HIGH TECHNOLOGY LETTERSIVol.26 No.1|Mar. 20201 pp.79 ~ 84

doi:10.3772/j. issn. 1006-6748.2020.01. 010

A 16-channel high-voltage reconfigurable and flexible-controlled
implantable wireless closed-loop system for SCI repair®

Yan Hanbing ([Z19€yK) ***, Zhang Xu@* | Liu Ming” , Yuan Fang®, Wang Sikai* ™, Chen Hongda "

( " State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors ,
Chinese Academy of Sciences, Beijing 100083, P. R. China)
( ™ University of Chinese Academy of Sciences, Beijing 100049, P. R. China)

Abstract

An adaptive closed-loop system for spinal cord injury (SCI) repair is designed. It integrates
stimulation and recording on 16 pairs of electrodes. Two switches (SAS3T16/SAS1T16X2) fabricated
in high-voltage 0. 8 pwm process with online re-configurable function are proposed. These two swit-
ches are combined with commercial off-the-shelf ( COTS) electronics to implement the closed-loop
implantable system in compact module. The system includes amplifier for recording neural signals,
high-voltage stimulator, power transmission device, central processing module and flexible implant-
able electrodes. Two customized switches route any electrode to amplifier or stimulator, and nerve
stimulation and signal recording are performed through lead wire-driven channels. The entire system
is able to operate at up to 28 V, and is a biocompatible package with a volume of 42 mm x 35 mm X
8 mm. This system solves several problems encountered in implantable devices: low flexibility, neg-
ative influence of stimulus artifacts on neural detection and low integration of electrodes.
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0 Introduction

In recent years, the number of disabled patients
with spinal cord injury (SCI) caused by disease or
trauma has increased significantly. SCI often leads to
neurological visceral dysfunction below the injury
plane, such as double barriers to bladder storage and
urination''’ . Frequent reflex urinary incontinence and
high bladder pressure as well as their complications are
extremely harmful to the patient’ s life expectancy.
With multidisciplinary integration, there has been a
growing interest in closed-loop implantable devices for
SCI repair. They have low risk of infection, convenient
and patient friendly. However, certain issues still limit
the commercialization of implantable devices.

Various kinds of chronic physiological responses
may cause poor connection between electrodes and tis-
sue, and this situation is not conducive to long-term
implantation. Improving electrode density is a viable

[2]

way to solve this issue"”. However, the use of multi-

ple electrodes in small anatomical spaces is challeng-

23] Tt requires implantable device to flexibly coor-

ing
dinate these electrodes for sensing or stimulating.

The implantable stimulator is confronted with large
electrode-tissues contact impedance ( Zetc), so high
driving voltage becomes necessary to deliver the requi-
site charge to the target tissue in triggering the desired

71 Due to the generation and

level of neural response
growth of scar tissue in the body, Zetc will continue to
increase after the electrode is implanted”"”’ | which
means that practical stimulators must support high
headroom voltages.

Artifacts are inevitably recorded together with nor-
mal neuronal electrical activity, which would be sever-
al times larger than the target neuron potentials in am-
plitude **'. Besides, artifacts will also saturate the re-

10]

cording amplifier''®’. This puts requirements on the re-

cording system to capture signals effectively and clear-
ly.

Several research institutions have used commercial
off-the-shelf (COTS) electronics or application specific
integrated circuits ( ASIC) to realize a closed-loop neu-

[9,11-15

ral interface I However, none of the systems cov-
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er a wide range driving voltage, multiple electrodes
and flexible reconfiguration together. In this work, a
closed-loop system for implantable SCI restoration is
presented to solve the aforementioned issues. Two cus-
tom switches are designed to address the requirement of
configuring 32/16 electrodes online in response to lar-
ger integration and better signal sensing. All electron-
ics are driving at high voltage to prevent saturation and
to eliminate DC drift. Artifacts can be appropriately
eliminated by controlling the on-time of the switch. The
whole system is implemented on printed circuit boards
(PCBs) using 2 switches and COTS electronics.

1 System design

1.1 System overview

The overall structure of the closed-loop system de-
signed is shown in Fig. 1. The in vitro devices include
the data acquisition device (DAQ) (NI USB-4432), a
wireless power transmission and a personal computer
(PC). The PC terminal receives the recording signals
from the DAQ and transmits control signals to the micro

control unit (MCU).
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Fig.1 Overall system design

The in vivo implanted part consists of electrodes,
an amplifier module, a stimulation module, a control
part and wireless power interaction. There are 32 elec-
trodes combined with the SAS1T16X2 switch are used
for stimulation. The SASIT16X2 is a 32-channel sin-
gle-pole, double-throw switch that supports up to 2
electrodes simultaneously and provides tissue with bi-
polar current pulses. For signal recording, these 16 e-
lectrodes form 16 pathways with SAS3T16. The
SAS3T16 is a 16-channel single-pole, three-throw
switch, which is able to simultaneously acquire signals

from 3 electrodes and apply them as differential inputs
and reference inputs respectively to the amplifiers.
Both the amplifier and the stimulator are high voltage
driving.

1.2 Electrode

Flexible PCB of polyimide substrate is used in the
implantable electrodes. The contact points adopt the
sinking gold method to reduce the contact resistance
and improve the electrochemical stability. Polyimide
has good biocompatibility and has been shown to be
suitable for use in implantable devices through in vitro
cytotoxicity assaysm] . As shown in Fig. 2, the fabrica-
ted electrodes are divided into 4 groups, each group
has 8 electrode points and is available in 2 sizes. The
stimulation electrodes are multiplexed with the ampli-
fied electrodes to save volume. Depending on the situa-
tion, the appropriate point can be selected for the stim-
ulation/recording, which greatly increases the flexibil-

ity.
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Fig.2 Flexible implantable electrodes

1.3 Neural amplifier

The neural signal amplifier includes a radio fre-
quency (RF) filter, a preamplifier, a low pass filter,
a high pass filter, and a variable gain amplifier, as
shown in Fig.3. Due to the large RF interference in
the environment, an RF filter is designed to filter out
the high frequency noise and maintain the stability of
the amplifier. The high voltage, single-supply and low-
noise instrumentation amplifier ( INA188, Texas In-
struments) is used in the preamplifier, in which the
cain is determined by the R7 (51 dB by 1 kQ)). A
feedback loop is designed to reduce common mode in-
terference. Then the low-pass and high-pass filter with
a total gain of 10 dB and a filtering range of 300 —
3000 Hz are designed. The variable gain amplifier
uses the adjustable resistor R}; (50.5 —50 kQ)) and its
gain is controlled in the range of 1 - 60 dB. As a re-
sult, the entire amplifier system is designed with an
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adjustable gain from 61 dB to 120 dB and a flat re-
sponse frequency from 300 Hz to 3 000 Hz.
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Fig.3 Neural amplifier

1.4 High-voltage stimulator

The human tissue environment is complex, and
the electrode-tissue interface has capacitive and resis-
tive components. Even if the impedance is fully char-
acterized in the laboratory, it would change after im-
plantation. The traditional voltage stimulation mode
means the current output to the action site is not con-
stant, making it difficult to control the total charge in-
jected into the tissue per unit of time. And the desired

stimulating may cause tissue burns and the effects are
often not satisfactory. Therefore, the current stimula-
tion mode is used to control the injected and extracted
charges precisely.

Fig. 4 shows the designed stimulator. Symmetric
bipolar pulses are generated by the DAC(TLV61046A,
Texas Instruments). Then the pulse waveforms are in-
tegrated by the high-voliage amplifier (OPA2277, Tex-
as Instruments) to increase the allowable voltage am-
plitude to the supply voltage. To improve the load car-
rying capacity, the high input impedance of the opera-
tional amplifier is used to increase the output imped-
ance of the stimulator. The amplitude and period of the
generated pulses can be flexibly controlled by the con-
trol unit to achieve the desired stimulation effect.

RSID
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Fig.4 Neural high-voltage stimulator

1.5 Central process module

The selection of the effective pathway and the
stimulator pulse are controlled by MSP430F149 ( Texas
Instruments ). The control signals and their data format
are shown in Fig. 5.
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Fig.5 The data format of control signals

Two switches are configured through their own ser-
ial peripheral interface (D, , SCLK, Csn). The data
format of D, is 16 bits, with the first 5 bits being flag
bits, then, just as for SAS3T16, AOA1A2A3 selects
16 electrode paths, EOE1 selects the access to INP,
INN or INC. For SASIT16X2, AOA1A2A3A4 and EO
address the 32 electrodes and INP/INN respectively.
Csn is the enable port, controlling whether the switch
is turned on or not to reduce unnecessary power con-
sumption when stimulation or recording are not re-
quired.

The serial peripheral interfaces of DAC also in-
clude D,,, SCLK and Csn. The input shift register is
16 bits wide: the first 2 bits are reserved control bits
for setting the desired operating mode ( normal mode or

3 power-down modes) , the remaining data bits are 12,
10, or 8 data bits followed by don’t care bits. Csn en-
ables the input shift register and write data is valid
when low.

Electrical stimulation generates stimulus artifacts
that last about 10 ms after electrical stimulation'.
Therefore, the influence of the stimulation artifacts on
the recorded signal can be effectively eliminated by
controlling the delay period between stimulation and re-
cording. Fig. 6 shows the data transfer process for a
complete stimulation and recording process. Firstly,
configure the path of the two switches. Then, enable
the switches and DAC as needed, and configure the
DAC to generate the stimulus waveform. Finally, ena-
ble the amplifier pathway for recording.
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Fig.6 The data transfer process for a complete stimulation and recording process

1.6 Power management

Power is received based on an integrated wireless
power receiver ( BQ51013B, Texas Instruments) and
transmitted based on a wireless power controller
(bq500212A, Texas Instruments). Two different coils
which
are shown in the next part. A rechargeable lithium bat-
tery (301 525) with the size of 3 mm x 15 mm X 25 mm

is adopted for power supply in vivo and provides a

are fabricated for wireless power transmission,

3.7 V output voltage for low-power devices in implant-
able systems.

The low voltage is converted by a boost regulator
(TLV61046A, Texas Instruments) to 28 V for driving
the high-voltage part. TLV61046A has an isolating
switch; when setting the operating mode to shutdown
mode, the isolating switch disconnects the output from
the input to minimize leakage current. In addition, the
TLV61046A features output short-circuit protection,
output overvoltage protection, and thermal shutdown to
prevent overheating of the circuit and tissue burn.

2 Test results

2.1 Overall device

Fig. 7 shows the photography of the fabricated sys-
tem, where Fig. 7(a) is the electrodes and the overall
package, whose volume is 42 mm x 35 mm X 8 mm,
while Fig.7(b) is the details of each part and Fig.7(c)
is the micrograph and package of 2 switches.
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Fig.7 The photography of the fabricated system

2.2 Amplifier

To verify the reconfiguration performance of the
amplifier, three inputs, a 5 mV/1 kHz, a 10 mV/1 kHz
sinusoidal signals and a zero signal, are provided to
SAS3T16. Then these signals are recorded by control-
ling the on/off of these 3 channels. The gain of the
amplifier is set to 50 dB. Fig. 8 is the amplified sig-

nals.
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Fig.8 Amplified signals from 3 channels

2.3 Stimulation waveforms and control signals
The driving voltage is 28 V and the reference volt-
age is 14 V in this test. Meanwhile, a 5 k() load resist-
ance is connected to the output of the stimulator to con-
vert the output current to a voltage, where the single-
phase currents of stimulator are set to 1 mA/200 pA
and the converting voltages are 5 V/1.5 V. Fig.9
shows 3 different stimulation modes: waveform 1 and 2
are symmetric biphasic pulses, and the amplitude is
5 V. Waveform 3 is a charge-balanced asymmetric
pulse, and the cathodic phase is 5 V and the anodic
phase is 1.5 V. Waveform 2 and 3 have a discharge
phase (300 ws) between cathodic phase and anodic
phase to remove residual charge at the electrode-tissue

interface.
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Fig.9 Output waveforms of the stimulator
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Fig. 10 is the control signals of a complete stimu-
2 is enable, the
stimulator injects charge into the tissue. In addition, it

lation and recording. When Csn _

is worth noting that the delay time is set to 500 ps and
2 ms respectively in this test to effectively eliminate the
influence of artifacts.

2.4 Discussion

Table 1 compares the proposed system with other
similar systems published in recent years on various
in the
shows that the system can provide wider operating volt-

factors listed first column. The comparison
age and more recording electrodes channels while

maintaining advantages on the other factors.
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Fig. 10  Control signals

Table 1 ~ Comparison of the implantable closed-loop system
Ref. [13] Ref. [14] Ref. [9] Ref. [15] Ref. [2] This work
Year 2015 2018 2017 2015 2015 2018
Recording 4 2 4 4 32 16
electrodes
Stimulation 6 ) 4 ) 0 0
electrodes
Voltage range 3.3 / 12V 5V +12V 15-18V  3.3V/1.8V 4-28V
Artlfac.ts No Yes Yes No No Yes
processing
Power Battery Rechargeable DC Battery Rechargeable Rechargeable
supply type battery battery battery
0.18 um 0.18 um CMOS 0.8 um HV
Technology COTS COTS CMOS COTS and ASIC and COTS
ology Society, Milano, Italy, 2015 7837-7840
3  Conclusion [ 3] Nags8, Sikdar S K, Thakor N V, et al. Sensing of stimu-

In order to solve the difficulties encountered in the
SCI repair device (low flexibility, low integration, ar-
tifacts influence ), a multi-electrode reconfigurable
high-driving-voltage system is designed to simplify
reconfiguration on different modes. It combines mono-
lithic switches with COTS. In the end, tests and com-
parison have been done to prove the proposed system is
feasible and innovative. In addition, the system is
highly versatile for other implantable medical devices to

realize their own functions.
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