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Abstract

:

PDMS (polydimethylsiloxane) is an important soft biocompatible material, which has various applications such as an implantable neural interface, a microfluidic chip, a wearable brain–computer interface, etc. However, the selective removal of the PDMS encapsulation layer is still a big challenge due to its chemical inertness and soft mechanical properties. Here, we use an excimer laser as a cold micro-machining tool for the precise removal of the PDMS encapsulation layer which can expose the electrode sites in an implantable neural interface. This study investigated and optimized the effect of excimer laser cutting parameters on the electrochemical impedance of a neural electrode by using orthogonal experiment design. Electrochemical impedance at the representative frequencies is discussed, which helps to construct the equivalent circuit model. Furthermore, the parameters of the equivalent circuit model are fitted, which reveals details about the electrochemical property of neural electrode using PDMS as an encapsulation layer. Our experimental findings suggest the promising application of excimer lasers in the micro-machining of implantable neural interface.
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1. Introduction


Neural electrodes can record neural electrical activity or stimulate the neurons from the central and the peripheral nervous system, which has been applied to neuroscience research and clinical applications on different diseases, including spinal cord injury, stroke, sensory deficits, chronic pain, epileptic seizure, Parkinson’s disease, and functional recovery after neurotrauma [1,2,3,4,5]. Implantable neural electrode arrays are key interface devices for the development of intelligent brain–computer fusion systems, providing the possibility of continuous high-throughput information exchange.



Polydimethylsiloxane (PDMS) elastomers are inexpensive, corrosion-resistant, highly flexible and optically transparent above 220 nm (therefore compatible with many optical detection methods). Compared to glass and silicon, PDMS can be easily manufactured and bonded to other surfaces. The hardness and elasticity of PDMS is close to that of tissues [6,7] and does not irritate surrounding tissues due to its good biocompatibility [8]. With these ideal properties, PDMS is a good candidate for the manufacture of implantable flexible neural electrodes and has broad application prospects in the field of chip processing in biological laboratories [9].



Guo designed an integrated telescopic microelectrode array (isMEA) based on PDMS for neural and muscular surface interfaces [10]. As a compliant material with a mechanical impedance close to that of soft tissues, PDMS has good application value as a substrate material for neural interfaces. Using PDMS as a soft material, Kim prepared various types of planar neural electrodes for recording extracellular local field potentials or stimulating plexuses as contact electrodes [11]. Delivopoulos proposed a compliant neural interface based on PDMS that can simultaneously record bladder afferents from multiple nerves [12]. PDMS film has been proven to act as an excellent barrier to implantable microelectrodes or as high-quality dielectrics with minimal resistive power loss [13,14]. As an encapsulation layer for implantable neural interface, PDMS can increase the flexibility required for the application and minimize tissue response [15]. Joint research on other materials of PDMS provides a new idea for the further development of implantable neural interfaces [16]. A soft neural implant fully based on PDMS as the electronic dura mater was also proposed for spinal cord injury rehabilitation, which can narrow the mechanical mismatch gap between soft neural tissues and neural implants [17].



PDMS is an important material for biological application including neural interface [18,19,20,21,22,23,24], but it is not easy to accurately remove the PDMS encapsulation layer due to its chemical inertness and mechanical softness. Of course, PDMS film can be easily mechanically punched with relatively low spatial resolution. For higher resolution, PDMS film can also be micro-machined by reactive ion etching (RIE) with a maximum etch rate of 20 μm/h [25]. However, the RIE of PDMS usually requires extra mask on PDMS and the etch rate is relatively slow. Recently, the laser-processing technology of PDMS has emerged, which can enable fast and maskless fabrication. Many researchers use laser ablation technology, which works through a linear light absorption mechanism of light intensity to perform graphic processing on metal, conductor, and polymer surfaces [26,27]. PDMS has been modified and micromachined by femtosecond laser pulses [28,29,30,31,32,33], which can process most polymer and metal materials without regard to the over etching of different layers. Wolfe et al. used high-intensity light from a Ti: sapphire femtosecond pulse laser to create patterns on PDMS surface for soft lithography and microfluidics [34]. The bas-relief pattern required in these applications is usually fabricated by casting the PDMS on a complementary bas-relief pattern in a photoresist and then manufactured by lithography. These rough, concave features produced by this process are useful in applications that require a large surface area-to-volume ratio, and are not suitable for planar machining. Femtosecond laser processing provides widths as low as 1 μm for 3D channels [35], which is as low in size as soft lithography. Rather than manufacturing polymer channels, femtosecond lasers are more suitable for machining channels in harder materials such as quartz [36].



PDMS can also be micromachined by infrared and near-infrared laser [37,38,39], which may apply additional heat on the PDMS layer. Lin Qi reported a method of using an infrared commercial laser engraving machine to write surface wrinkles with the desired pattern geometry on PDMS [37]. This method is easy to operate, fast, and low-cost, but the infrared laser creates wrinkles and cracks on the surface of the PDMS, which does not meet the requirements for precise processing of the PDMS on the surface of the neural electrodes.



The types of laser sources available are diverse and the principles are different, so the heat-related side effects vary greatly in the laser processing of PDMS. Despite of the pulse width of the laser, the shorter wavelength can induce less heat during the fabrication process. PDMS can be micromachined by ultraviolet laser [40,41,42], which induces less heat side effect on PDMS. In particular, PDMS are sensitive to ultraviolet light below 230 nm; hence, excimer lasers that, in the lower band of the ultraviolet band, can be used for precise processing without the need for sensitizers [43,44,45]. Using excimer lasers as a cold micromachining tool, it is promising to selectively remove the PDMS encapsulation layer without damaging the other materials of the devices.



In order to find the optimal laser micro-processing parameters, here we performed extensive experiments to process the PDMS on the neural electrode surface without damaging the surface metal of the electrode. Firstly, we prepared PDMS-encapsulated neural electrodes. Then, excimer laser cutting parameters were designed and selected to precisely remove the PDMS encapsulation layer which can expose the electrode sites in an implantable neural interface. The electrochemical impedance spectroscopy (EIS) was analyzed to construct the equivalent circuit models, which can contribute to revealing the details of the neural electrode.




2. Materials and Methods


2.1. Neural Electrode


The flexible printed circuit (FPC) board is lightweight, small in size, and has good insulation properties, sealing properties, and radiation resistance. The properties that can be dynamically bent, curled, and folded give it a good advantage in the preparation of invasive neural interface devices. Here, we used the single-layer flexible circuit board, and the structure is shown in Figure 1. The upper and lower sides of the Cu (thickness 18 μm) and polyimide (thickness 12.5 μm) are glued together with adhesive (thickness 20 μm–25 μm). The flexible circuit board is then plated with nickel (thickness is 1.78 μm–5.33 μm) and Au (thickness is 0.044 μm–0.089 μm).



The material of the encapsulation layer used here was 184 Silicone Elastomer Kit of Dow Corning (DOWSIL). First, basic monomer A and curing agent B were mixed thoroughly in a 10:1 weight ratio. Then, the mixture was put into a vacuum dryer to remove the bubbles created in the mixing process by using a low-pressure method. The liquid PDMS was applied on 4-inch glass wafer at a spinning speed of 4000 r/min and cured in a drying oven at 80 degrees for 3 h, which acted as a substrate to secure the adhesion of the electrodes to facilitate subsequent processing. Another part of liquid PDMS was applied evenly to the neural electrode and then suspended vertically for two hours. Finally, the wafer and the electrodes were baked in a drying oven at 80 degrees for at least 3 h in order to fully cure. Here, the PDMS encapsulation layer acted as a soft mechanical layer for the FPC-based flexible neural electrode, which can reduce the mechanical mismatch between the neural tissue and flexible neural electrode. This strategy can also be applied to rigid neural electrodes such as Si probes. The flexible circuit board (FPC) technology we used is flexible but not soft because the Young’s modulus of polyimide is in the order of GPa (109 Pa). However, PDMS is so intrinsically soft that its Young’s modulus is in the order of MPa (106 Pa). Therefore, by encapsulating the flexible electrode with a soft PDMS layer, we want to give the softness to the flexible electrode. This approach has the potential to narrow the mechanical mismatch gap between soft neural tissues and flexible neural implants.



Shown in Figure 1, we used an excimer laser as a cold micro-machining tool for the precise removal of the PDMS encapsulation layer, which can expose the electrode sites in an implantable neural interface. The different laser parameters and their combinations determine whether the PDMS encapsulation layer can be accurately removed and whether it causes damage to the neural electrodes below. If the laser pulse energy used is too high or the number of hits is too high, the laser will not only penetrate the PDMS encapsulation layer but also damage the Au and even the Ni and Cu of the electrode, resulting in a decrease in the performance of the electrode, including electrochemical impedance and biocompatibility. The purpose of the optimization is to find the exact state in which PDMS encapsulation layer can be removed completely without damaging the neural electrodes, that is, the optimal combination of laser processing parameters.




2.2. Excimer Laser


An excimer pulse laser with a wavelength of 193 nm (filled with an ArF premix gas, Optec Micro Master device) was used as a laser source in our study to remove PDMS encapsulation layer which can expose the electrode sites. Excimer lasers output ultraviolet light, and PDMS can absorb ultraviolet light below 220 nm. The ArF lasers emit 6.4 eV photons, which are much higher than the bond energy in   Si −   CH  3    (3.2 eV) and   Si – O   (4.6 eV). Therefore, PDMS can be decomposed by ArF laser. Because the 193 nm laser can be fully absorbed by PDMS, it can be processed precisely without thermal effects compared with other laser processing methods [46].



The cutting parameters of excimer laser we studied included laser pulse energy, number of processes, and pulse repetition rate. The laser emitted by the laser source was trimmed through the template in size and shape to form the desired spot. The PDMS encapsulation layer was micro-machined one by one with the excimer laser to form the electrode site after aligning the laser beam to the specific position on the neural device. It is possible that the excimer laser can remove PDMS with sizes of tens of microns. However, this approach needs a higher precision displacement positioning platform to align the beam and electrode. Here, we studied and compared the processing of the 200 μm diameter circular template and the 200 * 450 μm rectangular template.




2.3. Orthogonal Experimental Design


Firstly, we conducted a series of experiments which covered a range of laser pulse energy 0.5 mJ–8 mJ, laser processing times 1 times–1500 times, and repetition rate 1 Hz–500 Hz. Parameters that are too small or too large, and the combinations between them, do not yield satisfactory experimental results. As is shown in Table 1, when using low laser pulse energy and small number, the impedance is high because the PDMS on the electrode surface is not penetrated. When using low pulse energy and large number, the PDMS cutting edges are not neat. When using high laser pulse energy, the impedance is too low because the laser not only penetrates the PDMS but also damages the Au on the electrodes. With minimal processing time and energy consumption, we wanted to find just the right state to penetrate the PDMS without damaging the electrodes.



After determining the parameter range, we performed a combinatorial experiment on these parameters. One optimization method is the method of factorial, that is, each level of each factor is tested at each level of each other factor. This approach increases the possibility of finding an exact optimal value for each factor, but it is too cumbersome. Another method, such as the orthogonal experimental design created by Taguchi, is based on the fractional principle of factorial design, using an orthogonal table derived from combination theory. The optimum levels for many different parameters can be simultaneously discovered, which can greatly reduce the time and cost [47,48]. To find the optimal excimer laser cutting parameters, the experiment was designed using the Orthogonal Test Design Assistant software. Nine sets of experiments were performed by setting three different levels of three factors: (A) laser pulse energy, (B) the number of laser pulses used to process the sample, and (C) repetition rate of laser pulses. Each set of experiments was repeated 6 times. In the orthogonal experiment, the pulse energy of (A) was 3 mJ, 4 mJ, and 5 mJ; the number of laser processing was 400 times, 500 times, and 600 times; and the repetition rate was 100 Hz, 200 Hz, and 300 Hz. The values and the labels of the three factors and three levels is shown in Table 2. This experiment is a 3-factor, 3-level experiment, so the type of orthogonal table is    L 9     (   3 3   )   , as shown in Table 3.




2.4. Electrochemical Impedance Measurement and Analysis


The electrochemical impedance, as a key factor for neural electrodes, is very important for neural recording and electrical stimulation, which is the main function of neural electrodes. The electrochemical measurements were taken in the saline (0.9% NaCl) at room temperature with a standard three-electrode system, using an Ag/AgCl reference electrode and a titanium (Ti) wire (1 mm in diameter) counter electrode. Electrochemical impedance spectroscopy (EIS) measurements were performed by using a voltage sinewave of 10 mV amplitude, within the frequency range from 1 Hz to 100 kHz. We optimized the electrochemical impedance by combining laser processing parameters, which is the evaluation quality index of laser processing performance on the electrode. Neural electrodes were connected to a 4 mm banana adaptor plate by a reverse flexible printed circuit (FPC).



The EIS data were analyzed and the equivalent circuit models were also built and fitted by the ZView software (North Carolina, 3.10 Version). Electrochemical impedance at the representative frequencies were analyzed to help construct equivalent circuit models. The impedance at 1 kHz is widely referred to evaluate neural electrode. In addition, the impedance of electrodes at high frequency (100 kHz) describes the characteristics of capacitance components, while the impedance at low frequency (1 Hz) describes the characteristics of other components, such as resistance.





3. Results and Discussion


3.1. Orthogonal Experimental Analysis of EIS


3.1.1. Range Analysis


Range analysis is also called intuitive analysis. By calculating the range of each factor, we can find the main factors and secondary factors that affect the experimental results; that is, we can arrange the order of the factors affecting the indicator. The greater the extreme difference, the greater the influence of each factor on the experimental results. We analyze the average of the results of six replicated experiments for each set of experiments. The calculation of the range of the three factors of the nine experimental groups is shown in Table 4 and Table 5. Based on the impedance and the size of the presented design, it is too big for neural spike detection. The proposed soft neural electrode based on FPC technology and PDMS can be used for neural recording of ECoG and neural stimulation of the cerebral cortex or spinal cord in larger animal models, such as pigs and monkeys.



By optimizing the range of electrochemical impedances, the main factors affecting electrode performance at different frequencies are found. At 1 kHz, impedance is widely used to evaluate neural electrodes, and in the 200 * 450 μm rectangular template, factor A (pulse energy) > factor B (number) > factor C (repetition rate). That is, the order of factors affecting the impedance of the laser processing electrode is A > B> C. In the 200-diameter circular template, factor A (pulse energy) > factor C (repetition rate) > factor B (number). That is, the order of factors affecting the impedance of the laser processing electrode is A > C > B. Moreover, the difference between factor A (pulse energy) is significantly greater than the difference between factor B (number) and factor C (repetition rate), indicating that laser pulse energy are the main factors affecting the impedance of the electrode. Further demonstrating the phenomenon shown in Table 1, when the laser pulse energy is small, even if the number of laser strikes is large, the edges of the pattern are also not sharp. It makes sense to find the optimal laser processing parameters to precisely remove the PDMS encapsulation layer by optimizing the electrochemical impedance.




3.1.2. Mean Analysis


The mean calculations of the nine group experiments are shown in Table 6 and Table 7. We analyze the average of the results of six replicated experiments for each set of experiments. By optimizing the mean of the electrochemical impedance, the optimal combinations of parameters at different frequencies are found. As shown in Table 6 and Table 7, for the two templates, the best combination parameter is A3B3C3, in which the pulse energy is 5 mJ, the number is 600 times, and the repetition rate is 300 Hz at 1 kHz. Figure 2 and Figure 3 present the mean results of different factors at their respective levels in orthogonal experiments in a more intuitive way, which can further validate the conclusions of the above optimal combination of parameters. Under the same template, it is observed that the higher the laser pulse energy, the smaller the electrode impedance. Meanwhile, it is that the greater the number of laser hits, the smaller the impedance of the electrode.



At low frequencies, the characteristics of the resistance, impedance, and phase angle are described as having a strong correlation with the electrode area. At high frequencies, the characteristics of the capacitor, impedance, and phase angle are described independent of the electrode area [49,50,51]. As shown in Table 8, the total average impedance at low frequencies is significantly greater than at high frequencies in the two templates. That is, the total average at 1 Hz and 100 Hz are significantly higher than the averages at 10 kHz and 100 kHz. The experimental results obtained are consistent with the theory.





3.2. Orthogonal Experimental Analysis Based on Equivalent Circuit Model


By fitting the experimental electrochemical impedance data to an appropriate equivalent circuit model, the evolution of the characteristics of the electrode system in vitro can be further understood. The first step in this process requires the design and selection of a sufficient circuit model that can satisfactorily fit the data while achieving a physical interpretation of the parameters.



3.2.1. Construction of Equivalent Circuit Model


By adding a non-ideal capacitor in parallel to the modified Randles circuit, the equivalent circuit model established is shown as the inserted diagram in Figure 4. Five different components describe this equivalent circuit. R1 is the pure resistance of the electrode, including the Cu wire, NaCl solution, the wire of the electrode, etc. CPE2 characterizes the non-ideal capacitive nature of the electrode interface as a constant phase element. R2 is the charge transfer resistance. The Warburg element (W1) states that the interface is mixed controlled by the charge transfer and diffusion process. CPE1 is a non-ideal parasitic capacitance which is used to consider the capacitive characteristics of the polyimide and PDMS layer. The role of the parasitic capacitor is not very prominent at low frequencies, but at high frequencies, its equivalent value increases. As displayed in Figure 4, the equivalent circuit model provides fairly good fitting to the measured EIS data. An electrochemical interface was created by the selective removal of PDMS soft encapsulation layer. Implantable neural electrodes do not reach the 100 kHz frequency when actually performing neural recording. However, it should be noticed that the capacitance of the neural electrode may lead to the leakage of stimulation current. It increases the necessity of building the equivalent circuit model and giving a detailed analysis of each component.




3.2.2. Range Analysis


As shown in Table 9 and Table 10, respectively, at 1 kHz, the rectangular template of 200 * 450 μm and the circular template of 200 μm diameter fit the data for each component of the equivalent circuit model. By optimizing the difference in the electrochemical impedance, the dominant factors affecting the fitting effect of each component are found. As shown in Table 9, in the rectangular template of 200 * 450 μm, for R2 (charge transfer resistance) and R1 (resistance of the solution), factor A (pulse energy) > B (number) > factor C (repetition rate); that is, the order of laser processing factors that affect the impedance of the electrode is A > B > C. For CPE1 (parasitic capacitance), CPE2 (characterizing non-ideal constant phase elements), and Warburg components, factor B (number) is the dominant factor. As shown in Table 10, for R1 (solution resistance), R2 (charge transfer resistance), and Warburg components, factor A (pulse energy) is the dominant factor.



As shown in Table 9, for R2 (charge transfer resistance) at 200 * 450 μm rectangular template, factor A (pulse energy) > B (number) > factor C (repetition rate). This phenomenon is the same as the dominant factor analysis results of the two templates in Table 4 at 1 kHz, which further proves the reliability of the experimental results.




3.2.3. Mean Analysis


The total optimal combinations of each component parameters are shown in Table 11 and Table 12. Based on different components or their parameters, the optimal combinations vary from each other, which can contribute to revealing the detailed effect of the laser micro-machining of PDMS as an encapsulation layer. The optimal combinations of laser parameters based on the equivalent circuit model are different from that of EIS. It should be also noted that size of the electrode also impacts the combination of laser parameters. For R2 as the charge transfer resistance, the 200 * 450 μm rectangular size requires more pulse energy than that of the 200-diameter circular size. In the equivalent circuit model, the smaller the Warburg element, the better it will behave as a neural interface. Here, we focus on the discussion of W-R as the diffusion resistance. By optimizing the mean of the electrochemical impedance of each fitted component, the combinations of parameters that can achieve the best fit are found. As shown in Table 11, for W at the 200 * 450 μm rectangular template fitted, the optimal combination of parameters is A3B3C2; that is, the pulse energy is 5 mJ, the number is 600 times, and the repetition rate is 200 Hz. Moreover, for W at the 200-diameter circular template fitted, the optimal combination of parameters is A3B3C3; that is, the pulse energy is 5 mJ, the number is 600 times, and the repetition rate is 300 Hz.



PDMS has important application value in the areas of implants, including the neural interfaces, yet selective removal of the PDMS encapsulation layer is still a big challenge. In the paper, we proposed and successfully prepared a soft electrode based on the FPC technology and PDMS encapsulation layer by using an excimer laser as a cold micromachining tool. The influence of orthogonal laser cutting parameters on the electrochemical impedance of neural electrodes was investigated and optimized. Our experimental results show that excimer lasers can be applied in the micromachining of implantable neural interfaces, which can remove the PDMS with high selectivity and cause no damage to the other materials of neural electrode. Furthermore, The Young’s modulus of flexible electrode that is made of polyimide or parylene is in the order of GPa (109 Pa). Meanwhile, PDMS is so intrinsically soft that its Young’s modulus is in the order of MPa (106 Pa). Using the soft PDMS layer to encapsulate the flexible electrode will improve the mechanical contact between the soft neural tissue and flexible electrode materials, which has the potential to reduce the mechanically induced foreign body reaction. It should also be mentioned that the Young’s modulus of rigid electrode that is made of silicon or metal is in the order of hundreds GPa (1011 Pa), and the rigid electrode could also benefit from this approach.






4. Conclusions


We demonstrated the soft neural electrode based on FPC technology and a PDMS encapsulation layer. Using an excimer laser as a cold micro-machining tool, the PDMS encapsulation layer that exposes the electrode sites in the implantable neural interface is precisely removed. The effect of the laser cutting parameters on the electrochemical impedance of neural electrodes was studied and optimized. The analysis on electrode impedance data at different frequencies helps to find the optimal combination of excimer laser cutting parameters, including range analysis and mean analysis. In addition, the optimal combinations of laser parameters based on the equivalent circuit model are different from that of EIS, which can reveal the details of the electrochemical properties of neural electrodes with PDMS as an encapsulation layer. Suitable laser cutting parameters allow the precise cutting of the PDMS of implantable neural electrodes without compromising electrode performance. Combined with the softness and biocompatibility of PDMS, this cold micromachining approach is expected to improve the soft mechanical properties of flexible and rigid implantable neural electrodes.







Author Contributions


Conceptualization, X.K.; investigation M.W., Y.Z., J.B., L.N. and X.K.; formal analysis, M.W., J.Z., L.L., A.W. and X.K.; writing—original draft preparation, M.W. and X.K.; writing—review and editing, M.W., J.T., J.L., L.Z. and X.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by the National Natural Science Foundation of China, grant no. 61904038 and no. U1913216; the National Key Research and Development Program of China, grant no. 2021YFC0122702; the Shanghai Sailing Program, grant no. 19YF1403600; the Shanghai Municipal Science and Technology Commission, grant no. 19441907600, no.19441908200, and no. 19511132000; the Fudan University-CIOMP Joint Fund, grant no.FC2019-002; the Opening Project of Shanghai Robot Industry R&D and Transformation Functional Platform, grant no. KEH2310024; the Opening Project of Zhejiang Lab, grant no. 2021MC0AB01; the Ji Hua Laboratory, grant no. X190021TB190; and the Shanghai Municipal Science and Technology Major Project, grant no. 2021SHZDZX0103 and no. 2018SHZDZX01.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Liu, S.; Zhao, Y.; Hao, W.; Zhang, X.D.; Ming, D. Micro- and nanotechnology for neural electrode-tissue interfaces. Biosens. Bioelectron. 2020, 170, 112645. [Google Scholar] [CrossRef] [PubMed]

	



He, F.; Lycke, R.; Ganji, M.; Xie, C.; Luan, L. Ultraflexible Neural Electrodes for Long-Lasting Intracortical Recording. iScience 2020, 23, 101387. [Google Scholar] [CrossRef] [PubMed]

	



Fairfield, J.A. Nanostructured Materials for Neural Electrical Interfaces. Adv. Funct. Mater. 2018, 28, 1701145. [Google Scholar] [CrossRef]

	



Cogan, S.F. Neural stimulation and recording electrodes. Annu. Rev. Biomed. Eng. 2008, 10, 275–309. [Google Scholar] [CrossRef] [PubMed]

	



Pfurtscheller, G.; Guger, C.; Muller, G.; Krausz, G.; Neuper, C. Brain oscillations control hand orthosis in a tetraplegic. Neurosci. Lett. 2000, 292, 211–214. [Google Scholar] [CrossRef]

	



Lacour, S.P.; Benmerah, S.; Tarte, E.; FitzGerald, J.; Serra, J.; McMahon, S.; Fawcett, J.; Graudejus, O.; Yu, Z.; Morrison, B. Flexible and stretchable micro-electrodes for in vitro and in vivo neural interfaces. Med. Biol. Eng. Comput. 2010, 48, 945–954. [Google Scholar] [CrossRef]

	



Lötters, J.C.; Olthuis, W.; Veltink, P.H.; Bergveld, P. The mechanical properties of the rubber elastic polymer polydimethylsiloxane for sensor applications. J. Micromech. Microeng. 1997, 7, 145. [Google Scholar] [CrossRef]

	



Abbasi, F.; Mirzadeh, H.; Katbab, A.A. Modification of polysiloxane polymers for biomedical applications: A review. Soc. Chem. Ind. 2001, 50, 1279–1287. [Google Scholar] [CrossRef]

	



Sia, S.K.; Whitesides, G.M. Microfluidic devices fabricated in poly(dimethylsiloxane) for biological studies. Electrophoresis 2003, 24, 3563–3576. [Google Scholar] [CrossRef]

	



Guo, L.; Guvanasen, G.S.; Liu, X.; Tuthill, C.; Nichols, T.R.; DeWeerth, S.P. A PDMS-based integrated stretchable microelectrode array (isMEA) for neural and muscular surface interfacing. IEEE Trans. Biomed. Circuits Syst. 2012, 7, 1–10. [Google Scholar]

	



Kim, J.-M.; Oh, D.-R.; Sanchez, J.; Kim, S.-H.; Seo, J.-M. Fabrication of polydimethylsiloxane (PDMS)-based multielectrode array for neural interface. In Proceedings of the 2013 35th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Osaka, Japan, 3–7 July 2013; pp. 1716–1719. [Google Scholar]

	



Delivopoulos, E.; Chew, D.J.; Minev, I.R.; Fawcett, J.W.; Lacour, S.P. Concurrent recordings of bladder afferents from multiple nerves using a microfabricated PDMS microchannel electrode array. Lab Chip 2012, 12, 2540–2551. [Google Scholar] [CrossRef] [PubMed]

	



Delivopoulos, E.; Minev, I.R.; Lacour, S.P. Evaluation of negative photo-patternable PDMS for the encapsulation of neural electrodes. In Proceedings of the 2011 5th International IEEE/EMBS Conference on Neural Engineering, Cancun, Mexico, 27 April 2011–1 May 2011; pp. 490–494. [Google Scholar]

	



Ochoa, M.; Wei, P.; Wolley, A.J.; Otto, K.J.; Ziaie, B. A hybrid PDMS-Parylene subdural multi-electrode array. Biomed. Microdevices 2013, 15, 437–443. [Google Scholar] [CrossRef] [PubMed]

	



Babaroud, N.B.; Dekker, R.; Serdijn, W.; Giagka, V. PDMS-Parylene adhesion improvement via ceramic interlayers to strengthen the encapsulation of active neural implants. In Proceedings of the 2020 42nd Annual International Conference of the IEEE Engineering in Medicine & Biology Society (EMBC), Montreal, QC, Canada, 20–24 July 2020; pp. 3399–3402. [Google Scholar]

	



Ordonez, J.S.; Boehler, C.; Schuettler, M.; Stieglitz, T. Silicone rubber and thin-film polyimide for hybrid neural interfaces—A MEMS-based adhesion promotion technique. In Proceedings of the 2013 6th International IEEE/EMBS Conference on Neural Engineering (NER), San Diego, CA, USA, 6–8 November 2013; pp. 872–875. [Google Scholar]

	



Minev, I.R.; Musienko, P.; Hirsch, A.; Barraud, Q.; Wenger, N.; Moraud, E.M.; Gandar, J.; Capogrosso, M.; Milekovic, T.; Asboth, L. Electronic dura mater for long-term multimodal neural interfaces. Science 2015, 347, 159–163. [Google Scholar] [CrossRef]

	



Yeon, P.; Rajan, S.K.; Falcone, J.; Gonzalez, J.L.; May, G.S.; Bellamkonda, R.V.; Brand, O.; Bakir, M.S.; Ghovanloo, M. Microfabrication, Coil Characterization, and Hermetic Packaging of Millimeter-Sized Free-Floating Neural Probes. IEEE Sens. J. 2021, 21, 13837–13848. [Google Scholar] [CrossRef]

	



Li, X.R.; Song, Y.L.; Xiao, G.H.; Xie, J.Y.; Dai, Y.C.; Xing, Y.; He, E.H.; Wang, Y.; Xu, S.W.; Zhang, L.L.; et al. Flexible Electrocorticography Electrode Array for Epileptiform Electrical Activity Recording under Glutamate and GABA Modulation on the Primary Somatosensory Cortex of Rats. Micromachines 2020, 11, 732. [Google Scholar] [CrossRef]

	



Trevathan, J.K.; Baumgart, I.W.; Nicolai, E.N.; Gosink, B.A.; Asp, A.J.; Settell, M.L.; Polaconda, S.R.; Malerick, K.D.; Brodnick, S.K.; Zeng, W.F.; et al. An Injectable Neural Stimulation Electrode Made from an In-Body Curing Polymer/Metal Composite. Adv. Healthc. Mater. 2019, 8, 1900892. [Google Scholar] [CrossRef]

	



Lee, W.R.; Im, C.; Park, H.Y.; Seo, J.M.; Kim, J.M. Fabrication of Convex PDMS-Parylene Microstructures for Conformal Contact of Planar Micro-Electrode Array. Polymers 2019, 11, 1436. [Google Scholar] [CrossRef]

	



Zhao, Y.W.; Wang, K.; Li, S.W.; Zhang, P.; Shen, Y.; Fu, Y.; Zhang, Y.; Zhou, J.; Wang, C.Y. Polydimethylsiloxane (PDMS)-Based Flexible Optical Electrodes with Conductive Composite Hydrogels Integrated Probe for Optogenetics. J. Biomed. Nanotechnol. 2018, 14, 1099–1106. [Google Scholar] [CrossRef]

	



Adly, N.; Weidlich, S.; Seyock, S.; Brings, F.; Yakushenko, A.; Offenhausser, A.; Wolfrum, B. Printed microelectrode arrays on soft materials: From PDMS to hydrogels. NPJ Flex. Electron. 2018, 2, 1–9. [Google Scholar] [CrossRef]

	



Biswas, S.; Sikdar, D.; Das, D.; Mahadevappa, M.; Das, S. PDMS based multielectrode arrays for superior in-vitro retinal stimulation and recording. Biomed. Microdevices 2017, 19, 1–14. [Google Scholar] [CrossRef]

	



Garra, J.; Long, T.; Currie, J.; Schneider, T.; White, R.; Paranjape, M. Dry etching of polydimethylsiloxane for microfluidic systems. J. Vac. Sci. Technol. A 2002, 20, 975–982. [Google Scholar] [CrossRef]

	



Dubowski, J.; Julier, M.; Sproule, G.; Mason, B. Laser-assisted dry etching ablation for microstructuring of III-V semiconductors. MRS Online Proc. Libr. (OPL) 1995, 397, 509. [Google Scholar] [CrossRef]

	



Wang, J.; Niino, H.; Yabe, A. Micromachining of quartz crystal with excimer lasers by laser-induced backside wet etching. Appl. Phys. A 1999, 69, S271–S273. [Google Scholar] [CrossRef]

	



Liang, C.; Su, W.; Sun, X.; Hu, Y.; Duan, J.A. Femtosecond Laser Patterning Wettability-Assisted PDMS for Fabrication of Flexible Silver Nanowires Electrodes. Adv. Mater. Interfaces 2021, 8, 2100608. [Google Scholar] [CrossRef]

	



Saadat, M.; Taylor, M.; Hughes, A.; Hajiyavand, A.M. Rapid prototyping method for 3D PDMS microfluidic devices using a red femtosecond laser. Adv. Mech. Eng. 2020, 12, 1687814020982713. [Google Scholar] [CrossRef]

	



Yong, J.L.; Chen, F.; Huo, J.L.; Fang, Y.; Yang, Q.; Zhang, J.Z.; Hou, X. Femtosecond laser induced underwater superaerophilic and superaerophobic PDMS sheets with through microholes for selective passage of air bubbles and further collection of underwater gas. Nanoscale 2018, 10, 3688–3696. [Google Scholar] [CrossRef] [PubMed]

	



Nakajima, Y.; Hayashi, S.; Katayama, A.; Nedyalkov, N.; Terakawa, M. Femtosecond Laser-Based Modification of PDMS to Electrically Conductive Silicon Carbide. Nanomaterials 2018, 8, 558. [Google Scholar] [CrossRef]

	



Yong, J.L.; Chen, F.; Yang, Q.; Du, G.Q.; Bian, H.; Zhang, D.S.; Si, J.H.; Yun, F.; Hou, X. Rapid Fabrication of Large-Area Concave Micro lens Arrays on PDMS by a Femtosecond Laser. ACS Appl. Mater. Interfaces 2013, 5, 9382–9385. [Google Scholar] [CrossRef]

	



Zhang, X.; Yao, Z.; Hou, Z.; Song, J. Processing and Profile Control of Microhole Array for PDMS Mask with Femtosecond Laser. Micromachines 2022, 13, 340. [Google Scholar] [CrossRef]

	



Wolfe, D.B.; Ashcom, J.B.; Hwang, J.C.; Schaffer, C.B.; Mazur, E.; Whitesides, G.M. Customization of poly(dimethylsiloxane) stamps by micromachining using a femtosecond-pulsed laser. Adv. Mater. 2003, 15, 62. [Google Scholar] [CrossRef]

	



Kim, T.N.; Campbell, K.; Groisman, A.; Kleinfeld, D.; Schaffer, C.B. Femtosecond laser-drilled capillary integrated into a microfluidic device. Appl. Phys. Lett. 2005, 86, 201106. [Google Scholar] [CrossRef]

	



Borasi, L.; Casamenti, E.; Charvet, R.; Denereaz, C.; Pollonghini, S.; Deillon, L.; Yang, T.; Ebrahim, F.; Mortensen, A.; Bellouard, Y. 3D metal freeform micromanufacturing. J. Manuf. Process. 2021, 68, 867–876. [Google Scholar] [CrossRef]

	



Qi, L.; Ruck, C.; Spychalski, G.; King, B.; Wu, B.; Zhao, Y. Writing Wrinkles on Poly(dimethylsiloxane) (PDMS) by Surface Oxidation with a CO2 Laser Engraver. ACS Appl. Mater. Interfaces. 2018, 10, 4295–4304. [Google Scholar] [CrossRef] [PubMed]

	



Guler, M.T. Fabricating plasma bonded microfluidic chips by CO2 laser machining of PDMS by the application of viscoelastic particle focusing and droplet generation. J. Manuf. Process. 2022, 73, 260–268. [Google Scholar] [CrossRef]

	



Qiang, Y.-X.; Zhu, C.-H.; Wu, Y.-P.; Cui, S.; Liu, Y. Bio-inspired semi-transparent silver nanowire conductor based on a vein network with excellent electromechanical and photothermal properties. RSC Adv. 2018, 8, 23066–23076. [Google Scholar] [CrossRef]

	



Wu, C.; Xu, J.; Zhang, T.; Xin, G.; Li, M.; Rong, Y.; Zhang, G.; Huang, Y. Precision cutting of PDMS film with UV-nanosecond laser based on heat generation-diffusion regulation. Opt. Laser Technol. 2022, 145, 107462. [Google Scholar] [CrossRef]

	



Hohnholz, A.; Obata, K.; Nakajima, Y.; Koch, J.; Terakawa, M.; Suttmann, O.; Overmeyer, L. Hybrid UV laser direct writing of UV-curable PDMS thin film using aerosol jet printing. Appl. Phys. A 2019, 125, 1–6. [Google Scholar] [CrossRef]

	



Yan, Z.; Huang, X.; Yang, C. Rapid prototyping of single-layer microfluidic PDMS devices with abrupt depth variations under non-clean-room conditions by using laser ablation and UV-curable polymer. Microfluid. Nanofluid. 2017, 21, 1–9. [Google Scholar] [CrossRef]

	



Lippert, T.K.; Bennett, L.; Kunz, T.; Hahn, C.; Wokaun, A.J.; Furutani, H.; Fukumura, H.; Masuhara, H.M.; Nakamura, T.; Yabe, A. Photopolymers designed for high-resolution laser ablation at a specific irradiation wavelength. In Proceedings of the Excimer Lasers, Optics, and Applications, San Jose, CA, USA, 31 March 1997; pp. 135–143. [Google Scholar]

	



Athanassiou, A.; Lassithiotaki, M.; Anglos, D.; Georgiou, S.; Fotakis, C. A comparative study of the photochemical modifications effected in the UV laser ablation of doped polymer substrates. Appl. Surf. Sci. 2000, 154, 89–94. [Google Scholar] [CrossRef]

	



Grzybowski, B.A.; Haag, R.; Bowden, N.; Whitesides, G.M. Generation of micrometer-sized patterns for microanalytical applications using a laser direct-write method and microcontact printing. Anal. Chem. 1998, 70, 4645–4652. [Google Scholar] [CrossRef]

	



Kusaka, Y.; Hirata, A.; Ushijima, H. Direct adhesion contrast patterning on PDMS substrate by ArF excimer laser scanning for on-demand printing of functional layers. Int. J. Adv. Manuf. Technol. 2018, 99, 859–865. [Google Scholar] [CrossRef]

	



Zhu, J.J.; Chew, D.A.S.; Lv, S.N.; Wu, W.W. Optimization method for building envelope design to minimize carbon emissions of building operational energy consumption using orthogonal experimental design (OED). Habitat. Int. 2013, 37, 148–154. [Google Scholar] [CrossRef]

	



Ballantyne, K.; Van Oorschot, R.; Mitchell, R. Reduce optimisation time and effort: Taguchi experimental design methods. Forensic Sci. Int. Genet. Suppl. Ser. 2008, 1, 7–8. [Google Scholar] [CrossRef]

	



Harris, A.R.; Paolini, A.G. Correlation of impedance and effective electrode area of iridium oxide neural electrodes. Aust. J. Chem. 2017, 70, 1016–1024. [Google Scholar] [CrossRef]

	



Harris, A.R.; Hutchinson, R.; Molino, P.J.; Kapsa, R.M.I.; Clark, G.M.; Paolini, A.G.; Wallace, G.G. Correlation of Impedance and Effective Electrode Area of Dextran Sulfate Doped PEDOT Modified Electrodes. J. Electrochem. Soc. 2016, 163, H534–H540. [Google Scholar] [CrossRef]

	



Harris, A.R.; Molino, P.J.; Kapsa, R.M.; Clark, G.M.; Paolini, A.G.; Wallace, G.G. Correlation of the impedance and effective electrode area of doped PEDOT modified electrodes for brain-machine interfaces. Analyst 2015, 140, 3164–3174. [Google Scholar] [CrossRef]








[image: Micromachines 13 01484 g001 550] 





Figure 1. Soft neural electrode based on FPC technology and PDMS encapsulation layer. The PDMS layer serves as an intermediate layer which can reduce the mechanical mismatch between the flexible polyimide layer and neural tissue. 
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Figure 2. Effect curve of electrochemical impedance using 200 * 450 μm rectangular template at 1 kHz. 
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Figure 3. Effect curve of electrochemical impedance using 200 μm circle template at 1 kHz. 
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Figure 4. The equivalent circuit model and representative electrochemical impedance spectroscopy (EIS) of the soft neural electrode based on FPC technology and PDMS encapsulation layer. The symbols are measured EIS data, and the solid lines are fitted data by calculation. The inserted diagram is the corresponding equivalent circuit model. 
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Table 1. Combinations of parameters too high or too low lead to unsatisfactory experimental results.
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	Low Pulse Energy (<3 mJ)
	High Pulse Energy (>5 mJ)





	small number (<400 times)
	PDMS is not penetrated
	electrode is damaged



	large number (>600 times)
	PDMS cutting edges are not neat
	electrode is damaged
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Table 2. The values and the labels of the three factors and three levels. For example, 3 mJ is labeled as A1.
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	Level
	(A) Pulse Energy (mJ)
	(B) Number (Times)
	(C) Repetition Rate (Hz)





	1
	3
	400
	100



	2
	4
	500
	200



	3
	5
	600
	300
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Table 3. Nine sets of laser parameter combinations. The combinations are: A1B1C1, A1B2C2, A1B3C3, A2B1C2, A2B2C3, A2B3C1, A3B1C3, A3B2C1, and A3B3C2.
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	Experimental Label
	(A) Pulse Energy (mJ)
	(B) Number (Times)
	(C) Repetition Rate (Hz)





	1
	3
	400
	100



	2
	3
	500
	200



	3
	3
	600
	300



	4
	4
	400
	200



	5
	4
	500
	300



	6
	4
	600
	100



	7
	5
	400
	300



	8
	5
	500
	100



	9
	5
	600
	200
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Table 4. The range analysis data for 200 * 450 μm rectangular template.
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	200 * 450 μm
	1 Hz (Ω)
	100 Hz (Ω)
	1 KHz (Ω)
	10 KHz (Ω)
	100 KHz (Ω)





	(A) Pulse energy
	51,247.3
	25,884.9
	14,031.7
	7414.3
	2230.9



	(B) Number
	50,614.4
	20,682.5
	12,419.0
	6670.6
	2506.1



	(C) Repetition rate
	34,187.2
	10,744.1
	6065.7
	3012.6
	609.6



	Dominant factor
	A > B > C
	A > B > C
	A > B > C
	A > B > C
	B > A > C
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Table 5. The range analysis data for 200-diameter circular template.
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	200 μm
	1 Hz (Ω)
	100 Hz (Ω)
	1 KHz (Ω)
	10 KHz (Ω)
	100 KHz (Ω)





	(A) Pulse energy
	338,858.1
	165,371.1
	69,091.4
	29,252.6
	9197.4



	(B) Number
	71,222.3
	33,870.8
	12,170.4
	5193.7
	2462.5



	(C) Repetition rate
	140,860.4
	63,946.0
	29,342.0
	11,636.4
	4932.8



	Dominant factor
	A > C > B
	A > C > B
	A > C > B
	A > C > B
	A > C > B
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Table 6. Mean value data for 200 * 450 μm rectangular template.
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	200 * 450 μm
	1 Hz (Ω)
	100 Hz (Ω)
	1 KHz (Ω)
	10 KHz (Ω)
	100 KHz (Ω)





	(A1) 3 mJ
	89,721.5
	41,472.2
	22,061.0
	11,808.7
	4986.2



	(A2) 4 mJ
	58,563.3
	24,742.0
	12,327.4
	5561.9
	2755.3



	(A3) 5 mJ
	38,474.2
	15,587.3
	8029.3
	4394.4
	2809.0



	(B1) 400 times
	87,945.6
	36,177.0
	19,685.7
	10,300.0
	4647.5



	(B2) 500 times
	61,482.2
	30,129.9
	15,465.4
	7835.6
	3761.4



	(B3) 600 times
	37,331.2
	15,494.5
	7266.7
	3629.4
	2141.5



	(C1) 100 Hz
	83,848.9
	33,829.2
	17,694.1
	8859.4
	3818.6



	(C2) 200 Hz
	49,661.7
	24,887.2
	13,095.2
	7058.7
	3522.8



	(C3) 300 Hz
	53,248.3
	23,085.1
	11,628.4
	5846.9
	3209.0



	Best combination
	A3B3C2
	A3B3C3
	A3B3C3
	A3B3C3
	A2B3C3
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Table 7. Mean value data for 200-diameter circular template.
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	200 μm
	1 Hz (Ω)
	100 Hz (Ω)
	1 KHz (Ω)
	10 KHz (Ω)
	100 KHz (Ω)





	(A1) 3 mJ
	479,222.6
	231,745.8
	97,450.9
	39,149.3
	12,563.4



	(A2) 4 mJ
	232,688.2
	144,667.0
	56,782.2
	16,139.2
	4769.2



	(A3) 5 mJ
	140,364.5
	66,374.7
	28,359.5
	9896.7
	3366.0



	(B1) 400 times
	279,028.0
	168,608.7
	65,751.1
	20,443.0
	5756.0



	(B2) 500 times
	322,234.8
	139,440.8
	63,260.8
	24,967.9
	8218.4



	(B3) 600 times
	251,012.5
	134,737.9
	53,580.7
	19,774.3
	6724.2



	(C1) 100 Hz
	255,215.3
	143,257.6
	56,096.1
	16,784.8
	4376.9



	(C2) 200 Hz
	368,960.2
	181,737.9
	77,919.2
	28,421.2
	9309.7



	(C3) 300 Hz
	228,099.8
	117,792.0
	48,577.3
	19,979.1
	7011.9



	Best combination
	A3B3C3
	A3B3C3
	A3B3C3
	A3B3C1
	A3B1C1
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Table 8. Total average data for the corresponding frequency.
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	1 Hz (Ω)
	100 Hz (Ω)
	10 kHz (Ω)
	100 kHz (Ω)





	Total average
	173,172.4
	87,431.5
	14,491.7
	5208.2
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Table 9. The range analysis data for 200 * 450 μm rectangular template from the key components of equivalent circuit model.
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	200 * 450 μm
	R1(×104)

(Ω)
	R2 (×104)

(Ω)
	CPE1 (×10−10)

(F)
	CPE2 (×10−8)

(F)
	W (×105) (F)





	(A) Pulse energy
	0.72
	2.53
	1.13
	1.98
	0.60



	(B) Number
	0.63
	1.90
	1.14
	2.97
	0.94



	(C) Repetition rate
	0.18
	0.80
	0.27
	1.43
	0.78



	Dominant factor
	A > B > C
	A > B > C
	B > A > C
	B > A > C
	B> A > C
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Table 10. The range analysis data for 200-diameter circular template from the key components of equivalent circuit model.
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	200 μm
	R1 (×104)

(Ω)
	R2(×104)

(Ω)
	CPE1 (×10−10)

(F)
	CPE2 (×10−9)

(F)
	W (×105) (F)





	(A) Pulse energy
	4.18
	22.43
	2.10
	2.97
	3.27



	(B) Number
	0.20
	3.07
	0.94
	3.50
	1.50



	(C) Repetition rate
	1.02
	5.13
	3.31
	1.43
	2.07



	Dominant factor
	A > B > C
	A > C > B
	C > A > B
	B > A > C
	A > C > B
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Table 11. Mean analysis data for 200 * 450 μm rectangular template from the key components of equivalent circuit model.
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	200 * 450 μm
	R1 (×104)

(Ω)
	R2 (×104)

(Ω)
	CPE1 (×10−10)

(F)
	CPE2 (×10−8)

(F)
	W (×105) (F)





	(A1) 3 mJ
	1.10
	3.43
	3.33
	3.43
	1.39



	(A2) 4 mJ
	0.53
	2.40
	3.83
	1.45
	1.13



	(A3) 5 mJ
	0.38
	0.90
	2.70
	3.23
	0.79



	(B1) 400 times
	0.93
	2.37
	2.63
	1.53
	1.63



	(B2) 500 times
	0.78
	3.13
	3.47
	2.09
	0.99



	(B3) 600 times
	0.30
	1.23
	3.77
	4.50
	0.69



	(C1) 100 Hz
	0.78
	2.33
	3.17
	1.93
	1.57



	(C2) 200 Hz
	0.63
	1.80
	3.27
	3.37
	0.79



	(C3) 300 Hz
	0.60
	2.60
	3.43
	2.82
	0.96



	Best combination
	A3B3C3
	A3B3C2
	A3B1C1
	A2B1C1
	A3B3C2
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Table 12. Mean analysis data for 200-diameter circular template from the key components of equivalent circuit model.
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	200 μm
	R1 (×104)

(Ω)
	R2(×104)

(Ω)
	CPE1 (×10−10)

(F)
	CPE2 (×10−9)

(F)
	W (×105) (F)





	(A1) 3 mJ
	5.47
	28.37
	2.46
	6.47
	5.77



	(A2) 4 mJ
	2.30
	14.13
	4.55
	7.77
	3.17



	(A3) 5 mJ
	1.28
	5.93
	4.30
	9.43
	2.50



	(B1) 400 times
	2.93
	17.77
	4.30
	6.40
	3.47



	(B2) 500 times
	3.13
	14.70
	3.36
	7.37
	4.73



	(B3) 600 times
	2.98
	15.97
	3.66
	9.90
	3.23



	(C1) 100 Hz
	2.83
	15.03
	5.66
	7.33
	3.57



	(C2) 200 Hz
	3.62
	19.27
	2.35
	7.57
	4.97



	(C3) 300 Hz
	2.60
	14.13
	3.30
	8.77
	2.90



	Best combination
	A3B1C3
	A3B2C3
	A1B2C2
	A1B1C1
	A3B3C3
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