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SUMMARY:  27 
The human depth perception of 3D stereo videos depends on the camera separation, point of 28 
convergence, distance to, and familiarity of the object. This paper presents a robotized method 29 
for rapid and reliable test data collection during live open-heart surgery to determine the ideal 30 
camera configuration.  31 
 32 
ABSTRACT: 33 
Stereo 3D video from surgical procedures can be highly valuable for medical education and 34 
improve clinical communication. But access to the operating room and the surgical field is 35 
restricted. It is a sterile environment, and the physical space is crowded with surgical staff and 36 
technical equipment. In this setting, unobscured capture and realistic reproduction of the surgical 37 
procedures are difficult. This paper presents a method for rapid and reliable data collection of 38 
stereoscopic 3D videos at different camera baseline distances and distances of convergence. To 39 
collect test data with minimum interference during surgery, with high precision and repeatability, 40 
the cameras were attached to each hand of a dual-arm robot. The robot was ceiling-mounted in 41 
the operating room. It was programmed to perform a timed sequence of synchronized camera 42 
movements stepping through a range of test positions with baseline distance between 50–240 43 
mm at incremental steps of 10 mm, and at two convergence distances of 1100 mm and 1400 44 
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mm. Surgery was paused to allow 40 consecutive 5-s video samples. A total of 10 surgical 45 
scenarios were recorded.  46 
 47 
INTRODUCTION: 48 
In surgery, 3D visualization can be used for education, diagnoses, pre-operative planning, and 49 
post-operative evaluation1,2. Realistic depth perception can improve understanding3–6 of normal 50 
and abnormal anatomies. Simple 2D video recordings of surgical procedures are a good start. 51 
However, the lack of depth perception can make it hard for the non-surgical colleagues to fully 52 
understand the antero-posterior relationships between different anatomical structures and 53 
therefore also introduce a risk of misinterpretation of the anatomy7–10.  54 
 55 
The 3D viewing experience is affected by five factors: (1) Camera configuration can either be 56 
parallel or toed-in as shown in Figure 1, (2) Baseline distance (the separation between the 57 
cameras). (3) Distance to the object of interest and other scene characteristics such as the 58 
background. (4) Characteristics of viewing devices such as screen size and viewing position1,11–13. 59 
(5) Individual preferences of the viewers14,15.  60 
 61 
Designing a 3D camera setup begins with the capture of test videos recorded at various camera 62 
baseline distances and configurations to be used for subjective or automatic evaluation16–20. The 63 
camera distance must be constant to the surgical field to capture sharp images. Fixed focus is 64 
preferred because autofocus will adjust to focus on hands, instruments, or heads that may come 65 
into view. However, this is not easily achievable when the scene of interest is the surgical field. 66 
Operating rooms are restricted access areas because these facilities must be kept clean and 67 
sterile. Technical equipment, surgeons, and scrub nurses are often clustered closely around the 68 
patient to secure a good visual overview and an efficient workflow. To compare and evaluate the 69 
effect of camera positions on the 3D viewing experience, one complete test range of camera 70 
positions should be recording the same scene because the object characteristics such as shape, 71 
size, and color can affect the 3D viewing experience21. 72 
 73 
For the same reason, complete test ranges of camera positions should be repeated on different 74 
surgical procedures. The entire sequence of positions must be repeated with high accuracy. In a 75 
surgical setting, existing methods that require either manual adjustment of the baseline 76 
distance22 or different camera pairs with fixed baseline distances23 are not feasible because of 77 
both space and time constraints. To address this challenge, this robotized solution was designed. 78 
 79 
The data was collected with a dual-arm collaborative industrial robot mounted in the ceiling in 80 
the operating room. Cameras were attached to the wrists of the robot and moved along an arc-81 
shaped trajectory with increasing baseline distance, as shown in Figure 2.  82 
 83 
To demonstrate the approach, 10 test series were recorded from 4 different patients with 4 84 
different congenital heart defects. Scenes were chosen when a pause in surgery was feasible: 85 
with the beating hearts just before and after surgical repair. Series were also made when the 86 
hearts were arrested. The surgeries were paused for 3 min and 20 s to collect forty 5-ssequences 87 
with different camera convergence distances and baseline distances to capture the scene. The 88 



   

 

videos were later post-processed, displayed in 3D for the clinical team, who rated how realistic 89 
the 3D video was along a scale from 0–5.  90 
 91 
The convergence point for toed-in stereo cameras is where the center points of both images 92 
meet. The convergence point can, by principle, be placed either in front, within, or behind the 93 
object, see Figure 1A–C. When the convergence point is in front of the object, the object will be 94 
captured and displayed left of the midline for the left camera image and right of the midline for 95 
the right camera image (Figure 1A). The opposite applies when the convergence point is behind 96 
the object (Figure 1B). When the convergence point is on the object, the object will also appear 97 
in the midline of the camera images (Figure 1C), which presumably should yield the most 98 
comfortable viewing since no squinting is required to merge the images. To achieve comfortable 99 
stereo 3D video, the convergence point must be located on, or slightly behind, the object of 100 
interest, else the viewer is required to voluntarily squint outwards (exotropia). 101 
 102 
The data was collected using a dual-arm collaborative industrial robot to position the cameras 103 
(Figure 2A–B). The robot weighs 38 kg without equipment. The robot is intrinsically safe; when it 104 
detects an unexpected impact, it stops moving. The robot was programmed to position the 5 105 
Megapixel cameras with C-mount lenses along an arc-shaped trajectory stopping at 106 
predetermined baseline distances (Figure 2C). The cameras were attached to the robot hands 107 
using adaptor plates, as shown in Figure 3. Each camera recorded at 25 frames per second. Lenses 108 
were set at f-stop 1/8 with focus fixed on the object of interest (approximated geometrical center 109 
of the heart). Every image frame had a timestamp which was used to synchronize the two video 110 
streams.  111 
 112 
Offsets between the robot wrist and the camera were calibrated. This can be achieved by aligning 113 
the crosshairs of the camera images, as shown in Figure 4. In this setup, the total translational 114 
offset from the mounting point on the robot wrist and the center of the camera image sensor 115 
was 55.3 mm in the X-direction and 21.2 mm in the Z-direction, displayed in Figure 5. The 116 
rotational offsets were calibrated at a convergence distance of 1100 mm and a baseline distance 117 
of 50 mm and adjusted manually with the joystick on the robot control panel. The robot in this 118 
study had a specified accuracy of 0.02 mm in Cartesian space and 0.01 degrees rotational 119 
resolution24. At a radius of 1100 m, an angle difference of 0.01 degrees offsets the center point 120 
0.2 mm.  During the full robot motion from 50–240 mm separation, the crosshair for each camera 121 
was within 2 mm from the ideal center of convergence.   122 
   123 
The baseline distance was increased stepwise by symmetrical separation of the cameras around 124 
the center of the field of view in increments of 10 mm ranging from 50–240 mm (Figure 2). The 125 
cameras were kept at a standstill for 5 s in each position and moved between the positions at a 126 
velocity of 50 mm/s. The convergence point could be adjusted in X and Z directions using a 127 
graphical user interface (Figure 6). The robot followed accordingly within its working range.  128 
 129 
The accuracy of the convergence point was estimated using the uniform triangles and the 130 
variable names in Figure 7A and B. The height ‘z’ was calculated from the convergence distance 131 
‘R’ with the Pythagorean theorem as  132 
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When the real convergence point was closer than the desired point, as shown in Figure 7A, the 134 
error distance ‘f1’ was calculated as 135 
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Similarly, when the convergence point was distal to the desired point, the error distance ‘f2’ was 137 
calculated as 138 
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Here, ‘e’ was the maximum separation between the crosshairs, at most 2 mm at maximum 140 
baseline separation during calibration (D = 240 mm). For R = 1100 mm (z = 1093 mm), the error 141 
was less than ± 9.2 mm. For R = 1400 mm (z = 1395 mm), the error was ± 11.7 mm. That is, the 142 
error of the placement of the convergence point was within 1% of the desired. The two test 143 
distances of 1100 mm and 1400 mm were therefore well separated.   144 
 145 
PROTOCOL:  146 
 147 
The experiments were approved by the local Ethics Committee in Lund, Sweden. The 148 
participation was voluntary, and the patients’ legal guardians provided informed written consent. 149 
 150 
1. Robot setup and configuration 151 
 152 
NOTE: This experiment used a dual-arm collaborative industrial robot and the standard control 153 
panel with a touch display. The robot is controlled with RobotWare 6.10.01 controller software 154 
and robot integrated development environment (IDE) RobotStudio 2019.525. Software developed 155 
by the authors, including the robot application, recording application, and postprocessing scripts, 156 
are available at the GitHub repository26. 157 
 158 
CAUTION: Use protective eyeglasses and reduced speed during setup and testing of the robot 159 
program.  160 
 161 
1.1 Mount the robot to the ceiling or a table using bolts dimensioned for 100 kg as described on 162 
page 25 in the product specification24, following the manufacturer’s specifications. Ensure that 163 
the arms can move freely and the line of sight to the field of view is unobscured. 164 
 165 
CAUTION: Use lift or safety ropes when mounting the robot in a high position.   166 
 167 
1.2 Start the robot by turning the start switch located at the base of the robot. Calibrate the robot 168 
by following the procedure described in the operating manual on pages 47–5625. 169 
 170 
1.3 Start the robot IDE on a Windows computer. 171 
 172 



   

 

1.4 Connect to the physical robot system (operating manual page 14027). 173 
 174 
1.5 Load the code for the robot program and application libraries for the user interface to the 175 
robot: 176 
 177 
1.5.1 The robot code for a ceiling-mounted robot is in the folder Robot/InvertedCode and for a 178 
table mounted robot in Robot/TableMountedCode. For each of the files left/Data.mod, 179 
left/MainModule.mod, right/Data.mod and right/MainModule.mod:  180 
 181 
1.5.2 Create a new program module (see operating manual page 31827) with the same name as 182 
the file (Data or MainModule) and copy the file content to the new module.  183 
 184 
1.5.3 Press on Apply in the robot IDE to save the files to the robot. 185 
 186 
1.6 Use File Transfer (operating manual page 34627) to transfer the robot application files 187 
TpSViewStereo2.dll, TpsViewStereo2.gtpu.dll, and TpsViewStereo2.pdb located in the FPApp 188 
folder to the robot. After this step, the robot IDE will not be further used. 189 
 190 
1.7 Press the Reset button on the back of the robot touch display (FlexPendant) to reload the 191 
graphical interface. The robot application Stereo2 will now be visible under the touch display 192 
menu. 193 
 194 
1.8 Install the recording application (Liveview) and postprocessing application on an Ubuntu 195 
20.04 computer by running the script install_all_linux.sh, located in the root folder in the Github 196 
repository.  197 
 198 
1.9 Mount each camera to the robot. The components needed for mounting are displayed in 199 
Figure 3A.  200 
 201 
1.9.1 Mount the lens to the camera. 202 
 203 
1.9.2 Mount the camera to the camera adaptor plate with three M2 screws. 204 
 205 
1.9.3 Mount the circular mounting plate to the camera adaptor plate with four M6 screws on the 206 
opposite side of the camera.  207 
 208 
1.10 Repeat steps 1.9.1–1.9.3 for the other camera. The resulting assemblies are mirrored, as 209 
shown in Figure 3B and Figure 3C.  210 
 211 
1.11 Mount the adaptor plate to the robot wrist with four M2.5 screws, as shown in Figure 3D.  212 
 213 
1.11.1 For a ceiling-mounted robot: attach the left camera in Figure 3C to the left robot arm as 214 
shown in Figure 2A.  215 
 216 



   

 

1.11.2 For a table-mounted robot: attach the left camera in Figure 3C to the right robot arm.  217 
 218 
1.12 Connect the USB cables to the cameras, as shown in Figure 3E, and to the Ubuntu computer. 219 
 220 
2. Verify the camera calibration 221 
 222 
2.1 On the robot touch display, press the Menu button and select Stereo2 to start the robot 223 
application. This will open the main screen, as shown in Figure 6A. 224 
 225 
2.1.1 On the main screen, press on Go to start for 1100 mm in the robot application and wait for 226 
the robot to move to the start position. 227 
 228 
2.1.2 Remove the protective lens caps from the cameras and connect the USB cables to the 229 
Ubuntu computer. 230 
 231 
2.1.3 Place a printed calibration grid (CalibrationGrid.png in the repository) 1100 mm from the 232 
camera sensors. To facilitate correct identification of the corresponding squares, place a small 233 
screw-nut or mark somewhere in the center of the grid. 234 
 235 
2.2 Start the recording application on the Ubuntu computer (run the script start.sh located in the 236 
liveview folder inside the Github repository). This starts the interface, as shown in Figure 4. 237 
 238 
2.2.1 Adjust the aperture and focus on the lens with the aperture and focus rings.  239 
 240 
2.2.2 In the recording application, check Crosshair to visualize the crosshairs.  241 
  242 
2.3 In the recording application, ensure that the crosshairs align with the calibration grid in the 243 
same position in both camera images, as shown in Figure 4. Most likely, some adjustment will be 244 
required as follows: 245 
 246 
2.3.1 If the crosses do not overlap, press the Gear icon (bottom left Figure 6A) in the robot 247 
application on the robot touch display to open the setting screen, as shown in Figure 6B. 248 
 249 
2.3.2 Press on 1. Go to Start Pos, as shown in Figure 6B.  250 
 251 
2.3.3 Jog the robot with the joystick to adjust the camera position (operating manual page 3123). 252 
 253 
2.3.4 Update the tool position for each robot arm. Press 3. Update Left Tool and 4. Update Right 254 
Tool to save the calibration for the left and the right arm, respectively.  255 
 256 
2.3.5 Press on the Back Arrow icon (top right, Figure 6B) to return to the main screen. 257 
 258 
2.4 Press on Run Experiment (Figure 6A) in the robot application and verify that the crosshairs 259 
align. Otherwise, repeat steps 2.3–2.3.5. 260 



   

 

 261 
2.5 Add and test any changes to the distances and/or time at this point. This requires changes in 262 
the robot program code and advanced robot programming skills. Change the following variables 263 
in the Data module in the left task (arm): the desired separation distances in the integer array 264 
variable Distances, the convergence distances in the integer array ConvergencePos and edit the 265 
time at each step by editing the variable Nwaittime (value in seconds).  266 
 267 
CAUTION: Never run an untested robot program during live surgery.   268 
 269 
2.6 When the calibration is complete, press on Raise to raise the robot arms to the standby 270 
position. 271 
 272 
2.7 Optionally turn off the robot.  273 
 274 
NOTE: The procedure can be paused between any of the steps above. 275 
 276 
3. Preparation at the start of the surgery 277 
 278 
3.1. Dust the robot.  279 
 280 
3.1.1 If the robot was turned off, start it by turning on the Start switch located at the base of the 281 
robot.  282 
 283 
3.2 Start the robot application on the touch display and recording application described in steps 284 
2.1 and 2.2.  285 
 286 
3.3 In the recording application, create and then select the folder where to save the video (press 287 
Change Folder).  288 
 289 
3.4 In the robot application: press the gear icon, position the cameras in relation to the patient. 290 
Change X and Z direction by pressing +/- for Hand Distance from Robot and Height, respectively, 291 
so that the image captures the surgical field. Perform the positioning in the Y-direction by 292 
manually moving the robot or patient. 293 
 294 
NOTE: The preparations can be paused between the preparation steps 3.1–3.4. 295 
 296 
4. Experiment 297 
 298 
CAUTION: All personnel should be informed about the experiment beforehand.  299 
 300 
4.1. Pause the surgery. 301 
 302 
4.1.1 Inform the OR personnel that the experiment is started.  303 
 304 



   

 

4.2. Press Record in the recording application. 305 
 306 
4.3. Press Run experiment in the robot application. 307 
 308 
4.4. Wait while the program is running; the robot displays “Done” in the robot application on the 309 
touch display when finished. 310 
 311 
4.5. Stop recording in the recording application by pressing Quit. 312 
 313 
4.5.1. Inform the OR personnel that the experiment has finished.  314 
 315 
4.6. Resume surgery. 316 
 317 
NOTE: The experiment cannot be paused during steps 4.1–4.6. 318 
 319 
5. Repeat  320 
 321 
5.1 Repeat steps 4.1–4.6 to capture another sequence and steps 3.1–3.4 and steps 4.1–4.6 to 322 
capture sequences from different surgeries. Capture around ten full sequences. 323 
 324 
6. Postprocessing 325 
 326 
NOTE: The following steps can be carried out using most video editing software or the provided 327 
scripts in the postprocessing folder. 328 
 329 
6.1 In this case, debayer the video as it is saved in the RAW format:  330 
 331 
6.1.1 Run the script postprocessing/debayer/run.sh to open the debayer application shown in 332 
Figure 8A.   333 
 334 
6.1.2 Press Browse Input Directory and select the folder with the RAW video.  335 
 336 
6.1.3 Press Browse Output Directory and select a folder for the resulting debayered and color-337 
adjusted video files. 338 
 339 
6.1.4 Press Debayer! and wait until the process is finished – both progress bars are full, as shown 340 
in Figure 8B. 341 
 342 
6.2 Merge the right and left synchronized videos to 3D stereo format28:  343 
 344 
6.2.1 Run the script postprocessing/merge_tb/run.sh to start the merge application; it opens the 345 
graphical user interface shown in Figure 8C.  346 
 347 
6.2.2 Press Browse Input Directory and select the folder with the debayered video files.  348 



   

 

 349 
6.2.3 Press Browse Output Directory and select a folder for the resulting merged 3D stereo file. 350 
 351 
6.2.4 Press Merge! and wait until the finish screen in Figure 8D is shown. 352 
 353 
6.3 Use off-the-shelf video editing software such as Premiere Pro to add text labels to each 354 
camera distance in the video.  355 
 356 
NOTE: In the video, there is a visible shake every time the robot moved, and the camera distance 357 
increased. In this experiment, labels A–T were used for the camera distances.  358 
  359 
7. Evaluation 360 
 361 
7.1 Display the video in top-bottom 3D format with an active 3D projector. 362 
 363 
7.2 Viewing experience depends on the viewing angle and the distance to screen; evaluate the 364 
video using intended audience and setup. 365 
 366 
REPRESENTATIVE RESULTS: 367 
An acceptable evaluation video with the right image placed at the top in top-bottom stereoscopic 368 
3D is shown in Video1. A successful sequence should be sharp, focused, and without 369 
unsynchronized image frames. Unsynchronized video streams will cause blur, as shown in the file 370 
Video 2. The convergence point should be centered horizontally, independent of the camera 371 
separation, as seen in Figure 9A,B. When the robot transitions between the positions, there is a 372 
small shake in the video, which is to be expected at a transition velocity of 50 mm/s. With the 373 
too large separation between the right and left image, the brain cannot fuse the images into one 374 
3D image, see Figure 9C and Video 3.  375 
 376 
The position of the heart in the images should be centered during the entire video, as shown in 377 
Figure 1C. Several reasons can cause this to fail: (1) The convergence point is too far away from 378 
the heart, see Figure 7. The camera positions relative to the patient can be modified from the 379 
robot application setting screen (Figure 6B). (2) The camera tool coordinate system is not 380 
properly configured. The robot program will simultaneously move the camera symmetrically in a 381 
radial motion around the convergence point (Figure 2C) and rotate the cameras around the 382 
camera tool coordinate system (Figure 5). If the camera adaptor plates (Figure 3) are assembled 383 
or mounted incorrectly, the default values will not work. Rerun step 2.1–2.4 and ensure that the 384 
crosshairs in the recording application (Figure 6) point at the same object during the full robot 385 
motion. When adjusting the coordinate frames, ensure that the object used for calibration 386 
(Figure 4) is centered between the cameras; otherwise, the calibration will result in non-387 
symmetrical coordinate frames. 388 

 389 
If the colors are incorrect after debayering with the debayering application (Figure 8), the 390 
captured videos have the wrong debayering format. This requires the user to modify the code 391 
for the debayering application or use another debayering tool. Similarly, if the automatic 392 



   

 

synchronization between the stereo videos failed, the user should use video editing programs 393 
such as Premiere Pro to align the videos.  394 
 395 
To analyze the results, the video should be displayed on a 3D projector for the intended audience. 396 
The audience can subjectively rate how well the 3D video corresponds to the real-life situation. 397 
The labels added in step 6.3 can be used to score different distances. 398 
 399 
FIGURE AND TABLE LEGENDS: 400 
Figure 1. Placement of convergence point. Different placement of convergence points relative 401 
to the object of interest (grey dot). (A) Convergence point in front of the object, (B) behind the 402 
object, and (C) on the object. The midline for each camera image is shown with a dotted line. The 403 
surgeon is shown from above, standing between the cameras. At the top, the resulting position 404 
of the object in the left and the right camera images are displayed relative to the midline.  405 
 406 
Figure 2: Robot motion. The camera separation was increased from (A) 50 mm to (B) 240 mm 407 
with incremental steps of 10 mm. (C) The robot moved the cameras radially, always pointing the 408 
cameras toward the convergence point - the heart. Here the distance D is the distance between 409 
the cameras, R is the radius 1100 or 1400 mm, and a is the angle of the cameras, sin(a) = D/2R. 410 
The right and left cameras were angled a degree in the negative and positive direction, 411 
respectively, around the tool Z-axis. 412 
 413 
Figure 3: Mounting cameras on the robot. (A) Exploded view of the components for one camera: 414 
lens, camera sensor, camera adaptor plate, circular mounting plate, robot wrist, and screws. The 415 
two assembled camera adaptors are shown from (B)  the robot side and (C) the front. (D)Adaptors 416 
attached to the robot wrist with four M2.5 screws. (E) USB cables connected to the cameras.  417 
 418 
Figure 4: Camera calibration with the recording application. A calibration grid and a screw-nut 419 
were used to calibrate the camera tool coordinate systems relative to the robot writs. The 420 
cameras should be angled so that the nut is in the center of the images. 421 
 422 
Figure 5: Camera tool coordinate system. The X-axis (red), Y-axis (green), and Z-axis (blue) of the 423 
camera tool coordinate system. 424 
 425 
Figure 6: The robot application. (A) Display of the main screen on the touch display for running 426 
the experiments. (B) The setup screen for tool calibration and adjustment of the convergence 427 
point. 428 
 429 
Figure 7: Error estimation. Convergence error (A) above and (B) below the desired convergence 430 
point.  The horizontal baseline distance (D = 240 mm), the distance between the cameras, and 431 
the convergence point (R = 1100). The vertical distance between the cameras and the 432 
convergence point (z = 1093 mm), the maximum separation between the image center points 433 
(crosshairs) (e = 2 mm), the vertical error distance when the real convergence point is above the 434 
desired convergence position (f1 = 9 mm).  The vertical error distance when the real convergence 435 
point is below the desired convergence position (f2 = 9.2 mm). Figure not drawn to scale. 436 



   

 

 437 
Figure 8: Postprocessing applications for debayering and merging. (A) Start and (B) Finish 438 
screens of the debayer application. (C) Start and (D) Finish screens of the merge application. 439 
 440 
Figure 9: Snapshots of finished stereo videos. Only every other pixel row was used from the 441 
original images to comply with standard top/bottom 3D stereo format. Upper images are from 442 
the right camera and lower from the left camera. (A) 3D stereo image with 50 mm baseline 443 
distance and the convergence point on the OR-table behind the heart. (B)  3D stereo image with 444 
240 mm baseline distance and the convergence point at the OR-table behind the heart. (C) 3D 445 
stereo image with 240 mm baseline distance and the convergence point 300 mm behind the 446 
heart. 447 
 448 
Video 1. Stereo 3D video at 1100 mm. The convergence point is on the heart, 1100 mm 449 
from the cameras. The video starts with a baseline distance of 50 mm (A) and increases with 450 
steps of 10 mm to 240 mm (T). 451 
 452 
Video 2. Unsynchronized stereo 3D video. The right and left videos are not synchronized 453 
which causes blur when viewed in 3D. 454 
 455 
Video 3. Stereo 3D video at 1400 mm. The convergence point is behind the heart, 1400 mm 456 
from the cameras. The video 457 
 458 
DISCUSSION:  459 
During live surgery, the total time of the experiment used for 3D video data collection was limited 460 
to be safe for the patient. If the object is unfocused or overexposed, the data cannot be used. 461 
The critical steps are during camera tool calibration and setup (step 2). The camera aperture and 462 
focus cannot be changed when the surgery has started; the same lighting conditions and distance 463 
should be used during setup and surgery. The camera calibration in steps 2.1–2.4 must be carried 464 
out carefully to ensure that the heart is centered in the captured video. To troubleshoot the 465 
calibration, the values of the camera tool coordinate system can be verified separately by jogging 466 
the robot in the coordinate system (step 2.3.3). It is critical to test the full robot program and 467 
cameras together with the recording application before the surgery. The height of the operating 468 
table is sometimes adjusted during surgery; the height of the robot cameras can also be modified 469 
live in the robot application (step 3.4) to keep the desired distance to the heart. The distances 470 
and wait times of the robot program can be modified as described in step 2.5.  471 
 472 
One limitation of this technique is that it requires that the surgery is paused; therefore, data 473 
collection can only be carried out when it is safe for the patient to pause the surgery. Another 474 
limitation is that it requires physical adaptation of the operating room to mount the robot in the 475 
ceiling and the programmed robot motion assumes that the robot is centered above the heart. 476 
Additionally, the cameras are toed-in instead of parallel, which can cause a keystone effect. The 477 
keystone effect can be adjusted in postproduction29–31.  478 
 479 
An array of multiple cameras placed on an arc can be used to collect similar data23. The camera 480 



   

 

array can capture images simultaneously from all cameras; thus, surgery can be paused for a 481 
shorter time. A source of error for a camera array is that the cameras can have a slightly different 482 
focus, aperture, and calibration and when videos from different camera pairs are compared, 483 
other parameters than the baseline distance can affect the image quality and depth perception. 484 
Another drawback with a camera array is that the step size between baseline distances is limited 485 
by the physical size of the cameras. For example, the lens used in this study has a diameter of 30 486 
mm, which would equal the minimum possible step size. With the setup presented in the study, 487 
step sizes of 10 mm were tested but could be set smaller if necessary. Also, with the array setup, 488 
height and convergence distance cannot be dynamically adjusted.  489 
 490 
Another alternative is to manually move the cameras to predefined positions22. This is not 491 
feasible during live heart surgery because it would infringe on critical surgical workspace and 492 
time. 493 
 494 
This method is applicable to many types of open surgery, including orthopedic, vascular, and 495 
general surgery, where optimal baseline and convergence distances are yet to be determined.  496 
 497 
This method can also be adapted to collect images for purposes other than 3D visualization. Many 498 
computer vision applications use the disparity between images to calculate the distance to an 499 
object. A precise camera motion can be used to 3D scan stationary objects from multiple 500 
directions to create 3D models. For 3D localization, the 3D viewing experience is less important 501 
if the same points on the object can be identified in different images, depending on accurate 502 
camera positioning, camera calibration, light conditions, and frame synchronization.  503 
 504 
Robot-controlled camera positioning is both safe and effective for collecting video data for the 505 
identification of optimal camera positions for stereoscopic 3D video.  506 
 507 
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Video 3. Stereo 3D video at 1400 mm. The convergence point is
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Note by authors: Line numbers refer to the line numbers when the tracked changes markup 

is set to “No Markup”. 

 

1. The manuscript has been formatted to fit the journal standard. Please check and verify the 

step numbers mentioned in the steps (e.g., line 209, 256, 281, 291, 318, etc.). 

 

The referenced steps are updated on lines 259, 450, 452. The references on line 208, 283, 

293, 316, 320, 382, 396, 458, and 459 are verified. 

 

2. JoVE policy states that the video narrative is objective and not biased towards a particular 

product featured in the video. The goal of this policy is to focus on the science rather than to 

present a technique as an advertisement for a specific item. To this end, we ask that you 

please reduce the number of instances of " RobotWare, RobotStudio, Liveview, Ximea, 

Tamron, YuMi, ABB, etc." within your text. The term may be introduced, but please use it 

infrequently and when directly relevant. Otherwise, please refer to the term using generic 

language. Please reference all the commercial terms in the Table of Materials. 

 

Changes have been made accordlingly. We refer to Liveview with the general term 

“recording application”, RobotStudio as “robot integrated development environment (IDE)” 

and Flexpendant as “touch display” on lines 155, 171, 185, 189, 191, 192, 222, 235, 240, 247, 

283, 308, 310, 383, 417, 424. 

 

3. Please highlight up to 3 pages of the Protocol (including headings and spacing) that 

identifies the essential steps of the protocol for the video, i.e., the steps that should be 

visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted 

Protocol steps will remain in the manuscript, and therefore will still be available to the 

reader. 

 

We have highlighted lines 198-244, 288-314 and 360. 

 

4. Please include a title and a description of each video uploaded.  

 

We have added the following titles and descriptions during the uploading process: 

 

Video 1. Stereo 3D video at 1100 mm. The convergence point is on the heart, 1100 mm 

from the cameras. The video starts with baseline distance 50 mm (A) and increase with steps 

of 10 mm to 240 mm (T). 

 

Video 2. Unsynchronized stereo 3D video. The right and left videos are not synchronized 

which causes blur when viewed in 3D. 

 

Video 3. Stereo 3D video at 1400 mm. The convergence point is behind the heart, 1400 mm 

from the cameras. The video starts with baseline distance 50 mm (A) and increase with steps 

of 10 mm to 240 mm (T).  

 

5. Please consider including any data on the scoring/evaluation of the video. 

 

The evaluation process should be individualized for each use case. The evaluation 

methodology is not as simple as it may appear and in itself probably beyond the scope of this 

manuscript. Our work on the evaluation method has been and is currently being upheld by the 
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ongoing pandemic and local restrictions. Here is a brief summary to provide the editor an 

idea of where we are at this point, and why more work needs to be done on the subject: 

 

A total of 18 medical staff members working at the Children’s Heart Centre in Lund were 

asked to provide an overall score of the 3D visual experience of recordings from three 

different surgical procedures. To avoid potential pattern-recognition-bias, video sequences of 

different baselines (camera separations) were labelled with letters instead of exact 

measurements. The testing sequence always started with from the narrowest to the widest 

baseline, and the viewers were asked to provide a relative score beginning at 3 on a scale 

from 1 to 5, where 5 is very good, and 1 is very bad. 

 

Convergence point 1400 mm from the cameras, 300 mm below the heart, resulted in tunnel 

vision and discomfort. The convergence point at the level of the heart, 1100 mm from camera 

sensor, provided the best 3D representation of ground truth. The scoring varied vastly 

between individuals. No discrete, statistically significant, peak of best scores could be 

identified by this preliminary evaluation method. 

 

The discrepancy in scoring may depend on the extend of previous experience and knowledge 

of ground truth, where large gaps are to be expected between surgeons and all other 

categories of non-surgical staff including cardiologist, radiologist and anesthesiologist and 

different level of nursing staff, all of whom participated in the evaluation. In addition, when a 

group of 20 engineering students were asked to evaluate the 3D videos, two of them were 

found to have stereo blindness. 

 

The evaluation method must be refined. In depth interview with individual viewer (evaluator) 

as well as selection of those with adequate abilities and experience to evaluate, whom would 

probably be the surgeons and surgeons within the specific specialty being recorded only. This 

work is underway. 

 

6. Figure 7: Please specify the values presented in the lines 130-141 in the figure legends. 

 

The figure has been updated for clarity, with the distance R included (previously z was 

estimated to be equal to R). Lines 131-144 were updated accordingly. Figure legend was 

updated with values for the smallest convergence distance (R = 1100). 
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