication of metal micro-

electrode neural implants are based on silicon substrate

based microfabrication techniques which use electroplating

techniques (Frazier et al. 1993). These techniques are

limited only to a limited number of materials like nickel,

gold, and silver. Another technique used in the manufac-

turing of such microelectrodes is chemical etching. In this

technique metal wire tips are chemically etched to produce

conical tips which act as recording sites (Takahashi et al.

2005). This technique can only be used for sharpening of

the electrode and the actual microelectrode needs to be

fabricated using another process. Titanium microelectrodes

were manufactured using a combination process of chem-

ical vapor deposition and silicon based photolithography

(McCarthy et al. 2011). This complex method is a more

expensive approach and the fabricated electrode had vari-

ations in thickness, as high as 4 lm. High aspect ratio

electrodes have also been produced using wire electrodis-

charge process (WEDM) and micro grinding process

(Ohmori et al. 2007; Jahan et al. 2010; Lim et al. 2003;

Uhlmann et al. 2008). The WEDM process produces

microelectrodes which have a rough finish with Ra values

around 1–2 lm (Jahan et al. 2010). Micro grinding can

produce microelectrodes with a very smooth finish with Ra

values ranging from 0.1 to 0.7 lm (Ohmori et al. 2007).

The drawback of micro grinding is that it is tough to scale

up this process for mass production. Thus, it is essential

that a process that is simple, precise, scalable, and able to

produce metal microelectrodes with smooth finish is

needed.

Electrochemical machining (ECM) is an alternative

microfabrication technique that can be used to make these

neural interfaces. ECM has many advantages over other

traditional machining processes. Some of the advantages

are its applicability regardless of material hardness, no tool

wear, high material removal rate, smooth and bright sur-

face, and the production of components of complex

geometry (Sundaram and Rajurkar 2010). Pulse electro-

chemical micromachining (PECMM) is a variation of ECM

for the micro scale fabrication, where a pulsed power is

used instead of DC current. PECMM leads to higher

machining accuracy, better process stability and suitability

for control. These advantages are due to the improved

electrolyte flow condition in the interelectrode gap,

enhanced localization of anodic dissolution, and small and

stable gaps found in PECMM (Rajurkar et al. 1993;

Schuster et al. 2000). The PECMM technique discussed in

this paper can be used to produce ultra high aspect ratio

electrodes unlike the chemical etching techniques which

give conical electrodes. High aspect ratio of these elec-

trodes helps in minimizing the tissue damage during the

insertion of these electrodes. The lower insertion forces due

to the smaller diameter of these electrodes also aid in

the reduction of tissue damage and increases the robustness

of the electrodes by reducing the chances of buckling

(HajjHassan et al. 2008). The non-contact nature of

electrochemical machining poses challenges in ensuring

machining accuracy and process control. This can be

overcome with the development of a model, as described in

Sect. 3 of this paper, for predicting the process parameters

required to get the microelectrode with the desired size.

There have been a number of studies about the brain

tissue and microelectrode interaction that provide a basis

for understanding insertion forces in the human brain (Lee

et al. 2004; Howard et al. 1999; Moon et al. 2003). A

typical force characteristic while penetrating into a rat

cerebral cortex was studied by Jensen et al. (2006) and

reported a maximum penetrating force of 1.15 ± 0.51 mN
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for 150 lm diameter microelectrodes (Jensen et al. 2006).

The same study showed that smaller microelectrodes result

in smaller penetration force. The maximum penetration

force for a 28 9 38 lm rectangular electrode was about

0.48 ± 0.18 mN. This shows that smaller microelectrodes

only need lower penetrating forces which helps in reducing

the damage to surrounding tissues. Lower penetrating for-

ces also help in reducing the chance of these electrodes

failing due to buckling.

In this paper the finite element analysis (FEA) has been

used to determine the diameter of the tungsten microelec-

trode that can handle the penetrating forces described in

literature, without buckling. A mathematical model was

developed to predict the process parameters required to

fabricate the tungsten microelectrode with the diameter

suggested by the FEA. Experimental verification of the

model and the fabrication of ultra high aspect ratio micro-

electrodes are described subsequently.

2 Finite element analysis of tungsten microelectrode

A finite element method (FEM) based buckling analysis

was performed to determine the minimum diameter of

the tungsten microelectrode that can withstand the pene-

trating forces without buckling. Commercial FEM software

ANSYS� was used in this eigenvalue buckling analysis

(ANSYS 2010). Eigenvalue buckling analysis gives the

theoretical buckling strength based on the classical eulerian

approach (Yaghi et al. 2011). The buckling problem is

formulated in the FEM as an eigenvalue problem.

ð½K� þ ki½S�Þfwgi ¼ f0g ð1Þ

where: [K] = stiffness matrix, [S] = stress stiffness matrix,

ki = ith eigenvalue, wi = ith eigenvector of displacements.

This is solved using the Block Lanczos eigenvalue

extraction method. A block shifted Lanczos algorithm, as

found in (Grimes et al. 1994) is the theoretical basis of the

Eigen solver. Figure 1 gives the schematic representation

of the buckling analysis of the microelectrode. The sym-

metry of the buckling behavior is invoked in the analysis

and only half of the structure is modeled for the analysis.

Table 1 gives the FEM parameters used in the analysis.

Figure 2 gives the simulated deflection behavior of the

microelectrode after application of the load, and the onset

of buckling.

Using FEA it was found that, to overcome penetrating

forces of 0.45 mN, the diameter of the tungsten microelec-

trode needs to be at least 10 lm. This value of force is

experienced only on microelectrodes having a cross-section

of 25 9 38 lm. As smaller cross-sections will encounter

even lower forces (Jensen et al. 2006), FEM analysis reveals

that the tungsten microelectrodes with diameters greater than

10 lm are capable of handling the penetrating forces

involved during insertion into brain tissue. To establish the

process parameters of ECM to fabricate microelectrodes of

the size suggested by FEA, a mathematical model was

developed as mentioned in the next section.

A B

Fig. 1 Finite element analysis. a Schematic of loading of the

microelectrode. The maximum F that was applied was 1mN divided

into 5 load steps. b Finite element representation of half of the

microelectrode (after symmetry conditions)

Table 1 Finite element analysis parameters

FEA parameter Value

Element type Beam 188

Material Tungsten, isotropic

Analysis type Eigenvalue buckling

Load Unit load 1 N

Model Ø10 lm, 2 mm long (l) microelectrode

No. of nodes 10

Young’s modulus 411 GPa

Fig. 2 Deflection behavior of

tungsten microelectrode at the

onset of buckling (only half of

the microelectrode has been

represented)
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3 Mathematical model for microelectrode fabrication

In order to establish the standard process parameters for the

electrochemical machining process to produce tungsten

electrodes with the desired diameter a mathematical model

(Eq. 2) was developed to predict the anodic profile of

microelectrode (Mathew and Sundaram 2012).

Df ¼ Di � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S2
0 þ

pW

V
2gjekvðU0 � DUÞtp � S0

r

 !

ð2Þ

This model involves a system where the cathode is moving.

The anode has an initial diameter Di and a cathode of width

W is kept at an initial interelectrode gap S0. This model

uses the interelectrode gap to formulate the final diameter

of the tool Df in terms of the various ECM parameters. In

the case of the PECMM system shown in Fig. 3 with the

stationary cathode this model needs to be modified to suit

this system. The term W/V is the time spent by a part of the

anode under the influence of the cathode. This is the same

as the total machining time in the case of a wide stationary

cathode. Thus,

W

V
= T ð3Þ

where T is the total machining time. The resulting model is

given in Eq. 4.

Df ¼ Di � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S2
0 þ pT2gjekvðU0 � DUÞtp � S0

q

� �

ð4Þ

where,g is the current efficiency of anodic dissolution (20 %),

je is the electrolyte conductivity (19 A/Vm), kv is the volu-

metric electrochemical equivalent (1.65 9 10-11 m3/As) S0

is the interelectrode gap (0.15 mm), U0 is the applied voltage

(3 V), P is the pulse rate or frequency (66.6 Hz), tp is the pulse

on-time (5 ms), and DU is the over-potential value (0 V).

Using the above model the experimental condition required

for the desired size of microelectrode can be predicted pre-

cisely. Thus to obtain a Ø10 lm sized microelectrode starting

with a Ø300 lm electrode, the required machining time T

predicted is 515 s. The experimental verification of this model

is discussed in the next section along with the general ECM

procedure.

4 Pulse electrochemical micromachining procedure

Electrochemical machining (ECM) is a nontraditional

machining process in which material is removed by the

mechanism of anodic dissolution in an electrolytic cell

during an electrolysis process (Rajurkar et al. 1999). In this

process, the part to be machined is made the anode while

the tool that does the machining is made the cathode. The

anodic dissolution rate which is the rate at which the anodic

metal is removed depends on the electrochemical proper-

ties of the metal and the current applied (McGeough 1974).

The cathode, or the tool, remains unaltered by the elec-

trochemical machining process which gives ECM an edge

over many other processes, as there is no tool wear or any

other need to change the tool.

Pulse electrochemical micromachining (PECMM) is a

variation of ECM in which a pulsed current is used as the

power source for electrochemical micromachining. Pulse

electrochemical micromachining (PECMM) provides an

attractive alternative not only to ECM using continuous

current, but also to many other traditional machining pro-

cesses. The improved electrolyte flow condition in the

interelectrode gap, enhanced localization of anodic disso-

lution, and small and stable gaps found in PECMM lead to

higher dimensional accuracy, better process stability, rel-

atively simpler tool design and better suitability for online

process control (Rajurkar et al. 1993). Several studies have

been conducted on the fabrication of microelectrodes using

ECM (Zhang et al. 2007; Staemmler et al. 2008; Jain et al.

2012; Bhattacharyya et al. 2004; Choi et al. 2007). These

electrodes were fabricated using conventional ECM. In this

study, PECMM has been used along with reverse pulses in

order to produce the microelectrodes with high aspect

ratios needed for the neural implants.

The experimental setup is shown in Fig. 4. The elec-

trolytic tank holding the cathode is filled with the elec-

trolyte and is mounted on an XYZ stage which can provide

the motion in the longitudinal, lateral, and axial directions.

The spindle holding the anode feeds the anode in the ver-

tical direction and rotates at a constant rate during the

experiment. The power supply connects to both the anode

and the cathode and provides the required current for

machining. After the anode is positioned with respect to the

cathode, the power supply is turned on and used at a

constant current mode. The constant current mode enablesFig. 3 Schematic of PECMM for model
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the system to keep a fixed current and vary the voltage as

the tool moves relatively to the cathode. The relative

position between the anode and cathode is maintained at a

gap of 0.15 mm. The experimental parameters used are

given in Table 2.

5 Results and discussion

The mathematical model predicted that to obtain a micro-

electrode of diameter 10 lm the time for machining is

515 s. The experimental validation of the mathematical

model was done by conducting experiments with the

process parameters suggested by the mathematical model.

This experiment was conducted three times to verify the

repeatability and minimize variation due to experimental

errors. The resulting microelectrode is given in Fig. 5. The

diameter that was measured is the average value of the

measured diameter at 3 different positions over the length

of the microelectrode. The three microelectrodes had an

average diameter of 10.5, 11 and 12 lm with standard

deviation 0.35, 0.49 and 0.58 lm respectively. This shows

that the mathematical model is capable of predicting the

microelectrode profile within ± 2 lm except at the tip

zone which is less than about 2 % of the total length of the

electrode. While the size and shape of the electrodes have

been found to have serious impacts on tissue damage, the

recorded signals are not significantly affected similarly

(Szarowski et al. 2003). Thus these variations fall within

the acceptable range. It is also observed that the tip of the

electrode (30 lm from the end) is slightly smaller than the

rest of the electrode. The smaller tip is advantageous as it

helps in penetration due to lower penetrating forces. The

3D noncontact confocal microscopic analysis showed that

the microelectrodes have surface roughness (Ra) values in

the range of 0.3–0.5 lm depending on the process condi-

tions. The roughness was calculated on 3 different samples

of the microelectrodes with a mean of 0.39 lm and stan-

dard deviation 0.09 lm. The vertical resolution of the

microscope is 10 nm. Line scan of the 3D image data on

the surface of the electrode was used to determine the

roughness. The line length was approximately 800 lm

along the surface of the electrode. A representative surface

roughness measurement result is given in Fig. 6. The typ-

ical surface roughness value of a drawn tungsten rod with a

diameter of 300 lm, which were used as the starting

electrodes, is 8 lm. In comparison, silicon penetrating

microelectrodes used as neural implants have surface

roughness values around 1 lm (Szarowski et al. 2003).

Surface texture is known to have an influence on the

response of the tissue surrounding the implanted electrode

Fig. 4 Experimental Setup for

PECMM of tungsten

microelectrodes

Table 2 ECM parameters

Power supply 10 V DC

Anode Tungsten rod of Ø300 lm

Cathode 0.5 mm thick stainless steel plate

Electrolyte 10 % wt. Sodium chloride solution

Average current 0.05 A

Pulse time 15 ms

Duty cycle 33 %

Spindle rotation 1000 rpm

Interelectrode gap 0.15 mm

Fig. 5 SEM micrograph of fabricated tungsten microelectrode

showing the variation of the diameter
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(Taylor and Gibbons 1983). A smooth surface lowers the

chance of tissue regrowth on the electrode, which can

interfere with the recorded signals. Near term signal

recording (within 1 week of implant) is significantly affected

by the surface finish with smooth finish giving improved

results (Szarowski et al. 2003). Thus the surface finish pro-

duced by the PECMM process assumes significance and the

low value of roughness (0.3 lm) indicates the suitability of

these electrodes for this application.

The fabricated microelectrodes were again tested for their

buckling behavior using FEA with the revised dimensions.

The simulated buckling strength of the electrodes were 0.56,

0.69, 0.72 mN for the fabricated electrodes with diameters

10.5, 11 and 12 lm respectively. The load deflection curve

for the Ø10.5 lm electrode giving its buckling behavior with

increase in load is given in the Fig. 7. The onset of buckling is

noticed with the huge increase in the deflection after the

critical buckling load of 0.56 mN. These results again validate

the robustness of the microelectrode.

These microelectrodes can be used as individual (single)

penetrating microelectrodes to record single neuron signals

or several of these electrodes can be combined into an array

for monitoring neuron networks (Polikov et al. 2005). The

metal microelectrode arrays currently in use range from 4

electrodes to 100 electrodes. These electrodes are arrayed

using epoxy bonding materials. The opposite ends of the

electrodes are connected to electrical connector pins which

are connected to the signal analyzing circuitry that records

the neural signals (Rousche et al. 2001).

This PECMM process is also capable of fabricating

microelectrodes with varying shapes and sizes. Starting

with a 300 lm tungsten rod, microelectrodes ranging from

Ø50 to Ø2 lm can be produced (Fig. 8). The lengths of

these high aspect ratio (up to 400) microelectrodes are in a

range of 1 mm to 5 mm long, making them suitable for

neural implants. Several microelectrodes can be produced

simultaneously in a single electrolytic tank with a setup

having provision to hold multiple rotating electrodes. This

will enable the mass production of these electrodes.

6 Conclusion

This study establishes the feasibility of fabricating high

aspect ratio, metal, microelectrodes using pulsed

Fig. 6 Surface roughness measurement on microelectrode with

sample length 800 lm (Ra = 0.31 lm)

Fig. 7 Load deflection curve of Ø10.5 lm microelectrode showing

onset of buckling at 0.56 mN

Fig. 8 High aspect ratio microelectrodes. a Stepped microelectrode

of total length 5.8 mm with diameters of 200, 70 and 15 lm in the

three sections. b Microelectrode with average Ø6 lm and tip Ø3 lm
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electrochemical micromachining process. High aspect ratio

of the order of 400 with diameters as small as 10 lm or less

has been achieved in the fabrication of metal microelectrodes

for biomedical applications such as neural and cochlear

implants. A mathematical model to preselect the machining

conditions for the desired electrode size given by FEA studies

has also been developed. The model was verified experi-

mentally and was found to predict the final diameter of the

microelectrode to within ± 2 lm accuracy. Surface charac-

terization of the microelectrodes suggests that the fabricated

microelectrodes have preferable roughness values within the

acceptable range for penetrating microelectrodes. The PEC-

MM process thus designed for fabrication of penetrating

microelectrodes is simple, precise, scalable and robust.
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