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An inexpensive in vitro evaluation for brain-computer interface performance. 

 
Take-Home Messages  

• A human-body-mimicking electrolyte, a Pt electrode, and a clinical electrode form an accurate and low-cost in 
vitro validation method for brain-computer interfaces.  

• The proposed in vitro setup provides a more clinically accurate assessment of brain-computer interface 
performance than prior methods. 

• Brain-computer interfaces can assist the medical field in better understanding and treating neurological 
disorders (e.g. epilepsy, Alzheimer’s, depression, etc.), and accurate assessment of device performance is key 
to ensuring the ability to record the relevant neural signals. 

• Prior in vitro validation methods do not closely replicate an in vivo recording environment creating the 
potential for overestimation of device sensitivity, thus increasing the cost and number of animals required 
during in vivo testing. 

• The developed electrode model and impedance characterization can be used to better inform implanted sensor 
design in the future. 
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Abstract – To reduce the amount of animal testing associated with brain-computer interfaces (BCI) therefore reducing the 
associated monetary cost and cost of animal lives, we report a novel in vitro test setup to validate BCIs. Past validation 
techniques used stand-alone 50-Ω function generators or function generators connected to high-valued resistors to replicate 
recording from clinical electrodes; however, neither of these two methods accounts for an electrode’s complex, frequency-
dependent impedance, and both underestimate the normally high electrode impedance. As such, optimizing and testing via 
function generators and resistors overestimates BCI sensitivity by at least 250 times and 2 times, respectively. To more closely 
replicate a clinical recording environment and accurately assess BCI performance, we utilize a function generator to mimic 
neural signals sent to a human-body-mimicking electrolyte fluid via a Pt electrode. These signals are then recorded via a neural 
electrode connected to the BCI under test. To validate the proposed method, we compare sensitivity of a previously reported 
fully passive BCI via the three methods. The presented results demonstrate that recording via the proposed clinically accurate 
setup when the BCI has been optimized with one of the two other test methods gives the lowest sensitivity in the frequency 
domain and worst signal stability in the time domain. Overestimating BCI sensitivity during in vitro testing results in the 
potential inability to record desired neural signals in vivo. The proposed method provides a means by which to accurately assess 
BCI performance, therefore reducing errors during animal trials and saving time, money, and lives. 
 
Keywords — biomedical electrodes, brain-computer interface (BCI), electrochemical impedance spectroscopy (EIS), implants, in vitro 
 

I. INTRODUCTION1 
RAIN-computer interfaces (BCIs) have been promised 
to create a new paradigm in the understanding and 

treatment of neurologically based disorders including 
Alzheimer’s, Parkinson’s, epilepsy, depression, addiction, 
paraplegia, etc [1]–[5]. However, to-date no such system 
has been able to fulfill this promise. Three reasons 
preventing the realization of such a system are reliance of 
current BCI technology on 1) wires continuously 
perforating the skull to connect external recording 
equipment to the body’s internal environment [3], 2) 
complex implanted electronics that can generate heat 
potentially damaging/killing the neurons of interest [6], 
and/or 3) implanted batteries requiring recharging and 
eventual replacement surgeries [1], among others [7], [8]. 
Each of these technological implementations increases the 
risk to the patient, as well as limits the use of such devices 
to a closely monitored laboratory setting. 

To begin to move toward devices feasible for everyday 
use, we have previously proposed a wireless and fully 
passive (i.e. batteryless) neurosensor, which operates via 
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radio frequency (RF) backscattering [9]–[13]. With 
iteration, the device was miniaturized to 8.7 mm x 10 mm 
and was sensitive enough to enable detection of some of the 
lowest voltage neural signals (viz. Local Field Potentials – 
LFPs – which are as low as 20 µVpp) [9]. The testbed used 
to determine system sensitivity utilized a function generator 
connected directly to the implant emulating both the neural 
signals and the electrodes, and so the implant was matched 
to the 50 Ω impedance of a standard function generator. 
However, clinical neural electrodes have impedances in the 
range of kΩ to MΩ, so any attempts to perform in vivo data 
collection using neural electrodes results in a severe 
increase in sensitivity level thanks to the differing 
impedances. For example, the BCI reported in [9] can 
record signals as low as 20 µVpp when connected to the 
function generator but through a standard clinical 
macroelectrode is only sensitive enough to detect 40 mVpp 
signals at 1 kHz. This increase in the minimum detectable 
signal equates to an at least 250-fold decrease in sensitivity 
in clinical settings. 

The recording systems of current state-of-the-art BCIs 
rely on preamplifiers to better match to the high impedance 
electrodes [14]. However, preamplifiers require a power 
source, which means using at least one of the three 
previously mentioned high risk, low feasibility 
technological implementations. As we want to maintain 
fully passive operation for our device, integration of a 
preamplifier is not possible. In [15], we introduced a 
Bipolar Junction Transistor (BJT) to the 

An In Vivo-Mimicking In Vitro Testbed for 
Brain-Computer Interfaces 

Katrina Guido, Student Member, IEEE, Asimina Kiourti, Senior Member, IEEE 

B 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/JERM.2019.2957694

Copyright (c) 2019 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
 

3 

implanted circuit to passively increase the implant’s 
impedance closer to that of a neural electrode. We reported 
a system sensitivity of 200 µVpp at 100 Hz. However, again, 
the testbed used was not accurately replicating an in vivo 
situation. Specifically, the neural signal (still emulated by a 
function generator) was fed through a 33-kΩ resistor 
designed to mimic the high impedance of neural electrodes 
before reaching the implant, but electrode impedance 
magnitude and phase vary with frequency. The BCI 
reported in [15] exhibits a twofold decrease in sensitivity at 
1 kHz when connected to a clinical macroelectrode with 
impedance magnitude of approximately 600 Ω at 1 kHz 
versus a 33-kΩ resistor. 

Devising realistic in vitro testbeds is a challenge for the 
BCI field. Since the field first began in humans and non-
human primates, following the design stage, devices are 
connected to commercially available electrodes when 
evaluated with animal models (e.g. monkeys, rats, and 
mice) [16]–[18]. Given the aforementioned discrepancies 
between design-stage sensitivity of the recording system 
and sensitivity of the recording system under a recording 
scenario with a neural electrode, this leap can require 
further design iterations. These additional iterations 
unnecessarily increase cost, in terms of both money and 
animal lives, as many animals are euthanized following in 
vivo testing. In [19], a stimulation device was evaluated in a 
saline tank designed to emulate body tissue properties, but 
to date, no such in vitro method has been used to assess the 
recording capability of a BCI.  

In this paper, we propose a novel method to evaluate the 
recording potential of invasive BCIs without the use of 
animal models. The method involves the use of an electrode 
to act as the neural signal transmitter, a human-body-fluid-
like liquid for the signal to flow through, and a neural 
recording electrode connected to the BCI. Even though the 

proposed method was evaluated using the device described 
in [15], this method is to serve as an additional evaluation 
between the design stage and animal/human testing for any 
such implantable recording device. This method is much 
closer to that of a clinical recording environment as 
compared to previous evaluation methods, thus providing a 
previously nonexistent means for low-cost, low-risk BCI 
evaluation. 

II. METHODS AND PROCEDURES 

A. Clinical Electrode Model 
The basic model for an electrode, called a Randles Cell 

shown in Fig. 1(a) [20], is not indicative of a resistor alone 
(unlike the simplified model used in [15]). The model 
exhibits a double-layer capacitance (Cdl) and charge-transfer 
resistance (Rct), as well as the solution or spreading 
resistance of the electrolyte in which the electrodes are 
placed (Rs). The double-layer capacitance is found at the 
electrode-electrolyte interface and is formed via the 
adsorption of electrolyte solution ions onto the surface of 
the electrode, creating a capacitance between the charged 
electrode and the adsorbed ions (separation between the 
layers is on the order of angstroms) [21]. The charge-
transfer resistance is generated by the oxidation-reduction 
reactions of the electrons and ions diffusing into the 
electrolyte and entering the metal electrode, respectively 
[21]. Though justified as being better than the function 
generator for replicating the high magnitude of electrode 
impedance at low frequencies, the 33-kΩ resistor used in 
[15] does not follow the frequency dependence nor 
accurately represents the phase of the electrode model. 
 
Electrochemical Impedance Spectroscopy 

To determine the impedance of a clinical electrode, a 
targeting/recording electrode used during Deep Brain 
Stimulation (DBS) implant surgery at The Ohio State 
University Wexner Medical Center (FHC microTargeting 
mTD differential electrode [22]) was characterized via 
electrochemical impedance spectroscopy (EIS). The 
differential electrode is designed with a microelectrode of 
adjustable length surrounded by a hollow, cylindrical 
macroelectrode. To determine the impedance, a three-
electrode setup was used with a Pt rod electrode serving as 
the counter electrode, a Ag/AgCl electrode as the reference 
electrode, and the macroelectrode contact of the clinical 
electrode serving as the working electrode. A Gamry 
potentiostat [23] and EChem Analyst software [24] were 
used for data collection and analysis. EIS was performed in 
phosphate-buffered saline (PBS 1x), which is an ionic 
solution that replicates the ion concentration, pH, and 
osmotic concentration of the human body [15]. The EIS 
setup is shown in Fig. 1(b). Model fitting was used to 
determine the equivalent circuit of the electrode, which in 
turn was used to develop the proposed testbed, shown in 
Fig. 2. The testbed is described in Section III.B. 

𝑅𝑠

𝐶𝑑𝑙
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R.E.W.E.

Clinical Neural 
Electrode

Ag/AgCl
Reference Electrode

Pt Counter
Electrode

 
Fig. 1.  (a) Diagram of the basic electrode model, called a Randles 
Cell. (b) Electrochemical impedance spectroscopy setup to determine 
impedance of a clinical neural electrode. 
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BCI Operation 

The BCI used for evaluation of the proposed testbed is 
fully described in [15]. Basic neurosensor operation is 
shown in Fig. 3(a). In brief, the neurosensor is composed of 
an external interrogator and an implanted sensor serving as 
the interface between recording electrodes and the 
interrogator. To record, the interrogator transmits a 2.4 GHz 
RF carrier signal to the implant. The RF carrier signal is 
received by an implanted antenna and rectified by a diode 
on the implant. The resulting DC current self-biases the 
BJT, connected between the diode and the electrodes, on 
the implant. The BJT increases the impedance of the 
implant to the level of the neural electrodes to reduce loss. 
Meanwhile, the electrodes are detecting neural signals. The 
neural signals pass to the implant through the BJT and then 
harmonically mix with the 2.4 GHz carrier signal at the 
diode. The resulting third order mixing products (4.8 GHz ± 
fneuro) are then backscattered to the interrogator, where the 
mixing products can be demodulated to extract the original 
neural signals. 
 
In Vitro Setup Comparison 

To validate the use of the proposed model/setup over the 
use of a resistor “electrode” or function generator alone, 
each of the three setups (implant receives pseudo-neural 
signal 1) directly from the 50 Ω function generator, 2) from 
a 33-kΩ resistor connected to the function generator, and 3) 
from the novel three-electrode setup of Fig. 2 were 
compared. To negate the variable effects of transmission 
loss due to antenna misalignment, the implant circuit was 
fabricated separately from the implanted antenna, so that 
circuit performance alone could be assessed in varying 
situations, shown in Fig. 3(b). The circuit was connected 
directly to the demodulator (as opposed to being integrated 
with the implant antenna). Accordingly, the input power for 
the 2.4 GHz neurosensor carrier signal supplied by a signal 
generator was reduced to 6 dBm (compared to 10 dBm as 
used in [15]). The pseudo-neural signals provided by the 
function generator were sinusoidal waves of frequency 1 
Hz, 10 Hz, 100 Hz, and 1 kHz, chosen to represent the 
spectrum of neural frequencies of interest. A bandpass filter 
at the neural signal frequency applied by a preamplifier 
placed after the demodulator was used. 

 The preamplifier fed into an oscilloscope from which the 
demodulated pseudo-neural signals were recorded. The 
three setups were compared for minimum detectable neural 
signal, output power for a given input neural signal power, 
and time domain performance. 

III. RESULTS 

A. Electrode Model Generation 
The resulting Bode plot of impedance from the EIS 

procedure previously described is shown in Fig. 4(a). To 
validate the data, a Kramers-Kronig transform was 
performed. The near-perfect overlap of the generated model 
to the original data (also shown in Fig. 4(a)), as well as 
minimal residual error, indicates the EIS system used is 
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Fig. 3. (a) Basic operation of the fully passive BCI used to evaluate the in 
vitro test method. (b) The implanted circuit fabricated without the 
antennas, connected to the function generator via a breadboard on the left 
and the interrogator without the antenna on the right. The circuit is 
connected to the 33-kΩ resistor setup. 

𝟏 𝟐

 
Fig. 2 Proposed in vitro setup to test BCIs. 
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 linear, stable, and causal, which are the criteria for valid 
EIS [21], [25]. 

The Randles model depicted in Fig. 1(a) is only a 
reference model and often does not depict the behavior of a 
real electrode, as shown in Fig. 4(a). The capacitance found 
at the Helmholtz double-layer of the electrode is often non-
ideal and therefore better represented by a constant phase 
element (CPE), given by (1) [20], [25], [26], [27].  

In (1),  is the capacitance and  is an empirical constant 
describing the behavior of the CPE (  equals one for a 
capacitor but is less than one for a CPE). Considering this 
shortcoming, the electrode model depicted in Fig. 4(b) was 
created and then fit to the Bode plot of the clinical 
electrode, shown in Fig. 4(a), where the labels “1” and “2” 
correspond to the labelled electrodes in Fig. 2 to describe 
the impedance during a recording situation. Table I shows 
the best-fit model component values. This model was also 
applied to the impedance data of a solid Ag rod electrode. 
The goodness of fit was an order of magnitude smaller than 
for the clinical electrode, indicating that even though the 
model is valid for the clinical electrode, the model more 
closely represents the simpler geometry of the solid rod 
electrode. Certain effects present in the clinical electrode 
and not in the Ag rod electrode may not be accounted for by 
the model, though these effects are negligible based on the 
minimal error and goodness of fit. 

B. Proposed In Vitro Setup 
Given that the double layer cannot reliably be described 

by existing circuit components, using such components to 
create an in vitro setup to mimic electrode behavior is 
unrealistic. Thus, to most closely replicate the in vivo 
environment, the in vitro setup depicted in Fig. 2 is 
envisioned. The setup closely follows that used for EIS as 

the EIS setup is chosen to give as close to the value of the 
impedance of the neural electrode in vivo [28]. The working 
electrode is the clinical electrode connected to the implant 
or neural recording device, a solid Pt rod electrode 
connected to a function generator is used to transmit the 
neural signal, and a Ag/AgCl electrode is chosen as the 
reference for both the function generator and the implant. 
All three electrodes are placed in a beaker of PBS 1X, 
which as previously stated mimics the ion concentration, 
pH, and osmotic concentration of the human body. 

C. Three-Electrode Setup Stability 
The stability and relevant variables of the in vitro setup 

in Fig. 2 was assessed by connecting the clinical electrode 
directly to the preamplifier, with the reference of the 
preamplifier connected to the Ag/AgCl reference electrode. 
Submersion depth of the Pt rod electrode as well as 
separation of the neural electrode and Pt rod electrode were 
compared. 

As seen from Table II, submersion depth of the Pt rod 
electrode has a small effect on the power received by the 
neural electrode. As far as electrode separation, distance 
between the electrodes (at least within the width of a 
standard 500 mL beaker) has a negligible effect on power 
received by the neural electrode. Since the ionic 
concentration of PBS is high, the double-layer resistance 
plays a larger role in the system impedance than solution 
resistance (which is related to electrode separation), as seen 
in Table II, where charge transfer resistance is two orders of 

TABLE II 
ELECTRODE SETUP STABILITY COMPARISON 

Pt electrode 
submersion 
depth (cm) 

Separation 
between Pt and 

Clinical Electrodes 
(cm) 

fneuro Signal 
Strength (mVpp) 

Recorded fneuro 
Signal 

Strength 
(mVpp) 

3.2 1 100 91.5 
  20 18.1 
  10 9.05 
 2 100 91.5 
  20 18.1 
  10 9.05 
 6 100 91.5 
  20 18.1 
  10 9.05 
1.6 1 100 90.5 
  20 17.6 
  10 8.84 
0.5 1 100 87.4 
  20 17.0 
  10 8.54 

The signal generator provided fneuro = 1 kHz set at the given signal 
strength, and the preamplifier filter was set from 10 Hz to 10 kHz. The 
recorded signal strength was then determined via an oscilloscope. 

 
 

TABLE I 
CLINICAL ELECTRODE MODEL BEST FIT PARAMETERS 

Component Value Error 

Rct 2.604 × 105 Ω 1.576 × 103  Ω 
Rs 140.9 Ω 1.807 Ω 
Y0 1.433 × 10-5 S·sα 1.527 × 10-7 S·sα 

α 5.666 × 10-1 1.762 × 10-3 
Goodness of Fit 4.344 × 10-3  
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Fig. 4.  (a) Bode plot of the impedance of a clinical neural electrode with 
Kramers-Kronig transform, matched circuit model, and “matched” 
Randles model. (b) Equivalent circuit model for a clinical neural electrode 
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magnitude greater than the solution resistance. The stability 
testing indicates that when using the proposed testbed, the 
electrode separation does not need to be closely monitored, 
whereas submersion of the Pt electrode does in order to 
minimize variability when testing a BCI. 

D. Comparison of Resistor, Function Generator, and 
Three-Electrode Models 

To ensure consistency throughout the following tests, 
the Pt rod electrode was fully submerged into the PBS. 
 
Minimum Detectable Neural Signal 

The minimum detectable signals are shown in Table III. 
Since the circuit was optimized in Keysight Technologies 
Advanced Design System (ADS) [29] assuming an 
electrode impedance of 33 kΩ and was therefore best 
matched to this setup, the resistor setup exhibited the lowest 
minimum detectable signal. The next lowest detectable 
signal was with the function generator alone. Again, this 
trend is most likely due to the circuit being optimized with 
a real and constant impedance value. The clinical electrode 
exhibited the highest minimum detectable signal, indicating 
that in a clinical setting when an implant is connected to 
neural electrodes, the minimum detectable signal would be 
higher than expected. For this circuit, that equates to a 
twofold decrease in sensitivity and an inability to record 
part of the spectrum of low-voltage LFPs. The electrode 

TABLE III 
TEST SETUP COMPARISONS USING A FULLY PASSIVE NEUROSENSOR 

Frequency Setup 
Minimum 
Detectable 

Signal (µVpp) 

Pout for fneuro = 20 
µVpp

 a (dBm) 

1 kHz Electrode 80 -18.9 
 33 kΩ 40 -17.8 
 50 Ω 60 -19.5 
100 Hz Electrode 80 -20.1 
 33 kΩ 40 -18.6 
 50 Ω 60 -19.9 
10 Hz Electrode 80 -19.8 
 33 kΩ 40 -18.3 
 50 Ω 80 -21.1 
1 Hz Electrode 120 -20.8 
 33 kΩ 60 -19 
 50 Ω 80 -21.7 

 
a Pout determined after 20000x amplification via the preamplifier 
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Fig. 5.  Time domain comparison of a neurosensor connected to a 50 Ω function generator, 33-kΩ resistor, and a clinical electrode with pseudo-neural signal of 200 
µVpp at (a) 1 Hz, (b) 10 Hz, (c) 100 Hz, and (d) 1 kHz. The signal recorded via the electrode setup is the least consistent and least stable, degrading as frequency 
decreases. 
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also exhibited greater deterioration of minimum detectable 
signal as frequency decreased. As per the Bode plot of 
impedance in Fig. 4(a), as frequency decreases, the 
magnitude of electrode impedance increases significantly, 
potentially exacerbating the impedance mismatch between 
the circuit and electrode. The discrepancy between circuit 
behavior when connected to each of the three setups 
indicates that neither the function generator alone nor the 
33-kΩ resistor are sufficient to mimic a clinical recording 
setup.  
 
Output Power 

The output power recorded at the oscilloscope for a given 
neural signal power is also compared in Table III. The 
pseudo-neural signal was set to 200 µVpp, and the 
preamplifier was set to 20000-times amplification. Again, 
since the circuit was optimized to match a 33-kΩ 
impedance, the resistor setup resulted in the highest 
received power of the three setups. Table III also shows a 
general trend of output power decreasing as frequency 
decreases, meaning that the low frequency, low voltage 
signals of interest, such as LFPs, require greater 
consideration when designing implanted circuits. Testing a 
BCI via the impedance generator or 33-kΩ resistor does not 
account for the increasing electrode impedance as 
frequency decreases, giving results during testing that are 
not indicative of a clinical recording setup. 

 
Time Domain 

The time domain performance is compared in Fig. 5(a)-
(d). Similar to the comparison of output power, the input 
neural signal was set to 200 µVpp with a preamplifier 
amplification of 20000. The most stable and consistent 
waveform across the frequencies is that of the resistor 
setup, which is explained by the reasons given in the two 
previous sections. The least consistent and least stable 
recording was taken via the clinical electrode, again 
indicating that the other two setups do not accurately 
replicate a clinical recording environment. 

IV. CONCLUSION 
We have presented an in vitro testbed for the evaluation 

of the recording systems of BCIs that better replicates a 
clinical recording environment than the commonly used 
function generator or function generator connected to a 
high-value resistor. The proposed method, which uses a 
clinical neural recording electrode connected to the BCI and 
PBS to mimic human body fluid, eliminates the 
overestimation of BCI sensitivity associated with the 
function generator and resistor test methods. Accurate 
assessment of BCI sensitivity is vital for ensuring the 
ability to record the low voltage, low frequency neural 
signals associated with communication among neurons in 
the brain. By contrast, overestimation of sensitivity can lead 
to wasted animal trials, as important neural signals may not 
be recorded in a clinical environment. We have created a 

relatively inexpensive in vitro BCI validation method 
designed to reduce the number of iterations required during 
animal trials, thus saving both money and animal lives. 
Additionally, by performing EIS and generating an 
equivalent electrode model, in the future this impedance 
data can be imported into circuit design software, such as 
ADS, to better inform BCI design for a clinical recording 
environment, thus resulting in a sensor designed for clinical 
recording from the outset.  
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