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Abstract 
Continuous body composition analysis provides valuable information to better monitor and 
manage the well-being of patients with congestive heart failure (CHF), a chronic disease that 
primarily affects people of old age. Bioimpedance spectroscopy (BIS) is a reliable technique that 
estimates intracellular and extracellular water volumes in a patient’s extremities to monitor the 
fluid overload situation. While commercial BIS devices are available and reliable, they are not 
exactly wearable to allow continuous monitoring. Under the guidance of Professor Maggie 
Delano, our project aims to further the progress towards prototyping a wearable BIS device 
based on an existing portable device which is the product of Professor Delano’s Ph.D. 
dissertation. The project is two tiered: 1) design and test a printed circuit board (PCB) system for 
the BIS device and 2) investigate the reliability and usefulness of wearable textile electrodes in 
order to choose the best potential electrodes among a selection. Although further investigation 
is needed, our results demonstrate the following: 1) initial PCB designs are completed and 
some parts of the current PCB design are working as expected and 2) some conductive textile 
materials are potentially useful for our purpose and we suggest two of them to be used for 
prototyping and further investigation. These results provide a solid foundation for future 
progress towards a wearable and reliable BIS device that may allow better healthcare for 
patients with CHF. 
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Introduction 
Heart failure has been defined as a global pandemic, affecting about 26 million patients 
worldwide.  Congestive heart failure (CHF) is a chronic disease that negatively impacts the 1

heart’s ability to pump blood throughout the body. The symptoms of this disease include 
physical fatigue, shortness of breath and notably, build-up of extracellular fluid in a patient's 
extremities. The buildup of extracellular fluid can be used as an indicator of the severity of the 
patient’s condition and be used as valuable information for both the patient and healthcare 
providers.  2

 
Previous research conducted by Professor Maggie Delano of the Swarthmore Engineering 
Department resulted in designing, building and verifying the functionality of a discreet, portable 
BIS system in a laboratory and clinical setting. The benefits of a wearable device over a 
portable one include long-term continuous monitoring and comfort of usage. The industrial and 
clinical standard uses silver/silver chloride (Ag/AgCl) electrodes that do not have repeatable 
usage, may cause skin irritation, and will dry out over time, leading to a decline in electrode 
conductivity. Suitable replacements, namely textile electrodes, that could rival the electrical 
properties of Ag/AgCl electrodes but also enable long term and repeatable usage, have been 
found, tested and characterized in previous research. In this project, our aim is to utilize such 
knowledge to build a wearable sensor based on suitable textile electrodes for the application of 
estimating the volume of human body fluids. 
 
For this project, we planned to prototype a device that will help patients with CHF manage their 
health condition by monitoring a specific symptom of heart failure, namely, fluid overload in the 
calf muscle. This is a continuation of the research we conducted with Professor Maggie Delano 
during the summer of 2018 to develop a prototype of a wearable bioimpedance spectroscopy 
(BIS) system. We approached this project with two different focuses: 

1. Design the analog front-end circuit and printed circuit board layout to test potential 
current source topographies (based on previous research), namely, the “load-in-loop” 
current source and the Howland dual amplifying current source. 

2. Evaluate the performance of conductive textile materials (a selection based on previous 
testing and characterizations) as substitutes of the conventional Ag/AgCl wet electrodes 
for taking bioimpedance measurements. 

 
The ultimate goal of this project was to integrate the products of the two research areas into a 
wearable BIS prototype. This report will discuss the theories and technical background of our 
project and present our experiment and design methods and results. 

1 Savarese, Gianluigi and Lars H Lund. “Global Public Health Burden of Heart Failure” Cardiac failure 
review vol. 3,1 (2017): 7-11. 
2 Delano, Margaret K. “A Portable Bioimpedance Spectroscopy System for Congestive Heart Failure 
Management.” Massachusetts Institute of Technology, Massachusetts Institute of Technology, 2018. 
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Theory 
Bioimpedance spectroscopy (BIS) 
Bioimpedance spectroscopy (BIS) can be used to determine human body composition in
order to monitor body fluid volume to help patients with CHF. BIS is a painless, non-invasive
and relatively simple measurement method that involves driving small, imperceptible current of a
specific frequency range through the human body.

Cells and cell fluids
Each cell in the body is surrounded by a cell membrane primarily consisting of lipids. The cells
contain intracellular fluid, or intracellular water (ICW). The cells are surrounded by extracellular
fluid, or extracellular water (ECW).
The idea of BIS is to measure the impedance of biological tissue at a series of frequencies. This
is done by sending weak alternating currents through the tissue while measuring both the
impedance magnitude and the phase difference for each frequency. The particular ‘tissue’ that
is measured can be quite large, for instance, an entire person.

Fig. 1: A simplified three-element circuit model of tissue.2

Re represents the resistance of extracellular fluid,  
Ri represents the resistance of intracellular fluid, 

and Cm represents the cell membrane capacitance 

Currents with very low or very high frequency
Alternating current with very low frequency will behave similarly to direct current. The cell
membrane is electrically insulating, meaning that no current can pass through the inside of the
cells, so the current will run through extracellular fluid only, as shown in Figure 2.
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Fig. 2: Low and high frequency current flow through the body. 

At low frequencies, current flows through the extracellular fluid. 
At high frequencies, current flows through both intra- and extracellular fluid.2 

 

If current intensity (I) and voltage drop (V) are measured in a direct current (DC), the resistance 
(R) can be calculated with Ohm’s law, or R=I/V. In an alternating current (AC), the impedance, 
or resistance equivalent, of a capacitor depends on the frequency of the AC but at infinitely high 
frequency, the impedance will be zero. At very high frequency, current can pass through the cell 
membrane almost uninhibited and does not run around the cells (Figure 2). The resistance at 
infinite frequency is called R∞, and the resistance at zero frequency is called R0. Since the high 
frequency current can take a more direct route than the low frequency current, R∞<R0. 
 

 
Fig. 3: Simulated impedance measurements across frequency sweep using a simple cell model.2 

 
In Figure 3, we see that the impedance magnitude decreases with increasing frequency. This is 
consistent with our knowledge that higher frequency currents can pass through the cell 
membrane and, therefore, take shorter paths through tissue. At very high and very low 
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frequencies, the phase difference is close to 0° (i.e. pure resistance). The largest phase 
difference is observed at frequencies in between these extremes. Based on this information,we 
can construct an electric model for biological tissue (Figure 1). 
 
The ‘explanatory’ model in Figure 1 is a simplistic representation of how human tissue can be 
represented by three parameters, Re, Ri, and Cm. The Cole-Cole model states that tissue 
bioimpedance Z can be described as 

 
with frequency ω, time constant τ and dimensionless factor α. Additionally, the Cole-Cole 
parameters are defined as follows: 

 

Current Source 
A current source is an electronic circuit that delivers or absorbs an electric current. An ideal 
current source generates a constant current that is independent of the voltage input by having a 
high impedance output. When passing current through the human body, the accepted current 
magnitude should be below 100µA across an input frequency spectrum of 1 kHz-1 MHz, which 
is imperceptible to humans, and at maximum 300µA given fault conditions.  3

 
Howland current source 
There are several established topologies of current sources, one being the Howland Current 
Pump, designed by MIT Professor Bradford Howland.  For his E90 project, Harry Huchra ‘18 4

designed and briefly experimented with a modified version of the Howland Current Pump, 
named the Enhanced Howland Current Source (EHCS), shown in Figure 4.3 

3 Huchra, H. (2018). E90: Designing a Wearable Wireless Bioimpedance Circuit (M. Delano, Ed.). 
4 “AN-1515 A Comprehensive Study of the Howland Current Pump.” Texas Instruments Incorporated, Apr. 
2013. 
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Fig. 4: EHCS schematic 

 
The current and impedance of the EHCS are as follows: 

 

 
with voltage gain A, current gain β, frequency ω, and break frequency ωb, dependent upon the 
op amp used and the characteristics of the input. 
 
The design for the original EHCS is favorable due to its single op-amp design, resulting in low 
power consumption and conservation of PCB board space, criteria we were looking for in 
designing our PCB. However, the accuracy of the current emitted by the ECHS suffers in 
comparison to other current source designs due to non-idealities such as parasitic capacitance 
and resistor mismatch. In order to offset this issue, additional op-amps or circuits known as 
impedance converters may be added to the EHCS to improve the stability and impedance of the 
output current. For our Howland dual-amplifying current source design, referred to as the 
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Howland current source, we added an additional op-amp in the loop from the negative terminal 
to the output of the original op-amp to improve output stability. 
 
Load-in-loop current source 
The voltage-controlled current source (VCCS) is another commonly used current source design. 
This current source, researched by Seone et al. for applications to broadband BIS and referred 
to as the “load-in-the-loop” or load-in-loop current source, was shown to have greatly increased 
output impedance in comparison to other common current source designs.  Given the single 5

op-amp design of the VCCS and the lack of significant trade-off in output accuracy, the VCCS 
design appeared favorable to us, and a variation of the load-in-loop design was implemented by 
Professor Delano in her portable BIS system. 
 

 
Fig. 5: Load-in-loop schematic 

5 Seoane, F., Macías, R., Bragós, R., & Lindecrantz, K. (2011). Simple voltage-controlled current source 
for wideband electrical bioimpedance spectroscopy: Circuit dependences and limitations. Measurement 
Science and Technology, 22(11), 115801. doi:10.1088/0957-0233/22/11/115801 
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Fig. 6: Simulated and measured output impedances for given op-amps 

 
The current and impedance of the load-in-loop current source are as follows: 

 

 
and 

 
where Ad is the open-loop gain and CMRR is the common-mode rejection ratio, factors 
dependent upon the op-amp used and the characteristics of the input. 
 
Both current sources have their merits in regards to factors such as output impedance 
performance across a range of load resistances and frequencies, power consumption, and PCB 
board space. The primary goal of analog bench testing will be to evaluate the expected 
performance of each current source. 
 
Skin effect 
In DC circuits, electrical current flows through the entire cross-section of a solid conductor. For 
our purposes, this conductor is the copper wiring in our system. However, in AC circuits, the 
current avoids flowing near the center and flows near the surface or the edges of the conductor. 
This is known as the skin effect. For a wire, this reduces the cross-sectional area that current 
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can travel through from a circle to a ring, effectively increasing the resistance of the wire for AC 
as compared to DC (Figure X). 

 
Fig. 7: Effective cross-sectional area for DC and AC  6

 
At very high frequencies, the effective cross-sectional area is reduced even further and may 
reduce the effective current a circuit is receiving. The cross-sectional area, or skin density δs, 
has been observed to have a logarithmic relationship with frequency and will be one of the 
principal forces behind the observed decrease in current as shown in the results section. 
 
 

  

6 Armstrong, Keith. “Skin Effect and Surface Currents.” In Compliance, 29 June 2018. 
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Experiment and Design 
 

PCB Design and Testing 

Initial Design Considerations 
The analog design circuitry, previously designed during the research period of summer 2018, 
includes a digital sine-wave generator, the Howland and load-in-loop current sources, two 
instrumentation amplifiers, and a gain-phase detector. The schematics for these individual 
sections can be found in Appendix A. All PCB design processes were made on Altium Designer. 
 

 
Fig. 8:  Schematic of modified EHCS, titled “Howland” 
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Fig. 9: Schematic of VCCS, titled “Load in loop” 

 
The current source (CS) test board, the PCB we used in bench testing, had the following design 
considerations: 

1.  Each individual section was to be laid out in a logical manner. For example, sections 
which directly communicated with each other should not be on opposite sides of the 
board. 

2. Each individual section could be separated from the other sections and tested 
individually. This was made possible by the inclusion of header pins and jumper (0Ω) 
resistors. 

3. PCB board size was made as small as possible, but not small enough where the ability 
to solder components by hand was hindered. This was made possible by using surface 
mount integrated circuits and 0603 size resistors and capacitors in the design. While size 
was an important consideration, the goal of creating the CS test board was to determine 
the functionality of the integrated circuits (ICs) chosen and the current source with the 
most stable output impedance, meaning that the board size will be reduced further in 
future iterations by taking out of the current sources and replacing improperly functioning 
ICs. 

The design specifications (e.g. inclusion of decoupling capacitors in a certain position) of each 
IC were also considered, as well as standard PCB elements such as ground standoffs, a net tie 
connecting analog power (AVDD) to digital power (DVDD), and ground and power planes. Each 
revision was guided by the Design Rules Checklist, generated by Altium. A few images of the 
CS test board during separate stages of the design process have been included (Figures X-x): 
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Fig. 10: Simple drawing of component layout 

 

 
Fig. 11: First layout on Altium 
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Fig. 12: Finalized layout with labels and circuit routing 

 

 
Fig. 13: Finalized PCB with ground and AVDD planes added 
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Fig. 14: Current test board with soldered components 

 
Each individual section was tested with an oscilloscope and multimeter for the proper outputs 
and pinout voltages. 

RC Bench Testing 
In testing, we were interested in how accurately the Cole-Cole parameters Re, Ri, and Cm can be 
estimated using a full system consisting of each current source combined with a subsequent 
signal chain consisting of two instrumentation amplifiers to convert the resulting voltages to 
single ended signals, followed by the gain phase detection chip. In order to gain a sense of the 
accuracy of the bioimpedance magnitude measurements, Professor Delano already tested a 
few RC values, but we wanted to continue testing with new values to analyze accuracy on a 
wider range of values. We tested using the following RC test and calibration PCBs (RC boards): 

 
Fig. 15: RC test board “Test 1” (R2 is Re, R3 is Ri, C1 is Cm) 

 
The Re, Ri, and Cm values tested are shown in Table X, along with a Bode plot for impedance 
magnitude and phase, generated via MatLab. These values were chosen to cover an expected 
impedance range. One set of values was chosen for calibration, while the other set was chosen 
to test the performance of the system. 
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RC Network Re (Ω) Ri (Ω) Cm (nF) 

Calibration 1 10 20 120 

Calibration 2 44.2 44.2 56 

Calibration 3 80.6 453 5.6 

Test 1 12 30 120 

Test 2 51 51 82 

Test 3 60.4 200 10 
Table 1: RC calibration and test values 

 

Fig. 16: Bode plot for RC test values 

 
We wanted to compare the accuracy of the Howland current source with the accuracy of the 
load-in-loop current source by using these Cole-Cole parameters. The accuracy of the 
measurements taken with each current source would ideally be within ±1% of theoretical values 
for load resistors of 50-1100Ω to performance comparably to the SFB7 BIS measurement 
system. These measurements would be taken by using the full analog system consisting of 
each current source which would output voltage signal chains into two instrumentation 
amplifiers that would convert these voltages to single ended signals, which would be processed 
by the AD8302 gain phase detector. If these results were comparable, we would move onto 
testing the designed current sources in the BIS system with human subjects, and compare their 
performance to the SFB7. 
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Changes to Testing Plan 
To reduce the possibility of human error when soldering, we created three iterations of the Cs 
test board. In testing the individual sections of the analog circuit, we identified three primary 
issues with our test board (see Appendix A for details): 

1. The AD9837 sine wave generator did not perform as expected given a supply voltage 
(AVDD) of 5V, and later 3V. Despite being labeled as having a 2.3-5.5V power supply 
capability, the AD9837 broke down while inputting 3V to the supply, as indicated by the 
high temperature of the chip and simultaneous smoke discharge. 

2. The Howland current source did not provide an expected output. The output was driven 
high to 2.5V regardless of Zload, suggesting a possible short circuit or unexpected 
connection. 

3. The AD8231 instrumentation amplifiers also did not perform as expected, not amplifying 
the input voltages from the current sources properly. When chip select was driven low 
and A0/A1/A2 was driven high (shorted to AVDD), the output was not amplified. In the 
first test board that we created, the gain did not follow guidelines:  The proper 7

functionality of the AD9837 instrumentation amplifiers was necessary for the AD8231 
gain phase detector to operate correctly. Therefore, we also could not test with the gain 
phase detector. 
 

With these testing limitations in mind, we designed a new procedure to test the functionality of 
the load-in-loop current source: 

1. Connect AVDD to a 3V DC voltage source and GND to ground. This will create a 1.5V 
input into Vref and the positive terminal of the load-in-loop, measured by a multimeter. 

2. Input a 0.6V peak-peak, 1 kHz sinusoidal wave with a 1.5V offset into the VinLiL pin, 
which is directly connected to the negative input terminal of the load-in-loop current 
source. 

3. Select a RC board. Connect the I- terminal of the RC board to the I-LiL header pin on the 
current source PCB. 

4. Connect a multimeter in series from the I+ terminal of the RC test board to the I+LiL 
header pin. 

5. Measure the average current output of the load-in-loop circuit. 
6. Increase the frequency of the input by one logarithmic half-decade and repeat steps 1-5 

for frequencies of 1 k-1 MHz. 
This process was executed once with the original (denoted “original”) load-in-loop circuit and 
once with an altered (denoted “altered”) version of the load-in-loop current in which the 390kΩ 
resistor (R2) and 22pF capacitor (C1) were removed to compare output current. These values 
were also compared to MultiSim generated simulation values. 

7 “AD9837.” Analog Devices, Inc., 2012. 
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Fig. 17: Load-in-loop original testing configuration (left), altered configuration (right) 

 

 

  

19 

: .... : . : .... :Re . 

: : : : : : : : : ~~:. 
. 6.2k0 . 

C3 . 
1:0iJF 

· · · · · · · · 390k.O: · 
....... i\\/iJO:. 

:c2 . 
10iJF . 

RJ : 
500 

R6 
800 

......................... : :R:. 

: : i\iltib :: 

~±::: 
: : R.5 

: C,:;, "°:_•4_i_ i_ ·. . Rpos : : ..... . 
: ik O ~ :PR1. 

c~ : : : io~; ;iQoo •••• • l ;:ilF: • 
to'i,F : ........ . . . . . 

:R3 :. 
soo:. 
R6:. 
Mo :· 



 

Testing Textile Electrodes 
We evaluated the performance of a selection of textile electrodes by performing BIS 
measurements with the SFB7, a commercially available (but not wearable) BIS measurement 
device, with the textile electrodes acting as an interface between the electronics and human 
tissue. From previous research, we established that textile electrodes have the following 
electrical characteristics: 

1. The skin-contact impedance between textile electrodes and the skin decreases if the 
areas of contact are larger. 

2. The skin-contact impedance between textile electrodes and the skin decreases if the 
pressure on the surface increases. 

3. BIS measurements are more consistent and reliable if the skin-contact impedance is 
small. 

 
We were concerned with the following factors in selecting a suitable textile material as 
alternatives to Ag/AgCl electrodes: 

1. Consistency in measurement (repeatability) 
2. Tolerable noise level 
3. Comfort in wearing 

 
In this experiment, we also investigated whether taking BIS measurements with both standard 
and reversed setup with the SFB7 would improve the quality of our measurements and allow for 
better estimates of ECW.  Figure 5 shows the impedance characteristics of a human subject 8

wearing Ag/AgCl electrodes using the SFB7, with measurements in blue made with the 
standard setup, measurements in red made with the reverse setup, and measurements in green 
being the average of these two setups. 

 
 

8 A Montalibet and E McAdams. A practical method to reduce electrode mismatch artefacts during 
4-electrode bioimpedance spectroscopy measurements. In 2018 40th Annual International Conference of 
the IEEE Engineering in Medicine and Biology Society (EMBC), pages 5775–5779. IEEE, 2018. 
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Fig. 18: Real vs Imaginary plot (Left), magnitude vs frequency plot (upper right) and phase vs frequency plot (lower right) of BIS 

measurements of Ag/AgCl electrodes on S000 
 
From these understandings and considerations, we established the following steps for 
experimenting on human subjects: 

1. Clean the volunteer’s left calf (unless the volunteer has a preference to be tested on 
another calf) 

2. Test by making a tetrapolar BIS measurement using the SFB7 with Ag/AgCl electrodes 
in a standard setup. Take at least 6 measurements to ensure the accuracy of 
measurements. 

3. Test by making a tetrapolar BIS measurement using SFB7 with Ag/AgCl electrodes, in 
reverse setup. Take at least 6 reasonable measurements. 

4. Repeat step 2 and 3 with textile electrodes. 
5. Ask the volunteer to rate the comfort level of each type of electrode from 1-5, with 5 

being the most comfortable after being tested on with them. 
The specifics of the setups and experiment procedures can be found in Appendix B. 
 
The selection of electrodes were updated during this project when we found that the textile 
materials that gave reliable measurements were made with silver plated on elastic fabric. Silver 
also has very good conductivity and antibacterial properties, which are beneficial for wearable 
applications. The most recent selection is as follows: 

1. Textile #1: SMP130-B Silverized Elastic Knit, nylon/spandex knit fabric coated with 99% 
pure silver and then thin polyurethane protective layer, dark grey colored 

2. Textile #2: Silver coated on fabric made up of 76% nylon and 24% elastic material, dark 
grey colored and stretchy 

3. Textile #3: SMP130T-B silverized Elastic Knit, highly conductive, nylon/spandex, elastic, 
knit fabric coated with 99% pure silver plus a thin, protective polyurethane, dark grey 
colored 

4. Textile #4: SBRM48 Nylon ripstop fabric coated with 99.9% silver 
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5. Textile #5: SBAL317 nylon tricot knit fabric coated with 99.9% silver, designed with high 
ionic Ag release, especially for antimicrobial and wound care products in mind. 

6. Textile #6: Electrocardiography Electrode Tape 
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Results and Discussion 
PCB Testing Results 
Voltage readings taken  
Load-in-loop voltage peak-peak trends, Zload=6.8Ω 

RC board V p-p (mV), 
f=1E3 Hz 
(±2mV) 

V p-p (mV), 
f=1E4 Hz 
(±2mV) 

V p-p (mV), 
f=1E5 Hz 
(±2mV) 

V p-p (mV), 
f=1E6 Hz 
(±2mV) 

C1 62.0 60.8 61.5 60.5 

C2 55.8 55.8 55.6 52.7 

C3 56.0 56.4 56.5 56.3 

T1 53.8 54.6 54.6 53.8 

T2 56.0 55.1 55.3 52.0 

T3 51.0 54.4 54.0 54.2 
Table 2: V-p readings taken 

 

 
Fig. 19: Vp-p trends across 1 kHz-1 MHz 
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Current readings taken with a Keithley DMM6500 Multimeter 
All actual values are (±1.00E-5) 
Calibration 1: 

Frequency 
(Hz) 

Simulated 
current, 
original (A) 

Actual 
current, 
original (A) 

Difference Simulated 
current, 
altered (A) 

Actual 
current, 
altered (A) 

Difference 

1.00E3 1.60E-4 1.51E-4 -5.89% 1.60E-4 1.65E-4 -3.11% 

3.16E3 1.60E-4 1.78E-4 10.9% 1.60E-4 1.75E-4 9.37% 

1.00E4 1.60E-4 1.75E-4 9.06% 1.60E-4 1.65E-4 3.12% 

3.16E4 1.60E-4 1.87E-4 16.5% 1.60E-4 1.78E-4 11.2% 

1.00E5 1.60E-4 1.89E-4 17.8% 1.60E-4 1.92E-4 20.0% 

3.16E5 1.60E-4 9.60E-5 -39.9% 1.60E-4 1.06E-4 -33.8% 

1.00E6 1.55E-4 6.00E-6 -96.1% 1.60E-4 6.00E-6 -96.3% 
Table 3: Calibration 1 

 

 
Fig. 20: Calibration 1 original configuration current output across 1 kHz-1 MHz 
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Fig. 21: Calibration 1 altered configuration current output across 1 kHz-1 MHz 
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Calibration 2: 
 

Frequency 
(Hz) 

Simulated 
current, 
original (A) 

Actual 
current, 
original (A) 

Difference Simulated 
current, 
altered (A) 

Actual 
current, 
altered (A) 

Difference 

1.00E3 1.60E-4 1.52E-4 -5.26% 1.60E-4 1.57E-4 -1.87% 

3.16E3 1.60E-4 1.94E-4 20.9% 1.60E-4 1.78E-4 11.3% 

1.00E4 1.60E-4 1.72E-4 7.20% 1.60E-4 1.64E-4 2.51% 

3.16E4 1.60E-4 1.91E-4 19.0% 1.60E-4 1.78E-4 11.3% 

1.00E5 1.60E-4 1.90E-4 18.5% 1.60E-4 1.91E-4 19.4% 

3.16E5 1.60E-4 8.50E-5 -46.8% 1.60E-4 1.04E-4 -35.0% 

1.00E6 1.55E-4 1.60E-5 -89.6% 1.60E-4 6.00E-6 -96.3% 
Table 4: Calibration 2 

 

 
Fig. 22: Calibration 2 original configuration current output across 1 kHz-1 MHz 
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Fig. 23: Calibration 2 altered  configuration current output across 1 kHz-1 MHz 
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Calibration 3: 
 

Frequency 
(Hz) 

Simulated 
current, 
original (A) 

Actual 
current, 
original (A) 

Difference Simulated 
current, 
altered (A) 

Actual 
current, 
altered (A) 

Difference 

1.00E3 1.60E-4 1.61E-4 0.354% 1.60E-4 1.72E-4 7.52% 

3.16E3 1.60E-4 1.78E-4 11.0% 1.60E-4 1.78E-4 13.1% 

1.00E4 1.60E-4 1.69E-4 5.34% 1.60E-4 1.64E-4 2.52% 

3.16E4 1.60E-4 1.88E-4 17.2% 1.60E-4 1.78E-4 10.6% 

1.00E5 1.60E-4 2.20E-4 37.2% 1.60E-4 1.91E-4 18.8% 

3.16E5 1.60E-4 8.00E-5 -49.9% 1.60E-4 1.04E-4 -35.6% 

1.00E6 1.54E-4 7.00E-6 -95.5% 1.60E-4 6.00E-6 -96.2% 
Table 5: Calibration 3 

 

 
Fig. 24: Calibration 3 original configuration current output across 1 kHz-1 MHz 
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Fig. 25: Calibration 3 altered  configuration current output across 1 kHz-1 MHz 
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Test 1: 
 

Frequency 
(Hz) 

Simulated 
current, 
original (A) 

Actual 
current, 
original (A) 

Difference Simulated 
current, 
altered (A) 

Actual 
current, 
altered (A) 

Difference 

1.00E3 1.60E-4 1.49E-4 -7.14% 1.60E-4 1.96E-4 22.5% 

3.16E3 1.60E-4 1.78E-4 10.9% 1.60E-4 1.71E-4 6.87% 

1.00E4 1.60E-4 1.70E-4 5.94% 1.60E-4 1.66E-4 3.75% 

3.16E4 1.60E-4 1.86E-4 15.9% 1.60E-4 1.79E-4 11.9% 

1.00E5 1.60E-4 1.86E-4 16.0% 1.60E-4 1.93E-4 20.6% 

3.16E5 1.60E-4 9.70E-5 -39.3% 1.60E-4 1.04E-4 -35.0% 

1.00E6 1.55E-4 9.00E-6 -94.2% 1.60E-4 6.00E-6 -96.3% 
Table 6: Test 1 

 

 
Fig. 26: Test 1 original configuration current output across 1 kHz-1 MHz 
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Fig. 27: Test 1 altered configuration current output across 1 kHz-1 MHz 
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Test 2: 
 

Frequency 
(Hz) 

Simulated 
current, 
original (A) 

Actual 
current, 
original (A) 

Difference Simulated 
current, 
altered (A) 

Actual 
current, 
altered (A) 

Difference 

1.00E3 1.60E-4 1.52E-4 -5.26% 1.60E-4 1.66E-4 3.76% 

3.16E3 1.60E-4 1.81E-4 12.8% 1.60E-4 1.79E-4 11.9% 

1.00E4 1.60E-4 1.74E-4 8.45% 1.60E-4 1.63E-4 1.88% 

3.16E4 1.60E-4 1.92E-4 19.7% 1.60E-4 1.79E-4 11.9% 

1.00E5 1.60E-4 1.96E-4 22.2% 1.60E-4 1.93E-4 20.6% 

3.16E5 1.60E-4 1.10E-4 -31.2% 1.60E-4 1.09E-4 -31.9% 

1.00E6 1.55E-4 9.00E-6 -94.2% 1.60E-4 6.00E-6 -96.3% 
Table 7: Test 2 

 

 
Fig. 28: Test 2 original configuration current output across 1 kHz-1 MHz 
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Fig. 29: Test 2 altered configuration current output across 1 kHz-1 MHz 
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Test 3: 
 

Frequency 
(Hz) 

Simulated 
current, 
original (A) 

Actual 
current, 
original (A) 

Difference Simulated 
current, 
altered (A) 

Actual 
current, 
altered (A) 

Difference 

1.00E3 1.60E-4 1.62E-4 0.972% 1.60E-4 1.44E-4 -9.99% 

3.16E3 1.60E-4 1.79E-4 11.6% 1.60E-4 1.83E-4 14.4% 

1.00E4 1.60E-4 1.70E-4 5.96% 1.60E-4 1.65E-4 3.14% 

3.16E4 1.60E-4 1.91E-4 19.1% 1.60E-4 1.78E-4 11.3% 

1.00E5 1.60E-4 1.96E-4 22.2% 1.60E-4 1.91E-4 19.4% 

3.16E5 1.60E-4 1.05E-4 -34.3% 1.60E-4 1.06E-4 -33.7% 

1.00E6 1.55E-4 9.00E-6 -94.2% 1.60E-4 6.00E-6 -96.3% 
Table 8: Test 3 

 

 
Fig. 30: Test 3 original configuration current output across 1 kHz-1 MHz 
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Fig. 31: Test 3 altered configuration current output across 1 kHz-1 MHz 

 
Interpretation 
The results of our testing with the load-in-loop current source are consistent with the findings of 
Seone et al. Although the expected current output is quite high at higher frequencies (e.g. >100 
kHz), the actual current decreases dramatically regardless of the Cole-Cole parameters tested. 
The current output, and also impedance output, of the load-in-loop current source may be 
improved upon by addition of a current conveyor as an input to the load-in-loop (proposed by 
Seone et al.),  though the tradeoff for PCB board space would need to be considered. 9

 
With regards to the other components of the analog circuitry, more research and debugging is 
needed to determine the underlying issues of the components. We have included the 
schematics of the analog circuit for future reference and testing. 

 
  

9 Seoane, F., Bragos, R., & Lindecrantz, K. (2006). Current Source for Multifrequency Broadband 
Electrical Bioimpedance Spectroscopy Systems. A Novel Approach. 2006 International Conference of the 
IEEE Engineering in Medicine and Biology Society. doi:10.1109/iembs.2006.4398606 
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Performance of Textile Electrodes 
Preliminary Experiment Results For Human Subject Testing with 
Electrodes 
In this results section, when plots are shown, blue color always indicates data points measured 
with standard setup and red color always indicates data points measured with reverse setup. 
Green color indicates data points taken as the mean of the two different sets of measurement. 
In some plots that are not enough room to put legends to indicate the coloring and what they 
meant, but this coloring rule holds for all plots in this report.  
 

 

 
Fig. 32: Plots of SFB7 measurements on S000, real vs Imaginary, taken with Ag/AgCl wet electrodes (top left), with the original 

textile #1 (top right), with textile #2 (bottom left), and with the original textile #3 (bottom right) 
 

As can be seen from the figures above, measurements taken with the original textile #1 and 
textile #3 are sporadic, noisy and have completely different shape from those taken with 
Ag/AgCl electrodes. Since we expected the measurements taken with textile electrodes to 
resemble those taken with Ag/AgCl electrodes to adhere to the Cole-Cole model’s prediction, 
we decided that textile #1 and textile #3 were unsuitable for this application and it would not be 
beneficial for the purpose of evaluating textile electrodes. Hence in the experimental 
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procedures, we decided to switch out the original textile #1 and the original textile #3 and add 
textile materials that are similar to textile #2, made of silver and elastic. The following results are 
taken with the new set of textile materials. 
 
Clarification (Change of Original Testing Plan) 
The textile electrodes tested in this experiment have undergone a change from the previous set 
of 3 textile materials to the current set of 5 textile materials. The only textile material that is on 
both sets is textile #2. This is because we obtained inconsistent results during our preliminary 
examination with the original set of 3 textile electrodes, which suggested that the textile 
materials in the original set (except for textile #2) were not suitable for wearable purposes. 
Based on this preliminary result as well as suggestions from Medtex, a company that 
specializes in the production of conductive textiles, we made adjustments to the testing set of 
textile materials to be as mentioned above.  
 
We also added an electrode product call “Cardiograph Electrode Tape” manufactured by 
Carrot-Top Industries, Inc. This is because we realized that there were a significant difference 
between the areas of contact and formation of contact between those of Ag/AgCl electrodes and 
textile electrodes. Namely, each Ag/AgCl electrode contact with the skin with only a small patch 
of hydrogel of no more than 3.14 cm^2 while one strip of textile electrode has contact of close to 
120cm^2 around the circumference of the calf. Since we added this electrode rather late in this 
procedure of experiment we did not get to test it on all subjects. 
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Standard vs. Reverse Setup Measurements 
Through plotting and analyzing measurements from both standard and reverse setups with 
SFB7, we observed that the reverse setup almost always gave less consistent and less 
reasonable measurements than the standard setup did for textile electrodes. Below are two 
sample plots for Subject #003 and Subject #5 with all the measurements taken with different 
different kinds of electrodes. The red data points often have an upward curve at low frequency 
which deviates from the expected behavior. Therefore, we decided to focus our analysis on the 
standard setup measurements and plotting of such data to compare the performance of different 
textile electrodes against measurements taken with Ag/AgCl electrodes. 
 

 
Fig. 33: Plots of SFB7 measurements on S005, real vs Imaginary, taken with various electrodes as indicated 

 

 
Fig. 34: Plots of SFB7 measurements on S009, real vs Imaginary, taken with various electrodes as indicated 
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In the few sections below we estimated the parameters and from standard measurementsR0 R∞  
taken with all different electrodes and make analysis and comparisons between. 

Mean of Estimated  (Ω)R0  

Subject# Ag/AgCl T01 T02 T03 T04 T05 CE Tape 

S000 29.66 22.51 23.14 25.18 100.00 24.18 13.77 

S001 28.50 16.89 14.00 14.46 83.50 15.30 14.50 

S002 42.03 28.62 32.60 25.96 29.39 32.00 - 

S003 35.22 27.29 - 24.29 55.00 27.42 - 

S004 35.54 23.86 23.58 25.46 100.00 23.86 - 

S005 27.77 13.48 18.07 17.16 20.27 16.58 - 

S006 22.41 17.32 14.98 17.00 100.00 17.24 44.18 

S007 28.36 17.18 18.75 17.37 90.44 10.00 15.50 

S008 34.42 22.23 21.12 22.31 100.00 100.00 16.20 

S009 36.06 23.43 20.85 22.75 44.56 27.11 16.38 
Table 9: summarized average estimated values of for each electrode and each subject (since we took repeated measurements of R0  

each electrode on each subject) 

Mean Squared Error b/w Ag/AgCl electrodes and Textile Electrodes For R0

(Ω) 

 Ag/AgCl T01 T02 T03 T04 T05 CE Tape 

MSE - 122.81 115.36 128.30 2698 537.18 - 
Table 10: summarized mean squared error of for each textile electrode against Ag/AgCl electrodes R0  

 
Through comparison of this estimation, we see that Textile #1, #2 and #3 demonstrate the least 
amount of error from estimation made through measurements with Ag/AgCl electrodes. 

Standard Deviation of Estimated  (Ω)R0  

Subject# Ag/AgCl T01 T02 T03 T04 T05 CE Tape 

S000 0.0355 0.0946 0.2561 0.0801 0 0.0119 0.0125 

S001 0.0397 0.0084 0.0109 0.0201 2.6673 0.0073 0.0143 
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S002 0.0312 0.0175 0.0186 0.0200 0.0429 0.0322 - 

S003 0.0110 0.0139 - 0.1478 49.30 0.2102 - 

S004 0.0125 0.0404 0.0080 0.0183 0.0071 0.0219 - 

S005 0.1290 0.1738 0.0198 0.0177 0.2244 0.0671 - 

S006 0.0258 0.0114 0.0057 0.0459 0 0.0199 11.95 

S007 0.0220 0.0391 0.0319 0.0214 10.7400 0 0.0671 

S008 0.0123 0.0374 0.0105 0.0186 0.0014 0 0.0595 

S009 0.0111 0.0136 0.0179 0.0120 37.87 0.0128 0.197 
Table 11: summarized standard deviation of for each electrode and each subject (since we took repeated measurements of each R0  

electrode on each subject) 
 
Most of the electrodes, except for Textile #4, demonstrate reasonable repeatability in 
estimations of through measurements. Estimations made with Textile #1, #2 and #3 hasR0  
variance on the same scale as those made with Ag/AgCl electrodes. 

Mean of Estimated  ( Ω) R∞ 01 −10  
Below are the summarized average estimated values of for each electrode and each subjectR∞  
(since we took repeated measurements of each electrode on each subject). 

Subject# Ag/AgCl T01 T02 T03 T04 T05 CE Tape 

S000 435.92 37.12 36.88 52.82 3.0 e13 16.99 36.83 

S001 19.08 73.99 32.08 5.17 0 12.81 32.11 

S002 104.68 32.02 131.07 31.23 24.08 106.09 - 

S003 18.92 17.67 - 116.51 0 83.45 - 

S004 136.82 38.36 42.64 74.24 1.5 e6 64.17 - 

S005 195.36 9.80 13.68 23.59 49.42 82.12 - 

S006 124.35 23.05 64.28 165.64 0 43.04 182.37 

S007 19.56 13.59 28.70 50.29 3.6 e9 2.2 e11 67.29 

S008 152.20 29.10 22.39 169.34 2.3 e10 3.6 e9 24.79 

S009 49.40 127.76 148.49 49.64 0 109.76 35.27 
Table 12: summarized average estimated values of for each electrode and each subject (since we took repeated measurements R∞  

of each electrode on each subject) 
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Mean Squared Error b/w Ag/AgCl electrodes and Textile Electrodes For 
 ( Ω) R∞ 01 −17  

 Ag/AgCl T01 T02 T03 T04 T05 CE Tape 

MSE - 1.833 20.41 9.37 9.0 e20 4.9 e18 - 
Table 13: summarized mean squared error of for each textile electrode against Ag/AgCl electrodes R∞  

 
Through comparison of this estimation, we see that Textile #1, #2 and #3 demonstrate 
reasonable amount of error from estimation of  made through measurements with Ag/AgClR∞  
electrodes. 

Standard Deviation of Estimated  ( Ω) R∞ 01 −10  

Subject# Ag/AgCl T01 T02 T03 T04 T05 CE Tape 

S000 630.94 31.32 60.82 41.28 3.7 e4 38.07 61.43 

S001 42.57 72.59 48.52 3.85 0 14.08 21.36 

S002 152.07 661.02 240.18 61.98 12.61 92.95 - 

S003 29.22 37.22 - 106.25 0 142.33 - 

S004 160.98 36.91 43.13 92.22 2.9 e6 105.61 - 

S005 188.29 5.85 6.60 19.09 31.46 110.07 - 

S006 192.39 34.22 65.10 178.38 0 50.39 233.36 

S007 32.75 169.48 28.65 70.28 8.6 e9 1.8 e11 42.14 

S008 125.21 36.24 24.48 391.35 1.6 e10 6.2 e9 48.36 

S009 31.15 216.48 305.45 48.86 0 82.14 41.07 
Table 14: summarized standard deviation of for each electrode and each subject (since we took repeated measurements of each R∞  

electrode on each subject) 
 
Most of the electrodes, except for Textile #4, demonstrate reasonable repeatability in 
estimations of through measurements. Estimations made with Textile #1, #2 and #3 hasR∞  
variance on the same scale as those made with Ag/AgCl electrodes.  

Reported Comfort Level (1-5) 

Subject# Ag/AgCl T01 T02 T03 T04 T05 CE Tape 
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S000 3 5 5 4 4 5 4 

S001 1 3 5 3 3 4 2 

S002 3 5 5 5 5 5 - 

S003 5 4 3 1 4 5 - 

S004 3 4 4 4 3.5 4 - 

S005 3 4 4 4 4 4 - 

S006 3 5 5 5 4 4 2 

S007 3.5 3.5 4.5 2 4 4.32 3 

S008 1 4 5 3 4 5 1 

S009 2 5 4 4 3 4 2 

Average 2.75 4.25 4.45 3.50 3.85 4.43 2.33 
Table15: Comfort level reported by each subject for each type of electrodes 

 
From the average reported comfort level, Textile #1, #2 and #4 seem the most comfortable. 
 
Interpretation 
From the summaries of estimated values and the comfort level, we determined that the most 
potentially application textile electrodes are textile #1, #2 and #3, especially #2, since it had 
been reported to be the most comfortable on average and gave the most consistent (less 
variance) and expected results (less mean squared error). In the below we plot some sample 
measurements taken with these 3 electrodes. For the sake of brevity and ease of understanding 
and clarity in comparisons, we are only showing plots of imaginary vs real parts of the 
measurement impedance, since this plot incorporates information from both magnitude and 
phase while only not showing the frequency a particular impedance measurement was made at. 
In the imaginary vs real plot, the frequency sweep starts low from the lower right side and 
frequency of current increases following the curve to the left. 
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Potentially Useful Textile Electrodes (Plotted Results for all subjects) 

Ag/AgCl 

 
Fig. 35: Plots of SFB7 measurements with Ag/AgCl electrodes, real vs Imaginary, taken with various electrodes as indicated 

 
Textile #1 

 
Fig. 36: Plots of SFB7 measurements with Textile #1, real vs Imaginary, taken with various electrodes as indicated 
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Textile #2 

 
Fig. 37: Plots of SFB7 measurements with Textile #2, real vs Imaginary, taken with various electrodes as indicated 

Textile #3 

 
Fig. 38: Plots of SFB7 measurements with Textile #3, real vs Imaginary, taken with various electrodes as indicated 

 
In general, textile #1, #2, and #3 all gave reasonable results that warrant further investigation 
and understanding. We can from these plots that some subjects consistently gave less than 
satisfactory measurements (i.e. s002, s003, and s006). We suspect that this was due to their 
extensive body hair hindering a good contact between the skin and the electrodes. For future 
human subject testing, we recommend shaving the subject to ensure optimal measurement 
quality. 
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Conclusion 
Through this E90 project, we were successful in designing a PCB for limited current source 
functionality testing as well as designing and performing experiments to evaluable the 
performance of textile electrodes in comparison to Ag/AgCl electrodes. In regards to the analog 
circuit, the load-in-loop did not meet the ±1% threshold between expected and actual current 
values, but did follow trends measured by Seone et al. In order to properly test the functionality 
of the analog circuit as laid out by our original testing plans, further research and debugging of 
the CS test board is needed. With regards to textile materials, we suggest the materials 
numbered Textile #1, #2 and #3 for further investigation and application. Further investigations 
in the textile electrode aspect of this project include analyzing the cost of each different 
electrode, how to decrease the difference between estimated parameters, and how to 
automatically differentiate a reliable measurement from an unreliable measurement.  
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Appendix A: Analog Circuitry 

Analog Circuitry Schematics 

 
Fig. 39: Sine wave generator schematic 
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Fig. 40: Header pin schematic 
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Fig. 41: Current source schematic 
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Fig. 42: Instrumentation amplifier and gain-phase detector schematic 
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Fig. 43: Finalized CS test board PCB design 
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Testing Outputs 

 
Fig. 44: AD9837 gain specifications7 

 

 
Fig. 45: Output of the IAs with 0 gain 
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Fig. 46: Output of the IAs with A0 connected to AVDD (note gain of ~5 instead of specified 2) 

 

 
Fig. 47: Output of the Howland current source  
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Appendix B: Textile Experiment Flow Sheet 
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Subject# _______ _ 

Evaluatin g Textile Electrodes for Bioimp edance Measurements 
Experiment Flow Sheet 

Pl: Maggie Delano 
Investigato r: Ke Wang 

Date ------

D Consent signed 

Personal Info rmation 

Subject ID umber : _____ _ 

Contact Info : 610-328-8295 
Contact Info: 484-557-1032 

Page 11 

Age: ___ _ Gender ---- Race: ----- 1-<:thnicity: ___ _ 

Body , eight : ____ _ Body height: 

Calf Circmuference: 

Study procedures 

D Prepare skin on the outer side of shin areas (the subject can choose Jen or 1igh t shin): 
• Shave, alcoho l 

D Take measurements using SfB7 vvith /\g//\gC l electrode pairs on the shiu: 

Fig. 1: Ag/AgCl sample electrode placements on shin [1] 
• Measure the dista nce between the middle of the patella (knee) an I lateral malleolus (ankle) 

and place 2 voltage /\g//\gC l electrodes 5 cm on either side of the midpoin t of this distance . 
• 2 current Ag/AgC l electrode s are place outside ort he first two electrodes with a distance of 5 

centimeters. 
• (Note: Distances are measured from the center of each elec trnde to tl1e center of another 

clectrnde or to any point.) 
• Take measurement using SFI37 with standard and reverse set11ps according to tl1e following 

figure : (the labels on each electrode repre sent the colored leads ofSFB7) 
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Subject # Page 12 

• Repeat the step above to take at least 6 consistent measurements. Consistent measurements 
are characterized by the 256 data points collected closely adherin" to the Cole -Cole mo lei 
for biological tissue. To check the quality of a pa1ticu lar measurement, click MORE on the 
··creen of SFB7 after taki.ng a me<1 urement tliat hows the estimated parameter s and body 
water volumes. The SFB7 will then show tliat the data points plotted and fitted to a Cole 
semicircle. The quality of a measurement can be roughly estimated by examine how closely 
the data polllts adhere to tJ1e ·emicircle. If the data point: do not fom1 a shape close to a 
semicircle , try to adjust the electrode placement~ or wait for some time before taking a 
measurement again. Take at least 6 measurement s th at are consistent for each setup. 

Body part 

"sta ndar d": R 

"rever se": Bk 

y 

B 

B 

y 

Bk 

R 

Fig. 2: SFB7 measurement standard and reverse setups 
D Replace each Ag/Ag l electrode with a ring fo1med ,vitJia long strip of tJ1e textile material #1, #2 or 
#3, at the exact positions. Each long strip of textile electrodes can be 3.5cm wide and 30--40cm long 
depending on the leg size of the subJect and is sewn together with conductive threads. Using a l0-cm-
w1 le ·IJ·i1 of com1 ress ion socks to supj 01t and fasten each pa ir of eleclJ·odes (Reel and Yellow lead. a.re 
a pair ; Blue and Black leads are a pair). 

• Textile #1: SMJ'] 30-B Silveri zed Elastic Knjt, nylo1 spandex knit fabric coated with 9Y% 
pure silver and tl1en fuin polyurefuane protective layer, dark grey colored 

• Textile #2: Silver coated on fabric made up of 76% nylon and 24% elastic mater ial, dark grey 
colore l an l stretchy 

• T '"xtile #3: SJ\/JP l 30T-B silverized Elastic Knit, highly conductive, nylon/spandex , elastic, 
knit fabric c atecl witl1 99% lure si lver plus a thin, protect ive polyureilia11e, dark grey 
colored 

• Textile #4 SBRM48 Nylon ripstop fabric coated w ith 99 .9% :i lver 
• Textile #5: SBAL317 nylon tricot knit fabric coated with 99.9% silver_ designe d with high 

i.onJc Ag release, espec.1.ally for antimicrobia J and wow1d care product s i.n mind. 
• Textile #6: Electrocardiography Electrode Tape 

Study Procedure (On the next p:we) 
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Electrode Type Setup Fi]ename(s) Comment s 

Ag/AgCI S!andard 

Ag/AgCI Reverse 

Textile #1 Standard 

Textile #1 Reverse 

Textile #2 S!andard 

Textik #2 Reverse 

Tcxtik #3 Standard 

Textile #3 Reverse 

Textile #4 Standard 

Text i.le #4 Reverse 

Textile #5 S!andard 
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Textile #5 Reverse 

Text ile #6 Standard 

Tntilc #6 Reverse 

D Administer ex it questio nnaire 

Comments 

Investigator Signature ______________ _ Date ----------

Rcfrrcnc<'s 
[l j Maggie Delano and Charles Sodini . E valuating calfBioimpedance measur ements for fluid overload 
manag ement in a control led enFironment . Physiolog ical :vleasurement , 39(12 ) : 125009 , dee 20 18. 
[2J A Montalibel and E McAdams. A practical method to reduce electrode mismatch artefacts during 4-
elec trode bioi111peda nce spectroscopy 111ea.wre 111ents. In 20 18 40th Annual International Conference of 
the IEEE Engineer in g in ~vledicine and Biology Society (EMBC) . pages 5775- 5779. IEEE. 2018 . 
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EXI T QUESTIONNAIRE , ELECTRODES OF FLUID STATUS MONITOR 

Personal IJlfonnati.on 

Subjec t 1D Number: _____ _ 

General Questions 

1. Please rate the comfon leve l of each electrode from 1 to 5, with 1 being very 
uncon1fortable and 5 being very comfortabl e? 

D Ag/AgCI: wet electrodes 

1/ 1 

D Textile #1: SM1'130-B Silverized Elastic Knit . nylon/spandex kn it fabric 
coated with 99% pure silver and then thin polyurethane protective layer. 
dark grey colored 

Textile #2: Silver coated on fabric made up of 76% nylon and 24% elast ic 
materia l, dark grey colored and stretchy 

Tex1ile #3: SMP130T-B silverizcd Elastic ~nit. highly conductive, 
nylon/spandtix, elastic, knit fabr ic coated with 99% pure silver plus a thin, 
protective polyurethane, dark grey colored 

D Textile #4: SBRM48 Nylon ripstop fabric coated with 99.9% silver 

D Textile #5: SBAL317 nylon lricol knit fabric coated with 99.9% silver, 
designed with high ionic Ag relea se, especially for antimi crobial and 
wound care products in mind 

D Tex1ile #6: Electrocardiography Electrode Tape 

2. Please share vvith us anything about the comfort/discomfon of wearing the device that 

might help us improve its design. 
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