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A. Subjects
Structural T1 MRI images from 24 healthy volunteers (12 young adults, aged 19–24 years, 6 females and 6 males; 12 older adults, aged 49–80 years, 6 females and 6 males) were used for experimental evaluations in this study. All subjects were recruited after written informed consent was obtained. The experimental procedures were approved by the Joint Ethics Committee of the Tianjin Normal University and the Institute of Biomedical Engineering, the Chinese Academy of Medical Sciences, and Peking Union Medical College, and experiments were performed in accordance with the Declaration of Helsinki. None of the subjects reported discomfort or other reactions during the study.
B. Image Collection
MRI data of young adults were collected at the Tianjin Normal University using a Siemens 3T Prisma scanner (Siemens, Erlangen, Germany) with a 32-channel head coil. The following parameters were applied to acquire structural T1 images: MPRAGE T1-weighted scans, TR = 2300 ms, TE = 2.25 ms, voxel size = 1 mm3, FOV = 256 mm × 256 mm, flip angle = 9°, 176 sagittal slices.
MRI data of older adults were collected on matched 3T Trio MR scanners (Siemens, Erlangen, Germany) using the 12-channel phased array head coil at the second affiliated hospital of Shandong First Medical University. Foam padding was used to minimize head motion for all subjects. Structural MRI data were obtained using a sagittal magnetization-prepared rapid gradient echo (MPRAGE) three-dimensional T1-weighted sequence with the following imaging parameters: MPRAGE T1-weighted scans, TR = 6.1 ms, TE = 2.0 ms, voxel size = 1 mm3, FOV = 256 mm × 256 mm, flip angle = 9°, 176 sagittal slices.
A 3D laser scan system (RigelScan Max, Hexagon Manufacturing Intelligence Co., Ltd., QingDao, China) was used for scanning a stimulation figure-eight coil (70 mm figure-eight coil, Magstim, Whitland, UK) and spheres in the coil positioning scene.
C. Image Preprocessing
The T1 images for each subject were segmented into scalp and gray matter with a neuro-navigation software package (BrainSight, London, UK). Skulls were segmented from T1 images with the Statistical Parametric Mapping (SPM) 12 software package (London, UK) in MATLAB 2018a (MathWorks, Natick, MA, USA). Finally, the segmented scalp and gray matter images were imported into the I-Helmet software system, and the 3D model of the head and brain was displayed in the global coordinate system of the individual image space based on the isosurface reconstruction algorithm of VTK (Visualization Toolkit, Version 5.10.1), as shown in Figure 1A(1). The 3D model display of the figure-eight coil was realized based on the 3D point cloud reconstruction algorithm of VTK and stored in files of STL format, as shown in Figure 1A(2).
D. Setup of the Spheres on the 3D Model of Subject’s Head and Figure-Eight Coil
As shown in Figure 1A(3) and Supplementary Figure 1(1), three 20-mm-diameter spheres were put on the 3D model of the figure-eight coil and defined as spheres A, B, and C. The three spheres were located on the top of the 3D model of the figure-eight coil. The centers of the three spheres were each about 50 mm away from the 3D model of the figure-eight coil. The three spheres and the figure-eight coil were connected with a 10-mm-diameter cylinder. The centers of spheres A and B were 50 mm apart, and the centers of spheres A and C were also 50 mm apart.
As shown in Figure 1A(4) and Supplementary Figure 1(4), three 20-mm-diameter spheres were put on the 3D model of the subject’s head and defined as spheres D, E, and F. Spheres D and E were located below the subject's eyes at both sides of the nose, and sphere F was located below sphere D and was 50 mm from sphere D. Spheres D and E were 70 mm apart. The centers of the three spheres were about 50 mm away from the 3D model of the subject’s head. The three spheres and the subject’s head were connected with a 10-mm-diameter cylinder.
The STL data of the subject’s head and figure-eight coil were imported into the I-Helmet software system. After the above settings were completed, the 3D models of the subject’s head and figure-eight coil with spheres were restored to STL format files and 3D-printed, as shown in Figure 1A(5) and (6).
E. Helmet Design for Coil Positioning with I-Helmet System
Detailed information on the modeling process of I-Helmet can be found in the second section of the supplementary martials of supplementary reference 1. Briefly, as shown in Figure 1A(7), first, the stimulation target was set on the 3D model of the subject’s brain. Second, the planned coil position and orientation were determined based on the stimulation target. Third, the hotspot coordinate system Ch on the coil 3D model was determined with the position and orientation of the maximum output magnetic field on the stimulation coil. Fourth, the coil 3D model was put on the subject’s head 3D model with the coil hotspot at the planned coil position. Based on the current positions of these 3D models, a positioning helmet 3D model was created.
In previous studies, in the final step of helmet design, the head 3D model was subtracted from the helmet model to create a head-shaped hole to fix the helmet on the subject's head. In the present study, for each subject, six helmets were fabricated with the head 3D model enlarged by 0%, 1%, 2%, 3%, 4%, and 5% in the last step of helmet design to enlarge the tolerance between the subject’s head and the helmet. This enabled the influence of the tolerance on the contact force and coil positioning accuracy to be tested.
F. Determination of Coordinate Transformation (T) in Imaging Space
Supplementary Figure 1(1)–(6) shows the coordinate transformation (T) in imaging space. As shown in Supplementary Figure 1(1), the coordinates of the centers of three spheres (A, B, C) were defined as (XA, YA, ZA), (XB, YB, ZB), and (XC, YC, ZC), respectively, in imaging space. So, the origin (ocoil) and three axes (xcoil, ycoil, and zcoil) of the sphere-determined coordinate system on coil Cc could be defined with a 4 × 4 pose matrix and expressed as follows:
                      (S1)
where

The transformation T3 from Cc to Ch can be determined directly from imaging space. As shown in Supplementary Figure 1(4), the coordinates of the centers of three spheres (D, E, F) are defined as (XD, YD, ZD), (XE, YE, ZE), and (XF, YF, ZF), respectively, in imaging space. So, the origin (ohead) and three axes (xhead, yhead, and zhead) of the sphere-determined coordinate system on the subject’s head Cs can be defined with a 4 × 4 pose matrix and expressed as follows:
                    (S2)
where

Then, the transformation T4 from Cs to Cc in imaging space can be expressed as follows:
	                           (S3)
Because the coil 3D model was put on the subject’s head model based on the position and orientation of the stimulation target, the relative position of the coil 3D model and head 3D model shown in Figure 1A(7) is the planning coil position for stimulating the corresponding target. Finally, we can obtain the transformation T, which is shown in Figure 1A(7), from Cs to the planned coil position in imaging space as follows:
                            (S4)
where T represents the imaging-space transformation from the sphere-determined coordinate system on the subject’s head to the planned coil position when stimulating the setup target on the subject’s brain.
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Supplementary Figure 1. (1) Addition of three spheres on figure-eight coil model. (2) Definition of sphere-determined coordinate system (Cc) on figure-eight coil model. (3) Transformation (T3) from Cc to hotspot of figure-eight coil (Ch). (4) Addition of three spheres on subject’s head model. (5) Definition of sphere-determined coordinate system (Cs) on subject’s head model. (6) Transformation (T4) from Cs to Cc. (7) 3D-printed merged 3D model. (8) Six spheres collected by 3D-scanning the merged model and transformation (T5) from Cs’ to Cc’ in laser scan space. (9) Diagram of manually set position and orientation errors. (10) Coil positioning with I-Helmet. (11) Six spheres collected by 3D-scanning the combined 3D model and transformation (T6) from Cs’’ to Cc’’ in laser scan space.
G. Determination of the detection error by comparing the difference of coordinate transformation in laser-scan space (T1) and image space (T) with merged 3D model
Figure 1A(8)–(10) and Supplementary Figure1(7)–(9) show the detection error definition by comparing the difference coordinate transformation in laser-scan space and image space with the merged 3D model. As shown in Figure 1A(8), a Boolean sum operation was performed on the coil 3D model, helmet 3D model, and head 3D model to obtain the merged 3D model. The merged model was 3D-printed, as shown in Figure 1A(9) and Supplementary Figure 1(7). Next, the merged 3D-printed model was scanned with a 3D laser scanner, and the centers of six spheres on the merged model were obtained, as shown in Supplementary Figure 1(8). The coordinates of the centers of three spheres (A’, B’, C’) on the coil were defined as (XA’, YA’, ZA’), (XB’, YB’, ZB’), and (XC’, YC’, ZC’), respectively. So, the origin (ocoil’) and three axes (xcoil’, ycoil’, and zcoil’) of the sphere-determined coordinate system on the coil Cc’ could be defined with a 4 × 4 pose matrix and expressed as follows:
                    (S5)
where

andrepresents the orthonormalization of the matrix with the singular value decomposition (SVD) method [2-3].
The coordinates of the centers of three spheres (D’, E’, F’) on the subject’s head were defined as (XD’, YD’, ZD’), (XE’, YE’, ZE’), and (XF’, YF’, ZF’), respectively. So, the origin (ohead’) and three axes (xhead’, yhead’, and zhead’) of the sphere-determined coordinate system on the subject’s head Cs’ could be expressed as follows:
                  (S6)
where

Then, as shown in Supplementary Figure 1(8), the transformation matrix T5 from Cs’ to Cc’ in laser-scan space could be expressed as follows:
	                          (S7)
Finally, the transformation T1, which is shown in Figure 1A(12), from Cs’ to the planned coil position in laser-scan space could be expressed as follows:
                            (S8)
T1 represents the detected transformation from the sphere-determined coordinate system on the subject’s head to the planned coil position in the merged 3D model. Ideally, T should be equal to T1 if the coil 3D model is at the planned coil position. However, because 3D printing and scanning will have errors, we can express the coil position error as follows (refer to the formula derivation in supplementary reference 2):
.        (S9)
The coil orientation error could be determined as follows:
			,                               (S10)
where (k, θ) is the axis-angle representation of the rotation matrix of A, which is given by (refer to the formula derivation in supplementary reference 2)
.                            (S11)
Imaging data of subjects 1 and 2 were applied to test the detection error of the proposed approach. To test the detection error of the positioning accuracy detection method presented in this study, a series of position and orientation errors were manually set by moving the coil 3D model to seven different positions located away from the planned coil position. The translation and rotation parameters from the planned coil position to the manually set coil position are presented in Supplementary Table 1. The translation and rotation parameters, which were defined in Supplementary Figure 1(9), respectively correspond to the manually set position and orientation errors of the TMS coil. A Boolean sum operation was performed on the coil 3D model, helmet 3D model, and head 3D model to obtain seven merged 3D models for each subject. Finally, each merged 3D model was 3D-printed and scanned 10 times independently, and the detected position and orientation errors were calculated with the equations presented in this section.

Supplementary Table 1. Translation and rotation parameters of manually set coil positions
	Stated Translation Error
	Stated Rotation Error
	Total Translation Error (mm)
	Total Rotation Error (°)

	Tx (mm)
	Ty (mm)
	Tz (mm)
	Rx (°)
	Ry (°)
	Rz (°)
	
	

	0
	0
	0
	0
	0
	0
	0
	0

	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	
	

	1
	1
	1
	1
	1
	1
	
	

	1.5
	1.5
	1.5
	1.5
	1.5
	1.5
	
	

	2
	2
	2
	2
	2
	2
	
	

	2.5
	2.5
	2.5
	2.5
	2.5
	2.5
	
	

	3
	3
	3
	3
	3
	3
	
	



H. Determination of the coil position and orientation errors by comparing the difference of coordinate transformation in laser-scan space (T2) and image space (T)
Figure 1A(11)–(13) and Supplementary Figure 1(10)–(11) show the coil position and orientation errors by comparing the difference coordinate transformation in laser-scan space and image space with separated 3D models. As shown in Figure 1A(5), (6), and (11), the 3D models of the subject’s head, the figure-eight coil, and the helmet were 3D-printed separately. Then, the coil was put on the subject’s head with the guidance of the positioning helmet. Next, the combined three 3D-printed models were scanned with a 3D laser scanner, and the centers of six spheres on the coil and subject’s head 3D model were obtained, as shown in Supplementary Figure 1(11). The coordinates of the centers of three spheres (A’’, B’’, C’’) on the coil were defined as (XA’’, YA’’, ZA’’), (XB’’, YB’’, ZB’’), and (XC’’, YC’’, ZC’’), respectively. So, the origin (ocoil’’) and three axes (xcoil’’, ycoil’’, and zcoil’’) of the sphere-determined coordinate system on coil Cc’’ could be defined with a 4 × 4 pose matrix and expressed as follows:
                    (S12)
where

The coordinates of the centers of three spheres (D’’, E’’, F’’) on the subject’s head were defined as (XD’’, YD’’, ZD’’), (XE’’, YE’’, ZE’’), and (XF’’, YF’’, ZF’’), respectively. So, the origin (ohead’’) and three axes (xhead’’, yhead’’, and zhead’’) of the sphere-determined coordinate system on the subject’s head Cs’’ could be defined with a 4 × 4 pose matrix and expressed as follows:
                  (S13)
where

Then, as shown in Figure 1A(11), the transformation T6 from Cs’’ to Cc’’ in laser-scan space could be expressed as follows:
	                     (S14)
Finally, the transformation T2, which is shown in Figure 1A(13), from Cs’’ to the planned coil position in 3D laser scan space could be expressed as follows:
                          (S15)
T2 represents the detected transformation from the sphere-determined coordinate system on the subject’s head to the planned coil position when stimulating the setup target in real coil positioning scenarios.
Owing to the error of installation and mechanical matching error between the 3D-printed models of the helmet, the subject’s head, and the coil, T cannot be equal to T2. The coil position error could be expressed as follows:
.        (S16)
The coil orientation error could be expressed as follows:
			,                             (S17)
where (k, ) is the axis-angle representation of the rotation matrix of A’, which is defined as follows:
.                          (S18)
I. Construction of phantom model for simulating soft skin and hair
As shown in Figure 1B, the 3D model of the subject's skull was segmented and reconstructed from structural MRI data. Then, the 3D models of the subject’s head and skull were cut into upper and lower parts along the eyebrow arch. Next, the lower part of the subject’ head and the upper part of the subject’s skull were subjected to a Boolean operation of sum to create a skull model. Simultaneously, the upper part of the subject’ head and the upper part of the subject’s skull were subjected to a Boolean operation of difference to create a skin model. The skull model was 3D printed with hard resin materials, and the skin model was 3D printed using soft silicone material to simulate skin. Then, the skin model was stretched over the skull model to create a test model with soft skin. Finally, the wig was put on the skin model to test the influence of hair on the coil positioning accuracy of I-Helmet. Besides, as shown in Figure 1A(5), a completely hard model was 3D-printed for comparison.
In the present study, for each subject, three soft skin models were 3D printed using silica gel with Shore hardness values of 40, 50, and 60 [4-6]. To test the influence of different hair styles on coil positioning accuracy, three different wig styles (wig1: short straight hair [ZM011-1], wig2: short curly hair [Z651], wig3: long straight hair [Z576], Bestung, Jinhua, China) were applied.
J. 3D printing and model selection
All models were printed using a 3D printer (Lite 600, UnionTech, Shanghai, China) with resin (UTR9400) with a layer thickness of 0.05 mm. Skin models were made using the reverse die method with silica gel (Hei-Cast 8158, H&K Ltd., Tokyo, Japan). To avoid possible warping and other problems in 3D printing, after the model 3D-printing was completed, the 3D-printed model was pre-scanned with the 3D scanner to obtain the coordinates of the centers of six spheres (A’’’, B’’’, C’’’, D’’’, E’’’, F’’’) and to carry out subsequent experiments on the models. The merged 3D model must satisfy both Eq. (S19) and Eq. (S20) simultaneously. The coil model must satisfy Eq. (S19), and the head model must satisfy Eq. (S20).
     (S19)

     (S20)
where (XA’’’, YA’’’, ZA’’’), (XB’’’, YB’’’, ZB’’’), (XC’’’, YC’’’, ZC’’’), (XD’’’, YD’’’, ZD’’’), (XE’’’, YE’’’, ZE’’’), and (XF’’’, YF’’’, ZF’’’) are the centers of six spheres (A’’’, B’’’, C’’’, D’’’, E’’’, F’’’), respectively.
K. Testing the influences of skin and hair on coil positioning accuracy of I-Helmet
To test the influences of skin and hair on coil positioning accuracy, a hard resin model (Figure 1A (5)), a soft skin model (Figure 1B (11), 50-hardness), and a hair model (Figure 1B (12), wig1, 50-hardness skin) were applied to calculate the coil position and orientation error. A helmet with 0% tolerance was applied for coil guidance. After positioning the coil 3D model on the phantom model with the guidance of helmets, a 3D laser scan was applied to determine the centers of the six spheres in the experimental scenario. Then, Eq. (S16) and Eq. (S17) were applied to calculate the coil position and orientation error with the hard resin model, soft skin model, and hair model.
L. Testing the influences of tolerance on the contact force and coil positioning accuracy
To test the influences of tolerance on the head contact force and coil positioning accuracy, the hair 3D model (wig1, 50-hardness skin) was included for this experiment. As shown in Supplementary Figure 2A and B, eight membrane force sensors were stuck outside the skin of the model, and the contact forces were measured with a data acquisition card (USB-1208LS, ChengTEC, Shanghai). All force sensors were about 10 mm above the lower edge of the helmet. After the wig was put on the model, 20 readings of eight force sensors were recorded and averaged as the baseline of contact force. The baseline and helmets with tolerances of 3%, 4%, and 5% were evaluated with DF-9-40-20N (ChengTEC, Shanghai, China) for lower detection threshold (0.2 N), and helmets with tolerances of 0%, 1%, and 2% were evaluated with DF-9-40-50N (ChengTEC, Shanghai, China) for higher detection range. Then, six helmets with tolerances of 0%–5% were successively put on the hair 3D model. The 3D laser scanner was used to determine the centers of the six spheres in the experimental scenario. Then, Eq. (S16) and Eq. (S17) were applied to calculate the coil position and orientation errors corresponding to the six different helmet tolerances. At the same time, 20 readings of the eight force sensors were recorded and averaged, and then, the baseline was subtracted from the average to provide the contact force data between the helmet and the subject's head.
[image: Supplemtary_Figure3]
Supplementary Figure 2. (A) Diagram of top view of the distribution of eight membrane force sensors. (B) Photograph of the actual distribution of eight membrane force sensors on the phantom. (C) Effect of helmet tolerance on contact force.

M. Comparing the effects of using helmet with or without landmark on coil positioning accuracy
The hair model (wig1, 50-hardness skin) was included for this experiment. For each subject, landmark sticks were created for the 3%, 4%, and 5% tolerance helmets. First, the coil model was positioned on the hair model guided by the helmet without landmark sticks. Then, as shown in Figure 4A, the operator placed the helmet on the hair model with the guidance of the landmark sticks and positioned the coil model. The application scenario of the landmark guided helmet is shown in Figure 4B. Finally, the 3D laser scanner was applied to determine the centers of the six spheres in the experimental scenario with and without landmarks. Then, Eq. (S16) and Eq. (S17) were applied to calculate the coil position and orientation errors.
N. Comparing the effects of different skin hardnesses, wig styles, and operators on coil positioning accuracy
Three hair models with wig1 (40-hardness skin, 50-hardness skin, and 60-hardness skin) were included to test the effects of different skin hardnesses on coil positioning accuracy. Three hair models with 50-hardness skin (wig1, wig2, and wig3) were introduced to test the effects of different wig styles on coil positioning accuracy, as shown in supplementary Figure 3. Another two operators (one male and one females, aged 30–35 years) were introduced to test whether the operators could master the operation of I-Helmet within a short period of training time. The other two operators did not have any operating experience related to TMS or neuro-navigation, and they only had about 3 min of explanation and 5 min of practice before the real experiment. A hair model (wig1, 50-hardness skin) was applied for testing the effects of different operators on coil positioning accuracy. The landmark guided helmet with 3% tolerance was applied for testing the coil positioning accuracy in this section. Finally, the 3D laser scanner was applied to determine the centers of the six spheres in the experimental scenario. Then, Eq. (S16) and Eq. (S17) were applied to calculate the coil position and orientation errors.

[image: Supplemtary_Figure4]
Supplementary Figure 3. Three wig styles applied in this study.

O. Data analysis
Linear regression was performed on the mean detected position and orientation errors and the manually set position and orientation errors.
One-way analysis of variance (ANOVA) was used to analyze the influences of skin and hair on coil positioning accuracy. Factors considered in the ANOVA were the three different models (hard model, skin model, and hair model).
One-way ANOVA was used to analyze the influence of tolerance on the coil positioning accuracy. Factors considered in the ANOVA were the six different tolerances (from 0% to 5% in 1% increments). Two-way ANOVA was used to analyze the influence of tolerance on the contact force. Factors considered in the ANOVA were the eight sensor positions (shown in Supplementary Figure 4A) and six tolerances (from 0% to 5% in 1% increments).
Paired T-tests were applied to compare the effects of using the helmets with or without landmarks on the coil positioning accuracy. One-way ANOVA was used to compare the effects of different skin hardnesses, wig styles, and operators on the coil positioning accuracy.
All data analyses were performed with Prism 6 software (GraphPad Inc., La Jolla, CA, USA).
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Supplementary Figure 4. Schematic diagram for explaining the experimental results in this study.
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