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1. Enlarged Figure of the Figure 7b in Our Paper 

Due to the limitation of paper’s margin, the value of ruler in Figure 7b in this paper is invisible. 

Thus, in following (see below Figure S1), we provide the enlarged Figure 7b to show values on the 

ruler. 
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Figure S1. The enlarged figure of official/clinical 3D model of bronchus tree for training medical 

doctors and operators in hospitals: top view showing the relative location between each receiving 

electromagnet (beneath the model) and each critical entry/intersection location for collar-targeting 

test (inside the model). 

2. Detailed Explanations for: Why Every Physical Position Value is Quantized by 5 and How the 

Accuracy of Physical Position Measurement is. Why Predicted Position Value is Quantized by 

10. 

The reason for quantized by 5 is due to the measurement method of physical position. As the 

method in original paper, both coordinate points of predicted location and actual location are 

determined by using laser-beam measurement. That is, we use the laser pointer to shoot the laser 

beam through the plane coordinate on the transparent sheet to the actual location. The point on the 

plane coordinate on the transparent sheet (where the laser beam penetrates though) is the coordinate 

points of the actual location. In this measurement, because the length of minimum grid in the plane 

coordinate on the transparent sheet is 5 mm (see below Figure S2), the minimum scale of the plane 

coordinate is 5 mm accordingly. Thus, every physical position value is quantized by 5 mm. Due to 

this minimum scale, the accuracy of physical position measurement is also 5 mm. 

Regarding the predicted position value, according to the testing procedure in original paper, the 

direction along length of the electromagnets-array is x-axial direction (see Figure 5c in paper). When 

we conduct the regression analysis along x-axis, we use 16 points for calculation. Furthermore, the 

length of electromagnets-array (Note: length between the center of electromagnet no. 1 and 

electromagnet no. 4) is 150 mm. Due to this, the interval of any of two-neighbor-points along x-axis 

is 10 mm. Consequently, for example, if the original point is on the electromagnet no. 1, x coordinate 

points in sequential will be 0, 10, 20, …, 150 mm, respectively. In fact, in our paper, we set the original 

point on the center between electromagnet no 2 and no 3. Due to the shift of the original point (which 
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is 75 mm), the x coordinate points in sequential are subtracted by 75. Therefore, the x coordinate 

points in sequential become -75, −65, … 0, …, 65, 75 mm, respectively. According to this reason, it 

seems that the estimated values are quantized by 5. However, in fact, the increment of the predicted 

values is 10 mm. 

 

Figure S2. The photograph of the plane coordinate on the transparent sheet: (a) side view and (b) 

enlarged view of the green section in (a). 

3. The Detailed Method of Regression Analysis and Comparison between Regression Analysis 

for x-Axis First and y-Axis first. 

In following, we provide detailed procedure to explain how we conduct the curve fitting of the 

regression analysis. Before the curve fitting, due to practical fabrication issue of the electromagnets, 

voltage output induced by each receiving electromagnet (which is subjected to the same magnetic 

flux) may be slightly different (i.e., slightly different output under same input). To eliminate the slight 

difference, we measure the voltage output of receiving electromagnets before the testing. These 

voltage outputs are defined as “background voltage outputs”, and consequently used to calculates 

offset value for each electromagnet. After the offset values are obtained, the system is used to target 

the collar. During the targeting, voltage outputs of electromagnets-array are obtained and 

subsequently arranged into a data array based on the layout of electromagnets-array, as shown in 

Figure S3a. In Figure S3a, the Vx is the measured voltage output of electromagnet no. x. However, as 

we mentioned, the slight difference of the electromagnets needs to be eliminated. Thus, the measured 

voltage output is subtracted by the offset values. After subtraction, we arrange the voltage outputs 

into another array, as shown in Figure S3b. In Figure S3b, the Voffset-x is the offset value of the 

electromagnet no. x. Next, we pick up subtracted voltage outputs in each row (i.e., along x-axial 

direction of the system). For example, the row (V1-Voffset 1, V2-Voffset 2, V3-Voffset 3, V4-Voffset 3) are picked, 

as shown in the green circle in Figure S3b. After this, we conduct the curve fitting for the picked 

voltage outputs in each row, respectively. In the curve fitting, because the interval of each point is 1 

cm and the length of the electromagnets-array is 150 mm, we import total 16 points (i.e., 0 cm, 10 mm, 

20 mm, 30 mm, …., 150 mm) to estimate the voltage outputs. After the estimation, predicted voltage 

outputs in each row is obtained (for example, row (VX(1, 1), VX(1, 2) … VX(1, 15), VX(1, 16)). Consequently, we 

rearrange these predicted voltage outputs into another array, as shown in figure S3c. In Figure S3c, 

the Vx(i,j) is the predicted voltage output at row i and column j obtained by curve fitting for x-axis. 

After this, we pick up predicted voltage output in each column (along y-axial direction of the system 

from Vx(i, j) array), for example, column (Vx(1, 1), VX(2, 1), VX(3, 1)) as shown in the green circle in Figure 

S3c. After picking up the column, we use the values in each column to conduct the curve fitting for 

y-axis, respectively. After the fitting curve for y-axis is obtained, similarly, because the interval of 

each point is 1 cm and the width of the electromagnets-array is 100 mm, we import 11 points (i.e., 

points at 0 mm, 1 mm, 2 mm, 3 mm, …., 100 mm) into the fitting curve for y-axis to calculate the 

predicted voltage output for each column. After the estimation, the predicted voltage outputs in each 

column are obtained and shown in Figure S3d (for example, column (VY(1, 1), VY(2, 1) … VY(10, 1), VY(11, 1)). 

In Figure S3d, the VY(i, j) is the predicted voltage output of at row i and column j obtained by curve 

(a) (b)
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fitting for y-axis. Finally, the data in VY(i, j) array and the corresponding x-y coordinate points are 

plotted as the results shown in below Figure S4 and the Figure 9 in original paper. 

 

Figure S3. The illustration of the method of curve fitting: (a) The measured voltage outputs of the 

electromagnets-array are arranged as a data-array. (b) The measured voltage outputs subtract the 

offset values; which are used to conduct the curve fitting for x-axis. (c) The predicted voltage outputs 

which are obtained from the fitting curve for x-axis are used to conduct curve fitting for y-axis. (d) 

The predicted voltage output obtained from the fitting curve of y-axis. Please see corresponding 

paragraphs for the detailed description of these figures (note: the orientation of the x-y coordinate in 

each figure and the electromagnets-array are the same). 
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Figure S4. The results of curve fitting: the isometric view and top-plane view of curve-fitting-

predicted voltage outputs of the receiving electromagnets when the collar moves to (a) location E, (b) 

location L1, (c) location L2, (d) location R1, and (e) location R2 in the bronchi-tree model. 

Regarding the performing curve fitting for y-axis first (and x-axis later), we redo another 

experiment because the offset values used to calibrate the system were conducted in the signal 

process program and cannot be exported as a text file in previous experiments in our paper. Thus, 

the offset values are not available. Due to this, in the redo experiment, we export the offset values as 

a text file during the experiment. [As a note, below paragraph addresses the issue of offset values for 

calibration: If the results of predicted voltages are not calibrated by offset values, the results of curve 

fitting would not be able to indicate the location of collar by local maximum voltage output. Figure 

S5 shows the results of curve fitting with and without calibration at location E, L1, L2, R1, and R2. 

When the collar is at location E, the result of curve fitting with calibration has only one local 

maximum voltage output, as shown in upper figure of Figure S5a. Thus, the collar is able to be 

targeted. However, without calibration, the result has two local maximum voltage outputs, as shown 

in lower figure of Figure S5a. We are not able to determine which local maximum voltage output is 

induced by the collar. According to this result, the location of collar is not able to be targeted by the 

result without calibration. Furthermore, even though the collar is at different location, the results of 

curve fitting without calibration are almost the same. Due to this, in our signal-processing program, 

we need the offset values to conduct the curve fitting, otherwise the slight difference between each 

electromagnet will influence the result of curve fitting]. Due to these, we redo the experiment to 

record both of raw data (measured voltage outputs) and offset values to conduct two regression 
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analyses (i.e., curve fitting from x-axis to y-axis and from y-axis to x-axis). In the re-do experiment, 

we test out system when the collar is at 5 locations and conduct two regression analyses [the 

coordinate points of 5 locations 1, 2, 3, 4, and 5 are (0, 5), (−45, 30), (−60, 65), (35, 55) and (55, 85), 

respectively. To conduct two curve fittings, we modify and develop the signal-processing program 

(developed by using Labview 2019). The block diagrams of the two curve fittings in Labview software 

are shown in Figure S6].  

 

Figure S5. The result of predicted voltage output at different location with calibration (upper figure) 

and without calibration (lower figure): (a) location E, (b) location L1, (c) location L2, (d) location R1, 

and (e) location R2. 

(b)(a) (c)

(d) (e)



Sensors 2019, 19, x FOR PEER REVIEW 7 of 21 

 

 

Figure S6. The block diagrams of the curve fitting which starts: (a) from x-axis to y-axis and (b) from 

y-axis to x-axis. 

After we modify the signal-processing program, we test the system and analyze the output 

signals by using above two curve-fitting programs. Figure S7 shows the raw data (measured voltage 

outputs) and offset values at each location. After we obtain the raw data and the offset value, we 

import them to the signal-processing program to conduct the curve fitting. The results of two curve 

fittings are shown from Figure S8 to Figure S17. In these figures, the values which are highlighted by 

red color are the maximum predicted voltage output. According to results, when the collar is at 

location 1, 2, 3, 4 and 5, the predicted location obtained by curve fitting from x-axis to y-axis are (20, 

0), (−75, 30), (−75, 80), (75, 65) and (75, 100), respectively. The predicted location obtained by curve 

fitting from y-axis to x-axis is (20, 0), (−75, 30), (−75, 80), (75, 65) and (75, 100), respectively (Note: If 

the largest estimated values of voltage outputs on two neighboring points are the same, we choose 

the central point between the two points as the point having local largest estimated value). According 

(b)

(a)
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to the results, the predicted locations of the collar are the same when using curve-fitting starting from 

x-axis to y-axis or from y-axis to x-axis. Due to this, consequently, the predicted voltage outputs are 

also the same. That is, the predicated locations and predicted voltage outputs are the same when 

using curve-fitting starting from x-axis to y-axis or from y-axis to x-axis. According to the results, the 

averaged x-axis and y-axis targeting errors of curve fitting starting from x-axis to y-axis are 25 mm 

and 9 mm, respectively. The averaged x-axis and y-axis targeting errors of curve fitting starting from 

y-axis to x-axis are also 25 mm and 9 mm, respectively. Furthermore, as we mentioned, our system 

has sufficient accuracy to navigate the bronchoscope even though the averaged targeting error is up 

to 25 mm. Because the results obtained by both curve fittings (starting from x-axis to y-axis and from 

y-axis to x-axis) are the same, both curve fitting are applicable and thus we finally choose the original 

curve fitting (i.e., the one starting from x-axis to y-axis) for our manuscript. Note: we also add the 

results of the curve fitting starting from y-axis to x-axis as contrast references in the supplementary 

material. In the future, according to above results, we will continuously improve our signal 

processing method to increase accuracy for patients’ benefits. 
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Figure S7. The measured voltage output and offset values of receiving electromagnets when the collar is 

at different locations: (a) location 1, (b) location 2, (c) location 3, (d) location 4 and (e) location 5. 
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Figure S8. The result of the curve fitting from x-axis to y-axis when the collar at location 1. From the results, the predicted location is at (20, 0). (Note: due to the 

values at (15, 0) and (25,0) are the same, we chose the center of these two points as the predicted location). 

 

Figure S9. The result of the curve fitting from y-axis to x-axis when the collar at location 1. From the results, the predicted location is at (20, 0). (Note: due to the 

values at (15, 0) and (25, 0) are the same, we chose the center of these two points as the predicted location). 
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Figure S10. The result of the curve fitting from x-axis to y-axis when the collar at location 2. From the results, the predicted location is at (−75, 30). 

 

Figure S11. The result of the curve fitting from y-axis to x-axis when the collar at location 2. From the results, the predicted location is at (−75, 30). 
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Figure S12. The result of the curve fitting from x-axis to y-axis when the collar at location 3. From the results, the predicted location is at (−75, 80). 

 

Figure S13. The result of the curve fitting from y-axis to x-axis when the collar at location 3. From the results, the predicted location is at (−75, 80). 
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Figure S14. The result of the curve fitting from x-axis to y-axis when the collar at location 4. From the results, the predicted location is at (75, 65). (Note: due to the 

values at (75, 60) and (75, 70) are the same, we chose the center of these two points as the predicted location). 

 

Figure S15. The result of the curve fitting from y-axis to x-axis when the collar at location 4. From the results, the predicted location is at (75, 65). (Note: due to the 

values at (75, 60) and (75, 70) are the same, we chose the center of these two points as the predicted location). 
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Figure S16. The result of the curve fitting from x-axis to y-axis when the collar at location 5. From the results, the predicted location is at (75, 100). 

 

Figure S17. The result of the curve fitting from y-axis to x-axis when the collar at location 5. From the results, the predicted location is at (75, 100). 
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4. The Raw Data of Figure 9 in the Paper 

Because the values of voltage outputs in Figure 9 are not visible, we provide the raw data for 

each location in this supplementary material. The raw data of location E, L1, L2, R1, and R2 are shown 

in Figures S18–S22, respectively. 



Sensors 2019, 19, x FOR PEER REVIEW 16 of 21 

 

 

Figure S18. The raw data of the location of E; the predicted location of collar is (−5, 0). 

Figure S19. The raw data of the location of L1; the predicted location of collar is (−45, 30). 
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Figure S20. The raw data of the location of L2; the predicted location of collar is (−75, 100). 

 

Figure S21. The raw data of the location of R1; the predicted location of collar is (25, 50). 
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Figure S22. The raw data of the location of R2; the predicted location of collar is (75, 60). 
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5. The Evaluation of Minimum Bronchus Which the Probe with Collar is able to Access 

To evaluate the bronchus which allows our collar to travel, we survey some lecture for diameters 

of different bronchus. Researchers reported that diameters of a primary bronchi, secondary bronchi, 

tertiary bronchi, and bronchioles are about 12.2, 8.3, 5.6, and 4.5 mm, respectively [1]. We summarize 

the diameter of different bronchus in Table S1. According to their study, the collar in this paper only 

can reach the secondary bronchi. To reduce the diameter of collar while still remaining the same 

sensing performance, we are currently studying two methods. The first one method is to investigate 

different materials owning better sensing response and consequently use the materials to make 

smaller collars (i.e., to replace the current large silicon-steel collar). We use a nickel sheet and a 

permalloy (Ni-Fe) sheet to make smaller collars. These sheets and the silicon-steel sheet are compared 

together by conducting a test to evaluate how these materials influence the voltage output of the 

receiving electromagnet. As shown in Figure S23, the test setup includes one pair of electromagnets 

and corresponding measurement electronics (for testing, we only change the materials while other 

parameters are fixed). Before the testing, we apply ac current with a frequency of 500 Hz to the 

emitting electromagnet, and subsequently measure the voltage output of the receiving electromagnet 

by using a lock-in amplifier. This voltage output is used as a background voltage output. After the 

background voltage is obtained, we put these sheets in the gap between the emitting electromagnet 

and the receiving electromagnet. After this, we measure the voltage output again and analyze/record 

the change of voltage output. We use the value of change of voltage output to further calculate change 

of voltage output per unit volume of material usage. The results are summarized in Table S2. The 

Table S2 shows that the voltage change per unit volume of material usage is largest for the permalloy 

sheet (and is about 2.5 time larger than that for silicon-steel sheet). This indicate that we can minimize 

the diameter of the collar by replacing the silicon steel sheets to permalloy sheets, while still can 

remaining the same sensing performance.  

The second method is to optimize the receiving electromagnets to get a better sensitivity by using 

theoretical analysis [2]. By optimization, the receiving electromagnets are able to detect smaller 

changes of magnetic flux which are induced by smaller collars, as we mention in our paper. Due to 

this, even though the material selection/usage of collar (above paragraph) has reached a limitation of 

sensitivity increasing, we still can continuously minimize the collar by optimization of the receiving 

electromagnets. Moreover, if the optimization can be conducted for the receiving electromagnets, 

emitting coil, and associate parts (from system perspectives), we believe the collar will be 

significantly miniaturized and thus can reach most bronchioles.  

Table S1. Typical Diameter of Bronchus. 

Type of Bronchus Outer Diameter of Bronchus 

Primary Bronchi 12.2 mm 

Secondary Bronchi 8.3 mm 

Tertiary Bronchi 5.6 mm 

Bronchioles 4.5 mm 

 

Figure S23. The test setup for sensing performance by using different materials for the collar. 
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Table S2. The Summary of the change of voltage output of different materials. 

Material Nickel 

Permalloy 

(80% Ni, 5% Mo, 

15% Fe) 

Silicon-

Steel 

Volume (mm3) 
10 × 10 × 

0.1 = 10 
10 × 10 × 0.1= 10 

10 × 10 × 

0.23 = 23 

Background voltage output (mV) 68.33 68.86 68.77 

Change of voltage output (μV) 33.62 300.32 277.99 

Change of Voltage Output per Unit 

Volume of Material Usage (μV/mm3) 
3.362 30.032 12.087 

6. Methods to Improve Our System for Locating the Collar More Accurately 

In following, we provide some methods to improve our system for locating the collar more 

accurately. The first method is increasing diameter of receiving electromagnets. Recently, some 

researchers reported a theoretical analysis electromagnet-based sensor [2] to estimate the voltage 

output of an electromagnets. In their paper, the voltage output of an electromagnet-based sensor is 

below. 

V = 0.9 × 10−5 × 𝑓 ×
𝑙3

𝑑2
× 𝐷𝑖 ×

1

ln (2
𝑙
𝐷𝑖
) − 1

𝐻 

Where the f is frequency of magnetic field, l is the length of the electromagnet, d is diameter of 

winding wire, Di is the diameter of the ferromagnetic core in the electromagnet. The paper also 

indicates the optimal diameter of ferromagnetic core is 30% of outer diameter of electromagnets, D. 

Thus, we assume that the ratio of core diameter and electromagnet diameter are unchanged, the 

equation can be written as  

V = 0.9 × 10−5 × 𝑓 ×
𝑙3

𝑑2
× 0.3𝐷 ×

1

ln (2
𝑙

0.3𝐷
) − 1

𝐻 

According to this equation, if the other parameters in above equation are fixed, when the 

diameter increases, the voltage output also increases. According to this relation, if a small change of 

magnetic flux induced by the small movement of the collar, the electromagnet with larger diameter 

is able to convert the small change of magnetic flux into a large change of voltage output. Due to this, 

the small movement of collar is able to be detected by system and thus the accuracy can be increased. 

Second method is increasing the number of electromagnets within the same planar area of the 

electromagnets-array (i.e., increasing the sensing-resolution). When the amount of receiving 

electromagnets is increased in the same area, the pitches between each electromagnet in x-axis and 

y-axis are decreased (i.e., the resolution of sensing are increased). Due to this, the system can record 

more experimental results along x-axis and y-axis in the same area and consequently use more 

experimental results to conduct the more accurate regression analysis. More accurate regression 

analysis can have better analyzed/predicted results to match the experimental results more precisely. 

That is, the predicted location of the collar can be closer to the actual location of the collar. Hence, the 

accuracy is increased. According to above reason, either increasing the diameter or number of 

receiving electromagnets will increase the accuracy.  

However, when we increase the diameter of electromagnets, the electromagnets with larger 

diameters occupy more footprint within the original area of the electromagnet-array (thus x- and y- 

gaps between the outer-periphery of each electromagnet in the electromagnets-array are decreased). 

Therefore, when the x- and y- gaps are decreased, the induction-interferences between 

electromagnets are increased. Moreover, when the diameter of each electromagnet is continuously 

increased, eventually the number of electromagnets must be decreased in order to be arranged/fitted 

within the original same area of the electromagnets-array. In this case, decreasing the number of 
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electromagnets will worsen the targeting resolution (i.e., the targeting system will record less 

experimental results within the same area). When less experimental results are imported to the signal-

process program to conduct curve fitting, the fitting curve will be less accurate and thus the targeting 

accuracy will be decreased. Due to this reason, we cannot always increase the diameter of the 

electromagnets. Instead, we have to consider the trade-off issue between the diameter and the 

number of electromagnets. In addition to above two parameters, it is better to investigate the other 

parameters influencing the targeting accuracy together at the same time (i.e., considering not only 

the receiving electromagnets, but also emitting electromagnets, etc) and consequently optimize these 

parameters from system perspectives. However, optimization of the receiving electromagnets-array 

(or optimization of the receiving and emitting electromagnets-arrays) from system perspective 

require a long-term effort. Thus, we do not conduct the optimal design in this manuscript, but we 

still add above paragraphs describing the influence caused by the diameter and the number of the 

receiving electromagnets to the targeting accuracy.  

The third method is to improve the regression analysis to increases the accuracy. We can use 

other functions, such as Gauss distribution or higher order polynomial function, to conduct the 

regression analysis. Due to this, the regression analysis may match the experimental results more 

accurately. Moreover, in our system, we use 16 points and 11 points to plot the fitting curve along x 

and y axis, respectively. However, this causes that the fitting curve is not smoothly plotted. Due to 

this, the actual local-largest-point would not be calculated/plotted in the fitting curve. Instead, we 

may obtain the second local-largest-point which is just close to the actual local-largest-point. 

However, when we use more points for calculation, we can plot more points to obtain more smooth-

fitting curves. Thus, second local-largest-point may approach more closely to the actual local-largest-

point, even when the actual local-largest-point still cannot be calculated and plotted. Due to this, the 

accuracy is increased. However, when the number of points is increased, the calculation time of 

signal-processing program is also increased. This results in a time-delay of the targeting. Even though 

this delay issue can be addressed by improving the signal-processing program, the optimizing signal-

processing is not the main research topic in this paper. Due to above reason, we only use 16 points in 

x-axis at this moment and will optimize the signal-processing program as future work. 
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