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Abstract— A mm-sized, implantable neural interface for
bidirectional control of the peripheral nerves with mi-
crochannel electrodes is presented in this paper. The
application-specific integrated circuit (ASIC) developed in
a 0.18 µm CMOS technology is designed to achieve highly
selective, concurrent control of 300-µm-wide groups of
small nerve sections. It has in-situ, high-voltage-compliant
(45 V) electrical stimulation and low-voltage (1.8 V) neu-
ral recording in each channel. Biphasic stimulus current
pulses up to 124 µA with a 2 µA resolution are generated be-
tween 7.4 Hz and 20 kHz frequencies to stimulate and block
neural activity. Action potentials are measured across a 10
kHz bandwidth with a variable gain response that ranges
up to 72 dB. The neural recording front-end implements
a low-power and low-noise biopotential amplifier with an
input-referred noise (IRN) of 2.74 µVrms across the full
measurement bandwidth. Automatic detection and reduc-
tion of stimulus artifacts is realised using a pole-shifting
mechanism with a 1-ms amplifier recovery time. Versatile
control of concurrently-operating channels is achieved in a
two-channel, 2.31 mm2 interface ASIC using local control
that allows up to seven devices to operate in parallel. In-
vitro validation of the active interface shows feasibility for
closed-loop peripheral nerve control, while ex-vivo analy-
ses of concurrent stimulation and recording demonstrates
the measured neural response to electrical stimuli.

Index Terms— Active neural interfaces, biomedical elec-
tronics, electrical stimulation, high voltage compliance,
implantable medical devices, neural recording, peripheral
nerves, regenerative microchannel electrodes.

I. INTRODUCTION

ACTIVE implantable medical devices enable high-density
modulation of deep tissue regions. The artificial control
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of neural fibres in the peripheral nervous system (PNS) has
shown therapeutic benefits in a wide range of conditions [1].
Invasive implanted neural interfaces achieve greater proxim-
ity to individual nerve fibres than non-invasive types, max-
imising the interface selectivity. However, a trade-off with
increased tissue trauma and device complexity can reduce
interface stability, efficacy, and biocompatibility [2]. Highly
selective neural interfaces require large numbers of electrode-
site connections, presenting challenges with the physical size
and mechanical integrity of dense interconnects as well as
the recorded signal quality. In situ channel multiplexing and
amplification using miniaturised integrated circuits reduces
interconnect number and improves biosignal recording [3],
[4]. Furthermore, an interconnected network of stimulating
and recording channels can compromise the quality of the
recorded signal, thus demanding additional circuits to mitigate
the impact of stimulus artifacts on the measured biopotential
[5]–[10]. Typically, artifact reduction is achieved by combined
front-end and back-end design techniques to boost interface
immunity to artifacts and post-process the recorded neural
signal [11], [12]. However, the front-end methods that in-
crease the input dynamic range coupled with complex post-
processing techniques to remove artifacts in the digital domain
result in additional power consumption. To accommodate
for the high-voltage stimulus artifacts, the recording system,
including any data conversion and digital processing, demands
tens to hundreds of µW [7], [9].

Active implant solutions with miniaturised integrated cir-
cuits have been extensively developed for the central ner-
vous system, such as deep brain stimulators, brain machine
interfaces and spinal stimulators [13]–[16]. Fewer integrated
devices have been reported for the PNS [17]. Examples include
(1) free-floating stand-alone solutions, such as the Neural Dust
stimulating mote, the StimDust cuff interface, and the die-
on-cuff flat interface nerve electrode [18]–[20]; (2) multi-
part, tethered interfaces, namely retinal prostheses and neural
probes [21], [22]; and (3) distributed networks of electrodes,
including the Active Book, Neurograin, and intraspinal mi-
crostimulator [23]–[25]. Regenerative interfaces such as sieve
electrodes, double-aisle electrodes, and microchannel nerve
interfaces (MNIs) can achieve very high selectivity following
regeneration of transected nerve sections through the device
[26], [27]. MNIs enclose regenerating axons within narrow
insulating microchannels several mm long. The constricted
extracellular space within the microchannel increases the ex-
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tracellular action potential amplitude while ensuring coverage
of at least one node of Ranvier within the MNI length [28],
[29]. Active implementations of the MNI, where an integrated
circuit is specifically developed to not only provide control and
interconnects, but also form the miniature electrode structure,
have been reported using high-voltage (HV) technologies with
in-situ channel multiplexing [3] and with concurrent electri-
cal stimulation and low-voltage neural recording resistant to
stimulus artifacts [30].

This paper presents an active implantable neural interface
system for the PNS with microchannel electrodes, providing
an extended description of the system proposed in [30]. Fig.
1 shows a conceptual diagram of the regenerative interface
in contact with transected nerve sections and a side view
of the layers that compose a six-channel device structure.
This design provides a bidirectional neural interface capable
of performing concurrent electrical stimulation and neural
recording on adjacent channels. The main contributions of this
work include the artifact-resistant bidirectional interfacing and
the high-density implementation of an active neural interface,
where the application-specific integrated circuit (ASIC) itself
is used as a stimulating and recording electrode, thus bypass-
ing the need for additional interconnects that can increase the
interface complexity and compromise its reliability follow-
ing implantation. The remainder of this paper describes the
circuit-level and structural design, fabrication and measured
performance of the implantable device. Section II outlines
the system architecture of the bidirectional ASIC. Section III
describes the device assembly using microchannel electrodes.
Section IV presents the results of bench top, in-vitro, and ex-
vivo measurements using a custom test environment. Section
V provides a discussion on the presented system and state-of-
the art active neural interface designs. Concluding remarks are
drawn in Section VI.

II. SYSTEM ARCHITECTURE

The active MNI (aMNI) is composed of stacked layers of
bidirectional neuromodulation ASICs and microchannel struc-
tures to house small regenerated nerve sections in close contact
with stimulating and recording circuits. Flexible interconnects
were developed to interface each ASIC and form a shared bus
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nerve section
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Fig. 1. Conceptual diagram of the active microchannel neural interface system
formed of regenerative nerve channels stacked with active integrated circuits
and connectors.

to the aMNI for power and control from a nearby hub. A mm-
scale structure of the aMNI was developed to accommodate
transected peripheral nerve sections of varying diameters by
tessellating the appropriate number of interface layers. Post-
processing steps were carried out on the fabricated ASIC to
improve its performance and minimise the overall implant
size while maximising the interface transparency for neural
regeneration.

A. ASIC Overview

The interface ASIC was developed using a 0.18 µm HV
CMOS technology, housing two microchannels, each with
a tripolar electrode configuration that supports both HV
stimulation and low-voltage (LV) recording functions. The
tripolar architecture enables greater precision in stimulation
by generating focused electric fields [31], while maximising
the recording quality by subtracting the common-mode noise
from the outer electrode contacts [32]. To achieve bidirectional
control of the regenerating nerve, each interface channel oper-
ates independently with a local logic to drive internal control
signals. This enables concurrent operation of multiple channels
across multiple ASICs in different modes. Fig. 2 shows the
aMNI ASIC architecture. Each channel comprises dedicated
logic, stimulation, and recording blocks. Biases for the analog
circuits are generated in the global chip region and a power-on-
reset (POR) module monitors the LV input power to initialise
the digital registers upon power-up. A shared voltage buffer
is included on the ASIC to drive the output of the recording
amplifier.

1) Digital control: The logic module is formed of a shift
register that stores incoming data from a 32-bit command
frame composed of the channel (local) and ASIC (global)
IDs, operating mode and settings, and a parity bit for error
detection. The digital outputs are used to select the operating
mode and the parameters corresponding to each mode in the
analog domain. If the system passes initial checks for the local
and global ID values, the parity bit, and mode parameters
in stimulation, a finite state machine (FSM) is activated to
perform stimulation timing control. The outputs of the FSM
drive biphasic control signals, namely cathodic, anodic, and
discharge to supply balanced stimulus pulses. In recording
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Fig. 2. Architecture of the active MNI system and the ASIC block diagram.
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Fig. 3. Schematic diagrams of the HV stimulator circuit’s (a) overall structure surrounding the tripolar electrodes, and (b) biphasic current driver (HV mirror)
with a 3-bit calibration block.

mode, two parallel processes are in place to reduce stimulus
artifact: blanking during same-channel stimulation (internally
selected), and pole shifting for adjacent-channel stimulation
(automatically detected).

2) Mode selection: The operating mode is defined by a 3-
bit value. Three stimulation modes are defined: low-frequency
(7.4−50 Hz) for neural excitation, high-frequency (9.4−20
kHz) for blocking, and chopped pulse profiles for power isola-
tion [33]. One stimulation calibration mode and one electrode
plating mode are defined. Two neural recording modes are
defined: with or without pole shifting for reduction of artifact
accompanied by a 2-bit amplifier gain setting to select from a
total gain of 60 dB to approximately 75 dB using a switched
capacitor array in the amplifier feedback loop. The system is
initialised in the default idle state upon power-up, where all
modes are disabled, with all current biases disconnected to
minimise power consumption.

B. Electrical Stimulation

The schematic in Fig. 3(a) shows the stimulation module
and the circuit blocks that provide HV, bipolar stimulus pulses
through the tripolar electrode pads EA, EB, and EC. Neural
stimulation is achieved using high voltage current source
and sink drivers that mirror the currents generated by a 5-
bit programmable current digital to analog converter (IDAC).
Stimulus currents ranging from 2 µA to 62 µA can be supplied
to modulate the neural activity in microchannel electrodes
[34]. To ensure the safety of the tissue and electrode contacts,
the output stage includes discharge switches (M4,5,6) that
periodically balance the residual charge on the electrodes
following each biphasic pulse, as well as level shifters to
drive the HV switch transistors according to the pulse timing
profile determined by the control unit. Multiple calibration
units are integrated in the cascode current mirrors (MC1,C2,C3)
and the IDAC current mirrors (M2,3) appropriately sized for
current scaling, ensuring sufficient charge matching between

the anodic (ϕA) and cathodic (ϕC) phases, as well as between
the outer contacts of the tripole, respectively. The transistors
MC1,C2,C3 are scaled at 1/40 − 1/10 of MN5, and the mirror
transistors are scaled at 1/16 − 1/4 of M2,3.

1) Output stage: The HV current mirrors are implemented
using 45 V compliant double-diffusion DMOS transistors to
amplify and copy the currents generated at the IDAC to the
output stage. Using a fully cascode topology to drive the
current pulses, it benefits from a large output impedance,
which is critical for reliable control of the miniaturised elec-
trodes ranging up to a few MΩ in microchannel structures
[34]. The present design shown in Fig. 3(b) provides two
output pathways to support cathodic and anodic phases via the
complementary switches, S1 and S2, to enable MN3 (source)
or MN5 (sink), respectively.

The 3-bit calibration unit included at the anodic branch
helps to increase the output current of that phase by a factor of
10% to 17.5% based on the digital inputs of cal_A[8:6]
to account for the anodic/cathodic phase mismatch via the
transistors MC1,C2,C3. Each outer electrode pad (EB,C) is
connected to a HV current mirror to enable controlled sourcing
and sinking of the stimulus current from the centre pad (EA)
for biphasic stimulation. The inner electrode contact switches
between the HV power supply (VCC) and ground (0 V) based
on the pulse polarity.

2) Charge safety: A direct path to ground is provided
at every electrode contact via an n-type transistor switch
that closes during the discharge phase (ϕD) following each
biphasic pulse (as shown in Fig. 3(a)). Compared to the
typical passive discharge method via electrode shorting [35],
this method offers safety for the electronics, as the amplitude
and polarity of the residual voltage tends to vary according
to the load impedance, and electrode potentials may exceed
the allowable limits in the transistor terminal voltages. With
a known source potential (at ground), the switches are safely
controlled with a pre-determined gate-source voltage, VGS , at
4 V using level shifters [36]. The HV switches at the centre
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electrode pad (EA) are also safely controlled with anodic and
cathodic pulses shifted to match the requirements of the HV
transistor.

Each channel is supported by a single IDAC to limit the
occupied area, the input current to the HV current mirrors
at each outer electrode node is provided through a simple
current mirror, implemented using p-type transistors with a
3-bit calibration unit at each branch. Single-pole, dual throw
switches selectively enable the anodic or cathodic branches as
well as the additional calibration currents through to each outer
electrode’s main current path, which can increase by factors
of 6.25% to 43.75% depending on the digital control signals
cal_B[2:0] and cal_C[2:0] at the output terminals of
IB and IC , respectively. The total current is determined by
IB + IC , where IB and IC denote the stimulus currents
provided through the outer electrode contacts EB and EC. With
a 200 nA reference input (Iref ), the outputs can be defined
by (1), where A[4 : 0] represents the IDAC control bits.

IB = Iref

(
10

(
cal[5 : 3]

16
+A[4 : 0]

)
+
cal[8 : 6]

4

)
IC = Iref

(
10

(
cal[2 : 0]

16
+A[4 : 0]

)
+
cal[8 : 6]

4

) (1)

C. Neural Recording

The biopotential readout module comprises a three-stage,
ac-coupled analog front-end (AFE) to provide adjustable gain
and bandwidth, accompanied by an artifact reduction unit to
minimise the impact of stimulus artifacts. On the three-stage
front-end, a low-noise amplifier (LNA) is followed by a band-
pass filter (BPF) and a programmable gain amplifier (PGA),
which have been divided into separate stages to lower the gain-
bandwidth demands on the first stage, enabling a smaller chip
area occupied by the capacitors as well as a superior noise
performance [37]. A nominal bandwidth of 300 Hz to 10 kHz
was selected, at a total gain ranging from 60 dB to 75 dB
for measuring tens to hundreds of µV-level action potentials
ranging from 300 Hz to 5 kHz [38], [39]. As shown in Fig.
4(a), three blanking switches SB1,B2,B3 are present at each
electrode input (EA,B,C) to prevent amplifier saturation during
same-channel stimulation by disconnecting the low-voltage
LNA inputs from the high-voltage stimulus pulses. The input
paths from EB,C are shorted at the input capacitor terminal
CIN2 in a pseudotripolar arrangement, supporting common-
mode-insensitive readout for superior recorded signal quality.

1) Three-stage recording: The amplifier RC networks were
appropriately selected to define the midband gain, AM as
the ratio of the capacitors CINx/CFx, and the filter high-
pass corner, fHP , as the product of the feedback parts,
1/(2πRFxCFx) Hz, where CINx represents input capacitance
at each stage, and CFx and RFx indicate feedback capacitance
and resistance, respectively. At the LNA stage, the ratio of
CINx/CFx is defined at 90 fF / 12 pF to achieve a gain of
40.4 dB; the BPF stage includes a 150 fF / 750 fF ratio for
a gain of 14.2 dB, while the PGA stage is formed of a 1 pF
input capacitor and a parallel combination of 70 fF, 120 fF,

and 500 fF as feedback to select a variable gain of 20.4 dB,
15.6 dB, and 5.6 dB, respectively.

The variable output capacitors COx determine a low-pass
corner (fLF ), that can be restricted (decreased) to limit the ef-
fect of stimulus artifacts on the recorded signals by increasing
the signal attenuation at higher frequencies. This is achieved
using output capacitors of 1 pF / 8 pF at the LNA and BPF
stages, and 1.5 pF / 12 pF at the PGA stage for the nominal /
shifted settings. This bandwidth restriction, or “pole shifting”,
can be enabled during mode selection, or automated based
on the output of the artifact detection unit Vrst shown in
Fig. 4(b), which comprises differential comparators and logic
gates. Additionally, the variable pseudo-resistor RF3 enables
fine-tuning of the fHP using an external bias.

The LNA stage was constructed with a telescopic cascode
operational transconductance amplifier (OTA), while the BPF
and PGA were formed of a balanced OTA architecture, as
shown in Figs. 4(c) and 4(d), respectively. The telescopic
cascode OTA was optimised to achieve a large open-loop
gain and phase margin, while also maintaining a balance be-
tween current consumption, footprint area, and input-referred
noise (IRN). The amplifier’s IRN was reduced by maximising
the transconductance efficiency (gm/ID = 25.1 V −1) of the
differential input pair (MT1,T2), thus operating in the weak
inversion region. To limit their contribution of flicker noise,
the transistors MT1,T2 were implemented using large p-type
devices, optimising the amplifier’s noise response. Conversely,
a low thermal noise was achieved by minimising the gm/ID =
4.7 V −1 for the load transistors (MT7,T8) to operate in strong
inversion.

2) Artifact reduction: A differential dynamic comparator
shown in Fig. 4(e) was implemented to detect stimulation
artifacts and any other large differential signals at the input
terminals, which exceed the expected amplitude range of
biopotentials. By activating soft reset (pole shifting) via the
increase in the output capacitor at each stage (CO1,O2,O3),
the low-pass frequency corner of the front-end is reduced,
minimising the amplifier gain at higher frequencies; therefore,
the recording module reduces the likelihood of amplifier
saturation. The absolute difference of the input signals is taken:
two comparators are placed in parallel, and their outputs are
combined using two D-Flip Flops and an OR gate that extract
a stable signal synchronised with the comparator clock, as
illustrated in Fig. 4(b).

Artifact detection can be enabled with an external control
signal, EN_shift, or separately enforced to shift the band-
width regardless of the comparator output using BW_shift,
which are both determined from the channel logic unit, thus
increasing the system flexibility according to its application.
The present system is aimed at action potentials ranging from
tens to hundreds of µV. Provided the minimum gain setting at
60 dB (1,000 V/V) and a peak-to-peak input range of 1.1 V,
biopotentials biased at 0.9 V can be captured ranging up to 540
µV without saturation using the nominal recording bandwidth.
The comparator detection threshold (trip point) was optimised
with respect to the differential inputs by simulation according
to (2), where Wx represents the width of transistor Mx. Based
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Fig. 4. Schematic diagrams of the low-voltage (a) pseudo-tripolar three-stage neural recording front-end with blanking switches, (b) differential comparator
setup for artifact detection, (c) telescopic OTA, (d) symmetrical OTA, and (e) comparator topology.

on reported amplitudes of stimulus artifacts, which range up to
tens of mV [40], [41], the nominal comparator threshold was
defined at a 10-mV input difference as the minimum expected
value (∆Vin) by assigning reference voltages (±Vref ) of 928
mV and 915 mV.

∆Vin = ∆Vref
W1,3

W2,4
(2)

III. IMPLANT ASSEMBLY

Miniature implant assembly was carried out in three-steps:
(1) post-processing of the manufactured bidirectional interface
ASIC, (2) fabrication of the microchannel structures, and (3)
integration of the ASIC, microchannels, and system intercon-
nects. Fig. 5 shows a labelled ASIC micrograph prior to the
post-processing steps described below. The as-manufactured
ASIC has a typical size of 1.52 mm × 1.52 mm × 0.7 mm
with six (0.96 mm)2 tissue contact pads. Table I outlines the
assembly steps described below.

A. ASIC Processing
ASICs were thinned in-house to reduce the overall device

size. Prototypes were fabricated on a multi-project wafer;
therefore, wafer-level thinning was not possible: ASICs were
thinned at the individual die level. Fully mechanical processes
were developed to thin ASIC dies (initially 0.7 mm to 1
mm) down to tens of µm with a surface roughness in the
nm range [42]. Mechanical ASIC thinning was carried out
using an EXAKT 400 CS Microgrinder (EXAKT Advanced
Technologies, Norderstedt, Germany). Samples were mounted

on ceramic plates using Crystalbond™ 509 mounting adhesive
(Armeco Products, Inc, USA), which melts at approximately
50◦C and dissolves in acetone [43], thus protecting the active
top surface of the chip during grinding with safe removal
afterwards.

Aluminium ASIC pads are unsuitable as stimulation and
recording electrodes in contact with body fluids. Pad plating
with corrosion resistant electrode materials is necessary, such
as thin films including TiN [44] or Pt [45], or electroplated
or electroless Au [46]. An alternative approach considered

Channel 2
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Debug I/O

E_B1 E_A1 E_C1

E_B2 E_A2 E_C2

GND VDD VDD3 VCC

CLK DIN VoID[0:3] ...

1.52 
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1.52 
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Fig. 5. Micrograph of the active interface ASIC.
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for this process involves gold-ball thermosonic bumping and
coining that deposit a tail-free gold ball on the aluminium
electrode pad. Ball bumping and coining was carried out
using a K&S 4500 Series wire bonder (Kulicke & Soffa
Industries, Inc, Singapore). Using a 30-µm gold wire, the ball
size was defined at ×3.5 of the wire, resulting in ∼100-µm
ball diameter to cover the square-shaped electrode pads 96 µm
in width.

B. Microchannel Array

Microchannel electrodes amplify extracellular signals by
confining axons within narrow, insulating, polymeric tubes,
which results in a larger extracellular resistance [47]. This also
enables smaller stimulus currents to evoke or inhibit neural ac-
tivity (4.29 µA to 26.2 µA [39]). Typically, the microchannels
range from 2 mm to 5 mm in length, and achieve a selective
interface using channel widths of 100 µm to 200 µm to limit
channel blockage by fibrotic tissue while providing sufficient
room for the growth of blood vessels [39]. It is preferable
to limit the channel length for optimum regeneration, as this
requires a smaller axon extension. However, to ensure contact
with a node of Ranvier, a minimum length of 3 mm has been
reported [28].

Microchannel array manufacture followed an improvement
upon the methods introduced in [48], stacking silicone and
interface ASIC laminae. Standard glass microscope slides (75
mm × 25 mm × 1 mm) were cleaned and activated with
oxygen plasma to reduce water contact angle (Zepto Low-
Pressure Plasma System, Diener Electronic GmbH & Co.
KG, Germany). Slides were spin coated (1000 RPM, 10 s)
with release layer of polystyrene sulfonic acid (PSS, 561223
Sigma, UK) using a a WS-400E-NPP-Lite spin coater (Laurell
Technologies, USA). Two-part silicone rubber (PDMS, Syl-
gard™184, Dow Corning) was used to form the channel walls
and encapsulate connective tracks. Sylgard 184 was mixed in
a 10:1 volume ratio of the silicone base and curing agent to
form clear silicone, to enable laser cutting 0.25 parts black
pigment (Med-4800-2, Polymer Systems Technology Limited)
was added to Sylgard 184 before vortex mixing (DAC 150
FVZ-K, Synergy Devices Ltd, UK). A clear silicone layer was
spin coated (1000 RPM, 40 s) followed by a thicker pigmented
silicone layer (500 RPM, 40 s). Silicone bilayers were cured at
125 ◦C for ≥20 minutes. Microchannels were laser patterned
in the silicone bilayer using an Nd:YAG laser cutter (Laservall
Violino-2, Laser Lines Ltd, UK; wavelength 1064 nm; spot
diameter ∼30 µm). The laser ablates the pigmented silicone
faster than the clear silicone, setting a cutting depth. Laser
patterned microchannels were 300-µm-wide with a 160-µm
wall between, resulting in a 460-µm channel pitch that matches
the ASIC layout design.

C. Integration Technique

Thinned ASICs were mounted on flexible interconnect
PCBs using cyanoacrylate adhesive (Loctite®, Henkel Adhe-
sives, Germany), excess adhesive was removed using acetone.
Cyanoacrylate was masked with low-viscosity medical grade

epoxy (Loctite® EA M-31CL™), cured, and oxygen plasma
cleaned. IO and supply pads were connected to interconnect
tracks by wire bonding. A thin silicone layer was applied as an
ASIC and wire bond encapsulant by spin coating. Au-bumped
electrode pads were coined, to expose the Au surface. Finally,
the PDMS-based microchannel structures were aligned to the
channel areas and adhered with silicone. This process results
in a complete 2-channel device, which is repeated to enable the
stacking of multiple layers for a larger channel count according
to the diameter of the interfacing nerve.

The overall structure had a thickness of around 0.5 mm with
a maximum width of 2 cm. Approximately 18% of the total
thickness is attributed to the active circuit parts, with ASICs
thinned down to around 92 µm. Up to 12% of the total size
was filled by the flexible printed circuit board (FPCB). The
remaining 60% that was filled by the microchannel structures
and adhesive PDMS between layers, with up to 50% of open
space available for neural regeneration.

IV. MEASURED RESULTS

Direct measurements from the ASIC electrode pads were
obtained in vitro using the setup shown in Fig. 6. Interfacing
with the ASIC logic unit was implemented in a Diligent Artix
7 FPGA on a CMOD A7-35T programming board (Xilinx
Inc, CA, USA), and modelled using Vivado. The interface is
programmed to generate a clock signal and determine the input
bitstream according to the ID, mode, and settings parameters.

TABLE I. Integration steps of the active MNI formed of the ASIC, flexible
interconnect, and PDMS microchannels.

Step Process Micrograph

1 Back-grind ASIC to
<100-µm thickness

2 Manually align and attach
the FPCB

3 Wire bond circuit and
ball-bump electrodes

4 Reinforce bond stability
with Loctite epoxy

5 Encapsulate interconnect
joints with PDMS

6 Expose electrode pads by
coining gold bumps

7 Fabricate and bond PDMS
microchannels
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The test board contains LV regulators, HV power and BNC
recorded signal connectors, and a low-impedance, centre-
tapped transformer to provide differential signals as biopo-
tential inputs. An EL302RT benchtop power supply (Aim-TTi
Instruments, Cambridge, UK) was used to supply ASIC HV
power, with a 33600A arbitrary waveform generator (Keysight
Technologies, CA, USA) to provide the input recording sig-
nal. Outputs were monitored via a Keysight MSO-X 3024T
mixed-signal oscilloscope. For noise measurements, an R&S
FPL1007 spectrum analyser (Rhode & Schwartz, GmbH & Co
KG, Munich, Germany) was used.

A. Stimulation
The ASIC stimulator was characterised as follows: (1)

biphasic pulse shape at different amplitude and frequency
settings; (2) voltage compliance and variation in electrode
voltage with load impedance; and (3) cathodic and anodic
stimulus charge and phase matching. Charge mismatch across
the stimulation phases or outer electrode pads was adjusted
via the calibration mode.

1) Biphasic stimulus: Low-frequency stimulus pulses with a
1 ms pulse width were measured at varying amplitude settings
through a high-impedance load connected across EA-B and
EA-C. As shown in Fig. 7, the waveform has a clear rectangular,
biphasic shape. Cathodic and anodic currents were calibrated
and compared against the ideal outputs. While the currents in
both phases overshoot by up to 15% of the nominal setting at
large amplitudes, the initial phase mismatch of 32% is halved
after calibration, with a 1.4% difference at the maximum
current setting.

2) Voltage compliance: Electrode voltage was measured
with varying load resistors between 10 kΩ and 10 MΩ at
different current settings. As outlined in Fig. 8, increased RAB,
across electrodes EAB and EBC, resulted in an Ohmic increase
in the electrode voltage. Measurements were made with low
frequency stimulus currents between 2 µA and 62 µA provided
from each outer electrode pad through to the inner contact.
At load resistors greater than 100 kΩ, electrode voltages are
capped near the high-voltage supply reaching 45 V.

3) Phase mismatch: The prolonged operation of the stim-
ulator showed stable waveforms across multiple cycles. Fig.
9(a) shows a pulse train of 1 ms biphasic pulses at 40 Hz.
A model MNI electrode array in phosphate-buffered saline

MSOX3024T 
oscilloscope

HV 
supply

Benchtop 
DMM

Test PCB

Passive MNI 
in PBS

RC board

Fig. 6. In-vitro measurements testbench.

(PBS) solution was connected to the test PCB as the load to
measure charge balance over 10 minutes using a 10 kΩ series
resistor. A second-order passive RC filter was connected in
parallel with the resistor to measure the leakage current due to
any charge imbalance [49]. Fig. 9(b) shows a plot of leakage
current measurements recorded with time, which indicate a
maximum leakage current of 50 nA.

B. Recording
Recorded signals from the ASIC readout blocks were anal-

ysed in the time and frequency domains. A (6.45:1) step-
down transformer was used to generate differential sinusoidal
input signals from a 2 mV driving signal during bench
top measurements, while a larger amplitude was provided
for in-vitro analyses to account for any attenuation due to
signal propagation through PBS. Fig. 10(a) shows the output
waveforms of the three-stage neural amplifier at the nominal
bandwidth with varying gain settings.

1) Gain-bandwidth: Frequency domain analyses confirmed
the programmed settings for higher gain measurements as well
as the restricted bandwidth for pole-shifting. Fig. 10(b) shows
filter performance via the nominal and shifted bandwidth
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Fig. 7. Measured low-frequency stimulus waveforms for varying DAC settings
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settings for the 60 dB gain, resulting in 10 kHz nominal and
5 kHz shifted low-pass corner frequencies. Fig. 10(c) presents
the outputs at varying gain measured at the nominal band-
width, with recorded closed-loop gains at 61.5 dB (2’b11),
62.5 dB (2’b10), 70 dB (2’b01), and 72 dB (2’b00). Sta-
bility analyses of the amplifiers were performed in simulations
by observing the closed-loop gain and phase margins (PM) of
both OTA structures using the output capacitors corresponding
to each recording mode. In the nominal setting, where output
capacitors of 1 pF (LNA), 1.5 pF (BPF), and 8 pF (PGA) are
used, a PM ranging from 44◦ to 73◦ was obtained; while the
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Fig. 9. Measurements of (a) the stimulation pulse train across 200 ms, and
(b) total leakage current over 10-minutes.
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Fig. 10. Recorded ac-coupled output waveform of the three-stage amplifier.
(a) transient waveforms at 1 kHz, and frequency response with varying (b)
bandwidth, and (c) gain settings.

shifted setting that uses 8 pF (LNA, BPF) and 12 pF (PGA)
results in PM values of 52◦ to 84◦.

2) Noise performance: The amplifier’s noise performance
was characterised using a spectrum analyser. IRN was cal-
culated in MATLAB using (3) across the 300 Hz − 5 kHz
bandwidth with a total current draw of 34 µA from the LV
supply during the recording mode. This resulted in an IRN
of 2.74 µVrms across the nominal recording bandwidth and a
noise efficiency factor (NEF) of 6.27.

V 2
n,in =

V 2
n,out

A2
v

(3)

3) Artifact reduction: In vitro measurements were used to
characterise the performance of the artifact reduction unit in
the presence of stimulus pulses from adjacent channels. The
test setup includes a passive microchannel interface with a 300
µm channel pitch submerged in a PBS-filled beaker, where
adjacent channels operate concurrently in the recording (chan-
nel 1) and stimulation (channel 2) modes. The stimulating
channel is supplied by a 40-V HV supply and it is programmed
to drive biphasic currents at the maximum IDAC amplitude
setting (62 µA) with a 50-µs pulse width. Meanwhile, the
recording channel is programmed to operate with a gain of 60
dB for measuring a 2-kHz sinusoidal signal generated using
an antenna positioned approximately 5 cm apart from the
interface within the PBS solution. A large return electrode
is included at the base of the beaker, positioned 2 cm away
from the antenna and interface. This arrangement results in
some attenuation of the 20-mV generated signal, where the
recorded waveform characteristics are determined based on
the amplified output.

Fig. 11(a) shows the response to stimulation artifact at the
nominal bandwidth and with pole-shifting enabled. Fig. 11(b)
shows a close-up of the channel recording output, highlighting
a faster recovery within 1 ms of the artifact occurrence. The
measurements were performed using open microchannels, i.e.,
without a PDMS cover to isolate the electrodes’ surrounding
area. Therefore, the amplified adjacent-channel artifacts, which
measure a peak-to-peak amplitude of approximately 1.4 V,
are considerably larger than the expected range. This has led
to amplifier saturation, as highlighted on the nominal output
trace of Fig. 11(b), while the shifted output prevents saturation.
Furthermore, the measured signal can be distinguished in the
shifted trace within 1 ms of the artifact occurrence, whereas
the nominal trace requires up to 4 ms to recover the signal.

C. Device Integration
Implant physical and electrochemical characteristics were

measured following ASIC post-processing and assembly. Wire
bond strength was determined by pull tests on the integrated
active MNI ASIC. Atomic force microscopy (AFM) was used
to obtain topographical measurements of the silicon surface
roughness using a Bruker Dimension Icon AFM in tapping
mode (Bruker Corporation, Massachusetts, U.S.). Electrode
electrochemical performance was measured in PBS on a model
gold-coated sample using a Wayne Kerr 6500B Precision
Impedance Analyser (Wayne Kerr Electronics, London, UK).
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Fig. 11. In vitro recorded 2 kHz signals with concurrent stimulation in
adjacent channels showing (a) full stimulation cycle, and (b) zoomed-in view
of the nominal and shifted outputs.

Finally, accelerated life tests were performed at 60◦C in PBS
over the course of a week, which translates to a month of
implantation at body temperature [50].

1) Electrode characteristics: The final polished ASIC has an
average surface roughness Ra of 12.6 nm ± 14.4 nm using
a P4000 polishing film (step 4 of the thinning process), com-
pared with 151 nm ± 219 nm for an as-manufactured ASIC
(step 1). During backlapping, the average sample roughness
was reduced to 128 nm ± 166 nm using a P1200 film (step
2) and then to 75.5 nm ± 100 nm using a P2500 film (step
3). Results of ASIC thickness variation and example surface
profile are illustrated in Fig. 12. Electrochemical impedance
spectroscopy shows an average electrode impedance of 10.83
kΩ ± 3.5 kΩ at 1 kHz. Fig. 13 shows the impedance variation
within the frequency range of 20 Hz to 1 MHz, highlighting
the large contribution of the double-layer capacitance at low
frequencies on the magnitude plot and the resistive compo-
nents of higher frequencies reaching a phase angle close to
zero degrees.

2) Implant stability: The mechanical integrity of the interface
bonds was analysed with pull tests using a Correx Tension
Gauge (Haag-Streit, USA), indicating consistent bond per-
formance at 20.2 cN ± 1.6 cN across measurements and

1 2 3 4

Process step

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

IC
 th

ic
kn

es
s 

(
m

)

IC-v1 EXAKT grinder 19/12/22

(a)

37.4 nm

-29.8 nm

20 um

20 um

20 um

20 um

5

10

15 5

5

5

10

10 10

15

15

15

(b)

Fig. 12. ASIC (a) thickness variation using P1200-P4000 polishing films, and
(b) surface profile across a (20-µm)2 area.

presenting comparable results to the literature [51]. The active
MNI was submerged in a PBS bath and maintained in an
80%-humidity environment for seven days using a humidity
chamber (HCP50, Memmert, Germany). As shown in Fig. 14,
the track corrosion along the edges of the PCB indicate some
moisture absorption, which can be detrimental for chronic use;
however, the ASIC bond pads remain stable. Furthermore,
measurements of the LV and HV supply currents made during
the accelerated life tests were consistent with the expected
ASIC power consumption, indicating the electrical stability of
the device.

D. Ex vivo Measurements
The response to electrical neural stimulation was collected

from the rat sciatic nerve using ex vivo analyses of an exposed
nerve section. All ex vivo studies were carried out with
rats following Schedule 1 Animals (Scientific Procedures Act
1986) euthanasia and confirmation at the UCL Institute of
Biological Services. Measurements of neural activity were
performed using hook electrodes along the sciatic nerve at an
electrode distance of approximately 1 mm in an intact nerve,
while a 3-mm section of the nerve was extracted to make direct
contact to a packaged interface ASIC, as shown in Figs. 15(a)
and 15(b).

Results of the neural response to electrical stimulation mea-
sured from an adjacent recording channel are shown in Fig. 16,
highlighting the difference in nerve activity with and without
neural contact. The stimulating channel was programmed to
drive a 124 µA biphasic pulse with a 200 µs pulse width.
In Fig. 16(a), the sciatic nerve was interfaced with the active
MNI circuits using passive MNI contacts and hook electrodes,
thus enabling access to the stimulus pulse from the electrodes.
The clear distinction between the measured outputs from the
nerve and muscle can be seen approximately 1 ms after the
stimulus artifact, before which the two signals overlap. A
larger difference with a maximum signal amplitude of 1.4 Vpp
is shown in Fig. 16(b), where the ASIC electrode pads were in
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models.
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Bonded ASIC Bonded ASIC
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Bonded ASIC Bonded ASIC
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Fig. 14. Device lifetime showing the interface (a) before, and (b) after 7 days
of accelerated life tests at 60◦C in PBS.
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Fig. 15. Ex vivo experiments setup for the (a) passive, and (b) active tissue
contacts.
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Fig. 16. Neural response to stimulation on the active MNI measured with
pole shifting ex vivo via (a) passive, and (b) active tissue contacts.

direct contact with a sectioned nerve. Therefore, both signals
exhibit a longer settling time, reaching up to 10 ms to return
to a common bias of 850 mV, which has been removed in the
plot via a digital filter with a 50 Hz high-pass corner.

V. DISCUSSION

The implementation of high-density neural interfaces with
reliable connectivity is necessary for achieving high degrees of
bidirectional selectivity and efficacy. Such a system requires
local control and processing modules to ensure high recording
signal quality for biomarker analysis. This requires low-
power, miniaturised integrated circuits that enable concurrent

operation of a high-voltage stimulating driver with a low-
voltage recording front-end to measure biopotentials several
orders of magnitude smaller than surrounding sources of
noise, interference, and artifacts. For this purpose, a complete
bidirectional microchannel neural interface with high-voltage-
compliant electrical stimulation and artifact-resistant neural
recording functions was designed and implemented using
the 180 nm CMOS technology. The two channels on each
aMNI ASIC are arranged such that independent control of
HV stimulus pulse drivers and LV amplifiers of the neural
signals are achieved within 0.64-mm2 microchannels using
local digital control. Although the artifact reduction module is
described and characterised in the context of stimulus artifacts,
which are the most likely source of interference in such a
bidirectional system, this method is applicable to any source of
interference that can compromise the quality of the recording
signal.

Table II compares the performance parameters of the pre-
sented ASIC with other systems reported in literature for
electrical stimulation and biopotential recording with artifact
reduction capabilities. Although the current design is formed
of two bidirectional channels, it presents a proof-of-concept
solution for a high-density neural interface system that can be
scaled to house several channels (7 per ASIC is proposed).
Key advantages of the developed stimulator include the high
compliance voltage, which enables efficacious activation of
neural fibres through high-impedance, miniature electrode
contacts, and the on-ASIC tripolar architecture suitable for
microchannel integration at the ASIC surface. Compared to
prior work, this design achieves a good trade-off between
power consumption and noise performance across a wide
bandwidth. The overall channel area is determined by the
physiological requirements of neural regeneration within mi-
crochannel structures, where a longer channel provides greater
support for the nerve sections and a minimum channel width
is necessary to ensure adequate space for vascularization.

Full integration of the regenerative neural interface with
the neuromodulation circuits requires specific microassembly
techniques that address the challenges in the fabrication of
miniaturised devices. Analyses of the thickness and surface
topology of the integrated circuit silicon backside confirmed
improvements in the suitability of the device size for its
application as well as promising mechanical properties through
the final polishing steps. The mechanical grinding resulted in
a controlled uniform thickness comparable to flexible hybrid
electronics with silicon thicknesses < 200 µm, though ultra-
thin ASICs under 50 µm in thickness have also been reported
[52]. Active neural interfaces such as the FF-WINeR and
hdTIME active probes report thicknesses in the range of 75 µm
to 150 µm [53], [54]. Silicon wafer strength is correlated with
surface roughness as defined by cracked or polished samples
[55].

Electrochemical tests with an MNI ASIC model were per-
formed to characterise the in vitro performance of the active
electrode pads, resulting in 10.82 kΩ at 1 kHz. The mechanical
integrity of the interface bonds was analysed with pull tests,
indicating a consistent performance across measurements and
presenting comparable results to the literature [51]. In vitro and
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TABLE II. Comparative summary of system performance with state-of-the-art bidirectional neuromodulation integrated circuits.

Parameter JSSC’16 [5] JSSC’20 [6] ISSCC’20 [7] ISSCC’21 [8] JSSC’22 [9] TBCS’23 [10] This work

Technology (nm) 180 130 65 180 180 180 180

Channel count1 8 record,
4 stim

32 stim
& record

4 stim,
64 record

2 stim,
8 record

16/4 stim,
32 record

8 stim
& record

2 stim
& record

Electrode setup Bipolar Bipolar Bipolar - Bipolar Bipolar Tripolar
Active interface No No No No No No Yes
Stimulation

Compliance (V) - 3.3 ±11 3 40 ±5 45

Amplitude 600 µA 3 mA 10 µA -
10.2 mA

1 µA -
127 µA

50 µA -
12.75 mA

0.26 µA -
1.8 mA

2 µA -
124 µA

Pulse width - 200 µs 10 µs 330 µs 150 µs 5.4 µs 1 µs - 1 ms

Frequency 12 Hz 5 Hz 10 Hz - - 1 Hz 7.4 Hz
- 20 kHz

Recording
Midband gain 40 - 60 dB - - 28 - 50 dB 42 - 62 dB 42 dB 60 - 72 dB

Bandwidth 1 Hz -
2 kHz 1 - 500 Hz 10 Hz -

1 kHz
200 Hz -
9 kHz 2 - 200 Hz 100 Hz -

8 kHz
300 Hz -
10 kHz

IRN (µVrms) 5 1.6 2.9 6.2 1.03 4.09 2.74
NEF - 2.86 / 9.8 - 2.34 2.37 - 6.27

Artifact reduction
technique

Adaptive
filtering

Track-and-
zoom ADC

Adaptive
filtering

Adaptive
filtering

Stimulation-
side contour
shaping

Quick-
blanking

Pole
shifting

Supply voltage (V) - 0.6 / 1.2
/ 3.3 1.2 / 2.5 3 1 / 40 1.8 / 5

/ 10
1.8 / 3.3 /
45

Die area (mm2)
Channel 0.17 0.023 0.36 0.66 - 0.125 0.64
Total 1.4 10.9 4 11.76 30.25 9 2.31

AFE power
(µW/Ch) 0.33 1.7 3.2 2.5 1.07 / 1.32 27 4.7

1Number of independently stimulating (stim) and recording (record) channels.

ex vivo analyses of the stimulation and recording modules were
used to characterise the performance of the active electrodes.
Clear transient measurements of sinusoidal waveforms that
model biopotential signals indicate a good recording response.
The biphasic stimulus waveforms detected from the saline
solution using a differential setup confirm the expected perfor-
mance from the current driver and the capability of the device
in delivering balanced stimulus pulses.

VI. CONCLUSION

A prototype of a regenerative aMNI was developed by
post-processing and integrating two-channel neuromodulation
ASICs with microchannel structures. As a first step in neuro-
modulation, the presented system addresses the challenges of
recording micron-level neural activity in parallel with high-
voltage electrical stimulation within a high-density neural
interface. The devices were interfaced with using flexible in-
terconnects and provided a regenerative structure with PDMS-
based microchannel blocks, which were designed to conform
to the ASIC electrode geometry. The integration process was
described, including ASIC post-processing methods and the
bonding of silicone microchannel layers.

Experimental results of the fabricated system were pre-
sented to verify the active electrode performance by mod-
elling the neural tissue with concurrent electrical stimulation
and neural recording in in vitro and ex vivo environments.
Activation of the pole shifting mechanism highlighted a 1-ms
recovery time following stimulus artifacts with a 2.74 µVrms
recording IRN alongside a 45 V compliant stimulation driver.
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