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SUMMARY: 31 
This protocol describes the step-by-step process to build both electrical and magnetic stimulators 32 
used to stimulate biological tissues. The protocol includes a guideline to simulate 33 
computationally electric and magnetic fields and manufacture of stimulator devices.  34 
 35 
ABSTRACT: 36 
Electric fields (EFs) and magnetic fields (MFs) have been widely used by tissue engineering to 37 
improve cell dynamics such as proliferation, migration, differentiation, morphology, and 38 
molecular synthesis. However, variables such stimuli strength and stimulation times need to be 39 
considered when stimulating either cells, tissues or scaffolds. Given that EFs and MFs vary 40 
according to cellular response, it remains unclear how to build devices that generate adequate 41 
biophysical stimuli to stimulate biological samples. In fact, there is a lack of evidence regarding 42 
the calculation and distribution when biophysical stimuli are applied. This protocol is focused on 43 
the design and manufacture of devices to generate EFs and MFs and implementation of a 44 

Manuscript Click here to access/download;Manuscript;62111_R1.docx

mailto:jjsaizc@unal.edu.co
mailto:juanfe977@gmail.com
mailto:dagarzona@unal.edu.co
https://www.editorialmanager.com/jove/download.aspx?id=1290881&guid=a6ab60b8-437a-46c1-9321-889fe61ba12a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1290881&guid=a6ab60b8-437a-46c1-9321-889fe61ba12a&scheme=1


   

Page 1 of 6  revised November 2019 
 

computational methodology to predict biophysical stimuli distribution inside and outside of 45 
biological samples. The EF device was composed of two parallel stainless-steel electrodes located 46 
at the top and bottom of biological cultures. Electrodes were connected to an oscillator to 47 
generate voltages (50, 100, 150 and 200 Vp-p) at 60 kHz. The MF device was composed of a coil, 48 
which was energized with a transformer to generate a current (1 A) and voltage (6 V) at 60 Hz. A 49 
polymethyl methacrylate support was built to locate the biological cultures in the middle of the 50 
coil. The computational simulation elucidated the homogeneous distribution of EFs and MFs 51 
inside and outside of biological tissues. This computational model is a promising tool that can 52 
modify parameters such as voltages, frequencies, tissue morphologies, well plate types, 53 
electrodes and coil size to estimate the EFs and MFs to achieve a cellular response. 54 
 55 
INTRODUCTION: 56 
EFs and MFs have been shown to modify cell dynamics, stimulating proliferation and increasing 57 
synthesis of the main molecules associated with the extracellular matrix of tissues1. These 58 
biophysical stimuli can be applied in different ways by using specific settings and devices. 59 
Regarding the devices to generate EFs, direct coupling stimulators use electrodes that are in 60 
contact with biological samples in vitro or implanted directly into tissues of patients and animals 61 
in vivo2; however, there are still limitations and deficiencies that include insufficient 62 
biocompatibility by the electrodes in contact, changes in the pH and molecular oxygen levels1. 63 
On the contrary, indirect coupling devices generate EFs between two electrodes, which are 64 
placed in parallel to biological samples3, allowing a non-invasive alternative technique to 65 
stimulate biological samples and avoid direct contact between tissues and electrodes. This type 66 
of device can be extrapolated to future clinical applications to perform procedures with minimal 67 
invasion to the patient. In relation to devices that generate MFs, inductive coupling stimulators 68 
create a time-varying electric current, which flows through a coil that is located around cell 69 
cultures4,5. Finally, there are combined devices, which use EFs and static MFs to generate 70 
transient electromagnetic fields1. Given that there are different configurations to stimulate 71 
biological samples, it is necessary to consider variables such as tension and frequency when 72 
biophysical stimuli are applied. Voltage is an important variable, since it influences the behavior 73 
of biological tissues; for instance, it has been shown that cell migration, orientation and gene 74 
expression depend on the amplitude of applied voltage3,6-10. Frequency plays an important role 75 
in biophysical stimulation, as it has been evidenced that these occur naturally in vivo. It has been 76 
demonstrated that high and low frequencies have beneficial effects on cells; especially, in cell 77 
membrane voltage-gated calcium channels or endoplasmic reticulum, which trigger different 78 
signaling-pathways at intracellular level1,7,11. 79 
 80 
According to the abovementioned, a device for generating EFs consists of a voltage generator 81 
connected to two parallel capacitors12. This device was implemented by Armstrong et al. to 82 
stimulate both the proliferative rate and the molecular synthesis of chondrocytes13. An 83 
adaptation of this device was performed by Brighton et al. who modified cell culture well-plates 84 
by drilling their top and bottom lids. Holes were filled by cover slides, where the bottom glasses 85 
were used to culture biological tissues. Electrodes were placed on each cover slide to generate 86 
EFs14. This device was used to electrically stimulate chondrocytes, osteoblasts and cartilage 87 
explants, showing an increase in cell proliferation14-16 and molecular synthesis3,17. The device 88 
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designed by Hartig et al. consisted of a wave generator and a voltage amplifier, which were 89 
connected to parallel capacitors. Electrodes were made of high-quality stainless-steel located in 90 
an insulating case. The device was used to stimulate osteoblasts, showing a significant increase 91 
in proliferation and protein secretion18. The device used by Kim et al. consisted of a biphasic 92 
current stimulator chip, which was built using a manufacturing process of complementary 93 
semiconductors of high-voltage metal oxide. A culture well-plate was designed to culture cells 94 
over a conductive surface with electrical stimulation. Electrodes were coated in gold over silicon 95 
plates19. This device was used to stimulate osteoblasts, showing an increase in the proliferation 96 
and the synthesis of the vascular endothelial growth factor19, and stimulating the production of 97 
alkaline phosphatase activity, calcium deposition and bone morphogenic proteins20. Similarly, 98 
this device was used to stimulate the proliferative rate and expression of vascular endothelial 99 
growth factor of human bone marrow mesenchymal stem cells21. The device designed by 100 
Nakasuji et al. was composed of a voltage generator connected to platinum plates. Electrodes 101 
were built to measure the electric potential at 24 different points. This device was used to 102 
stimulate chondrocytes, showing that EFs did not alter cell morphology and increased 103 
proliferation and molecular synthesis22. The device used by Au et al. consisted of a glass chamber 104 
equipped with two carbon rods connected to a cardiac stimulator with platinum wires. This 105 
stimulator was used to stimulate cardiomyocytes and fibroblasts, improving cell elongation and 106 
fibroblast alignment23. 107 
 108 
Different MF devices have been manufactured based on Helmholtz coils to stimulate several 109 
types of biological samples. For instance, Helmholtz coils have been used to stimulate 110 
proliferation and molecular synthesis of chondrocytes24,25, enhance proteoglycan synthesis of 111 
articular cartilage explants26, improve gene upregulation related to bone formation of osteoblast-112 
like cells27, and increase proliferation and molecular expression of endothelial cells28. Helmholtz 113 
coils generate MFs throughout two coils located one in front the other. The coils must be placed 114 
with a distance equal to the radius of the coils to ensure a homogeneous MF. The disadvantage 115 
of using Helmholtz coils lies in the coil dimensions, because they need to be big enough to 116 
generate the required MF intensity. Additionally, the distance between coils must be adequate 117 
to ensure a homogeneous distribution of MFs around biological tissues. To avoid issues caused 118 
by Helmholtz coils, different studies have been focused on solenoid coils manufacturing. Solenoid 119 
coils are based on a tube, which is wound with copper wire to generate MFs. Copper wire inputs 120 
can be connected directly to the outlet or a power supply to energize the coil and create MFs in 121 
the center of the solenoid. The more turns the coil has, the greater the MF generated. The MF 122 
magnitude also depends on the voltage and current applied to energize the coil29. Solenoid coils 123 
have been used to stimulate magnetically different kind of cells such as HeLa, HEK293 and MCF730 124 
or mesenchymal stem cells31. 125 
 126 
Devices used by different authors have not considered either the adequate size of electrodes or 127 
correct length of the coil to homogeneously distribute both EFs and MFs. Furthermore, devices 128 
generate fixed voltages and frequencies, limiting their use to stimulate specific biological tissues. 129 
For this reason, in this protocol a computational simulation guideline is performed to simulate 130 
both capacitive systems and coils to ensure homogeneous distribution of EFs and MFs over 131 
biological samples, avoiding the edge effect. Additionally, it is shown that the design of electronic 132 
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circuits generate voltages and frequency between the electrodes and the coil, creating EFs and 133 
MFs that will overcome limitations caused by impedance of cell culture well-plates and air. These 134 
modifications will allow the creation of non-invasive and adaptive bioreactors to stimulate any 135 
biological tissue. 136 
 137 
PROTOCOL: 138 
 139 
1. Simulation of EFs and MFs 140 
 141 
NOTE: Simulation of EFs and MFs was performed in COMSOL Multiphysics. 142 
 143 
1.1 Select an axisymmetric 2D configuration to represent both domains electric and 144 
magnetic. 145 
 146 
1.2 In the physic configuration, select either the Electric Current interface to compute EFs in 147 
parallel electrodes or the Magnetic Field interface to compute MFs around coils. 148 
 149 
1.3 In the study configuration, select Frequency Domain to compute the response of a linear 150 
or linearized model subjected to harmonic excitation for one or several frequencies. 151 
 152 
1.4 Once inside the interface to start building the model, follow the next steps according to 153 
the model of the interest. 154 
 155 
1.4.1 Building a model for EFs 156 
 157 
1.4.1.1 Create geometries. In the Model Builder, select Geometry. Then, locate the Units section 158 
and choose mm. On the Geometry Toolbar, select Rectangle and type the dimensions of each 159 
component in the Size and Shape box of the Rectangle Window settings. The geometry is 160 
composed by air, two parallel electrodes, a culture well-plate, culture media and a biological 161 
sample, which in this case is represented by a scaffold of hyaluronic acid – gelatin hydrogel (see 162 
dimensions of each element in Table 1). Once all geometries are built, click Build All Objects. 163 
 164 
1.4.1.2 Create selections. On the Definitions Toolbar, click Explicit to create a selection for the 165 
metal domain. Select the geometries that represent the electrodes. After, right-click on Explicit 166 
1 to rename it. Type Metal in the new label text field.  167 
 168 

1.4.1.2.1 On the other hand, on the Definitions Toolbar, click Complement. Locate the 169 
Input Entities section in the Complement Settings window. Then, under 170 
Selections to invert, click Add and select Metal in the Selections to invert list from 171 
the Add dialog box. Thereafter, right-click in Complement 1 to rename it. Type 172 
Model domain in the new label text field. 173 

 174 
1.4.1.3 Create boundaries. Click Explicit on the Definitions Toolbar. After, locate the Input 175 
Entities section in the Settings window for Explicit and from the Geometric entity level list, 176 
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choose Boundary. Here, select all boundaries for the bottom electrode. Right-click Explicit 2 to 177 
rename it. Type Ground boundaries in the new label text field. Repeat these steps but selecting 178 
all boundaries for the upper electrode. Thereafter, right-click Explicit 3 to rename it. Type 179 
Terminal boundaries in the new label text field. 180 
 181 
1.4.1.4 Add electric currents. In the Model Builder window, under Component 1 click Electric 182 
Currents (ec). Then, locate the Domain Selection section in the Electric Currents Settings 183 
window. From the Selection list, choose Model domain. On the Physics Toolbar, click Boundaries 184 
and choose Ground. After, locate the Boundary Selection section in the Ground Settings window 185 
and choose Ground boundaries from the Selection list.  186 

 187 
1.4.1.4.1 Thereafter, click Boundaries and choose Terminal on the Physics Toolbar. Finally, 188 

locate the Boundary Selection section in the Terminal Settings window and 189 
choose Terminal boundaries from the Selection list; here, locate the Terminal 190 
section and choose Voltage from the Terminal list and type 100 V. 191 

 192 
1.4.1.5 Add materials. Click Add Material on the Home Toolbar to open the Add Material 193 
window. Search air and stainless-steel and add them to the Model Builder window. Then, click 194 
Blank Material on the Home Toolbar and add three new blank materials for culture media, 195 
scaffold (hydrogel) and polystyrene (culture well-plate). 196 
 197 
1.4.1.6 Select a blank material to assign the dielectric properties. Locate the Material Properties 198 
list in the Material settings window and select relative permittivity and electric conductivity from 199 
the Basic Properties option list. The dielectric properties for culture media, hydrogel and culture 200 
well-plate are in Table 2. Repeat this procedure for all blank materials. 201 
 202 
1.4.1.7 Assign each material to the geometries previously built. Select the air material form the 203 
Model Builder window; then, select the domains that correspond to air from the Graphic 204 
window. Repeat this step for all materials created. Make sure that each domain corresponds to 205 
the correct material. To make sure that all materials are correctly assigned, click on each material 206 
from the Model Builder window and observe whether the domains are highlighted in blue within 207 
the Graphic window.  208 
 209 
1.4.1.8 Build mesh. Right-click Mesh 1 in the Model Builder window and select Free Triangular. 210 
Repeat this step by selecting Size. In the Mesh Setting window select Mesh Controlled by the 211 
User from the Sequence Type list. Then, expand the Mesh options in the Model Builder window 212 
and click Size.  213 
 214 
1.4.1.9 Locate Element Size Parameters in the Size Setting window and type 1 mm for maximum 215 
element size, 0.002 mm for minimum element size, 1.1 for maximum item growth rate, 0.2 for 216 
curvature factor and 1 for resolution of narrow regions. Then, expand the Mesh options in the 217 
Model Builder window and click Free Triangular 1. Here, select all domains to be meshed. Finally, 218 
click Build All in the Mesh Setting window. 219 
 220 
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1.4.1.10 Create study. Click Study 1 in the Model Builder window. Then, locate the Study 221 
Settings section in the Study Settings window and clear the Generate default plots check box. 222 
Expand the Study 1 node in the Model Builder window and click Step 1: Frequency Domain. 223 
Finally, locate the Study Settings section in the Frequency Domain Settings window and type 60 224 
kHz in the Frequencies text field. 225 
 226 
1.4.1.11 Calculate study. Click Show Default Solver on the Study toolbar. Then, expand the 227 
Study 1 Solver Configurations node in the Model Builder window. Expand the Solution 1 (sol1) 228 
node in the Model Builder window; thereafter, click Stationary Solver 1 in the Stationary Solver 229 
Settings window and locate the General section and type 1e-6 in the Relative Tolerance text 230 
field. Finally, click Compute on the Study Toolbar. 231 
 232 
1.4.1.12 Plot results. Select Results section on the Home toolbar and add 2D Plot Group. 233 
Then, right-click 2D Plot Group 1 in the Model Builder window and choose Surface. Then, locate 234 
the Data section in the Surface Settings window and select Precursor. After, locate the 235 
Expression section in the Surface Settings window; here, click in the plus (+) symbol to open a 236 
new window and locate the follow route from the selection list (Model - Component 1 – Electric 237 
Currents – Electric). Here, select ec.normE – EF Norm. Finally, click on Graphic in the Surface 238 
Settings window to plot the results.  239 
 240 
1.4.2 Building a model for MFs 241 
 242 
1.4.2.1 Create geometries. In the Model Builder, select Geometry; then, locate the Units section 243 
and choose mm. On the Geometry Toolbar select Rectangle and type the dimensions of each 244 
component in the Size and Shape box of the Rectangle Window Settings. The geometry is 245 
composed by air and cooper (see dimensions of each element in Table 1). Once all geometries 246 
are built, click Build All Objects. 247 
 248 
1.4.2.2 Add materials. Click Add Material on the Home Toolbar to open the Add Material 249 
window. Search air and copper and add them to the Model Builder window. The dielectric 250 
properties for copper are in Table 2. 251 
 252 
1.4.2.3 Create boundaries. Click Magnetics Field on the Model Builder window. Here, locate 253 
Equation list on the Magnetic Fields Settings window and choose Frequency Domain equation 254 
from the Equation Form list. In Frequency list choose From solver. After, locate Ampere’s Law 255 
on the Magnetic Field list in the Model Builder window. In the type 293.15[K] in Temperature, 256 
1[atm] in Absolute Pressure from the Inputs Model list. Then, choose Solid from the Material 257 
type list in the Ampere’s Law Settings window. Make sure that Electric conductivity, Relative 258 
permittivity and Relative Permeability correspond to the From material in the list.  259 
 260 
1.4.2.4 Locate Axial Symmetry on the Magnetic Field list in the Model Builder window. Make 261 
sure that the axial symmetry line is highlighted in both Boundary Selection list and Graphic 262 
window. Then, locate Magnetic Isolation on the Magnetic Field list in the Model Builder window. 263 
Make sure that boundaries from the geometry are highlighted in both Boundary Selection list 264 
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and Graphic window. 265 
 266 
1.4.2.5 Locate Initial Values on the Magnetic Field list in the Model Builder window. Select 267 
geometries previously built and include them in the Domain Selection from the Initial Values 268 
Settings window.  269 
 270 
1.4.2.6 Introduce coil features. Locate Multiple Coil on the Magnetic Field list in the Model 271 
Builder window. Here, selects the geometry that represents the coil and include them in the 272 
Domain Selection from the Multiple Coil Settings window. 273 
 274 
1.4.2.7 Locate the Multiple Coil list on the Multiple Coil Setting window; here, locate Coil 275 
excitation list and select Current; thereafter, type 1[A] in the Coil current list, 450 in the Number 276 
of turns and 6e7[S/m] in the Coil conductivity.  277 
 278 
1.4.2.8 Locate the Coil wire cross-sectional area and choose North American cable diameter 279 
(Brown & Sharpe) from the list and type 18 in the AWG option. Make sure that Relative 280 
permittivity and Relative Permeability correspond to From material in the list. 281 
 282 
1.4.2.9 Build mesh. In the Mesh Setting window select Mesh Controlled by the physics from the 283 
Sequence Type list. After, locate Element Size Parameters in the Mesh Setting window and select 284 
Extremely fine. Finally, select all domains to be meshed and click Build All in the Mesh Setting 285 
window. 286 
 287 
1.4.2.10 Create study. Click Study 1 in the Model Builder window. Then, locate the Study 288 
Settings section in the Study Settings window and clear the Generate default plots check box. 289 
Expand the Study 1 node in the Model Builder window and click Step 2: Frequency Domain. 290 
Finally, locate the Study Settings section in the Frequency Domain Settings window and type 60 291 
Hz in the Frequencies text field. 292 
 293 
1.4.2.11 Calculate study. Click Show Default Solver on the Study toolbar. Then, expand the 294 
Study 1 Solver Configurations node in the Model Builder window. Expand the Solution 1 (sol1) 295 
node in the Model Builder window; thereafter, click Stationary Solver 1 in the Stationary Solver 296 
Settings window and locate the General section and type 1e-6 in the Relative tolerance text field. 297 
Finally, click Compute on the Study Toolbar. 298 
 299 
1.4.2.12 Plot results. Select Results section on the Home toolbar and add 2D Plot Group. 300 
Then, right-click 2D Plot Group 1 in the Model Builder window and choose Surface. Then, locate 301 
the Data section in the Surface Settings window and select Precursor.  302 
 303 
1.4.2.13 Locate the Expression section in the Surface Settings window. Here, click in the 304 
plus (+) symbol to open a new window and locate the follow route from the selection list (Model 305 
- Component 1 – Magnetic Field – Magnetic). Here, select mf.normB – Magnetic flux density 306 
Norm. Finally, click on Graphic in the Surface Settings window to plot the results. 307 
 308 
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2. Design and manufacturing of the electrical and magnetic stimulation devices 309 
 310 
2.1 The electrical stimulator device 311 
 312 
NOTE: It is composed by a circuit based on the Wien Bridge Oscillator and two parallel stainless-313 
steel electrodes. The circuit is a RC oscillator of phase shift, which uses a positive and negative 314 
feedback. The Wien Bridge Oscillator is composed by a lead-lag network, which divides the input 315 
voltage by the combination of two arms of the bridge: a resistor 𝑅5 with a capacitor 𝐶2 in series, 316 
and a resistor 𝑅6 with a capacitor 𝐶3 in parallel (Figure 1A). These components modulate the 317 
frequency of the oscillator. To build the electrical stimulator device follow the next steps:  318 
 319 
2.1.1 Calculate the frequency using the resonant frequency equation (1). 320 
 321 
 322 

𝑓 =
1

2𝜋𝑅𝐶
  (1) 323 

 324 
Where 𝑅 = 𝑅5 = 𝑅6 are resistors and 𝐶 = 𝐶2 = 𝐶3 are capacitors. Both 𝑅 and 𝐶 are placed in 325 
the two arms of the bridge (Figure 1A). Use 𝑅5 = 𝑅6 = 2.6 kΩ and 𝐶2 = 𝐶3 =  1 nF to obtain a 326 
frequency of 60 kHz. Resistors and capacitors may be calculated if a different frequency is 327 
required. 328 
 329 
2.1.2 Design the circuit in such a way that voltage gain of the amplifier automatically 330 
compensates the amplitude changes of the output signal. In Figure 1A it is possible to observe 331 
the scheme of the circuit, while in Table of Materials section are listed the electronic components 332 
to build the circuit. 333 
 334 
2.1.3 Calculate the combination of resistors to generate the four output voltages. As shown in 335 
Figure 1A, use a combination of resistors 𝑅11, 𝑅12, 𝑅13 and 𝑅14 (equivalent resistance of 154 Ω) 336 
to generate a voltage of 50 Vp-p; resistors 𝑅17, 𝑅18 and 𝑅19 in series (equivalent resistance of 337 
47,3 Ω) to obtain a voltage of 100 Vp-p; resistors 𝑅9 and 𝑅10 in series (equivalent resistance of 338 
25,3 Ω) to generate a voltage of 150 Vp-p; and a combination of resistors 𝑅15 and 𝑅16 (equivalent 339 
resistance of 16,8 Ω) to obtain a voltage of 200 Vp-p. 340 
 341 
2.1.4 Use a transistor (TIP 31C) and a ferrite core transformer to implement a signal 342 
amplification stage. A toroidal ferrite core was used to wind an AWG 24 copper wire, completing 343 
a relation 1:200. Use two capacitors (𝐶4 and 𝐶5) of 100 nF in parallel before the transformer to 344 
rectify the signal (Figure 1A). 345 
 346 
2.1.5 Prepare the PCB using a third-party PCB manufacturing service. The schematic diagram of 347 
the circuit is provided in Figure 1. Place all components on the PCB with antistatic tweezers. Use 348 
tin solder and soldering iron to solder all components. 349 
 350 
2.1.6 Manufacture a plastic case with input connectors to protect the circuit. Implement three 351 
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input connectors to energize the circuit (12 V, -12 V and ground). Use two input connectors to 352 
connect the electrodes. Include three switches to change the resistors combination to obtain the 353 
four output voltages. Assemble the electronic circuit into the plastic case (Figure 1B). 354 
 355 
2.1.7 Manufacture two parallel stainless-steel electrodes (200 x 400 x 2 mm) and solder input 356 
connectors to each edge. The electrodes are located over Teflon or acrylic supports to eliminate 357 
any contact with the metal surface of the incubator (Figure 1C). 358 
 359 
2.1.8 Use an autoclave at 394.15 K (121 °C) for 30 minutes to sterilize the electrodes and use 360 
ultraviolet over night to sterilize the wires that are in contact with the incubator. 361 
 362 
2.1.9 Test the electrical stimulation device. Adjust the power supply in series to generate an 363 
output voltage of +12 V and -12 V between the ground and positive and negative terminals. Verify 364 
the output voltage of the power supply with a multimeter. Connect each output of the power 365 
supply in the correct input of the electrical stimulator (+12 V, -12 V and ground). Connect each 366 
electrode in the correct input connector of the electrical stimulator. The polarity is not important, 367 
as we are working on AC current. Place a culture well-plate between of the electrodes and verify 368 
the output signal with an oscilloscope. Adjust the switches of the electrical stimulator to generate 369 
the four output voltages (50, 100, 150 and 200 Vp-p). 370 
 371 
2.1.10 Safety recommendations. To avoid any issue when transferring or removing the 372 
electrodes from the incubator make sure that cables are not tangled. Disconnect cables from the 373 
oscillator before removing the electrodes from the incubator. Never place the electrodes without 374 
the acrylic or Teflon supports. 375 
 376 
2.2 The magnetic stimulator device 377 
 378 
2.2.1 Estimate the number of turns to guarantee a homogeneous MF inside the coil using the 379 
equation (2), that describes the MF inside a solenoid coil. 380 
 381 
 382 

𝐵𝑖𝑛𝑡 =
𝜇0𝑁𝐼

ℎ
 (2) 383 

 384 
where 𝜇0 is the magnetic permeability of the vacuum (4𝜋𝑥10−7), N is the number of turns of the 385 
copper wire, I is the current, and h, which should be greater than its diameter, is the length of 386 
the solenoid coil.  387 
 388 
2.2.2 Determine the number of turns by choosing a length (h) of 250 mm, current of 1 A and a 389 
𝐵𝑖𝑛𝑡 = 2𝑚𝑇.  390 
 391 
2.2.3 Manufacture the coil. Build a polyvinyl chloride (PVC) tube with a length of 250 mm and 392 
a diameter of 84 mm to wind an AWG 18 copper wire completing 450 turns (Figure 2A). 393 
Dimensions were chosen based on the available space inside the incubator.  394 
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 395 
2.2.4 Manufacture a cell culture well-plate support. Build a polymethyl methacrylate (PMMA) 396 
support to ensure that well-plates of 35 mm were always located in the middle of the coil where 397 
MFs are homogeneous (Figure 2A). 398 
 399 
2.2.5 Manufacture a transformer to increase the current of the circuit. Build a transformer with 400 
an output of 1 A - 6 V AC to reach a maximum MF of 2 mT. The input voltage of the transformer 401 
was 110 V AC at 60 Hz. These parameters correspond to the output voltage and frequency of a 402 
South America outlet. 403 
 404 
2.2.6 Connect the circuit. The transformer is connected directly to the outlet. Use a variable 405 
resistor (rheostat) to vary the current and generate MFs from 1 to 2 mT. Connect a fuse to protect 406 
the circuit (Figure 2B). 407 
 408 
2.2.7 Use ultraviolet over night to sterilize the wires that are in contact with the incubator. 409 
Wrap the coil with transparent stretch film and use ethanol to sterilize the coil. 410 
 411 
2.2.8 Test the MF device. Use a teslameter to measure the MF magnitude inside the coil. The 412 
teslameter probe was located in the center of the coil, allowing the measurement of MFs and 413 
currents simultaneously. 414 
 415 
2.2.9 Vary the MF magnitude. Use a rheostat to modify the resistance of the circuit (Figure 2B). 416 
A resistance value of 0.7 Ω was used to generate MFs of 1 mT. 417 
 418 
2.2.10 Safety recommendations. To avoid any issue when transferring or removing the solenoid 419 
from the incubator make sure that cables are not tangled. Disconnect cables from the 420 
transformer before removing the solenoid from the incubator. Never place the solenoid without 421 
the PMMA support. Firmly grasp both PMMA support from the base and the solenoid when 422 
transferring or removing from the incubator. 423 
 424 
REPRESENTATIVE RESULTS:  425 
Computational simulation 426 
Distributions of EFs and MFs are shown in Figure 3. On the one hand, it was possible to observe 427 
the homogeneous distribution of EFs in the capacitive system (Figure 3A). The EF was plotted to 428 
observe in detail the magnitude of the field inside the biological sample (Figure 3B). This 429 
simulation was useful to parametrize the size of the electrodes and manufacture them to avoid 430 
the edge effect. On the other hand, it was possible to observe the homogeneous distribution of 431 
MFs generated by the solenoid coil (Figure 3C). The MF was plotted to observe in detail the 432 
magnitude of the field inside the coil (Figure 3D). This simulation was important measure the 433 
distance where the MF is the same and build the PMMA support. This support ensures a 434 
homogeneous distribution of the MF not only in the center of the coil, but also in the biological 435 
samples to be stimulated. 436 
 437 
Signals generated by electrical and magnetic stimulators 438 
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Output signals generated by electrical stimulator are shown in Figure 4. It is relevant to highlight 439 
that signals captured by the oscilloscope were directly taken in the electrodes, as whether the 440 
measurement is taken directly to the output cables, the voltages will be higher (Figure 4A). This 441 
voltage variation is given by the capacitance of electrodes. The output voltage oscillates in a 442 
range of ± 5V at 60 kHz; for instance, the output signals were 54.9 Vp-p (Figure 4B), 113 Vp-p 443 
(Figure 4C), 153 Vp-p (Figure 4D) and 204 Vp-p (Figure 4E) for 50, 100, 150 and 200 Vp-p, 444 
respectively. 445 
 446 
The output signal generated by the magnetic stimulator is shown in Figure 5. The signal captured 447 
by the oscilloscope were directly taken in the output cables of the coil (Figure 5A). The output 448 
voltage oscillates in range of ± 15V p-p at 60 Hz (Figure 5B). 449 
 450 
Figure 1.  Electrical stimulation device. A) Circuit that generates tensions of 50, 100, 150 and 200 451 
Vp-p at 60 kHz sine wave-form. B) Printed circuit board within the case. C) Electrodes inside the 452 
incubator. 453 
 454 
Figure 2. Magnetic stimulation device. A) Schematic representation of the magnetic stimulator 455 
device and the PMMA support. B) Circuit to generate the MFs. 456 
 457 
Figure 3. Computational simulation of EFs and MFs. A) Distribution of EFs inside and outside the 458 
capacitive system. B) Distribution of EFs within the hydrogel, the region of interest is indicated in 459 
a red detail. C) Distribution of MFs inside and outside the coil. D) Distribution of MFs in the center 460 
of the coil, the region of interest is indicated in a red detail. 461 
 462 
Figure 4. Sinusoidal signal generated by electrical stimulator. A) Signal verification generated by 463 
the electrical stimulator. B) Signal at 50 Vp-p. C) Signal at 100 Vp-p. D) Signal at 150 Vp-p. E) Signal 464 
at 200 Vp-p. All measurements oscillate in a range of ± 5V at 60 kHz. 465 
 466 
Figure 5. Sinusoidal signal generated by the magnetic stimulator. A) Signal verification 467 
generated by the magnetic stimulator. B) Signal at 15 Vp-p at 60 Hz. 468 
 469 
Table 1. Dimension of geometries that compose electric and magnetic systems. 470 
 471 
Table 2. Dielectric properties of elements that compose electric and magnetic systems. 472 
 473 
DISCUSSION: 474 
Treatments used to heal different pathologies that affect human tissues are pharmacological 475 
therapies32 or surgical interventions33, which seek to relieve pain locally or replace affected 476 
tissues with explants or transplants. Recently, autologous cell therapy has been proposed as an 477 
alternative therapy to treat injured tissues, where cells are isolated from patient and expanded, 478 
through in vitro techniques, to be implanted at the site of the injury34. Given that autologous cell 479 
therapy has demonstrated to have direct influence over tissue recovery, different strategies has 480 
been developed to increase the effectiveness of this technique. For instance, biophysical stimuli 481 
have been used as a non-invasive alternative therapy to stimulate several types of biological 482 
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samples, modulating cell functionality by improving cell proliferation and molecular 483 
synthesis35,36. Among the most used biophysical stimuli, electrostimulation and magnetotherapy 484 
have been widely applied to stimulate cells, tissue explants and scaffolds. It has been evidenced 485 
that electrostimulation reduces pain and increases healing processes of several tissues37. 486 
Regarding the magnetotherapy, it has been described that this stimulus improves integration of 487 
implants with host tissues, accelerates healing processes, relieves pain locally and increases scar 488 
strength8,38.  489 
 490 
Considering the mentioned above, the combination of biomaterials, cell culture and external 491 
biophysical stimuli such as EFs and MFs, at in vitro level, has been introduced in tissue 492 
engineering as an alternative therapeutic technique to heal injured tissues8,39. However, finding 493 
a bioreactor that helps to stimulate different tissues, whether healthy or affected by traumatic 494 
pathologies, is a challenge. In this context, the present protocol aims to develop both electrical 495 
and magnetic stimulators. Currently, there are two possible schemes for applying EFs. The first 496 
method consists of generating EFs through direct coupling systems, which are used to evaluate 497 
cell migration and orientation40-42. However, there are limitations such as alterations in 498 
biocompatibility of the cell culture medium by electrodes in contact, possible changes in pH and 499 
molecular oxygen levels1. Additionally, direct coupled stimulation cannot amplify high-frequency 500 
signals. The output tends to vary with time, generating supply voltage changes. It has little 501 
temperature stability, due to this its operating points change and at low frequencies the capacitor 502 
fails and acts as an open circuit43. Considering these limitations, the second method was 503 
implemented, where external parallel electrodes were used. This indirect coupling system 504 
method has evidenced an increase in cell proliferation and molecular synthesis3,7,17,22,44,45; 505 
however, the devices developed by different authors have not considered the size of electrodes 506 
to distribute homogeneously EFs. For instance, devices generate fixed voltages and frequencies, 507 
limiting their use in stimulating specific cells and tissues. Accordingly, in this study the size of the 508 
electrodes was modelled to ensure a homogeneous distribution of EFs over biological tissues. In 509 
addition, a circuit was designed to generate a frequency and high voltages between electrodes, 510 
creating different EFs that overcome the limitations caused by the impedance of cell culture well-511 
plates and air.  512 
 513 
Solenoid coils are versatile devices that can be used to stimulate biological samples within the 514 
incubator, allowing that atmospheric conditions remain stable without affecting physiological 515 
features of biological samples. This advantage elucidates that solenoid coils are feasible 516 
alternatives more than Helmholtz coils, as these need to be bigger in size, preventing stimulation 517 
inside incubators46. Stimulation of biological samples outside the incubator can lead in several 518 
issues such as cell culture contamination, cell stress, pH changes of culture media, among others. 519 
Given that different stimulator devices have been developed to stimulate several cell types and 520 
tissues24-27, it is relevant to build devices where MF intensities can be varied to stimulate a wide 521 
range of biological samples29,30. Accordingly, in this protocol the magnetic stimulator is 522 
connected to a rheostat, which can vary the current that flows through the solenoid by modifying 523 
their resistance and current, parameters that are directly related to the generation of MFs. 524 
Another important feature to consider at the moment of building magnetic devices is the 525 
distribution of MFs. Here, a computational simulation was used to simulate the MF distribution 526 
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inside the solenoid coil. This simulation allowed to calculate the number of turns of the copper 527 
wire and the length of the coil to generate homogeneous MFs in the middle of the coil. The 528 
computational simulation is a useful tool to calculate the number of biological samples to be 529 
stimulated, ensuring that all samples receive the same field strength47.  530 
  531 
The biophysical stimulators developed in this protocol have some limitations. First, the electronic 532 
circuit designed for electrical stimulator generates four output voltages at a specific frequency. 533 
Although the circuit overcome the limitation of generating high voltages between electrodes1, it 534 
could be improved to generate variable voltages and frequencies. The circuit can be modified to 535 
generate different frequencies just calculating either resistors or capacitors using equation (1); 536 
however, it is possible to use variable resistors to vary manually the resistor value. Similarly, a 537 
variable resistor may be use in the amplification stage of the circuit to vary the output voltage. 538 
Second, the electronic circuit of the electrical stimulator generates sinusoidal signals. It would be 539 
useful to generate different kind of signals such as square, triangular, trapezoidal and ramp, as 540 
these types of signals could be used to stimulate a wide range of cells and biological samples48,49. 541 
To generate different type of signals, the operational amplifier can be replaced by a monolithic 542 
function generator, which can produce high quality waveforms of high-stability and accuracy with 543 
low amplitude, and the amplification stage can be replaced by a non-inverting operational 544 
amplifier or a stage with NPN transistors. Third, even though the magnetic stimulator generates 545 
small MF magnitudes, it has been evidenced that these intensities have direct impact over 546 
dynamics of biological samples24,28,30,38; however, the magnetic device could be improved to 547 
generate variable MFs and frequencies to stimulate a wide range of biological tissues29.  548 
 549 
Overall, this protocol is a useful tool which provides a technological contribution to the scientific 550 
community that works on biophysical stimulation of biological tissues. These devices will allow 551 
researchers to use EFs and MFs to stimulate the function of healthy biological tissues or those 552 
altered by a particular pathology. Considering this in further in vivo studies, different parameters 553 
and variables such as electrodes size, number of turns of the coil, stimuli strength and stimulation 554 
times would be determined to homogeneously distribute both EFs and MFs in animals such as 555 
pigs, calves, guinea pigs or rabbits. Additionally, bioreactors designed in this protocol can be 556 
extrapolated to clinical settings to improve regenerative techniques such as autologous cell 557 
implantation. Here, bioreactors can play an important role by stimulating biological samples, at 558 
the in vitro level, to improve the cellular and molecular features of cells, tissues and scaffolds 559 
before being implanted in the patient. 560 
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System
Compon

ents

Width 

(mm)

Height 

(mm)

Air 100 100
Electrode

s
50 5

Well-

plate
7 20

Hydrogel 3.5 3.5

Culture 

media
6 8

Air 500 600

Coil 2 250

Electrical 

system 

Magnetic 

system
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System
Compon

ents

Relative 

Permittiv

ity (ε)

Conducti

vity (σ)

Air 1 0
Electrode

s
1

1.73913 

[MS/m]
Well-

plate
3.5

6.2E-9 

[S/m]

Hydrogel 8.03E+03
7.10E-2 

[S/m]

Culture 

media
2.67E+04

7.20E-2 

[S/m]

Magnetic 

system
Coil 1

5.998E7[

S/m]

Electrical 

system 
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System Name of Material/Equipment Company Catalog Number Comments/Description Quantity

Operational amplifier Motorola LF-353N ---- 1

22 kΩ 1

10 kΩ 3

2.6 kΩ 2

2.2 kΩ 1

1 kΩ 1

220 Ω 2

22 Ω 5

10 Ω 1

6.8 Ω 1

3.3 Ω 2

1 nF 2

100 nF 3
VHF Band Amplifier Transistor 

JFET
Toshiba 2SK161 ---- 1

Power transistor BJT NPN Mospec TIP 31C ---- 1

Zener diode Microsemi 1N4148 ---- 1

Switch
Toogle 

Switch
SPDT - T13 ---- 3

Toroidal ferrite core Caracol ---- T*22*14*8 1

Cooper wire Greenshine ---- AWG – 24 1
Relimate header with female 

housing
ADAFRUIT ---- 8 pin connectors 1

Relimate header with female 

housing
ADAFRUIT ---- 2 pin connectors 1

Female plug terminal connector JIALUN ----
4mm Lantern Plugs (Plug 

+ Socket) 15 A
5

Aluminum Heat Sink AWIND ---- For TIP 31C transistor 1

Led CHANZON ---- 5 mm red 1

---- ----

---- ----

Electrical stimulator

Resistors

Polyester capacitors
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Integrated circuit socket 

connector

Te 

Electronics 

Co., Ltd.

---- Double row 8-pin DIP 1

3 pin connectors set STAR ---- JST PH 2.0 3

2 pin screw connectors STAR ---- For PCB 1

3 pin screw connectors STAR ---- For PCB 1

Banana connector test lead JIALUN ---- P1041 - 4 mm - 15 A 7

Bullet connectors to banana plug 

charge lead 
JIALUN ----

4 mm male-male/female-

female adapters - 15 A
1

Case ---- ---- ABS 1

Electrodes ---- ---- Stainless – steel 2

Electrode support ---- ---- Teflon 2

Printed circuit board --- 1

Cooper wire Greenshine ---- AWG – 18 1

AC power plugs ---- ---- 120 V AC – 60 Hz 1
Banana female connector test 

lead
JIALUN ----

1Set Dual Injection - 4 mm 

– 15 A
2

Banana male connector test lead JIALUN ----
1Set Dual Injection - 4 mm 

15 A
2

Cell culture well plate support ---- ---- PMMA 1

Fuse Bussmann 2A ---- 1

Transformer ---- ---- 1A – 6 V AC 1

Tube ---- ---- PVC 1

Variable rheostat MCP BXS150 10 Ω 1

Digital Oscilloscope Rigol DS1104Z Plus
100 MHz, bandwidth, 4 

channels
1

Digital multimeter Fluke F179

Voltage CC – CA (1000 V). 

Current CC – CA 10 A. 

Frequency 100 kHz

1

2 x 0 - 30 V / 0 - 5 A CC / 5 

V / 3 A fijo
1PeakTech DG 1022Z

Electrical stimulator

Magnetic stimulator

General equipment

Digital dual source 



Reviewers' comments: 
 

The authors want to thank the reviewers for their constructive comments. The manuscript has been 

thoroughly revised; thus, we believe it has greatly improved. Please note that corrections are 

highlighted in yellow within the manuscript. 

 

Reviewer #1 
 

Major Concerns: 

 

1. In Figure 3: 

1.1. In figure A), indicate where the electrodes are and in which region is the Distribution of EFs 

within the hydrogel, used in graph B). 

 

R// We have indicated the electrodes and the hydrogel on figure 3A. Moreover, we added a red 

detail with the region of interest in figures 3B and 3D.    

 

1.2. Are the y-axes of A) and C) correct? Shouldn't it be height (mm)? 

 

R// We have modified the y-axes titles in figures 3A and 3C. 

 

1.3. What are the units of the colour bars? 

 

R// We have added the units of the colour bars in figures 3A and 3C. 

 

1.4. It is not possible to understand in graph D) which region the Distribution of MFs is in the 

center of the coil of Figure C) was used, please indicate it. 

 

R// We have added a red detail with the region of interest in figures 3B and 3D. 

 

1.5. Is the x axis of D) correct? Shouldn't it be height (mm)? Adjust the x axis of figure D to the 

zero be in the center, do it similar to that of figure C. 

 

R// We have changed the x-axis title in figure 3D and adjusted the x-axis to the zero be in the center. 

 

Minor Concerns: 

1) Is reference [43] correct? Where does it say that the capacitor acts as a short circuit at low 

frequencies? 

 

R// It is our mistake. According to reference [43], the capacitive reactance is proportional to the 

inverse of the frequency. At higher frequencies, the capacitive reactance approaches zero, making 

a capacitor behave like a wire or a short circuit. At lower frequencies, the capacitive reactance 

approaches infinity, it acts as an open circuit. Therefore, we corrected the phrase in the manuscript. 

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Reviewers
comments.docx
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“Additionally, direct coupled stimulation cannot amplify high-frequency signals. The output tends to 

vary with time, generating supply voltage changes. It has little temperature stability, due to this its 

operating points change and at low frequencies the capacitor fails and acts as an open circuit [43].” 

 

2) Please, correct the phrase "In addition, a circuit was 433 designed to generate high voltages 

and frequencies between electrodes, creating different EFs 434 that overcome the limitations 

caused by the impedance of cell culture well-plates and air.", because circuit generates only one 

frequency. 

 

R// Considering your comment, we have corrected the phrase within the manuscript. 

 

“In addition, a circuit was designed to generate a frequency and high voltages between electrodes, 

creating different EFs that overcome the limitations caused by the impedance of cell culture well-

plates and air.” 

 

3) Please, correct the phrase "464 [49]. To generate different type of signals, the operational 

amplifier can be replaced by a 465 monolithic function generator, which can produce high quality 

waveforms of high-stability and 466 accuracy. ", considering the circuit output transformer (figure 

01) works with sine waves, but distorts other types of waves (square, triangular, sawtooth, ...) 

 

R// Considering the circuit output transformer, we have corrected the phrase within the manuscript.      

  

“To generate different type of signals, the operational amplifier can be replaced by a monolithic 

function generator, which can produce high quality waveforms of high-stability and accuracy with 

low amplitude, and the amplification stage can be replaced by a non-inverting operational amplifier 

or a stage with NPN transistors.” 

Reviewer #2 
 

Major Concerns: 

None 

 

Minor Concerns: 

1) In the first paragraph of the introduction, it would be good if the authors could comment on 

the disadvantage of using direct electrode stimulation while highlighting the benefits of non-

invasive strategy to stimulate biological samples. 

 

R// Considering your comment, we have modified the first paragraph of the introduction. 

 

“Regarding the devices to generate EFs, direct coupling stimulators use electrodes that are in contact 

with biological samples in vitro or implanted directly into tissues of patients and animals in vivo2, 

however, there are still limitations and deficiencies that include insufficient biocompatibility by the 

electrodes in contact, changes in the pH and molecular oxygen levels1. On the contrary, indirect 

coupling devices generate EFs between two electrodes, which are placed in parallel to biological 

samples3, allowing a non-invasive alternative technique to stimulate biological samples and avoiding 



direct contact between tissues and electrodes. This type of devices can be extrapolated to future 

clinical applications to perform procedures with a minimal invasion to the patient.” 

 

2) The second paragraph is too vague, as it just cites the examples of what others have done 

instead of focusing on what is lacking in their system and how your device tries to address these 

limitations. 

 

R// We have mentioned the features of different electric field devices and the results of stimulation 

in the second paragraph of the introduction. The limitations are in the final paragraph of the 

introduction, and we wrote briefly how our protocol tries to address these limitations. 

 

“Devices used by different authors have not considered either the adequate size of electrodes or 

correct length of the coil to homogeneously distribute both EFs and MFs. Furthermore, devices 

generate fixed voltages and frequencies, limiting their use to stimulate specific biological tissues. For 

this reason, in this protocol a computational simulation guideline is performed to simulate both 

capacitive systems and coils to ensure homogeneous distribution of EFs and MFs over biological 

samples, avoiding the edge effect. Additionally, it is shown the design of electronic circuits that 

generate voltages and frequency between electrodes and coil, creating EFs and MFs that will 

overcome the limitations caused by impedance of cell culture well-plates and air. These 

modifications will allow the creation of a non-invasive and adaptive bioreactors to stimulate any 

biological tissue.” 

 

3) In the methods, it will be better if the authors describe how the electrodes and wires will be 

sterilized before placing them in the incubator. Also, please mention the safety considerations to 

bear in mind when transferring/removing the setup from the incubator. 

 

R// Considering your comment, we have mentioned how the electrodes and wires will be sterilized.  

 

“2.1.8 Use an autoclave at 394.15 K (121 °C) for 30 minutes to sterilize the electrodes and use 

ultraviolet over night to sterilize the wires that are in contact with the incubator.” 

 

“2.2.7 Use ultraviolet over night to sterilize the wires that are in contact with the incubator. The 

coil is wrapped with transparent stretch film and use ethanol to sterilize the coil.” 

 

“2.1.10 Safety recommendations. To avoid any issue when transferring or removing the electrodes 

from the incubator make sure that cables are not tangled. Disconnect cables from the oscillator 

before removing the electrodes from the incubator. Never place the electrodes without the acrylic or 

Teflon supports.” 

 

2.2.10 Safety recommendations. To avoid any issue when transferring or removing the solenoid 

from the incubator make sure that cables are not tangled. Disconnect cables from the transformer 

before removing the solenoid from the incubator. Never place the solenoid without the PMMA 

support. Firmly grasp both PMMA support from the base and the solenoid when transferring or 

removing from the incubator. 



4) In the discussion, it would be good, if the authors could comment on how this setup can be 

modified to function in an in vivo setting, such as for the stimulation of small/large animal models. 

 

Considering your comment, in the discussion we added how this setup can be modified to function 

in an in vivo setting. 

 

“Overall, this protocol is a useful tool which provides a technological contribution to the scientific 

community that works on biophysical stimulation of biological tissues. These devices will allow 

researchers to use EFs and MFs to stimulate the function of healthy biological tissues or those altered 

by a particular pathology. Considering this in further in vivo studies, different parameters and 

variables such as electrodes size, number of turns of the coil, stimuli strength and stimulation times 

would be determined to homogeneously distribute both EFs and MFs in animals such as pigs, calves, 

guinea pigs or rabbits. Additionally, bioreactors designed in this protocol can be extrapolated to 

clinical settings to improve regenerative techniques such as autologous cell implantation. Here, 

bioreactors can play an important role by stimulating biological samples, at the in vitro level, to 

improve the cellular and molecular features of cells, tissues and scaffolds before being implanted in 

the patient.” 

 



Editorial and production comments: 
 

Changes to be made by the Author(s) regarding the written manuscript: 
 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 

no spelling or grammar issues. 

 

R// The authors want to thank the editor for their constructive comments. The manuscript has been 

thoroughly revised; thus, we believe it has greatly improved.  

 

2. Please revise the following lines to avoid previously published work: 49-52, 412-414, 419-421, 

426-428. 

 

R// Considering your comment, we modified the phrases in the manuscript. Please note that 

corrections are highlighted in yellow within the manuscript. 

 

49-52 

“This computational model is a promising tool that can modify parameters such as voltages, 

frequencies, tissue morphologies, well plate types, electrodes and coil size to estimate the EFs and 

MFs to achieve a cellular response.” 

 

412-414 

“Considering the mentioned above, the combination of biomaterials, cell culture and external 

biophysical stimuli such as EFs and MFs, at in vitro level, has been introduced in tissue engineering 

as an alternative therapeutic technique to heal injured tissues.” 

 

419-421 

“However, there are limitations such as alterations in biocompatibility of the cell culture medium by 

electrodes in contact, possible changes in pH and molecular oxygen levels.” 

 

426-428 

“Considering these limitations, the second method was implemented, where external parallel 

electrodes were used. This indirect coupling system method has evidenced an increase in cell 

proliferation and molecular synthesis.” 

 

3. For in-text formatting, corresponding reference numbers should appear as numbered 

superscripts after the appropriate statement(s). 

 

R// Considering your comment, we modified the reference numbers. Please see the manuscript. 

 

4. The Protocol should be made up almost entirely of discrete steps without large paragraphs of 

text between sections. Please simplify the Protocol so that individual steps contain only 2-3 

actions per step and a maximum of 4 sentences per step. 
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R// The protocol was modified so that individual steps contain few actions. However, some steps 

contain more than 2-3 actions because the steps have details to perform the computational 

simulation.   

 

5. Please spell out the journal titles. 

 

R// The journal titles were modified. Please see the manuscript. 

 

Changes to be made by the Author(s) regarding the video: 
 

1. As the narration and the written article are in English, can the screenshots (1:53, 6:18, etc.) be 

presented in English? If possible, please do so. 

 

R// Unfortunately, the licensed software is in Spanish language, it is not possible to do this change. 

 

2. Please increase the homogeneity between the video and the written manuscript. Ideally, all 

figures in the video would appear in the written manuscript and vice versa. The video and the 

written manuscript should be reflections of each other. 

 

R// The figures in the written manuscript were added in the video. 

 

3. Furthermore, please revise the narration to be more homogenous with the written manuscript. 

Ideally, the narration is a word for word reading of the written protocol. 

 

R// Although video producers allowed to perform minor changes in the video, unfortunately, it is 

not possible to do this change because it requires to record our voices again and we do not have 

more financial resources to rent the equipment and produce the video again. 

 

4. Add the title graphics for the speakers at the end, even though they spoke earlier. 

 

R// The title graphics were added for the speakers at the end. 

 


