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Abstract: Implanted neural probes can detect weak discharges of neurons in the brain by piercing soft brain tissue, thus as important tools for brain science research, as well as diagnosis and treatment of brain diseases. However, the rigid neural probes, such as Utah arrays, Michigan probes, and metal microfilament electrodes, are mechanically unmatched with brain tissue and are prone to rejection and glial scarring after implantation, which leads to a significant degradation in the signal quality with the implantation time. In recent years, flexible neural electrodes are rapidly developed with less damage to biological tissues, excellent biocompatibility, and mechanical compliance to alleviate scarring. Among them, the mechanical modeling is important for the optimization of the structure and the implantation process. In this review, the theoretical calculation of the flexible neural probes is firstly summarized with the processes of buckling, insertion, and relative interaction with soft brain tissue for flexible probes from outside to inside. Then, the corresponding mechanical simulation methods are organized considering multiple impact factors to realize minimally invasive implantation. Finally, the technical difficulties and future trends of mechanical modeling are discussed for the next-generation flexible neural probes, which is critical to realize low-invasiveness and long-term coexistence in vivo.
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1  Introduction

Brain-computer interface (BCI) technology is an essential way to record, analyze, and utilize brain signals, providing new solutions for modern medicine, brain science, and rehabilitation research in recent decades [1–5]. For example, it can restore patients who have difficulty in moving or speaking by connecting the brain and the outside equipment including wheel chairs, robot arms, exoskeletons, or speakers to facilitate their life [6–10]. Electrodes on the scalp can only record slow variations of brain waves (∼100 Hz), which makes it difficult to achieve refined decoding due to the poor temporal-spatial resolution [11,12]. In comparison, the implantable probes in the brain tissue can acquire both field potentials and single neuron activities with great temporal-spatial resolution (0.2–7 kHz) [13–16]. Thus, the implantable probes have advantages over the non-invasive ones in complex applications such as controlling a robotic hand [17–21]. To make the implantable probes more practical, mechanical modeling is critical for reliable and safe implantation.

In recent decades, to verify the accuracy of the experiments and evaluate the mechanical properties of the neural probes, a few studies have performed the mechanical modeling of the probes by using the finite element methods (FEM). The FEM results can predict how a probe will behave outside, from outside to inside, and inside the brain, as shown in Fig. 1. Sharakhani et al. [22] proposed a novel design to provide a binary stiffness-compliant neural probe (Figs. 2a, 2b). This is a probe with a rigid material but a flexible structure. The probe is investigated based on the FEM during insertion and operation, showing that the elastic modulus drops from 4.3 GPa during insertion to 40 kPa after implantation. Subbaroyan et al. [23] developed a 3D finite-element model of the probe-brain tissue and used it to simulate interfacial strains induced by the ‘micromotion’ of implanted neural probes (Fig. 2c). The results show that a probe fabricated from a flexible substrate (such as polyimide) could reduce interfacial strains by 65%–94% at the tip compared with silicon when applying the tangential tethering forces. Park et al. [24] developed a multifunctional sensing and actuator device consisting of multi-material fibers tightly integrated into a soft hydrogel matrix that mimics the brain tissue (Fig. 2d). The FEM results indicate that the hydrogel hybrid probe will cause much lower stress or strain within the surrounding tissue during micromotion than the probes composed of steel, silica, or polycarbonate (PC).
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Figure 1: Process diagrams of buckling, insertion, and relative interaction with soft brain tissue of flexible neural probes. (a) Probe contacts with the brain from the outside, (b) Probe is being inserted into the brain from the outside, and (c) Probe is fully inserted into the brain for permanent implantation
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Figure 2: Mechanical modeling of neural probes. (a) A side view of the neural microprobe. Reproduced with permission of [22], Copyright of © 2023 Elsevier B.V., (b) A quarter-symmetry, 3D finite-element model (FEM) of the probe-brain tissue system with edge-biased seeding along the interface. Reproduced with permission of [23], © 2005 IOP Publishing Ltd., (c) A conceptual illustration of the hydrogel hybrid probe design, and (d) One-step direct polymerization of the hydrogel matrix within the fiber assembly. Reproduced with permission of [24], © The author(s) 2021, CC-BY-4.0

According to the previous literature on the mechanical simulation of neural probes, reducing the neural probe stiffness by three orders of magnitude can decrease the contact stress by 41.6% and strain by 39.1% [25,26]. It is due to the mismatch of the mechanical properties between the rigid probes and the soft brain [27–31]. The rigid implantable electrodes in the form of needles or probes can be penetrated the soft tissue with the aid of a pneumatic hammer or micromanipulator, such as the Utah array and Michigan probes [32–36]. However, most of these rigid neural probes are based on silicon (Elastic modulus E = 165 GPa) or tungsten (E = 400 GPa), with obvious mismatch with the soft brain tissue (E = 0.5–15 kPa) [37–40]. The excessive elastic modulus results in a high bending stiffness of the probes, causing intense stresses at the interface of the probe and the tissue. As a result, the rigid probes are usually accompanied by the obvious acute inflammatory response in the brain after implantation [41–45], which easily appears as glial scarring to encapsulate the rigid probes, leading to a significant decrease in the quality of neural signals [46,47]. As the mechanical modeling results show, although the insertion processes have an impact on acute vascular rupture and nerve injury [48–52], flexible probes cause less trauma than rigid for long-term implantation [53–57]. Thus, to provide ideas for the implantation of flexible probes and more long-term implantable probes, it is necessary to evaluate the acute and chronic trauma [58–62]. However, the trauma is very difficult to measure given its location deep in the brain [63], so mechanical modeling is an efficient way to evaluate the trauma.

However, most of the mechanical modeling of neural probes in the past has only addressed one of the processes of buckling, insertion, or relative interaction with soft brain tissue. No work has yet provided a comprehensive study of the mechanical simulation of the complete implantation of probes. In this paper, we will summarize the theoretical calculation methods and FEM results of flexible probes including the processes of buckling, insertion, and interaction with the brain. Besides, critical literature reviews are made for the mechanical modeling of flexible probes, and technical suggestions are provided for the realization of a more long-term, reliable, and safer in vivo neural interface.

2  Theoretical Calculations

In this section, we have reviewed the theoretical calculations of the flexible neural probes into three parts: (1) mechanical strength of probes, (2) tissue deformation due to probe insertion, and (3) interaction of flexible probes and brain tissue.

2.1 Mechanical Strength of Probes

The process of implanting a neural probe involves making an incision in the skin and performing a craniotomy, then puncturing the dura and exposing the leptomeninges [64]. During the insertion of the probe, it is crucial for the force used to surpass the force. The insertion force needs to be strong enough to penetrate the brain tissue or the leptomeninges successfully [65]. However, if the force exceeds the critical buckling force, the probe will bend [65,66]. As stated in the introduction, rigid probes have a significantly higher elastic modulus compared to the leptomeninges [67]. Table 1 provides material properties for different types of rigid and flexible probes. Flexibility scaling remains an unsolved problem. There is no universal definition of the term ‘flexible’, and Young’s modulus is widely used to evaluate the materials of neural implantations, as shown in Fig. 3 [67].
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Figure 3: Differences in mechanical strength between brain tissue and nerve probes

This makes it easy to insert rigid probes into the brain. However, flexible probes have an elastic modulus similar to the leptomeninges. They are susceptible to buckling when they come into contact with leptomeninges. This makes it more difficult to penetrate the tissue [65,73]. Currently, to overcome the challenge, several strategies have been developed to assist with implanting flexible probes. Different insertion strategies are shown in Fig. 4.
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Figure 4: Insertion strategies of flexible probes. (a) Probe with no aid, (b) Probe with a shuttle, (c) Probe with a dissolvable stiffener, (d) Probe with a guide, (e) Probe with a dissolvable brace, (f) Probe with a stiff tip, (g) Probe with a stiffness-changing coating, (h) Probe with engineered cross section, (i) Probe with magnetic guidance, (j) Probe using injection. Reproduced with permission of [66], © 2021 IOP Publishing Ltd.

For instance, soluble support materials such as fibroin, polyethylene glycol (PEG), water gel, sodium alginate, etc., can provide temporary stiffness for flexible probes [41–44]. Metal can be inserted as a rigid skeleton layer [74–76]. SU-8 or microneedle handles can serve as removable shuttle bodies [77].

The critical buckling force can be used to characterize the mechanical strength of the probes and predict their suitability for successful insertion into brain tissue. During insertion, the insertion force must be lower than the critical buckling force to avoid probe bending. The theoretical calculation of the critical buckling force can be performed using Euler’s formula which is provided as

Fbuckling=π2IxE(KL)2(1)

where Fbucking is the critical buckling force, E is the elastic modulus, L is its length (dimension along the Z-axis) and K is the beam effective length factor, whose value depends on the beam fixation. Moreover, along the X-axis, the rotation inertia Ix relies on both cross-section shape and size of the rectangular beam. Specifically, for a rectangular beam with thickness a (dimension along Y-axis) and width b (dimension along X-axis where buckling occurs), Ix can be calculated as ab312 [67,78–80].

2.2 Tissue Deformation Due to Probe Insertion

When a probe is inserted into the soft brain tissue, it causes damage to the tissue alone [81]. These acute injuries trigger the body’s wound-healing response [82–86]. As shown in Fig. 5 [87], erythrocytes, platelets, and clotting factors are released and the complement cascade is activated. This leads to the aggregation of macrophages to remove the fluid or tissue residue. CD 68 is regularly used to identify activated microglia/macrophages. The number of CD 68+Cells increases after the implantation of a rigid probe. Also, cytokines and neurotoxic free radicals are released. This will reduce the probe’s performance. This collective immune response will create a region of high pressure and fluid build-up around the implantation area and persists for 6–8 d [88,89]. The acute injuries also influence the level of the chronic reaction [90–92]. The acute and chronic reactions can lead to increased contact impedance between the neural probes and brain tissue and increased signal-to-noise ratio, all of which are not conducive to long-term implantation of the neural probes [93–97].
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Figure 5: Comparison of tissue responses elicited by rigid and flexible probes. (a) Rigid probe, and (b) Flexible probe. Reproduced with permission of [87], © 2014 IOP Publishing Ltd.

Therefore, reducing the acute injuries of brain tissue caused by probes during insertion is important to improve the signal stability of neural probes for long-term implantation. Rigid probes can cause acute injury and damage to blood vessels during insertion [97]. Also, flexible probes cause huge acute injury, since they must be inserted by temporary stiffness to ensure that they will not buckling during insertion. So, both rigid and flexible probes can cause acute damage and injury to brain tissue during the insertion process [98].

To investigate the strain of brain tissue induced during probe insertion, a three-position finite element model can be constructed. This model consists of two components: the flexible or rigid probe and the surrounding brain tissue (shown in Fig. 6) [99]. There are meningeal layers around the brain. The meningeal layers are the meninges and the dura mater. Conversely, the brain-meningeal complex is wrapped in a rigid cranium, while cerebrospinal fluid fills the space between the meninges and the cranium. The lower extension of the brain is attached to the spinal cord by the brainstem. As a result, brain motion is restricted and border conditions are defined to fix the lower surface of the tissue in the simulation, thus avoiding large global displacements and allowing localized displacements around the implantation site [23]. This is accomplished by securing the edges ab, bc (Fig. 6a) and their respective mirror images (not shown) and therefore the bottom surface will not move or rotate. A boundary condition was defined at the back end of the probe such that it was displaced by 1 μm [100].
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Figure 6: The electrode coordinate system and the mesh. (a) The electrode embedded in the brain. The X, Y and Z coordinate directions correspond to the width, longitudinal, and thickness directions, and (b) A quarter-symmetric grid in one quadrant of the model region is used to simulate vertical micromotion. Reproduced with permission of [99], © 2005 IOP Publishing Ltd.

Then, we can describe the brain strain distribution caused by the insertion process in terms of equivalent strain. The equivalent strain n εe is calculated by

εe=11+ν{12[(ε1−ε2)2+(ε2−ε3)2+(ε3−ε1)2]}12(2)

where ν is Poisson’s ratio and ε1, ε2, ε3 are principal strains as three mutually perpendicular axes. Briefly, equivalent strain Equivalent Elastic Strain represents the effective strain on an object combined from three principal strains in mutually perpendicular axes and best characterizes the total strain on the brain [101].

Previous modeling using equivalent strain has shown that during insertion of the probes into the brain, the maximum strain in the brain tissue occurs at the tip of the probes [99,101]. Furthermore, regarding fluid displacement and vascular rupture, faster insertion speed (2000 μm/s) appears to result in minimal fluid displacement through cerebral arteries, while slower insertion speed (500 and 125 μm/s) frequently results in displacement and rupture downstream of these vessels [102]. Curves of load and displacement can also be established to represent the change in force required to insert the probes into the brain and to predict the degree of damage to the brain tissue [40].

2.3 Interaction of Flexible Probes and Brain Tissue

Because of the natural movement of the human body, such as breathing and heartbeat, there is relative interaction between the neural probes and the brain tissue [103]. Neural probes are susceptible to damage to surrounding nerve cells due to micromotion of the probes, leading to a chronic inflammatory response or necrosis of nearby neurons [104]. For chronically implanted neural probes, necrotic neurons can produce gelatinous scarring on the surface of the probes, which increases contact resistance and deteriorates the signal [46,97,105–107] To simulate different levels of mechanical coupling between the inserted probe and the brain, the friction coefficients between the two materials can be different in the exposure model. Therefore, an attachment model or a combination of adhesion and friction can be used to simulate the physical interaction between the probe and the brain tissue [99].

In order to further quantify the magnitude of tissue damage induced by the micromotion of the probes, several studies have employed a linear viscoelastic material model to investigate the effect of the micromotion of the probes [99,108–110]. The shear behavior of the linear viscoelastic model was characterized as a function of time by

G(t)=G∞+(Go−G∞)e−βt(3)

where β is the decay constant while being elastic in compression. Singh et al. [90] used a linear model to simulate the buckling and insertion process of flexible probe and compared the model predictions with the experimental tests. The results are shown in Fig. 7. The measured force and the model-predicted forces show strong agreement.
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Figure 7: Comparing the experiment results to model prediction. (a) Probe insertion into E18 embryonic chick brain tissue (Rbuckling2=0.975), (b) Probe buckling (Rbuckling2=0.878). Reproduced with permission of [90], © 2016 by the authors, CC-BY-4.0

However, the use of the linear viscoelastic model presupposes the assumption that the probe micromotion deformations are small. However, it has been reported that anesthetized rats can produce surface brain micromotion up to 25 µm during respiration, which is inconsistent with the assumption that probe micromotion deformations are small [111,112]. Therefore, Hamzavi et al. [76] used a nonlinear hyperelastic model to perform a finite element analysis of the relative micromotion of the probes in comparison with a linear viscoelastic model. The maximum principal strain near the tip of the probes derived using the nonlinear model was found to be significantly higher than the linear model by 58%. The nonlinear model reported by Taylor and Miller also improved accuracy by 2% relative to the linear model [113,114]. Therefore, the linear viscoelastic model assuming small deformations of brain tissue may underestimate the actual stress and strain values.

The nonlinear hyperelastic model does not take into account the time-dependent behavior of the brain tissue and uses the polynomial strain energy density function as

W=∑i+j=1N[Cij0×(J1−3)i(J2−3)j](4)

where Cij0 are material parameters, J1 and J2 are strain invariants, and N is the order of the polynomial function.

3  Simulation Analysis

Computational modeling is a highly effective approach to assessing the impact of various factors on flexible probes’ mechanical properties. FEM has been applied to neural probes, specifically to comprehend how the probes behave and influence the stress at the probe-tissue interface during the insertion process. In addition, other research groups have focused on simulating mechanical trauma to the brain after insertion to design probes that cause less tissue trauma [90]. Results for the flexion, insertion, and micromotion processes of neural probes are shown in Table 2.
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We can see the mechanical simulation of buckling, insertion, and micromotion processes for flexible probes has been under development for the past few years. The simulations can provide more ideas for better designs to minimize acute and chronic injuries. In this section, we will review the mechanical simulations for buckling of flexible probes, brain tissue deformations, and relative interaction between flexible probes and the brain and provide ideas for designing less invasive flexible probes.

3.1 Simulation of the Buckling Process

3.1.1 Modulus of Elasticity

According to Eq. (1), the critical flexion force of flexible probes is positively correlated with the modulus of elasticity, and once the stress at implantation exceeds the critical flexion force, the probes may be destroyed. To strengthen the critical flexural force of the flexible probes, Guo et al. [98] designed a silicon shuttle, in which the flexible probe is pasted onto the silicon shuttle by PEG, thus increasing the stiffness of the flexible probes. To enhance the mechanical properties of the silicon shuttle, the reinforcement is set on the back of the silicon shuttle. The mechanical simulation is carried out by ABAQUS for the silicon shuttle without and with reinforcement, respectively. Figs. 8a and 8b show the stress distribution of the two kinds of silicon shuttles under the same compression distance. The maximum stresses with and without reinforcement are 399 and 312 MPa, respectively. This indicates that the reinforcement avoids the unstable bending of the silicon shuttle during implantation. It also provides a concentrated force for the silicon shuttle, which makes it easier to implant into the brain.
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Figure 8: Mechanical simulation of the flexible probe without and with the stiff shuttle. (a) Equivalent strain distribution of the flexible polyimide probe without a stiffener, and (b) Equivalent strain distribution of the flexible polyimide probe with a stiffener [98]. Reproduced with permission of [98], © 2022 by the authors, CC-BY-4.0

Another way to change the elastic modulus of the flexible probes is by using different dissolvable stiffeners [116]. Zhou et al. [117] reported a hybrid probe (Silk-Optrode) consisting of a silk protein optical fiber and multiple flexible microelectrode arrays. Based on the strain-stress curves of the silk fiber in the dehydrated and undehydrated states, it can be found that the modulus of elasticity of the silk fiber is 38.7 MPa before dehydration, while it becomes 3.57 MPa after dehydration. Besides, the dehydrating properties of the material can be utilized to insert the flexible probes into the brain tissue after it has been dehydrated. This makes the probes rigid before implantation and soft after implantation.

3.1.2 Effective Length

On the other hand, it can be seen that the critical buckling force is proportional to K as given in Eq. (1), indicating that decreasing the effective length of the needle may increase the buckling force. By decreasing the effective length of the probes, it can be stiffer without mechanical device assistance, which means less injury to the brain.

Yagi et al. [115] proposed a way to provide temporary stiffness by embedding a hard coating in the base of a flexible probe and analyzed the approach with simulation modeling. The coating dissolves on contact with biological tissue (Fig. 9c). This method reduces the effective length of the flexible probe and thus increases the elastic modulus of the probe. The results showed that the stiffness of the silicon needle increased from 2.30 to 3.59 N/m after embedding the silk film holder, a 56% increase in stiffness. This suggests that the bending of the probes is mainly related to the length of the needle segment exposed by the silk film holder (Figs. 9a, 9b). Arafat et al. [118] proposed a mechanism for guided insertion to fix the guide of the flexible electrode above the brain so that the electrode leaks only the tip. The guide device decreases the effective length of the electrode and increases the elastic modulus for smooth insertion of the probes into the brain tissue.
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Figure 9: Impact of effective length for probe. (a) Simulation of silicon needle, with tip and bottom diameters of 2 and 20 μm, respectively, and needle length of 420 μm, (b) Simulation of silicon needle with silk film holder (thickness is 200 μm), and (c) Procedure for penetration of a high-aspect-ratio flexible microneedle using a dissolvable base scaffold. Reproduced with permission of [115], © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The approaches reduce the effective length of the flexible probe, which can in turn increase the critical flexion force of the probe. This allows the probe to be inserted into the brain without the need for implantable aids or sclerotherapy penetration. At the same time, rotation of the probe prevents the dura mater from adhering to the probe and allows stable implantation of the probe to be maintained. Based on both guided insertion and rotation strategies, they succeeded in implanting the 25 μm probe into the rat brain at a depth of 10 mm without bending it. In addition, to avoid flexion during the implantation of flexible probes, a method of injecting mesh electrodes with a large bore syringe has recently been reported, whereby flexible electrodes are implanted into the brain by injection [119–121]. This approach allows seamless integration of mesh electrodes with brain tissue. The mesh electrodes retain their structural integrity after injection through a smaller diameter needle. The memory properties of some materials can be utilized to minimize the size of the electrodes and implanted devices at the time of implantation. After implantation, the electrode unfolds within the brain due to its memory properties.

3.2 Simulation of Brain Tissue Deformations

Due to the easy buckling property of the flexible probe, the insertion of the flexible probe must be aided by a rigid auxiliary tool. So, the insertion of flexible neural probes is similar to the rigid probes. It produces acute trauma to the brain, and these acute traumas can transform into chronic traumas over the long term of implantation and affect signal recording [122]. To quantify and minimize the trauma of the implantation process, we will summarize the simulation of tissue deformation caused by the insertion of flexible probes into brain tissues. And provide more ideas for the implantation of flexible probes in terms of shapes, implantation speeds, and assisting strategies.

3.2.1 Probe Shape

The degree of damage caused when the probes are inserted into the brain tissue is closely related to the geometry of the implant, such as tip angle, cross-sectional area, modulus of elasticity, and overall configuration [90,102,123]. Kim et al. [68] performed finite element modeling of tissue deformation to analyze the effect of flexible and rigid probes cross-sectional shape on brain tissue damage. The model uses different implantation of probes with different cross-sectional shapes, as well as probes with the same cross-sectional shape but different aspect ratios, as shown in Fig. 10.
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Figure 10: Analysis region and various cross-sectional shapes of the probe. (a) The maximum and averaged equivalent strain vs. time were investigated in the ROI (500 μm from the tip), and (b) Various cross-sections of the probe. Reproduced with permission of [68], © 2021 by the authors, CC-BY-4.0

The results show that larger aspect ratios lead to an increase in critical volume, with the volume of the critical region increasing more than 5 times when the cross-sectional aspect ratio is 3 times larger (the larger the critical region, the greater the trauma to the brain tissue). Besides, when the aspect ratio was certain, the peak value of the maximum strain of the brain tissue decreased in the order of octagonal, square, rounded square, and ellipse, which were 0.1385, 0.1236, 0.1226, and 0.1157 mm3, respectively. As a result, rounded interface shapes are beneficial in reducing brain tissue trauma, while sharp shapes with angular corners increase trauma. The design of the needle tip needs to be considered while ensuring that the implanted device reduces the sharp shape. A rounded tip may result in the implanted device not being inserted into the brain tissue or causing greater trauma.

3.2.2 Insertion Speed

Another factor that affects the extent of brain tissue damage is the speed of probe insertion. Neural probes designed for extracellular recording of brain electrical activity are traditionally implanted with an insertion speed between 1 μm/s and 1 mm/s into the brain tissue [34]. At high speed of insertion, the brain tissue and blood vessels at the tip of the needle can produce greater damage. At low insertion speed, the damage at the needle tip is reduced [124]. Casanova et al. [125] proved that faster needle insertion produced less friction stress and greater track damage (Fig. 11b). Hydrogels exhibited trends opposite to those of brain tissue. Lee et al. [126] used different speeds to implant silicone needles into the brain and found that the insertion force measured at the point of insertion was less when inserted at a higher speed than when inserted at a lower speed. And lower insertion speed caused significant bending of the probes (Fig. 11c). Zhang et al. [127] found that an increase in insertion speed will increase the max insertion force (Fig. 11a). The increase of the max insertion force made the deformation of brain tissue and the damage to blood vessels more serious.
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Figure 11: The impact of insertion speed on the insertion force. (a) Fmax induced by Probe CNC, Probe LM, Probe DRIE in Phantom Rat Cerebrum. Reproduced with permission of [127], © The author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021, (b) Needle retraction force vs. depth for varying insertion speeds in brain tissue. Reproduced with permission of [125], © 2014 Elsevier B.V., and (c) Comparison of insertion characteristics for the Si neural probes with normal and sharpened tips. Reproduced with permission of [126], © 2013 The Japan Society of Applied Physics

So, the higher inserting speed decreases the insertion force, while the lower insertion speed causes less tissue damage. It is possible to combine the advantages of high-speed and low-speed insertion, using a higher speed at the beginning of insertion and a lower speed after insertion of the tissue, to avoid the bending phenomenon of the probes and at the same time to reduce the damage to the brain tissue.

3.2.3 Friction Property of Probes and Tissues

In particular, the frictional stress at the needle-tissue surface (the product of the prestress and the friction coefficient) is related to the tissue contact volume with the indentations [64]. Zhu et al. [128] performed a finite element modeling of the strain in the brain tissue when the neural probes were exposed to longitudinal loads of 0, 0.1, 0.5, and 5 (near bonding). They concluded that the equivalent strain in the brain increased with increasing friction coefficient. In another study, Andrei et al. [129] showed that covering the probe with Parylene-C will reduce the friction with brain tissue. Reducing the coefficient of friction between the implanted flexible probe device and the brain tissue can reduce the strain and trauma on the brain tissue caused by the implantation process. Therefore, a neuro-integrative coating of the probe is recommended to increase friction between the microelectrode and the brain and to reduce chronic tissue damage.

3.3 Simulation of Relative Interaction with Soft Brain Tissue

The respiratory process of anesthetized rats can cause pulsations of 2–30 microns, and this apparent micromotion can influence the long-term implantation of flexible probes. Past studies have demonstrated that the interaction of chronically implanted probes with the surrounding tissue may lead to chronic inflammation or necrosis of nearby neurons [104]. Quantifying the interaction of the flexible probes with the brain tissue is important for long-term neural recordings. In the following, we will summarize the results of the finite element simulation of the probe-brain interaction and analyze the reasons affecting the stability of the probes for long-term implantation.

3.3.1 Stiffness of Probes

One of the main reasons for the degradation of signal quality in long-term implantation of neural probes is the large difference in stiffness between the probes and the brain tissue [129,54–57]. Polanco et al. showed that when micromotion-induced pulses are applied, reducing the neuron probe stiffness by three orders of magnitude leads to a 41.6% reduction in stress and a 39.1% reduction in strain [26].

Subbaroyan et al. used finite elements to develop a 3D finite element model of the probe-brain tissue microenvironment and analyzed the effect of the stiffness of the chronically implanted probes on the brain tissue interface as shown in Fig. 12 [23]. As can be seen in Fig. 12b, a polyimide-based flexible probe (E = 200 kPa) causes significantly lower brain tissue strain (measured with length constants) in the middle of the probe as well as at the tip of the needle compared to a silicon probe (E = 200 GPa) (Fig. 12a). This suggested that minimizing the stiffness of the probes will greatly reduce brain tissue deformation, thus providing the possibility of longer-term implantation of flexible probes. This is probably because of the flexible probe’s ability to bend freely. It will move freely at the surface of the brain, which increases the trauma to the surface of the brain.
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Figure 12: Strain distribution of the brain using a micromotion displacement of 4 µm and interfaced with a (a) 200 GPa silicon probe and (b) 200 kPa flexible probe. Reproduced with permission of [23], © 2005 IOP Publishing Ltd.

In contrast, most relative interaction with soft brain tissue simulations uses a linear viscoelastic model. This model is based on the theory of small deformations, which means the deformation of the brain tissue is assumed to be very small. For the accuracy of the linear model, Hamzavi et al. [76] proposed the use of a nonlinear model to simulate the interaction of the probe with the brain. The results showed that the strain around the tip of the needle exceeded the generally accepted linear strain range, and the use of a nonlinear model improved the accuracy of the strain simulation. Zhou et al. [117] reported a hybrid probe combining silk and flexible microelectrode arrays. They developed a FEM model to simulate the micromotion process of the flexible probe (Fig. 13a), as shown in The relative displacement and maximum von Mises results are shown in Figs. 13b, 13c. The results show that only the silk optical fiber demonstrates an agreeable mechanical match to the brain tissue.
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Figure 13: Micromotion of different flexible probes. (a) Maximum strain fields of the brain tissue steel, silica, PC fibers, and flexible silk optical fibers implants (during 50 µm lateral micromotion). (b) The relative displacement between the brain tissue and flexible implants (during 50 µm lateral micromotion). (c) The maximum von Mises in the brain (during 50 µm lateral micromotion). Reproduced with permission of [117], © The author(s) 2022, CC-BY-4.0

3.3.2 Coefficient of Friction between the Brain and Probe

The coefficient of friction between the probe and brain tissue was 0.6 in the early stages of the formation of a glial scar at the probe implantation site, and the coefficient of friction of a flexible probe with a polymer coating ranged from 0.2 to 0.3, while the coefficient of friction within the brain tissue without the implantation of the probe ranged from 0.1 to 0.2 [26,130]. Therefore, it is important to examine the effect of coupling the flexible probe to the brain tissue due to friction.

Michael et al. used a nonlinear finite element model to model the interaction between a chronically implanted flexible probe and the brain [130]. The modeling results show that the equivalent strain of the brain decreases with increasing friction coefficient (Fig. 14a), and the relative motion of the brain and the probe shows the same pattern (Fig. 14b). Therefore, coatings can be used to increase the adhesion of the flexible probe to the brain tissue to reduce the interaction caused by the probe and the brain tissue.
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Figure 14: Interaction of probes with different friction coefficients and the brain (a) Relationship between equivalent strain and coefficient of friction, and (b) Relationship between volume of the critical region and coefficient of friction. Reproduced with permission of [130], © 2012 SPIE

However, reducing the coefficient of friction between the implanted device and the brain reduces the brain trauma induced by the implantation process, as described in 3.2.3, contrary to the conclusions of the micromotion process. The design of flexible neural probes needs to seek the most appropriate friction coefficient to balance acute and chronic trauma. When implanting a flexible probe, the coefficient of friction between the probe and the brain is reduced to minimize brain trauma. When the probe is fully implanted in the brain tissue, the surface of the probe needs to be made as smooth as possible to reduce friction with the brain tissue [131]. This prevents excessive friction from leading to chronic damage caused by long-term implantation of the probe.

4  Conclusion and Future Prospects

This review summarizes the theoretical calculations of the critical buckling, insertion, and interaction processes of the flexible probe with brain tissue, and analyzes the corresponding mechanical simulation results. Firstly, the buckling process of the probe is calculated using Euler’s formula, which describes the mechanical properties of the probe when contacted with the brain tissue. Secondly, the equivalent strain is used to describe the deformation of the brain tissue caused by the probe when it is inserted into the brain. Thirdly, a linear viscoelastic or a nonlinear hyperelastic model is adopted for the interaction between the probe and the brain during the long term of implantation. Besides, by the mechanical simulation of these three key processes, suggestions can be provided for the probe design and operation to minimize acute and chronic injuries. For acute implantation, the tissue damage can be reduced by adjusting the penetrating speed, the friction coefficient between the probe and the brain tissue, as well as the cross-sectional area of the probe. For chronic implantation, softer probes can be applied with an increased coefficient of friction between the probe and the brain to avoid relative micro-motion.

However, there are still shortcomings in the current mechanical simulation of flexible probes. Firstly, most simulations use linear models for small deformations. The brain tissue micro-movements caused by breathing and heartbeat are inconsistent with the assumption of small deformations for simulation analysis. The simulation method needs to be improved for larger deformations, such as using a nonlinear model. Secondly, simulation results do not provide guidance or optimization for experiments. In the past, most simulations were done to match and validate the experiment results. However, the simulation results can also be taken as helper methods to reduce implantation trauma and mitigate long-term damage. Therefore, in the future, the shape and material of the probe can be optimized according to the simulation results. Thirdly, data sharing and standardization are insufficient. From past simulation studies, differences can be found in the computational and modeling methods used by different teams. Different computational methods and models can cause errors in different aspects of the actual situation. Therefore, a unified simulation modeling method is needed to minimize the error.

Overall, the main issues for flexible probes in mechanical modeling are the difficulty of implantation and the difficulty of performing long-lasting signal recording. In the future, the difficulty of implantation should be addressed first and foremost. An implantation protocol is needed that allows for minimally invasive and accurate implantation of the flexible probe in the desired location. For example, flexible probes can be designed and unfolded into a predetermined shape in response to body temperature after penetrating the brain, avoiding additional damage caused by mechanical penetration force. For modeling, we can use the method of deep learning. Based on the material properties and shape of the flexible probe, it is possible to establish an explicit prediction method of the insertion force and depth during the insertion of a flexible probe [131–133]. Through reverse analysis [133–137], the process of probe insertion can be immediately analyzed, providing options for the insertion strategy. Furthermore, the other effects can be taken into account, such as size effect [138], residual stress and strain [139–142], and rate dependency [143–146]. To realize long-term coexistence, softer materials are needed to alleviate the immune response in brain tissue and adapt to the micro-motion from any cause. Besides, the friction coefficient between the probes should be taken into consideration. The friction will highly influence the micromotion between the brain and the flexible probe. Mechanical modeling will guide the structural design, material selection, and implantation methods of implantable flexible probes more scientifically and effectively to pave the way for advanced brain science research tools and disease diagnosis and treatment.
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Table 1: Material properties of neural probes

Material Density (g/mm?®) Elastic modulus (GPa) Poisson’sratio  Ref.
Steel 7.99 193 0.25 [68,69]
Silicon 2.33 165 0.22 [26]
Silica 2.17 66.3 0.15 [68]
Polyimide 1.47 2.3-8.5 0.33 [26]
SU-8 1.19 2.8-4.4 0.25 [70-72]
Parylene-C 1.23 2.8 0.4 [70]
Polydimethylsiloxane ~ 0.97 0.36-0.87 x 10~* 0.5 [70]

(PDMS)
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Table 2: Comparison of different simulations of neural probes in the literature

Material Type of probe Process Simulation Ref., year
software

Silicon Rigid Insertion & ANSYS [99], 2005
micromotion

Silicon and polyimide Rigid & Flexible  Insertion & ABAQUS [23], 2005
micromotion

Silicon and PVC coating Flexible Micromotion COMSOL [87],2014

Silicon Flexible Insertion & ANSYS [115],2015
buckling

SU-8 and parylene-C Flexible Insertion & ABAQUS [90], 2016
buckling

Hybrid porous silicon Flexible Buckling COMSOL [65], 2018

Hybrid hydrogel and Flexible Micromotion ABAQUS [24], 2021

polymer-based fibers

Steel, Silica, PC, Flexible Micromotion ANSYS [68], 2021

Hydrogel

Polyimide Flexible Buckling ABAQUS [98], 2022

Polyimide Flexible Insertion & COMSOL [22], 2023

micromotion
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