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Supplementary Figure S1. Comparison of temporal variation in upper limb including finger 
impedance (before finger removal) and pure upper limb (after finger removal) of 3 subjects 
measured over three independent days. (a) The impedance before finger removal. (b) The 
impedance after finger removal (pure upper limb). The error bars in the figure indicate the relative 
standard deviation. (n = 10). 

 

 



 
 

 

 

Supplementary Figure S2. Enhanced ratiometric features reducing undesirable variation. 
Variation of the ratiometric features for three subjects measured for independent three days. 
Values are the mean ± S.D. (n = 10). 

 

 

 

 

Supplementary Figure S3. The effect of finger placement changes on the ratiometric feature. 
Values are the mean ± S.D. (n = 10). 



 
 

 
Supplementary Figure S4. 1D-CNN model consisting of three convolution layers, two pooling 
layers, and two fully connected layers. Each feature vector of impedance data consisting of 25 
samples formed into a respective channel in a 1-D input (25 × 1 × channel) and fed into the model. 

 

 

 

 
Supplementary Figure S5. The boxplots of the accuracy according to the number of subjects. Each 
classification accuracy for the selected dataset was acquired using the RF model. The green dotted 
line represents the accuracy prediction curve as the number of subjects increases. The inset 
equation’s parameters were 3.24, 0.1289, 97.38 for a, b, and c, respectively. 



 
 

Howland Current Pump for the VCCS Implementation 

 
Supplementary Figure S6. The voltage-controlled current source based on Howland current 
pump [1]. 

 

Due to a virtual short circuit, following equation (1) is satisfied as below, 

 ௩೙ோభ ൌ  ௩೙ି௩೚ோమ ൌ 0                                                             (1) 

 
Then, equation (2) can be rewritten as follows,  

 
  ሺ ଵோభ ൅ ଵோమ ሻ𝑣௡ ൌ  ௩೚ோమ                                                             (2) 

 
Solving the 𝑣௡, the following equation (3) can be obtained.  

 𝑣௡ ൌ 𝑣௣ ൌ  𝑣௅ ൌ భೃమభೃభା భೃమ 𝑣௢ ൌ  ଵோభାோమ 𝑣௢                                       (3) 

 
The load current 𝑖௅ is given by following equation (4) as below, 

 𝑖௅ ൌ ௩೙ି௩೚ோయ ൅ ௩೙ି௩೚ோర ൌ ௩೙ି௩೚ோయ ൅ ೃభశೃమೃభ ௩ಽି௩ಽோర ൌ  ௩ೞோయ െ ቀ ଵோయ ൅ ோమோభோర ቁ 𝑣௅  

 ൌ ௩ೞோయ െ ோభோరିோమோయோభோయோర 𝑣௅ ൌ  ௩ೞோయ െ ௩ಽೃరభೃభశ భೃమ                                                                   (4) 

 

Here, the output impedance 𝑍௢௨௧ is defined as following equation (5). 



 
 

 𝑍௢௨௧ ൌ ோరೃరೃయିೃమೃభ                                                                (5) 

Then, the equation (4) becomes as follows, 

 𝑖௅ ൌ ௩ೞோయ െ ௩ಽ௓೚ೠ೟                                                                   (6) 

 
If the following equation (7) is satisfied, output impedance 𝑍௢௨௧ becomes infinity.  

 ோరோయ ൌ  ோమோభ                                                                (7) 

 
Thus, the load current 𝑖௅ is given as follows, 

 𝑖௅ ൌ ௩ೞோయ                                                                  (8) 

 
Therefore, the load current 𝑖௅ (8) does not depend on the load, but only depends on the input 
voltage 𝑣௦. 

 

 

Operational stability against environmental temperature and humidity changes 

 
 
Supplementary Figure S7. Comparison of impedance change in two-electrode measurement 
method and four-electrode measurement method according to the effect of moisture. (a) 
Impedance change according to the effect of moisture in the two-electrode measurement method. 
(b) Impedance change according to the effect of moisture in the four-electrode measurement 
method. 



 
 

For the electrical components used in our system, including the current source (CS) and the voltage 
sensing unit (VS), temperature or humidity variations within the operating range can cause changes 
in electrical properties, which could affect reproducibility and accuracy. In our study to evaluate the 
variability of impedance measurement data for external temperature changes, we changed the 
external temperature in the range of 18°C to 32°C degrees. The variability of the obtained data 
corresponding to each temperature changes was analyzed, and it was verified that the upper limb 
impedance was relatively robust than the finger impedance, which can be used as a more salient 
feature for improving biometric authentication. According to relative literature, most commercial 
electronic devices are generally set to operate in a temperature range of 0°C to 70°C [2]. To 
investigate the normal operating temperature range of our system, we reviewed all data sheets of 
electronic components used in our wearable devices, and the common operating temperature range 
for all components to ensure reliable performance is -40°C to 85°C. However, despite our device's 
operating temperature range according to the datasheet of each component is wide enough for 
commercial use, the performance may decrease in actual application environments. An indirect 
evaluation of the system's wider operating temperature ranges referenced here may require further 
experimentation for better representation. Therefore, in future work, we will validate our method 
in a wider range of temperature to provide direct evidence. 
In addition, even under the influence of external humidity, the system is required to maintain the 
stability of the signal quality in both low and high ambient humidity. However, changes in 
environmental humidity can affect skin electrode contact resistance. The increase of free water 
content of the electrode or the water content in the air around the electrode may also increase the 
water content of the dielectric and reduce the skin–electrode contact resistance [3]. These changes in 
humidity can cause reduced reproducibility through unstable data acquisition. To overcome this 
problem, we applied a four-electrode method in our system. The applied four-electrode method 
removes the lead and skin electrode contact resistance by separating the current and voltage 
electrodes [4,5]. To investigate this effect, we observed the change in finger impedance by changing 
the relative humidity (RH) of the finger in contact with the electrode in our four-electrode method 
and our designed two-electrode method-based measurement platform, respectively. First, the finger 
impedance in a dry state (24.5% RH) was measured, then the fingertip was lightly moistened with 
water and measured in a wet state (56.2% RH). The finger temperature was kept constant (36.7°C) 
in each state. The data were measured 10 times per each state and displayed as mean and standard 
deviation. The two-electrode method results showed that the measured data of two different states 
of fingertip moisture (wet, dry) showed significant impedance changes as shown in Supplementary 
Figure S7 (a). In contrast, the data measured by the four-electrode method showed that the features 
obtained in the two different states were stable and reproducible, as shown in Supplementary Figure 
S7 (b). The experimental results indicate that the obtained data based on our four-electrode method 
is reliable regardless of the influence of external humidity. 
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