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Abstract 

Electromyography (EMG) method is widely used in motion detection based on physiological 

phenomenon. However, EMG technique doesn’t fit to measure the dynamic parameter of 

motion. For instance, EMG is difficult to measure the joint angle changing. Bio-impedance 

method is a non-invasive, high performance method. This article evaluates the elbow joint 

movement using Bio-impedance, the correlation between the elbow joint angle changing and 

the upper arm bio-impedance changing has been calculated. A one-channel Bio-impedance 

measurement device with a goniometer has been designed in this study. The bio-impedance 

device generates high-frequency, low-intensity alternating constant current to human body and 

measure the bio-impedance signal. 20-kHz, 45-kHz, 50-kHz and 70-kHz has been investigated 

in the experiment. The one-channel bio-impedance measurement device includes of Wein 

oscillator, Howland constant current source, high-pass filter, the instrument amplifier INA 128, 

rectifier, low-pass filter and direct current coupling. Three electrode configurations were 

applied to compare the influence from each electrode configuration to the correlation 

calculation. Four male and two female have participated in the experiment of 70-kHz with 

three electrode configuration. In the experiment of 20-kHz, 45-Khz and 50-kHz, only one 

subject has participated in these experiments. The motion setting of 45-kHz is different with 

other frequency condition, it consists of 9 stages. Subject lifted their arms from 0 degrees to 

80 degrees and kept their arm at each 10 degrees. The other motion setting consists of 4 stages. 

Subject lifted their arms from 0 degrees to 90 degrees and kept their arm at each 30 degrees. 

In multi-frequency with different electrode configurations condition, the result of 45-kHz, 50-

kHz and 70-kHz contribute high correlation between the elbow joint angle changing and upper 

arm bio-impedance changing. However, the result of the 20-kHz condition is not stable. In the 

multi-subject experiment, each subject contributes high correlation result in the 70-kHz 

condition with three electrode configurations. The last part of Thesis shows the statistical 

analysis using paired T-test method to observe the influence from different parameter to the 

correlation between elbow joint motion and bio-impedance changing. The result of paired T-

test method shows different electrode configurations have different influence on the bio-

impedance measurement. 

 

Keyword: the evaluation of elbow joint motion, statistical analysis, one channel system, three 

electrode configurations, multi-frequency bio-impedance analysis
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90 องศา โดยก าหนดเป็นช่วง ช่วงละ 10 องศา และการเคล่ือนไหวในลกัษณะท่ีสองเป็นการก าหนดการเคล่ือนท่ี
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การทดลองหรือไม่ ซ่ึงจากผลการวเิคราะห์โดยวธีิ pair sample T-Test พบวา่  ต าแหน่งท่ีติดอิเลก็โตรด มีความ
แตกต่างอยา่งมีนยัส าคญัทางสถิติ  
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Chapter 1  

Introduction 

  

 
1.1 Background and problem statement 

 
    Accident and some disease cause a lot of arm disability, even death, moreover, with terrorism 

become a worldwide problem. More and more soldiers and civilians become disabled and even lose 

their lives. Statistical data shows that the population of arm amputees of the worldwide increase to 3 

million, this number is 30% of the world population of amputees at 2008 [1].  

    This study proposes an algorithm of joint angle movement using bio-impedance changes to an 

application. Bio-impedance method is a non-invasive, painless approach. This approach also can 

evaluate the assessment of muscle rely on measurement of high-frequency, low current [2]. Bio-

impedance approach compare with the Electromyography (EMG) approach, bio-impedance approach 

is not concentrating on some of intrinsic activity of human muscle and tissues. But bio-impedance 

approach are interested some area, these area are some tissue where being injected high-frequency and 

also low constant current. When the area of arm surface tissue were applied electrical constant current 

have motion, for instance, arm flexion or extension, which will cause bio-impedance of the area have 

changed, moreover, the signal of bio-impedance is relatively pure. 

    The conventional methods for measurement of physical exercise in nowadays. For instance, the 

goniometer technology, EMG approach, the camera and the video camera. Each technique have their 

own advantage and disadvantages. The first method, the goniometer technology not suit for patient to 

training with complex or quick rehabilitation. It is due to the physical structure of the technique [3] [4]. 

The second method, using EMG technique to evaluate the patient movement not have kinematic 

parameter and dynamic parameter [3] [4]. The third method, the camera technique needs quite much 

time to process the data [3] [4]. The fourth method, the video technique is limited by space, and it 

needs high cost and complex handle [3] [4]. The video technique not convenient for user due to 

involving user privacy.  

    The advantage of bio-impedance technique as following. The first, bio-impedance technique not 

concern for the problem of space for measurement. The result of bio-impedance is quite easy to 

understand and unnecessary much procedure, and it can be compressed and measured continuously 

during enough period. Single joint bio-impedance signal can combined with more application due to 

its simple signal processing. This advantage is suitable for this area of technology has developed 

rapidly.  

    Nowadays, there also have lot of arm control technology. For instance, some researchers use EMG 

signal, Electroencephalogram (EEG) signal or Electrooculography (EOG) signal to control application. 

EEG signal although can make the earliest predictions about the intended reach target, however, EEG 

signal may be affected by motion artifacts, and EEG technology have low accuracy after motion onset. 

EOG signal have the same problem as EEG approach after motion onset [5]. EMG signal have good 

accuracy after motion onset. However, EMG signal has the intrinsic property, EMG technology hardly 

have immediate action when devices received the signal, because most of the EMG technology using 

threshold control [6].  

    When bio-impedance technology compare with EEG technology or EOG technology, it has good 

accuracy after motion onset0. When there compares bio-impedance with EMG technology. Bio-

impedance technology also can evaluates motion immediately, since when the tissue of arm stretch or 

constriction, bio-impedance of the arm will change immediately [7]. Moreover, Bio-impedance is 

suitable to evaluate the motion of the joint angle of the limb over a long time.  

    As the reported [2], we can find the frequency of bio-impedance signal is relatively wide when we 

compare bio-impedance signal with EEG, EOG signal. Bio-impedance signal frequency range from 

20 to 100 KHz, which can in case interfere the signal from the human body. The other method compares 

with the current source frequency for bio-impedance signal detection has unusual narrow bandwidth. 

The frequency response range of EOG is from 0.2 to 3.0Hz. The range of EMG and EEG are 70-

1000Hz and 0.5- 45Hz, respectively [8]. The wide frequency response range of bio-impedance make 
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easier measurement than others approach. 

    There also have some research shows that the range of the EMG signal amplitude by voluntary 

contraction is 0-10 mV p-p [9], furthermore, the device and system of bio-impedance for measurement 

or control robot arm is quite easy to be mastered and cheaper. 

    The Bio-impedance approach also have possessed some limitation. When we collect the bio-

impedance signal from upper limbs, for instance, which including chest, pelvis, thigh, calf or arm will 

be influenced by cardiac output. Nevertheless, the magnitude of the noise of heartbeat effect is not 

significant, and it is also having the same pattern of noise signal. If we adjust the value of threshold, 

the negative effect from heartbeat can be reduced by signal processing [10]. The second limitation of 

bio-impedance is about multi-joint angle movement measurement. The system of bio-impedance is 

difficult to recognize the signal from multi-joint angle movement and it requires calibration to measure 

accurate joint angles in each subjects [7]. This thesis aims to investigate the relationship between bio-

impedance changes and the joint angle changes. This thesis measure the bio-impedance using different 

electrode configuration to find the optimal electrode configuration. When joint angle of elbow change, 

the muscle and tissues volume also change, it causes bio-impedance of upper arm change. 
 
1.2 Objective 

 
1.2.1 To find the correlation between bio-impedance signal and elbow joint angle changing. 

1.2.2 To evaluate elbow joint motion using multi frequency bio-impedance signal and three electrode 

configurations. 

1.2.3 To evaluate the elbow joint motion using three electrode configurations with 6 subjects. 

1.2.4 To validate the effect on the measurement of bio-impedance from three electrode configurations 

using statistical analysis. 

 

 

 

1.3 Research scope 

 
1.3.1 Measure the bio-impedance from health human. 

1.3.2 Find the relationship between the changing of bio-impedance and joint angle movement and set 

five point of joint angle for bio-impedance changing. 

1.3.3 Develop a simulation using the relationship between the changing of bio-impedance and joint 

angle movement. 

 

1.4. Research plan 

 
1.4.1 Study the method to measure bio-impedance on a human arm. 

1.4.2 Find the relationship between the changing of bio-impedance and elbow joint angle movement. 

1.4.3 Using the relationship to an application for amputees to do some rehabilitation        exercise. 

1.4.4 System verification and validation. 

1.4.5 Conclusion and report.  
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Chapter 2 

Literature review 

 
2.1 Fundamental of bio-impedance measurement techniques 

 
    Bio-impedance is the ability of the body to impede the Alternating current flow, it is dependent on 

the frequency of the injected current flow and it composed of magnitude|𝑍|  and phase angle∅  as 

equations(1)-(3)[4].  

 

CZ R jX                                  (1) 

 
2 2

CZ R X                                 (2) 

1tan ( )CX

R
                                  (3) 

 

    The quantity of bio-impedance consists of resistance(R) and reactance𝑋𝐶. Resistance is caused by 

total body water, reactance is caused by cell membrane [1], the length(L), surface area(A) and the 

resistivityρ, will influence resistance as equation (4)[4]. 

 

2
,

( )
( ) ( )

( )

m
ohm m

m

L
R

A
                            (4) 

 

     Different type of material has different resistivity ρ, it is dependent on frequency. Reactance 𝑋𝐶 is 

caused by the capacitance of cell membrane [5]. It is influenced by frequency of injected current and 

the capacitance of cell membrane as equation (5). [1, 5] Capacitance (C) is considered as the ability of 

the non-conducting object to save electrical charges, which is equal to the ratio between differentiation 

in voltage across object (dV/dt) and current that is passed through (I(t)), it is described as equation (6). 

In the parallel capacitor module, surface area (A) in meters square and distance (d) in meters between 

the charged plates has effect on the capacitance, surface area (A) is proportional to the capacitance and 

distance (d) is inversely proportional to the capacitance. Permittivity constant of vacuum (𝜀0)  and 

relative dielectric permittivity constant (𝜀𝛾) have relationship with the capacitance, both of them are 

dependent on the frequency of injected current, as shown in equation(7).  
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                 (5) 
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                             (6) 
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r

A m
C farad

d m
 

                          (7) 

   

As the equation (4), length (L) and material type are proportional to resistance, surface area (A) is 

inversely proportional to resistance. Moreover, there has the other research showed that the volume (V) 

is a significant value to estimate body construct using bio-impedance method [11]. Thus, the equation 

(4) was transferred to equation (8) through volume (V). 
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(8) 



4 
 

    The volume is represent to the human body. According to equation (8), volume (V) has relationship 

with bio-impedance. It is due to the weight of human whole body is mainly composed of fat mass (FM) 

and fat free mass (FFM) as shown in equation (9). FM is considered as non-conductor of electric charge. 

FFM is considered as conductor, which caused by electrolytes dissolved in body water and cell mass. 

Some research shows that total body water (TBW) is the main component of FFM as equation (10) [12], 

TBW is almost equal to 73.2% of FFM as previous works. [1 2 3 4]

  

bodyWt FM FFM 
                             (9) 

0.73TBW FFM
                              (10) 

 
    Due to the human body is not homogeneous volume. Thus, some previous researcher separate it into 

five segment for the bio-impedance method, Fig. 1 shows this concept. In this concept, total body weight 

consists of FM and FFM which consists of bone minerals and body cell mass (BCM). BCM has 

resistance and capacitance in bio-impedance measurement. It is due to BCM consists of protein and 

TBW which includes of extracellular fluid (ECF) and intracellular fluid (ICF) [5]. Resistance is 

composed by the function of ECF and ICF for impedance bio-measurement. Capacitance is composed 

by the function of cell membrane in Bio-impedance measurement, which divide ECF and ICF.  

    Body segment is a homogeneous component and consists of resistance and reactance as shown in 

previous works. Thus, body segment has different response when there has different frequency of 

injected electric current. Some previous research analysis bio-impedance using single frequency, 

multiple frequencies or bio-impedance spectroscopy analysis [2, 12, 13]. Moreover, there has several 

alternative assessments methods which is mentioned in review [13].  

 
Fig. 1 Main body segments and compartments [13] 

 

2.2 Single frequency bio-impedance analysis (SF-BIA) 

 

    According to the most of previous research, 50-kHz electric current flow is commonly used in bio-

impedance measurement [2, 12, 13]. SF-BIA is one of the earliest method for evaluation of body 

components. It depend on the inverse proportional relationship between impedance and TBW, which is 

correspond to the conductive path of the electric current [12, 14]. SF predicts the volume of TBW, which 

obtain ECF and ICF [12, 13]. However, there has the other research shows 50-kHz BIA is strictly 

speaking not measuring TBW but an evaluation of the resistivity of ECF and ICF [12]. Despite of SF-

BIA is not certain for the state with altered hydration, it is useful for the evaluation of fat free mass 
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(FFM) and TBW [15]. However, SF-BIA is not useful for the measurement of ICF differences [16].  

 

2.3 Multiple frequency bio-impedance analysis (MF-BIA) 

 

    MF-BIA evaluate body component (FFM, TBW, ICF and ECF) using different frequencies (0-500 

kHz). Some earliest researcher predict TBW and ECF through 100 and 1 kHz, it accord to the rule of 

Cole model [13, 17]. After later years, there has other researcher shown the frequency of injected electric 

current should at 5-1000 kHz [18]. At low frequency or high frequency, it mean the frequency is lower 

than 5-kHz or higher than 200-kHz, there has poor reproducibility [19]. MF-BIA is fitter to evaluate 

ECF than SF-BIA method. However, SF-BIA is fitter and less bias for measurement of TBW in 

unhealthy subjects [12]. 

 

2.4 Bioelectrical spectroscopy (BIS) 

 

    BIS applies mathematical modeling and mixture equations (e.g. Cole-Cole plot (fig.2) and Hanai 

formula) [12] to predict the ECF and TBW using the relationships between 𝑅0 which is the resistance 

response at lowest frequency and 𝑅∞  which is the resistance response at highest frequency. The 

relationship between 𝑅0 and 𝑅∞ develop predicting equations rather than go to mixture modeling [20]. 

However, the constants and equations were generated from BIS model, which were accurate for healthy 

subjects, thus, this modeling method need more different disease subjects in future. Some previous 

research shown body cell mass (BCM) is the main path for current flow, especially muscle mass. They 

consider the cells shape not as non-spherical, but like cylindrical [21]. Moreover, it is hard to certify the 

values of resistivity, it is due to previous research were very different [12].  

    Mixture equations could make the result better in some case of study [22, 23, 24]. However, mixture 

equations were caused no helpful result [25, 26] or worse result than regression method in other case of 

study [27]. BIS method has high potential and it need more accurate data to improve itself.  

 

 
Fig. 2 Diagram of the graphical derivation of the phase angle; its relationship with resistance (R), 

reactance (Xc), impedance (Z) and the frequency of the applied current [12] 

 

2.5 Whole body bio-impedance measurement  

 

    According to previous research, the most of whole body bio-impedance measurement apply three 

methods: hand to foot method [15, 28], foot to foot method [29, 30, 31] and hand to hand method [32, 

33]. The hand to foot method is the most commonly used method [13]. In the previous paper for the 

hand to foot method, tetrapolar hand to foot measurement is used in a supine subject for 15 min, the 

electrode placed on the dorsal surfaces of the right hand and foot, distal ones being respectively proximal 

to the metacarpal and metatarsal phalangeal joints. It accord to the standard tetrapolar electrode 

configuration [34]. A pressure contact food-pad electrode was applied in the foot to foot method for 

whole body bio-impedance measurement. Four stainless steel footpads electrodes were applied in the 

leg to leg method, these four footpads separates each foot into frontal and back portion, two of them 
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were used to inject current to human body, two of them were used to measure voltage. Some previous 

thesis measure bio-impedance from the subject who has malnutrition condition [33]. They uses hand to 

hand method to analysis the body component of subjects using handheld impedance meter. The other 

researcher validate its result for hand to hand method and show the hand to hand method is acceptable 

[32].  

 

2.6 Body segment bio-impedance measurement 

 

    Compare with whole body bio-impedance measurement, segment bio-impedance analysis has more 

accuracy for prediction of skeletal muscle mass (SMM) [35], moreover, it give better prediction of TBW 

than total body bio-impedance analysis with dilution method [36]. Multi-frequency segmental bio-

impedance analysis improve the relationship between body component and bio-impedance method [37]. 

Segmental bio-impedance analysis predict the difference in ECF and is more accurate than the ankle 

foot method [38].  

    There has four types of segmental bio-impedance tools. The first one of them uses two electrodes 

which placed on right forearm and lower leg for current injection, four voltage electrodes were placed 

on right proximal forearm, shoulder, upper thigh and lower leg [13] as Fig. 3 (a).  Fig. 3 (a-d) is from 

the reference [13]. The second of them uses two electrodes which placed on the right wrist foot for 

current injection, four voltage electrodes were placed on the right wrist, shoulder, upper iliac spine and 

foot [13] as Fig. 3 (b). The third of them uses two electrodes which placed on the right wrist and foot 

for current injection, four voltage electrodes were placed on right and left wrist and foot [13] as Fig.3 

(c). The fourth of them uses four electrodes which placed on the right and left wrist and foot for current 

injection, four voltage electrodes were placed on the same position [13] as Fig. 3 (d). 

 

 
Fig. 3 Segmental bioimpedance analysis techniques, (a) right side dual current and quad voltage 

electrodes, (b) right side dual current and quad voltage electrodes, (c) double sides dual current and quad 

voltage electrodes and (d) double sides quad current and quad voltage electrodes[13] 

 

    Some previous show segmental bio-impedance analysis can predict abdominals fat with a high 

correlation coefficient𝑅2 = 0.99; moreover, the limitation of segmental bio-impedance analysis is about 

the prediction of FFM [39]. 

 

 

 

 



7 
 

2.7 Body component estimation using bio-impedance analysis 
 

    FFM is the weight of body except for body fat mass. FM and FFM are significant value of the body 

composition assessment techniques. There has too many equations to estimate FFM from previous 

research. The most of them vary the parameter which included in the multiple regression equations. The 

early BIA equation only mention𝐻𝑒𝑖𝑔ℎ𝑡2/𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 . There has more parameter added into the 

equation with the development of BIA technology, for instance, weight, age, gender, reactance and 

anthropometric measurements of the trunk or extremities. SF-BIA can predict FFM as shown from 

chapter 4.11. There has some previous equation (11) for prediction of FFM: Kyle et al. [40] made a FFM 

equation reference to DXA method:  

 
2

50 ,50FFM = -4.104 + 0.518ht / 0.231 0.130 4.229

sex = 1, male or 0, female

cR wt X sex  
                (11) 

 

Where ht is body weight, 𝑅50and 𝑋𝑐,50 is resistance and reactance at 50-kHz, wt is body weight. This 

equation achieved a correlation coefficient (R) is equal to 0.986, standard error of the estimate (SEE) is 

equal to 1.72 kg and technical error is 1.74 kg. Sun et al. [41] made the equation of FFM using multi-

component model based on densitometry, isotope dilution and dual-energy X-ray absorptiometry as 

equation (12) and (13). 

 
2

50 50FFM 10.68 0.68 / 0.26 0.02male ht R wt R                                 (12) 

2

50 50FFM 9.53 0.69 / 0.17 0.02femail ht R wt R                                 (13) 

 

The mean FFM prediction achieved correlation coefficient𝑅2=0.90 and 0.83, the root mean square errors 

of 3.9 and 2.9 kg for males and females, respectively. A previous paper show the progress of 

development of FFM equation [13].  

 

2.8 Body fluids 

 
     The most volume of FFM is Body fluid. The previous research call the water of whole body as total 

body water (TBW). When there has high frequency current injected into body segment, the current will 

flow from the extracellular fluid/water (ECF/ECW) which is in the outside of cell to the intracellular 

fluid/ water (ICF/ICW) which is in the inside of cell. TBW is composed by ICF and ECF. The Fig. 4 

shows the relationship between body fluid and other body component. 

 

Body Weight
Fat Free Mass

Fat Mass

Total body water

Protein

Bone Mineral

extracellular fluid

intracellular fluid

 
 

Fig. 4 The relationship between body fluid and other body component, whole body weight is composed 

by fat mass and fat free mass which is consists of bone mineral, protein and total body water. 

 

2.9 Whole-body impedance-what does it measure? [11] 

 
    This study introduces the equation of bio-impedance measurement. Bio-impedance measured by 

injecting a suitable frequency alternating current into body segment and using electrode to measure the 

voltage of each body segment where injected current as we known. Bio-impedance include resistance 

and reactance (capacitance). This research combines capacitance and resistance in two ways: in series 
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or in parallel, moreover, this research introduces the equation of different bio-impedance in series or 

in parallel ways.  

 

Series-equivalent circuit 

 
    Series-equivalent model demonstrate in the Fig. 5 composed by a resistor𝑅𝑠  in series with a 

capacitor𝐶𝑠. The magnitude of the impedance in the series equivalent circuit can be expressed by the 

equation (14): 

                        

2

2

1

(2 )
s

s

Z R
fC

 

                                                          (14) 

And the phase 
θ

 between resistance and reactance as the equation (15): 

                           

1
arctan( )

2 s sfR C



 

                                                        (15) 

    Where f is the frequency; 𝑅𝑠 is resistor of the series equivalent circuit; 𝐶𝑠 is capacitor of the series 

equivalent circuit. In this study. Equation (16) expresses the series equivalent circuit in term of a 

quantity: 

.                    

*

2
s s

s

j
Z R R jX

fC
   

                                                   (16)

 

SC
sR

 
Fig. 5 Series-equivalent circuit 

 

Parallel-equivalent circuit 

 

     The parallel-equivalent circuit consists of a resistor𝑅𝑝 parallel with a capacitor𝐶𝑝) as shown 

in Fig. 6 The series-equivalent impedance of this circuit can got by some parameter of the parallel 

circuit. The series-equivalent resistance𝑅𝑠 and reactance𝑅𝑥 can be express as equation (17) and (18) 

 

                     
21 (2 )

p

s

p p

R
R

fC R



                               (17) 
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The magnitude of this equivalent circuit as equation (19)  

 

                      

1

2

2

s2

p

1
Z=[ ]

1
+(2πfC )

R

                              (19) 

The phase between R and X of this circuit is equation (20) 

 

 

.                       
p pθ=-arctan(2πfC R )                                (20) 
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pR

pC
 

Fig. 6 Parallel-equivalent circuit 

 

    Whatever the researchers prefer to understands bio-impedance equivalent circuit as series-

equivalent circuit (𝑅𝑠 and 𝐶𝑠) or parallel-equivalent circuit (𝑅𝑝and 𝐶𝑝) is depends on the researchers’ 

convenience.  

    This research also shows a number of properties. For instance, intensive and extensive electrical 

properties. Some properties of body tissues, which like bio-impedance or height depends on body size. 

This research calls those properties as extensive properties. Body tissues also have a number of 

inherent properties, which is expressed as intensive properties. Two intensive electrical properties are 

introduced in this study. They are conductivity (σ) and permittivity (𝜀′). When body tissues injected 

AC current, the measurement of the amount of electrical current flow in electrical field of body tissues 

can be explained as conductivity. Resistivity (  ) be regarded asΩ ∙ m, which is regarded as the inverse 

of conductivity.   Resistivity also can be defined to parallel-circuit model. Due to cell membrane is 

regarded as   a capacitor. Body tissues also have capacitive character when injects current flow to it. 

Permittivity is the definition of the amount of charge when injects current flow to body tissues.  

Permittivity also can be defined to parallel circuit. This study shows some equation of conductivity 

and permittivity as equation (21) and (22):  

 

 

                          0'p

A
C

L
                                    (21) 

                           p

L
R

A
                                    (22) 

 

    Where 𝜀0  is the permittivity of free space, it is regarded as a constant number. 𝜀′  is relative 

permittivity. They are using A and L instead of the cross sectional area and length of the conducting 

materials. Conductivity and permittivity are defined into part of the parallel-equivalent circuit. It due 

to these two electrical properties is happening independently.  Conductivity and permittivity also 

can be used to instead of capacitance 𝐶𝑝 and resistance𝑅𝑝 in equation (23) and (24).  

 

                     
2

0

[ ]
1 (2 ' )

s

L L
R

A f A




   
 


                     (23)  

             

2
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02

0
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1 (2 ' )

fL L
X f

A f A

   
   

   

 
 


               (24)     

  

    However, 2πf𝜀0𝜀
′𝜌  is much less than 1, thus, the study ignores it in the equation. Moreover, 

conductivity and permittivity are frequency dependence. Therefore, frequency is the key of bio-

impedance measurement. Most of the bio-impedance measurement research using single -frequency 

bio-impedance analysis at 50-KHz.  
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2.10 Bioelectrical impedance analysis--part I: review of principles and methods [12] 

 
    The length of even conductive material of uniform cross-sectional area is proportional to its 

resistance(R). However, its cross-sectional area is inversely proportional to its resistance(R). Despite 

human body not a homogeneous cylinder, moreover, the conductivity of the human body is not a 

constant value. A4n empirical relationship between impedance quotient (Length²/R) and the volume 

of water come under observation. In practice, it is easier to measure height than the length of material 

in human body. Due to the intrinsic property of human body, impedance quotient (Length²/R or 

Height²/R) equivalent to cylinder. Therefore, when the ratio of the length of conductive material to the 

height of conductive material isn’t appropriate, or variations in the shape of human body segment, 

error of measurement as equation (25).  

 

                             
2 /R L V

                                   (25) 

Fig. 7 shows the schematic of body segment and four-channel bio-impedance measurement system 
Constant current source

Length(L)

Voltage measurement(two electrode)

B

C D

 
 

Fig. 7 The basic diagram of body segment and bio-impedance measurement, A, B apply current to 

human body, C and D detect the voltage change from human body 

Where R is resistance of body segment,   

ρ is the resistivity of the conducting material,  

L and V are the length and volume of conducting material, respectively.  

 

    When ac current injected into the body segment. The body generates two types of R to impedance 

when there have current flow. They are resistance and reactance. The resistance is generated by 

extracellular fluid and intracellular fluid. The reactance is generated by cell membranes. Bio-

impedance is made up by resistance and reactance together. Resistance and reactance can all detected 

when body segment injected current during appropriate frequency range. The majority of study of 

single frequency bio-impedance analysis inject electrical current to tissue at 50-KHz.  

     The current will flow past cell membrane、extracellular fluid and intracellular fluid when 

body segment injected 50-KHz current. There have several study show that the frequency will 

influence bio-impedance. Due to cell membrane be considered as a capacitor. When injected current 

at very low frequency, cell membrane act as an insulator. Thus, the current cannot pass through the cell 

membrane to intracellular fluid. The current flow at extracellular fluid at that moment, which is 

responsible for the measured R of bio-impedance𝑅0 . Fig. 8 shows the relationship between bio-

impedance and frequency. When the current at infinite or very high frequency, the capacitor of body 

segment be considered as a perfect capacitor. Therefore the current will pass through the cell membrane 

and flow between extracellular and intracellular fluid. Thus, total body R is responsible for𝑅∞ which 
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combined of the part from both intracellular and extracellular fluid.  

R
ea

ct
an

ce

(X
)

Resistance

(R)



Phase angle

Bio-impedance Z

Increase frequency

R
0R

 
Fig. 8 Diagram of the graphical derivation of the phase angle; its relationship with resistance (R), 

reactance (𝑋𝑐), impedance (Z) and the frequency of the applied current. 𝑅∞ is the impedance when 

frequency in infinite, 𝑅0 is the impedance when frequency in low or zero. 

  

    Since the body not fit for injected zero or infinite frequency current. Therefore, some research 

reveals several approaches about the effect of frequency to bio-impedance measurement. In among of 

these researches, single-frequency bioelectrical impedance analysis (SF-BIA) approach and multi-

frequency bioelectrical impedance analysis (MF-BIA) approach are widely used.   

     Single frequency Bio-impedance analysis (SF-BIA) normally use 50-KHz as the frequency of 

the current be injected into body segment. 50-KHz for bioelectrical impedance analysis is a way to 

evaluate the resistivity of the total of extracellular fluid and intracellular fluid. Nonetheless, SF-BIA is 

not quite fit for determine difference in intracellular water.  

 Multi-frequency bio-impedance analysis (MF-BIA) apply different frequency current to 

measurement stage. MF-BIA inject 0, 1, 5, 50, 100, 200 until 500 KHz AC current to body segment to 

evaluate fat free mass (FFM) 、total body water (TBW) 、intracellular water (ICW) and extracellular 

water (ECW). As mentioned above, the result of the frequency not in the scope during 5 KHz and 200 

KHz not have excellent reproducibility, especially when current at a low frequency, measurement of 

reactance not have enough accuracy. MF-BIA compare with SF-BIA have a better prediction accuracy 

and bias for ECW. However, SF-BIA also have its own advantage when SF-BIA compare with MF-

BIA. When SF-BIA detect TBW in unhealthy subject have a better result than MF-BIA.  

 

2.11 Evaluation of a Bio-impedance Method for Measuring Human Arm Movement [7] 

 
    A new method for measuring upper limb movement using a bio-impedance technique was proposed 

from this study. There have 12 normal subjects in this research, the bio-impedance changes of forearm 

and upper arm and joint angle of each joint were measured in this research, respectively. This thesis 

shows that the measured bio-impedances on each subjects are different, but there still have a highly 

correlated between the bio-impedances changes and joint angle changes during elbow and wrist 

extension and flexion. The relationships between the wrist joint angle and impedance changes of the 

forearm are r=0.98. The relationships between the elbow joint angle and impedance changes of the 

upper arm is r=-0.99, respectively. The average correlation coefficients of the wrist and elbow 

movement are 096±0.04 and -098±0.02, respectively.  
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2.12 Optimal electrode configuration of bio-impedance measurement (the effect of 

configuration for upper limb angle and bio-impedance changes) [42] 

 
     This study presents a four-channel impedance measurement system, which include a two-

channel goniometer as a calibration tool to measure the relationship between bio-impedance changes 

of forearm or upper arm and joint angle changes, respectively. There have ten subjects (ages: 29±6 

years) in this study. A strong dependent relationship between the impedance changes resulting from 

the wrist and elbow movements and electrode configurations be found. When the electrode place at 

the optimum position of the experiment of this study, the bio-impedance change of the forearm and 

wrist joint angle have heavily relationship, the bio-impedance changes of upper arm also have strong 

relationship between with elbow joint angle. The correlation coefficient between bio-impedance 

changes and joint angle of each movement are 0.95±0.04 and -097±0.03, respectively. There also has 

good reproducibility of the wrist and elbow impedance changes of five subjects. The optimum 

electrode configuration from this study would be useful for detecting the relationship between bio-

impedance changes and joint angle changes. 

 

2.13 State of the art 

 
These papers propose the importance of frequency for bio-impedance measurement, bio-

impedance equivalent model, optimal electrode configuration and the relationship between bio-

impedance changing and elbow joint movement. Some researcher test 50-KHz current to bio-

impedance measurement, and they found 50-KHz have good performance. In this study, 50-KHz will 

be applied to bio-impedance measurement, and this study will focus on the relationship between bio-

impedance changes and joint angle. The researcher from literature review doesn’t use the relationship 

between bio-impedance changes and elbow joint angle to application or interface. Thus, this study will 

focus on this area, and apply this relationship to application for arm amputee patient. The table 1 shows 

the state of the art of Bio-impedance method. 

 

Table 1 the state of the art of bio-impedance method including bio-impedance equivalent model, the 

method of frequency for BIA measurement and body compartments. 
 

Area Method 

Bio-impedance equivalent 

model 

(1)Series-equivalent model[12] 

(2)Parallel-equivalent model[12] 

The method of frequency 

for BIA measurement 

(1)Single frequency method[2][11] 

(2)Multi-frequency method[2][11] 

Body compartments FFM; BCM; TBW; ECW; ICW[11] 
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Chapter 3 

 Methodology 
 
    This article evaluates the elbow joint movement using bio-impedance method. An analog circuit 

board design has been applied in this study. This study extract bio-impedance signal using injected 

current to human arm. Thus, the safety should be guaranteed in this study. This study applied four 

frequencies of current signal which consists of 20-kHz, 45-kHz, 50-kHz and 70-kHz and low intensity 

constant current which is 536.59 microampere to the experiments. A Wein oscillator and Howland 

constant current source has applied in the experiment to produce high-frequency and low-intensity 

current, which safety standard is supported by U.S.FOOD & DRUG organization. Human arm has 

different noise, such as blood flow or heart beats. Those noise is the interference of bio-impedance 

signal. Due to bio-impedance signal has wide frequency bandwidth, a high-pass filter has been applied 

in this study to filter the signal which is lower than 10-kHz. After amplify the AC signal which is 

correspond to bio-impedance signal, the signal has been transfer to DC signal. 

    There has three electrode configuration has been applied to compare the influence of different 

electrode configuration. Moreover, multi-frequency current and multi-subject has been applied in this 

study. 

 

3.1 Bio-impedance basics 

 
    Bio-impedance is one significant electrical property of a biological tissue. The value of bio-

impedance can represent the healthy degree of corresponding biological tissue. Bio-impedance can be 

detected when the biological tissue injected an alternating current. It is also has highly depend on 

frequency, tissue type and the volume changes of body tissue. Some equation used to describe the 

relationship between bio-impedance and muscle tissue volume are mentioned in some research [12] 

[13]. Single frequency bio-impedance analysis (SF-BIA) method normally measure bio-impedance at 

50-KHz. According to empirical relationship are used to derive fat-free mass (FFM). Some empirical 

relationship between resistance of body segment and resistivity  and some parameter of body size as 

equation (26):  

                             

2L L
R

A V
                                  (26) 

 

Where L is length, A is cross sectional area, V is the volume of the body equivalent cylinder.  

Moreover, V can be substituted by V =
𝑚

𝑑
, where m and d are mass and density. Respectively. 

Some research according these relationships derive an empirical equation (27) of FFM as follows: 

 

                          

2

.
H

FFM C
R


                                   (27) 

 

That research also mentions that a fully empirical relationship for FFM includes extra terms [43]. Some 

researcher also found some of the other empirical equation as equation (28):  

 

                       ( / / ) ( / / )m t m t

m t

L L
V I Z Z I

A A
                        (28) 

 

V: Voltage between electrodes 

I: Constant current 

L: Distance between voltage electrodes 

𝐴𝑚: Cross-sectional area of muscle between two voltage electrodes 

𝐴𝑡: Cross-sectional area of tissue  

𝜌𝑚: Resistivity of muscle  
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𝜌𝑡: Resistivity of tissue 

Fig. 9 shows the model of upper limb bio-impedance measurement.  

 
Constant current source

Length(L)

Voltage measurement(two electrode)

 
Fig. 9 upper limb include muscle and tissue used for measuring impedance change. 

 

    Bio-impedance is very sensitive to the frequency. Thus, an optimal frequency is significant for bio-

impedance measurement. As previously mentioned, 50-KHz alternating current is recommended to 

bio-impedance measurement using the single frequency method.   

 

3.2 Resistance and capacitance 

 
     Body segment is a complex electrical property cylinder, it not only have resistance but also 

have capacitance. It is due to cell membrane have capacitive. As mentioned in the literature review, 

when body segment be injected a low frequency constant alternating current, injected current cannot 

through the cell membrane to intracellular water, only flow at extracellular water. But if injected current 

have enough high frequency, current can pass through the cell membrane into intracellular water. Cell 

membrane act as capacitor when current be injected to body segment. Fig. 10 and 11 as following 

shows the schematic diagram of how cell membrane influence on current. 

Low frequency condition: 

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Current flow

Current flow

Current flow

Current flow

Current flow

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Low frequency current condition  
Fig. 10 The current flow when low frequency current injected into body segment and high frequency 

condition: 
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Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

Cell 

membrane

High frequency current condition  
Fig. 11 The current flow when high frequency current injected into body segment 

     

     As previously mentioned [11], some research considers bio-impedance as an equivalent circuit. 

The series equivalent circuit is composed by a resistor𝑅𝑠  and a capacitor𝐶𝑠 . The magnitude of 

impedance in series equivalent can be described as equation (29): 

 

                            
2

2

1

(2 )
s

s

Z R
fC

                             (29) 

 

The phase angle θ between resistance and reactance can be described as equation (30): 

 

                            
1

arctan( )
2 s sfR C




                            (30) 

 

Where f  is the frequency; 𝑅𝑠 is resistor of the series equivalent circuit; 𝐶𝑠 is capacitor of the series 

equivalent circuit. In this study. It expresses the series equivalent circuit in term of a quantity 𝑍∗as 

equation (31):  

 

.                          
*

2
s s

s

j
Z R R jX

fC
                           (31) 

 

Impedance also can be described into a parallel equivalent circuit. And resistor and capacitor of parallel 

model can be replaced by conductivity and permittivity, so modified magnitude and phase angle 

equation of this model as equation (32) (33) (34): 
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Where f is frequency, 𝑅𝑝 and 𝐶𝑝 are resistor and capacitor of parallel model, respectively.  

Conductivity and permittivity value are depend on frequency of the current, thus, the frequency is key 

role at bio-impedance measurement and analysis. Due to 50-KHz current have good performance for 

bio-impedance measurement [2], thus, 50-Khz alternating current will be used in this thesis.  
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3.3 Electrode configuration 

 
   Two-channel bio-impedance measurement system was widely used in many previous researches 

[7, 10, 12, 13, 42]. Two-channel measurement system is optimized in this article. A one-channel Bio-

impedance measurement system and a goniometer were applied for this study. Two electrodes apply the 

constant current from modified Howland constant current source to arm and extract the voltage to 

amplifier INA128. The hypothesis of this study is the electrode configuration has effect on bio-

impedance measurement. Moreover, it find that whether the muscle would has effect on correlation 

measurement. Thus, this study consider the electrode configuration of some previous study [15] and the 

influence of biceps brachii and triceps. This study combine the electrodes 1 and 5, 2 and 3, 1 and 4 as 

shown in Fig. 2. Electrode 1 and 5 were attached on the lateral and medial plane, electrode 2 and 3 were 

attached on frontal plane, and electrodes 1 and 4 were attached on medial and lateral plane. Electrode 6 

is reference position and it was attached on frontal plane of forearm where near the inside of palm. Fig. 

12 show the electrode configuration in this bio-impedance measurement. 

 

2

3

54

6

1

 
Fig. 12 The electrode configuration in the human bio-impedance measurement. 

 

    Thus, the criteria of optimum electrodes pair configuration have two important rules as follows [42]: 

(i)  A high correlation coefficient between Bio-impedance changes and joint angle. 

(ii)  High signal-to-noise (SNR) of Bio-impedance changes, where the signal is the magnitude of 

the impedance change. 
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3.4 Hardware design 

 
     Fig. 13 shows the block diagram of the device for bio-impedance measurement. A modified 

Wien oscillator will be applied to generate sine waves. LF412CN operation amp will be applied to 

Wien-bridge oscillator (Wein OSC), due to its good frequency response. After this device collects the 

signal and process the signal, the voltage of body segment can be collected. 10 KΩ reference resistor 

is used in this device.  

     In the literature review, each 10cm tissue of the forearm has 40Ω bio-impedance, but in the 

practical, the value of bio-impedance will more higher than 40Ω. It is caused by the impedance of 

electrodes. i.e., in the range of 200Ω to 500Ω [10]. The value of upper arm impedance has 55Ω-80Ω 

in some researcher’s result [7].  

 
 

Wein-bridge 

Oscillator

Low-pass 

filter
Rectifier

Howland 

constant 

current source

High-pass 

filter

Instrument 

amplifier

Coupling 

circuit
amplifier

Output

V- from electrode on arm

V+ from electrode on arm

 
Fig. 13 Design of hardware for BIA measurement 

 

 

3.5 current source design  

 
     Bio-impedance signal have wide bandwidth. Constant current design should consider this 

property. Therefore, high output impedance and wide frequency band are necessary for the current 

source design. This thesis uses a wide frequency band and low noise amplifier LF41CN to build 

modified current circuit as Fig. 14. 

    Wein-bridge oscillator is used in this experiment. This oscillator is a type of electronic oscillator that 

generates sine waves. It can generate a large range of frequencies. The oscillator is based on a bridge 

circuit originally developed by Max Wien in 1891 for the measurement of impedances. The bridge 

comprises four resistors and two capacitors. The oscillator can also be viewed as a positive gain 

amplifier combined with a band-pass filter that provides positive feedback. Automatic gain control, 

intentional non-linearity and incidental non-linearity limit the output amplitude in various 

implementations of the oscillator. Figure 11 show the basic diagram of Wien-bridge oscillator.  

    The circuit shown to the right depicts a common implementation of the oscillator, with automatic 

gain control, using modern components. Under the condition that R1=R2=R and C1=C2=C, the 
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frequency of oscillation is given by equation (35): 

 

                                
1

2
f

RC
                                 (35) 

And the condition of stable oscillation is given by equation (36): 

 

.                                     
2

f

b

R
R                                  (36) 

 

Fig. 14 In this version of the oscillator, 𝑅𝑏 is a small incandescent lamp. Usually R1 = R2 = R and C1 

= C2 = C. In normal operation, 𝑅𝑏 self-heats to the point where its resistance is 𝑅𝑓/2. 

    After oscillator circuit, there has a modified Howland constant current source. The Oscillator will 

generate the sine wave voltage signal to modify constant current source circuit as Fig. 15. 

When modified Howland current source circuit meets the following condition as equation (37): 

 

                                  
72

4 5

RR

R R
                                 (37) 
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Fig. 15 Modified Wien-bridge oscillator and Modified Howland constant current source design 

 

    The output impedance𝑅𝑂 = ∞. Moreover, the circuit output (load current) will got by following 

equation (38):  

 

                                 

6

R

V
I

R
                                   (38) 

 

Where V is the root mean square value of output of the oscillator circuit in last stage. 

    𝐼𝑅 is the current of load R from body segment. The output of Howland constant current source is 

536.59 microampere. This intensity fits the U.S.FOOD & DRUG safety standard. This thesis through 

measuring the voltage of human arm to evaluate the corresponding bio-impedance. Thus, there has 

some noise from arm surface, such as: blood flow, heart beats and 50-Hz noise. High-pass filter has 

been applied in the study to improve the arm surface condition. This study set it after the output of 

instrument amplifier INA 128. The cut-off frequency of high-pass filter is 10264.44 Hz. INA 128 is a 

low power, the general purpose instrumentation amplifier offering excellent accuracy. It is used for 

enlarge the collected at last stage voltage. The half-wave rectifier and low-pass filter has been applied 

in this study to transfer AC signal to DC signal after the stage of instrument amplifier INA 128. The 

cut-off frequency of low-pass filter is 234.05 Hz. There has a DC coupling circuit and amplifier circuit 

after this stage. Fig. 16 (a) and (b) is the schematic of signal processing and coupling stage.  

 
(a) 
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(b) 

Fig. 16 (a) and (b) The diagram is designed for signal processing, where the output of (a) connect 

with the input of (b) 

 

3.6 Preliminary result and conclusion 
     This thesis makes a pre-experiment using a resistor box instead of body segment and set the 

start value at 1K𝝮�. Then, the resistor box is changes its value every 10𝝮� per times. 

 National instruments data acquisition NI USB-6009 used for collecting voltage signal 

corresponding resistance changes from resistor box. The signal collected by National instruments NI 

USB-6009 is recorded in software LabVIEW. 

Figure.17. show the result of pre-experiment. The X axis in the coordinate is time, and the Y axis 

in the coordinate is the voltage of bio-impedance. This experiment will change the value of resistor 

box and hold this value during less time. 10𝝮� as the changes of resistor box value was applied to this 

experiment. The initial resistor value of both experiments is 1 K𝝮�. However, the initial impedance 

value is different. Although the initial impedance value is different, the impedance value changes are 

similar. Both of result use 1 K𝝮� as reference resistor. However, the start value of result for each 

experiment are different. In Fig. 17 (a). The start value of voltage is approximately equal to 8.668 V. 

the voltage change in (a) are approximately equal to 0.6V. In Fig. 17 (b). The start value of voltage is 

approximately equal to 5.18V. The voltage changes in (b) are approximately equal to 0.7V. The result 

show the current of this modified Howland current circuit is constant and the similar resistor value 

changes will cause similar voltage changes.  
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(a) 

 
(b) 

Fig. 17 (a) and (b) The result of bio-impedance changes measurement 
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Chapter 4 

 Experiment setting and result 

 

4.1 Single Subject and multi-frequency bio-impedance analysis 
4.1.1 Overview 
      In this part of experiment, one subject had measured his bio-impedance changing 

with elbow joint angle changing. There has four experiment in single subject bio-impedance 

measurement: 20-kHz, 45-kHz, 50-kHz and 70-kHz bio-impedance measurement. 45-kHz experiment 

is relative different with another experiment. It consists of 9 stage in elbow joint angle movement. 20-

kHz, 50-kHz and 70-kHz experiment consists of 4 stage in elbow joint angle movement. Pearson 

correlation equation and T-test has applied in this study to analysis the results.  

Due to 45-kHz experiment is the preliminary experiment for the human bio-impedance 

measurement. The object of 45-kHz is that this study evaluate the joint angle using bio-impedance 

signal. Thus, we applied a goniometer to evaluate the joint angle and measure the bio-impedance using 

the BIA device as Fig. 10. The result of 45-kHz is relative reliable, it proves the bio-impedance signal 

is useful in the evaluation of joint angle. However, the result of 45-kHz has high standard deviation. 

The experiment setting has changed in other experiments: There has a 4 stage joint angle movement 

to optimize 9 stage movement in joint angle measurement. It made the interference of standard 

deviation from 9 stage setting become smaller.  

This article evaluate the bio-impedance response using multi-frequency. The object of multi-

frequency experiment is we try to find some suitable frequency to evaluate the joint angle movement 

using bio-impedance signal, we want to check whether multi-frequency experiment setting has 

interference to the correlation between bio-impedance changing and elbow joint angle movement.  

The result of 20-kHz bio-impedance measurement with elbow joint angle movement 

measurement is not stable. The detail as following chapter. There has stable result from 45-kHz and 

70-kHz experiment.  

In the single subject and multi-frequency bio-impedance measurement. Those experiment prove 

that bio-impedance signal is useful to evaluate the elbow joint angle movement. 45-Khz, 50-kHz and 

70-kHz is the suitable frequency in this case of study. 

In the preliminary, 45-kHz injected constant current has applied in the bio-impedance 

measurement. However. There has three limitations. First, only one frequency has applied in the 

preliminary experiment. Second, only one subject join the experiment. Third, there has no 

consideration about the body parameter, such as: Body mass index (BMI). 

In the chapter 6.1. This article solve a limitation of preliminary experiment. We applied multi-

frequency to the experiment. Moreover, the most of frequency got stable result from correlation 

measurement. 

The fig. 18 (a) and (b) shows that the start and end of motion. Where the motion is start at 0 

degree and end at 90 degree for elbow flexion motion, the extension motion is start at 90 degree and 

end at 0 degree. 
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Fig. 18 (a) and (b) The motion of elbow joint is from 0 degree to 90 degree as flexion motion and 90 

degree to 0 degree as extension. 

 

4.1.2 Subject Setting 

 

    The subject is 1.70 meter and 80 kg. The gender of the subject is a male. The fat percentage of the 

subject is 26.5% when he join the experiment. All the data in this part of experiment was happened at 

the steady heart rate period. The subject is 23 years old and he is health people.  
    The correlation measurement in this article is calculate by Pearson correlation equation as equation 
(39):  

                       

ov(X,Y)
, =

C
X Y

X Y


 
（ ）

                                  (39) 

Where:  

Cov is the covariance. 

σ is the standard deviation. 
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4.2 45-kHz bio-impedance measurement 

4.2.1 Experiment setting 

 
This article applied 45-kHz current to human arm and measure the upper arm impedance. The 

elbow joint angle changing was measured at same time. 45-kHz bio-impedance measurement find the 

correlation between the joint angle changing of elbow movement and bio-impedance changing. Hence, 

all equipment must be grounded and the subjects need to clean their arms, subjects clean their arm 

using ethyl alcohol (70%). The degree of elbow movement consists of 9 stage for elbow flexion and 

extension, each elbow flexion or extension movements were repeated three times for each electrodes 

configuration. 

The motion consists of 9 stage for elbow flexion or extension movements. Subjects sat on the 

chair and move their arm to 0 degree without finger flexed. This position is used as the initial position. 

Subjects lifted their arm in every 10 degree until 80 degree and hold on their arm 15 to 20 seconds in 

each position. The stage of flexion and extension movements are 0 to 80 degree and 80 to 0 degree, 

respectively. 

 

4.2.2 Result 

 
There have high correlation between joint angle movement and bio-impedance changing for each 

electrode configuration as Fig. 18 and 19. The correlation (R) from elbow flexion movement for three 

electrode configurations are 0.993, 0.989 and 0.994, respectively. The correlation from elbow 

extension movement for three electrode configurations are -0.997, -0.998 and 0.993, respectively. 

 

 
Fig. 19. The result of bio-impedance changing with elbow flexion movement from 0 degree to 80 

degree. X axis is the joint angle changing (degree), Y axis is the voltage changing (V) correspond to 

bio-impedance changing. 
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Fig. 20. The result of bio-impedance changing with elbow extension movement from 80 degree to 0 

degree. X axis is the joint angle changing (degree), Y axis is the voltage changing (V) correspond to 

bio-impedance changing. 

 

4.2.3 Conclusion and discussion 

 
This study measure the correlation between joint angle movement and bio-impedance changing 

using one channel measurement system. According to the reference, the frequency of injected current 

and electrode configuration will influence the bio-impedance measurement. However, this study has 

found that different electrode configuration has influence on initial value of bio-impedance signal and 

its changing value, however, it has less influence on the measurement of correlation between bio-

impedance changing and joint angle changing of elbow movement. Three limitation is existed in this 

study due to this study is a preliminary study. The first limitation is only one subject was studied. The 

second limitation is caused by this study applied a fixed frequency (45-kHz) current to human arm, 

there has shown response from 45-kHz alternating current. However, it may have other frequencies of 

alternating current to optimize the result. The third limitation is caused by this study don’t have any 

concern of some body parameters, such as body mass index (BMI). This study will find the difference 

of result from multi-frequency and multi-subjects in future to improve first and second limitations. 

Moreover, this study will consider that how the body factor influences the correlation between bio-

impedance changing and joint angle movement to improve the third limitation. 

 

4.3 20-kHz bio-impedance measurement 

4.3.1 Experiment setting 

 
This article adjust the output of Wein oscillator and get the injected current in 20-kHz. The motion 

in this experiment consists of four stage. The motion consists of 4 stage for elbow flexion or extension 

movements. Subjects sat on the chair and lifted their arm in every 30 degree until 90 degree and hold 

on their arm 15 to 20 seconds in each position. The stage of flexion and extension movements are 0 to 

90 degree and 90 to 0 degree, respectively. 
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4.3.2 Result and conclusion 

 
     The result of the experiment using 20-kHz applied current was not stable in this case. This 

study has made a validation for 20-kHz condition to identify the reason of unstable result from 20-kHz 

condition. A pure variable resistor with the bio-impedance measurement circuit was applied in this 

case. Moreover, this study adjust 20-kHz to 70-kHz condition in this circuit. The result of verification 

with 20 kHz and 70 kHz using variable pure resistor are stable. But in the case of human arm the result 

of frequency 20 kHz is not stable because the limitation of body composition, thus, 20-kHz is not fit 

in this case of study. 

 

4.4 50-kHz bio-impedance measurement 

4.4.1 Experiment setting 

 
    Due to previous work of this study applied 45-kHz current to the bio-impedance measurement. Thus 

this article apply the frequency of applied current which is near 45-kHz to human arm and measure the 

bio-impedance changing with elbow joint angle movement. The motion standard of 50-kHz is same as 

20-kHz and 70-kHz. There has four stage in the elbow flexion or extension motion: it begin at 0 degree 

and the subject move their arm 30 degree and hold on their arm some seconds in each time until 90 

degree. Thus, the stage of elbow flexion movement has 0, 30, 60 and 90 degree. The stage of elbow 

extension movement has 90, 60, 30 and 0 degree. 

 

4.4.2 Result and conclusion 

 

The result of flexion motion (50-kHz) in each electrode configuration condition is 0.998, 0.982 

and 0.994, respectively. The result of extension motion (50-kHz) in each electrode configuration 

condition is -0.995, -0.966 and -0.983, respectively. There has high correlation between bio-impedance 

measurement using 50-kHz and elbow flexion and extension movement. According to the result, these 

three electrode has not significant influence on the correlation measurement. The result of 50-kHz bio-

impedance signal measurement with elbow flexion and extension as Fig. 20 and Fig. 21. 

 
 

Fig.21 The result of bio-impedance changing with elbow flexion movement from 0 degree to 90 degree 
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in 50-kHz condition. X axis is the joint angle changing (degree), Y axis is the voltage changing (V) 

correspond to bio-impedance changing. 

 

 
Fig. 22 The result of bio-impedance changing with elbow extension movement from 0 degree to 90 

degree in 50-kHz condition. X axis is the joint angle changing (degree), Y axis is the voltage changing 
(V) correspond to bio-impedance changing. 

 

4.5 70-kHz bio-impedance measurement 

 

This study had test relative low frequency (20-kHz), middle frequency (45-kHz, 50-kHz) in the 
bio-impedance measurement with elbow flexion and extension movement in this case. A relative high 
frequency was applied in this case of study to evaluate the elbow flexion and extension movement. 70-
kHz applied current was used in this experiment. The experiment setting of 70-kHz is same as 20-kHz 
and 50-kHz bio-impedance measurement. 

 

4.5.1 Result and conclusion 

 
The result of flexion motion (70-kHz) in each electrode configuration condition is 0.987, 0.994 

and 0.981, respectively. The result of extension motion (70-kHz) in each electrode configuration 
condition is -0.999, -0.985 and -0.987, respectively. There has high correlation between bio-impedance 
measurement using 70-kHz and elbow flexion and extension movement. The electrode has no significant 
influence on 70-kHz bio-impedance measurement and elbow flexion and extension movement, which is 
same as the result of 45-kHz and 50-kHz bio-impedance measurement. The result of 70-kHz experiment 
as shown in Fig. 22 and 23. 
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Fig. 23 The result of bio-impedance changing with elbow flexion movement from 0 degree to 90 
degree in 70-kHz condition. X axis is the joint angle changing (degree), Y axis is the voltage changing 

(V) correspond to bio-impedance changing. 

 

Fig. 24 The result of bio-impedance changing with elbow extension movement from 0 degree to 90 
degree in 70-kHz condition. X axis is the joint angle changing (degree), Y axis is the voltage changing 

(V) correspond to bio-impedance changing. 
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4.6 Multi-Subject Bio-impedance analyze with elbow joint angle measurement (70-kHz) 

4.6.1 Overview 

 
In this chapter, we try to solve the second and third limitation of preliminary experiment. The 

chapter 6.2 conclude the experiment which consists of multi-subject and different body parameter 

(BMI) between each subject. Thus, there has three subjects join the experiment. Three subjects consists 

of two female, one male. Due to the subject of chapter 6.1 is relative fat than standard. Thus, the other 

male subject is relative thin. Two female subjects has relative different body mass index too in the 

experiment of this chapter.  

The circuit design is same as the 70-kHz bio-impedance measurement setting. It is due to 70-kHz 

is a suitable frequency to collect the bio-impedance signal and evaluate the joint angle movement.  

The standard of the experiment in chapter 6.2 is whether there has enough high correlation 

between the bio-impedance changing and joint angle changing. Pearson correlation equation and T-

test has applied in this study to analysis the results. 

The first subject result is from chapter 6.1. His result of 70-kHz bio-impedance measurement was 

compared with other subjects in this chapter. 

 

4.6.2 Experiment setting 

The multi-subject experiment use the result of first subject from 70-kHz bio-impedance 

measurement from chapter 6.1. Thus, other subjects should use same standard to measure bio-

impedance signal and evaluate their elbow joint angle movement. The motion standard of 70-kHz is 

same as 20-kHz and 50-kHz. There has four stage in the elbow flexion or extension motion: it begin 

at 0 degree and the subject move their arm 30 degree and hold on their arm some seconds in each time 

until 90 degree. Thus, the stage of elbow flexion movement has 0, 30, 60 and 90 degree. The stage of 

elbow extension movement has 90, 60, 30 and 0 degree. 

The electrode configuration is same as chapter 6.1. Three electrode configuration has applied in 

multi-subject experiment. 
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4.6.3 Subject setting 

 

Except for the first subject, the participant of this study consists of three male subjects and two 
female subjects. Thus, whole subjects condition as table 2: 

 

Table 2 The body parameter and its mean and standard deviation value of whole subjects in this article 

Subject 

number 
Gender Height: cm 

Weight: 

kg 

Age: 

years 

Fat 

percentage 

1 Male 170.00 80.00 23.00 26.50% 

2 Male 170.00 54.00 59.00 23.60% 

3 Male 174.00 60.00 22.00 17.90% 

4 Male 175.00 64.00 22.00 19.60% 

5 Female 165.00 80.00 22.00 37.60% 

6 Female 165.00 49.00 22.00 21.40% 

MEAN   169.83 64.50 28.33 24.43% 

SD   3.89 11.91 13.72 6.50% 

 

4.6.4 Result and conclusion 

4.6.4.1 Male subjects 

4.6.4.1.1 Subject 1 

 

In this chapter, we don’t repeat the result of first male subject, which has mentioned in the chapter 
6.1.  

 

4.6.4.1.2 Subject 2 

 

The second male subject has stable result using 70-kHz bio-impedance. The correlation between 
bio-impedance changing and joint angle movement in different electrode configuration as following: The 
correlation measurement result from elbow flexion movement is 0.991, 0.996 and 0.999. The correlation 
measurement result from elbow extension movement is -0.981, -0.997 and -0.989. The electrode 
configuration has no significant influence on the multi-subject and 70-kHz bio-impedance measurement. 
The result of subject 2 is as Fig. 24 and 25.  
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Fig. 25 The result of flexion movement in 70-kHz from male subject 2 

 

 

Fig. 26 The result of extension movement in 70-kHz from male subject 2 
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4.6.4.1.3 Subject 3 

The third male subject has stable result using 70-kHz bio-impedance. The correlation between bio-
impedance changing and joint angle movement in different electrode configuration as following: The 
correlation measurement result from elbow flexion movement is 0.997, 0.997 and 0.997. The correlation 
measurement result from elbow extension movement is -0.999, -0.953 and -0.938. The electrode 
configuration has no significant influence on the multi-subject and 70-kHz bio-impedance measurement 
due to each configuration got high correlation result. The result of subject 3 is as Fig. 26 and 27. 

 

Fig. 27 The result of flexion movement in 70-kHz from male subject 3 
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Fig. 28 The result of extension movement in 70-kHz from male subject 3 

 

4.6.4.1.4 Subject 4 

 

The fourth male subject has stable result using 70-kHz bio-impedance. The correlation between bio-
impedance changing and joint angle movement in different electrode configuration as following: The 
correlation measurement result from elbow flexion movement is 0.987, 0.981 and 0.99. The correlation 
measurement result from elbow extension movement is -0.979, -0.975 and -0.976. The electrode 
configuration has no significant influence on the multi-subject and 70-kHz bio-impedance measurement 
due to each configuration got high correlation result. The result of subject 4 is as Fig. 28 and 29. 
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Fig. 29 The result of flexion movement in 70-kHz from male subject 4 

 

Fig. 30 The result of extension movement in 70-kHz from male subject 4 
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4.6.4.2 Female subjects 

4.6.4.2.1 Subject 1 

The first female subject has stable result using 70-kHz bio-impedance. The correlation between bio-
impedance changing and joint angle movement in different electrode configuration as following: The 
correlation measurement result from elbow flexion movement is 0.995, 0.982 and 0.999. The correlation 
measurement result from elbow extension movement is -0.986, -0.981 and -0.972. The electrode 
configuration has no significant influence on the multi-subject and 70-kHz bio-impedance measurement 
due to each configuration got high correlation result. The result of subject 1 is as Fig. 30 and 31 

 

 

Fig. 31 The result of flexion movement in 70-kHz from female subject 1 
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Fig. 32 The result of extension movement in 70-kHz from female subject 1 

 

4.6.4.2.2 Subject 2 

 

The first female subject has stable result using 70-kHz bio-impedance. The correlation between bio-
impedance changing and joint angle movement in different electrode configuration as following: The 
correlation measurement result from elbow flexion movement is 0.995, 0.961 and 0.985. The correlation 
measurement result from elbow extension movement is -0.97, -0.992 and -0.996. The electrode 
configuration has no significant influence on the multi-subject and 70-kHz bio-impedance measurement 
due to each configuration got high correlation result. The result of subject 2 is as Fig. 32 and 33. 
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Fig. 33 The result of flexion movement in 70-kHz from female subject 2 

 

 

Fig. 34 The result of extension movement in 70-kHz from female subject 2 
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4.6.5 Conclusion of Multi-Subject Bio-impedance analyze with elbow joint angle 

measurement (70-kHz) 

 
The result of multi-subject experiment has relative stable result in each subject whatever female 

or male subjects. Due to different subjects has different condition in weight, height, age, gender and fat 

percentage. The correlation result of each subject in 70-kHz condition as Table 3.  

 

Table 3 The correlation result of each subject in 70-kHz condition with three electrode configurations 

 

Subject No.(gender) 

Configuration 1  Configuration 2 Configuration 3 

 Flexion  Extension  Flexion  Extension  Flexion  Extension 

1(male) 0.987 -0.999 0.994 -0.985 0.981 -0.987 

2(male) 0.991 -0.981 0.996 -0.997 0.999 -0.99 

3(male) 0.997 -0.999 0.997 -0.953 0.997 -0.938 

4(male) 0.987 -0.979 0.981 -0.975 0.99 -0.976 

5(female) 0.995 -0.986 0.982 -0.981 0.999 -0.972 

6(female) 0.995 -0.97 0.961 -0.992 0.985 -0.996 

MEAN 0.992 -0.986 0.985 -0.981 0.992 -0.977 

SD 0.004 0.011 0.013 0.014 0.007 0.019 

 

4.7 Conclusion of correlation measurement 

 

Chapter 7 is the conclusion for whole the result from participants. Due to the goal of this 

thesis is the evaluation of elbow joint movement using upper arm bio-impedance signal 

changing. Thus, there invites different gender, different body fat percentage participants to test 

the response. Fortunately, the experiment result in multi-subject condition is relative well. 

However, the number of participants is not enough to prove that this study is useful for the 

most of people. There are four frequencies, 20-kHz impedance signal is failing to evaluate the 

elbow joint movement in this study, and 45-kHz, 50-kHz and 70-kHz contribute relative high 

quality results.   

 
4.8 Statistical analysis (Paired T-test) 

 
The paired T-test is used to compared the mean of two populations when samples from the 

populations are available, in which each individual in one samples is paired with an individual in the 

other sample. In this method, the null hypothesis is that the mean difference is zero. i.e., 𝐻0: 𝜇𝑑 = 0. 
    The paired T-test is commonly used to test the following: 

    1. Statistical difference between two times points; 

    2. Statistical difference between two conditions; 

    3. Statistical difference between two measurements; 

    4. Statistical difference between a matched pair. 

The Paired Samples t Test can only compare the means for two related paired on a continuous 

outcome that is normally distributed. The Paired Samples t Test is not appropriate for analyses involving 

the following:  

1. unpaired data;  

2. comparisons between more than two units/groups; 

3. a continuous outcome that is not normally distributed;  

4. an ordinal/ranked outcome. 
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    The paired T-test statistical equation is the equation (40): 

 

                        t =
d  −(𝜇1−𝜇2)

𝑆𝑑/√𝑛
                            (40) 

 

Where d  is the mean difference between the paired samples and 𝑆𝑑 is the standard deviation of the 

differences 𝑑𝑖 and n which is the number of pairs. 

The step of two samples paired T-test is that these has a null hypothesis, which proposed the mean 

difference is zero between each samples. Thus, 𝜇1 − 𝜇2 = 0 in this condition. Then, paired T-test 

equation becomes the equation (41): 

 

                         t =
d  −0

𝑆𝑑/√𝑛
=

d  

𝑆𝑑/√𝑛
                          (41) 

 

After the calculation, paired-test method compares whether the mean difference is zero. Then check the 

p value table, where p value corresponding to the given test statistic t, which is shown as Sig.(2-tailed) 

in the table of output of paired T-test in SPSS. There would set a significance level α and compare it 

with p value. If p value is less than α value, the null hypothesis is false. Otherwise, the null hypothesis 

is true. The significance level α is 0.05 in this study. 

    This study apply paired T-test to check that whether the electrode configuration has influence on the 

correlation between upper arm bio-impedance changing and elbow joint angle changing. 

 

4.8.1 The paired T-test for three electrode configurations 

 
    There are three electrode on the upper arm to evaluate the bio-impedance changing with elbow joint 

movement. According to the correlation result from chapter.7, all of the correlation calculation 

contributes high quality results. This chapter apply paired T-test to validate that whether electrode 

configurations has different influence on bio-impedance changing. All the data has been checked the 

normal distribution test. This study apply SPSS to produce paired T-test result. The paired T-test result 

presents three tables: The first table is ‘Paired samples statistics’, which shows the mean value, sample 

number, standard deviation and standard deviation error mean. The second table is ‘Paired samples 

correlations’, which calculates the correlation between each configurations and significant level of the 

correlation, if the significant level is higher or lower than 0.05, which means that the result from two 

electrode configurations has or has no correlation with each other. The third table shows the p value of 

null hypothesis, if the significance level is lower than 0.05, which means that two electrode 

configurations causes difference on the measurement of bio-impedance. 

 

4.8.1.1 Male subject 
4.8.1.1.1 First subject 

 

The paired T-test result shows there has difference of the bio-impedance evaluation on the upper 

arm of subject 1 from three electrode configurations with elbow flexion and extension as shown in Fig. 

34 and 35. There are three table in each figure. We could find there has difference in the first table, due 

to the different bio-impedance in different area. Both of table 2 in Fig.34 and 35 shows there are high 

correlation between each result from different configurations and the significant level is smaller than 

0.05, it means that although different electrode configuration which is correspond to different cross-

sectional area causes different bio-impedance measurement, however, each electrode configurations is 

not so far away from others and the difference is not large enough. Both of table 3 in Fig. 34 and 35 

shows although the table 2 shows the difference is not large enough, but each electrode configurations 

has different influence on bio-impedance measurement, the p value from different electrode 

configurations is 0.000, 0.000 and 0.000 in flexion movement as shown in Fig. 34 and 0.000, 0.000 and 

0.000 in extension as shown in Fig. 35. The reason could be found in table 1 in Fig. 34 and 35, there 
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has different mean value.  

 
Fig. 35 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 1(male) 
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Fig. 36 The comparison between the differences of three electrode configurations with elbow 

extension movement in SPSS from subject 1(male). 

 
4.8.1.1.2 Second subject 

 

The paired T-test result shows there has difference of the bio-impedance evaluation on the upper 

arm of subject 2 from three electrode configurations with elbow flexion and extension as shown in Fig. 

36 and 37. The reason is same as first subject in chapter. 8.1.1.1. Both of table 1 in Fig. 36 and 37 shows 

that each electrode configurations causes different mean value of bio-impedance evaluation. Both of 

table 2 in Fig. 36 and 37 shows there has high correlation of bio-impedance evaluation from each 

electrode configurations. Both of table 3 in Fig.36 and 37 shows the p value is smaller than 0.05, which 

is 0.000, 0.003 and 0.000 from the elbow flexion movement as shown in Fig. 36 and 0.000, 0.001 and 

0.000 from elbow extension movement as shown in Fig. 37. Thus, different electrode configurations 

contributes different bio-impedance evaluations. 
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Fig. 37 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 2(male). 
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Fig. 38 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 2(male). 

 
4.8.1.1.3 Third subject 

 

The paired T-test result shows there has difference of the bio-impedance evaluation on the upper 

arm of subject 3 from three electrode configurations with elbow flexion and extension as shown in Fig. 

38 and 39. Both of table 1 in Fig. 38 and 39 shows that each electrode configurations causes different 

mean value of bio-impedance evaluation. Both of table 2 in Fig. 38 and 39 shows there has high 

correlation of bio-impedance evaluation from each electrode configurations. Both of table 3 in Fig.38 

and 39 shows the p value is smaller than 0.05, which is 0.000, 0.000 and 0.001 from the elbow flexion 

movement as shown in Fig. 38 and 0.000, 0.000 and 0.002 from elbow extension movement as shown 

in Fig. 39. Thus, different electrode configurations contributes different bio-impedance evaluations. 
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Fig. 39 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 3(male). 
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Fig. 40 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 3(male). 

 

 
4.8.1.1.4 Fourth subject 

 

The paired T-test result shows there has difference of the bio-impedance evaluation on the upper 

arm of subject 4 from three electrode configurations with elbow flexion and extension as shown in Fig. 

40 and 41. Both of table 1 in Fig. 40 and 41 shows that each electrode configurations causes different 

mean value of bio-impedance evaluation. Both of table 2 in Fig. 40 and 41 shows there has high 

correlation of bio-impedance evaluation from each electrode configurations. Both of table 3 in Fig. 40 

and 41 shows the p value is smaller than 0.05, which is 0.001, 0.000 and 0.003 from the elbow flexion 

movement as shown in Fig. 40 and 0.000, 0.000 and 0.005 from elbow extension movement as shown 

in Fig. 41. Thus, different electrode configurations contributes different bio-impedance evaluations.
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Fig. 41 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 4(male). 
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Fig. 42 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 4(male). 

 

4.8.1.2 Female subject 
4.8.1.2.1 First subject 

 

The paired T-test result shows there has difference of the bio-impedance evaluation on the upper 

arm of subject 1 from three electrode configurations with elbow flexion and extension as shown in Fig. 

42 and 43. Both of table 1 in Fig. 42 and 43 shows that each electrode configurations causes different 

mean value of bio-impedance evaluation. Both of table 2 in Fig. 42 and 43 shows there has high 

correlation of bio-impedance evaluation from each electrode configurations. Both of table 3 in Fig. 42 

and 43 shows the p value is smaller than 0.05, which is 0.000, 0.000 and 0.000 from the elbow flexion 

movement as shown in Fig. 42 and 0.000, 0.000 and 0.000 from elbow extension movement as shown 

in Fig. 43. Thus, different electrode configurations contributes different bio-impedance evaluations. 
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Fig. 43 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 1(female). 
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Fig. 44 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 1(female). 

 
4.8.1.2.2 Second subject 

 

The paired T-test result shows there has difference of the bio-impedance evaluation on the upper 

arm of subject 1 from three electrode configurations with elbow flexion and extension as shown in Fig. 

44 and 45. Both of table 1 in Fig. 44 and 45 shows that each electrode configurations causes different 

mean value of bio-impedance evaluation. Both of table 2 in Fig. 44 and 45 shows there has high 

correlation of bio-impedance evaluation from each electrode configurations. Both of table 3 in Fig. 44 

and 45 shows the p value is smaller than 0.05, which is 0.001, 0.000 and 0.000 from the elbow flexion 

movement as shown in Fig. 44 and 0.000, 0.001 and 0.058 from elbow extension movement as shown 

in Fig. 45. Thus, electrode configuration1 contributes different bio-impedance evaluations, but the result 

between electrode configuration 2 and 3 is similar due to its p value is 0.058. 
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Fig. 45 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 2(female). 
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Fig. 46 The comparison between the differences of three electrode configurations with elbow flexion 

movement in SPSS from subject 2(female). 

 

4.8.1.3 Conclusion for paired T-test for three electrode configurations  

 
    Chapter 8.1 is about paired T-test for three electrode configurations from six subjects. The SPSS 

generates three tables for each motion and subjects. Except for second female subject, other subjects 

contributes similar result which mean that each electrode configurations on other subjects has different 

influence on bio-impedance evaluation. The electrode configuration 2 and 3 on second female subject 

contributes similar result, but other electrode configurations are different.  

 

4.8.2 Analysis the mean of mean data using paired T-test 

 
We could know the stages of motion consists of 4 step from the chapter of multi-subject. Due to 

the window size for each stage is 1000 samples and this study consists of 4 stages. Thus, six subjects 

totally has 6000 samples for 1 stages and 24000 samples for 4 stages. Chapter 8.2 calculate the mean of 

6000 samples from each stages. Then, this study compares the mean value which is from the mean of 

mean data using paired T-test to check whether the electrode configuration caused difference. The 

output of paired T-test using the mean of mean data shows there has difference between each electrode 

configurations. The Fig.46 and 47 show the paired T-test output of elbow flexion and extension using 

the mean of mean data of six subjects.  
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Fig.47 The paired T-test output of elbow flexion using the mean of mean data. 

 
Fig.48 The paired T-test output of elbow extension using the mean of mean data. 

 

4.8.2.1 The test of the influence from gender to measurement using paired T-test 

 
According to Chapter 8.2. There has difference which is caused by different electrode 

configurations in multi-subject condition. This chapter validates whether the gender has influence on 

measurement using three electrode configurations. Thus, this chapter separates the gender and tests the 

influence from three electrode configurations to measurement. The result shows three electrode 

configurations caused the different result whatever the gender of subjects is. Thus, the gender of subjects 

has no influence on the measurement. The Fig.48 and 49 show the paired T-test output of elbow flexion 

and extension using the mean of mean data of male and female. 
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Fig. 49 The paired T-test output of elbow flexion using the mean of mean data of male and female. 

Where M is male, F is female. 

 
Fig. 50 The paired T-test output of elbow extension using the mean of mean data of male and female. 

Where M is male, F is female. 

 

4.8.2.2 The test of the influence from fat percentage to measurement using paired T-test 

 
    This chapter separates the fat and thin subjects and tests the influence from three electrode 

configurations for measurement. The results show that fat and thin subjects contribute different result 

from three electrode configurations. However, the limitation is that only two subjects has been made 

the comparison in this chapter. The Fig.50 and 51 show the paired T-test output of elbow flexion and 

extension using the mean of mean data from fat and thin subjects. 
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Fig. 51 The paired T-test output of elbow flexion using the mean of mean data from fat and thin subjects. 

Where T is thin, F is fat. 

 

 
Fig. 52 The paired T-test output of elbow extension using the mean of mean data from fat and thin 

subjects. Where T is thin, F is fat. 
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Chapter 5 
Conclusion and discussion 

 
5.1 Conclusion and discussion 

This study is composed by three experiments. This first one is the preliminary experiment which 
evaluates 9 stages of the elbow joint motion using 45-kHz bio-impedance signal, it contributes high 
correlation but high standard deviation response. Four limitations has been found in the preliminary 
experiment. The first of them is only one subject. The second limitation is there has only one frequency. 
The third limitation is due to the result has high standard deviation. The fourth limitation is there has no 
concern of the influence of body parameter on the measurement. Thus, the second experiment evaluates 
4 stages of the elbow joint movement using three frequency bio-impedance signal. Three frequency 
consists of 20-kHz, 50-kHz and 70-kHz in the second experiment. The results shows that 20-kHz bio-
impedance is not suitable in this experiment condition. 50-kHz and 70-kHz bio-impedance signal is 
useful to evaluate the elbow joint motion. The best evaluation of 4 stages of the elbow flexion motion 
is using 50-kHz bio-impedance signal on the first electrode configuration, and the best evaluation of 4 
stages of the elbow extension motion is using 70-kHz bio-impedance signal on the first electrode 
configuration. Moreover, the best correlation between elbow flexion motion and bio-impedance signal 
is 0.998 in the second experiment, the best correlation between elbow extension motion and bio-
impedance signal is -0.999 in the second experiment. The third experiment has six subjects, two female 
and four male subjects join the experiment. All the subjects contributes high quality result in 70-kHz 
condition. In this experiment, this study separates subjects into different group, such as gender and fat 
percentage. The last part of this study is statistical analysis to check whether the electrode configuration 
has influence on the correlation between elbow joint motion and 70-kHz bio-impedance signal. If the 
output of paired T-test t corresponding to p-value is less than the significance level α which is equal to 
0.05, two samples in paired T-test are different with statistical coefficient. According to the paired T-
test using six subjects data and the mean of mean data, it shows that different electrode configurations 
has influence on the correlation between elbow joint motion and 70-kHz bio-impedance signal. 
Moreover, the paired T-test result using the mean of mean data shows different electrode configurations 
contributes different result in the condition of whole subjects, different gender and different fat 
percentage condition.  
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