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Closed- and Open-loop Deep Brain 
Stimulation: Methods, Challenges, 
Current and Future Aspects

Introduction

Application of electric current as a strategy for the treatment of 
paralytic cases dates back to 1757 [1].  DBS is a neuroengi-
neering technique presented in 1987 for the surgical handling 

of movement disorders, especially the enervating symptoms of PD [2]. 
Brain imaging and electroencephalography (EEG) enable us to iden-
tify the exact position of the DBS electrode within the targeted brain 
area for surgical interventions [3,4]. In the beginning, a simple electrical 
system was used for brain stimulation. Since 1950, single-wire probe 
was widely used for the stimulation and extracellular recording. In this 
case, multiple electrodes were produced from an array of electrodes on 
a ceramic plate. By development of integrated circuit and thin film tech-
nologies, Wise and colleagues used those methods for the production 
of microelectrodes [5]. The new era of implantable neural interface re-
search started after that time. Despite well-developed interface technol-
ogy, the clinical success of brain stimulation is related to other items 
such as quality of stimulation and exact electrode location [6,7]. Thus, 
many recent stimulation instruments utilize open-loop systems. In this 
method, amplitude, frequency and duty cycle are among parameters for 
stimulation adjustment so that stimulation would be accomplished at 
a scheduled time. Although these systems are useful and practical in 
some cases, they have some drawbacks, because the brain structure of 
different people are not quite identical to each other [7], consequently, 
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using a common program of stimulation in the 
treatment of different people does not bring 
the same answer, even in some cases leading 
to severe complications [8]. In recent decades, 
use of closed-loop and flexible systems has 
been developed to solve the mentioned limi-
tations. In these systems, stimulation current 
can be changed automatically proportional 
to the recorded brain physiological signals. 
It was believed that this method is more ef-
fective than previous procedures [9-11]. Nev-
ertheless, they have big challenges like the 
need for huge batteries to power the system 
and surgery to replace them some years after 
implantation. Another problem is the restric-
tion of the use of electrodes which forces the 
system designer to put just one electrode for 
both signal stimulation and recording. More-
over, the exact coordinates of the target area 
within the brain are among other challenge for 
electrical stimulation and neural interface sys-
tems because of more tendency to stimulate 
some small size regions such as subthalamic 
nucleus (STN; 20–30 mm3) [6,8,12,13]. De-
spite STN, Globus Pallidus interna (GPi) and 
ventral intermediate nucleus of the thalamus 
(VIM) are three targets for DBS in PD. There 
are many controversies about the best region 
with less side effects and more effectiveness 
for DBS in neurological disorders [2]. These 
problems lead to the emergence of advanced 
non-electrical techniques like optical deep 
brain stimulation which has offered as a non-
invasive, painless and feasible treatment [11]. 
In this review, we focus on technologies and 
related engineering methods of neural inter-
faces, closed-loop neural stimulation systems 
and their applications in the treatment of neu-
rological disorders.

Neural Interface
Neural probe is a microstructure which con-

nects neural tissue with external electrical, 
optical or chemical systems. In this structure, 
size, thickness, dimension and impedance are 
important issues to have the least brain dam-

age during and after implantation. Thickness, 
dimension and stability against break or bend-
ing during implantation should be considered. 
Reduction in cross-section of the conductive 
metals in the probe leads to increase of the 
electrode impedance and consequently raises 
the Johnson noise in the structure. Integrat-
ing the stimulation and record sites in a small 
volume beside each other is provided by mi-
cromachining technique and thin film nano-
technology. Totally, Micro-electromechanical 
system-based (MEMS-based) technology 
probes have 200 micrometers (200 μm) to 
a few millimeters (mm) body length and 10 
to 200 μm thicknesses. Since 1970, when 
MEMS technique has been used by Wise and 
Angle for neural electrode production, numer-
ous studies have been performed every year 
to obtain electrodes with higher functionality 
(biocompatibility, stability, low noise, etc.). In 
the past decades, the thin film of iridium oxide 
which coats the probe’s body has been used to 
prevent the direct contact of the incompatible 
metals with brain tissues; however, long time 
use of high-level voltage causes delamination 
and loss of this layer. Zhang and colleagues 
(2014) made much effort to solve this prob-
lem using carbon nanotube which not only has 
excellent mechanical stability, but also makes 
a more effective connection with neural cells 
[14]. Moreover, it has been shown that gold 
nanotubes in combination with carbon nano-
tubes considerably reduce electrode imped-
ance (Figure1). Micromachining technique 
has been used in probe production in which 
probe lies in the gold nanoparticle bath and 
then a layer of carbon nanotube with 2-micron 
thickness forms on the electrode body. Finally, 
nanoparticles are homogenized by ultrasonic 
wave and complete the probe structure.

The reduction in stimulation and record 
quality, due to blood aggregation and coagu-
lation around the implanted region, is one of 
the most important challenges considering 
implantable electrodes for brain stimulation. 
Hence, an anticoagulant liquid is commonly 
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used as a solution to deal with this problem. 
To provide this functionality, several parallel 
channels are placed on these probes which are 
made from glass deposition [15]. The proce-
dure starts with etching about 5 to 20 μm of a 
silicon surface and then tagging a glass layer 
on the probe by the thin film technique as a 
separating layer of channels from the outside 
environment (Figure 2).

These probes with several microchannels 
can not only inject various compounds such as 
drugs, but also can stimulate a specific brain 
region and simultaneously record the signal. 
Despite monolithic silicon body structure of 

these probes, fracture and bending may occur 
[8]. The probes should have enough stability 
against bending during surgery and implanta-
tion, especially in new techniques in which 
probe implant is applied without a sheath and 
the guiding probe to prevent damage to sensi-
tive brain regions. To achieve this goal, a small 
path length of the probe has the sheath and 
guiding probe continues toward target tissues. 
Nonetheless, besides high stability, it should 
be mechanically flexible to have less damage 
to progress path and internal forces on neigh-
boring tissues to perform its duty for a long 
time. For instance, the danger of serious ce-
rebral hemorrhage exists in 5% of cases after 
probe implantation in movement disorders [8].

Silicone polymer composition probes consist 
of two silicon and polyamide parts (Figure 3). 
Polyamide section is covered with a sucragel 
layer which makes enough stiffness to avoid 
bending, but after contiguity of the probe with 
CSF, the sucragel solves and the probe would 
be flexible in polyamide part [16]. Other tech-
niques could be used in addition to the probe 
structure in order to reduce surgery and im-
plantation injuries. For example, Chen and 
colleagues (2015) presented a method which 
could reduce force damages during probe in-
sertion by a Microdrive which leads to less 
damage and immune response (Figure 4). In 

 

Figure 1: Multilayer neural probes with thin 
film technique

Figure 2: Parallel injection channels in a neural probe that can be built with the thin film deposi-
tion technique. 
A) Liquid outlet pipe of electrodeposition, B) Cross slice of the probe and microfluidic channels

 
 
 
 
 
 
 

 
 
 
                                             (A)                                                                          (B) 
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this study, the neural probe is placed on the 
holder and Microdrive inserts the microprobe 
via ultrasonic waves with very low-amplitude 
vibration on the tip of the probe, which has 
been created by a piezoelectric amplifier [16].

Closed- versus Open-loop Stimula-
tion Systems

Nowadays, the open-loop system is embed-

ded in many cases for DBS in which related 
parameters such as frequency, amplitude and 
duty cycle can be adjusted by trained physi-
cians. In this method, stimulation parameters 
are set for initial months of a treatment peri-
od. Then, they can be readjusted based on the 
patient’s condition and treatment results [9]. 
The purpose of this readjustment is to find and 
provide appropriate parameters with more ef-
fective treatment results with minimum side 
effects. A closed-loop system receives con-
tinuous feedback from the patient’s brain by 
a programmed algorithm and tends to be an 
effective stimulation parameter adjustment 
(Figure 5a). The same experimentally adjusted 
parameters may not be applicable for various 
genders and races due to different brain struc-
tures [17,18]. The implanted device applies 
physiological changes via automatic thera-
peutic parameters delivery with the ability to 
detect brain signals. There are various chal-
lenges with these systems such as compact 
size, energy consumption and surgical injury 
during an implantation procedure.

Many systems are designed and produced 
to overcome these challenges. Rhew and col-
leagues (2014) designed a microchip to con-
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Figure 3: Structural and functional silicone polymer composition probe. a. The probe in normal 
mode, b. Bending by force, c. Sucrose gel layer prevents bending the probe body during surgery, 
d. During surgery, e. The coverage of sucrose gel leads to the flexibility of the probe and avoid 
possible damage during entry into the cerebrospinal fluid (CSF) or brain tissue

 

 

Figure 4: Neural probe on the holder with 
ultrasonic wave piezoelectric vibration at 
probe’s tip
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vert input signal to logarithmic form and ran 
mathematical calculations on logarithmic 
scale in a closed-loop feedback [18]. This con-
version leads to reduced volume calculation 
with benefits of less power consumption and 
more battery life. The structure of mentioned 
system consists of Log-ADC (Logarithmic 
Analog-to-Digital Converter) and DSP (Digi-
tal Signal Processors) for calculation, clock 
pulse generator, stimulator and power part, 
which are integrated on a 2 mm × 2 mm elec-

tronic chip (Figure 5b).
In this system, electrical current as the stimu-

lation factor can deliver uniform and constant 
charge to tissues without any change in the 
electrode impedance. Moreover, stimulation 
parameters can be adjusted either automatical-
ly in closed-loop order or via Radio Frequency 
(RF) and Serial Peripheral Interface (SPI) us-
ing an external computer under a specialist’s 
supervision in an open-loop condition.  This 
technology is in its early stages, and there is 

  

Figure 5: a. The overall structure of the closed-loop system consisting a recording probe (sen-
sor), CPU (Central Processing Unit), and implanted device. b. The system consisting the Log-ADC 
and DSP processor for calculation, clock pulse generator, stimulator, and power part, all of them 
are integrated on a 2 mm × 2 mm electronic chip

no clinical experience in this area. Thus, nu-
merous clinical trials are required to achieve 
appropriate treatment protocols for different 
patients.

Although there are valuable findings on the 
therapeutic effects of open-loop system espe-
cially on depression and movement disorders, 
[12,13] many researchers believe that closed-
loop systems are more effective [19]. Rosin et 
al. have introduced a novel closed-loop meth-
od to compare the effectiveness of open-loop 
systems using two neurons, one as a reference 
and the other as the output feedback (Figure 
6)[9]. In their design, the analog signal is 
amplified and dispatches into a DSP chip and 

a data acquisition system. Afterwards, stimu-
lation program transmits to the second neuron 
through two stimulating electrodes. The ap-
plied stimulation pattern consists of a single 
pulse or a train of seven pulses with 130 Hz 
frequency, which is put on the second neuron 
(GPi region) with an 80 millisecond delay af-
ter trigger signal detection on reference neuron 
either from the GPi or the primary motor cor-
tex (M1) regions. Their findings demonstrate 
that closed-loop system with implantable elec-
trodes in GPi region has much more effect on 
the disease motor symptoms reduction in PD 
patients than the open-loop and high-frequen-
cy systems [9]. However, adaptability of this 
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much-delayed time requires further investi-
gation especially because of the β frequency 
range which might outbreak in PD patients.

In implantable devices for DBS, the” Power” 
issue is one of the most significant challenges 
because implanted batteries must be replaced 
every few years through surgery. The implant-
ed electrodes are connected to the device and 
battery pack which is placed under the skin of 
the patient’s chest by a wire through the pa-
tient’s neck. Nevertheless, some movement 
difficulties happen in the neck region.

Current challenges have made researchers 
move towards innovative technologies with 
less power consumption, tiny size and more 
effective stimulation. In this regard, wireless 
energy transfer technology is highly notable. 
Lee et al. have designed a system with the 
ability to power head implanted device via a 
source, which is mounted on the back of the 
patient’s ear using mutual  electromagnetic 
induction [11]. In this system, stimulation 
is accomplished based on capacitive switch 
technology via injection of balanced electro-
static charge to the tissue. In addition, they 
have incremented waveform from Common 
Square to the exponential with the benefit of 
less power consumption and more effective 
results. This charge injection is accomplished 
by some capacitors to discharge through the 
electrodes which are in contact with intended 
tissue. Moreover, an array of light-emitting 
diodes (LEDs) can perform optical stimula-

tion. The related chip is produced by 35um 
complementary metal-oxide semiconductor 
(CMOS) technology with the total size of 12 
mm2 consisting its connection pads (Figure 7). 
This system provides signals with amplitude 
of 1, 3, 5, 130-180us range and 7-244 Hz fre-
quency. Its efficiency is about 80%, which is 
excellent compared to the similar stimulation 
system. Fortunately, these systems are grow-
ing rapidly and soon there would be no need 
for the battery to power implanted devices.

Discussion
In this review, the history and technology 

improvement trends of DBS systems were 
presented. Furthermore, many issues such as 
the use of nanotechnology in the production 
of biocompatible probes for neural interfaces 
with injection ability, hybrid polymer probes, 
less hazardous probe implantation methods, 
stimulation accessories consisting of DSP 
Integrated Circuits (ICs) in the closed-loop 
system, wireless energy transfer to power im-
planted devices and the new stimulation pa-
rameter adjustment methods were discussed. 
Technical challenges of the probe structure 
such as appropriate mechanical resistance, 
prevention of dislocation after implantation, 
material biocompatibility, less implantation 
error, the electrical conductivity of the probe 
materials, integrated probes with minimum 
thickness, and applied techniques to overcome 
were also discussed.

 
 
 
 
 
 
 

Figure 6: Compare closed-loop versus open-loop systems
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Because electrode damage is important dur-
ing or after probe implantation, alternative 
electrodes should exist in the nearest possible 
location to receive and transmit neural signals 
with no need of probe replacement. Conse-
quently, probe production with more signal 
reception sites and least noise are so consid-
erable. Silicon is a common probe material 
because of its integrated ability with CMOS 
technology; however, it has drawbacks in-
cluding low biocompatibility, no flexibility af-
ter implantation, and sharp edges which may 
cause bleeding in any little probe displace-
ment [5,14].

Nowadays, many investigations are being 
performed on polymer materials such as SU-
8, a well-known lithography material suit-
able for micro-dimension structures, which 
is so biocompatible to make probe body [20]. 
However, polymers have some problems with 
metal electrode to sit on. For instance, some 
materials such as graphene and carbon are in-
troduced to improve the accessibility of probe 
and electrode. Although there are valuable 
findings about the therapeutic effects of open-
loop system especially on depression and 
movement disorders [12,13], many research-
ers believe that closed-loop systems are more 
effective [19]. Despite increasing practice of 
DBS in experimental and clinical situations, 
more cellular and molecular investigations are 

required to reveal the detailed mechanism of 
DBS.
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