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Abstract: The Technology Assisted Science, Engineering and Mathematics (TASEM) learning, with major focus on 

innovations in the use of technology to explain new and complicated concepts rather than on education research, goes far 

beyond the conventional demos of van de Graaf (VDG) generators to introduce programmable Lego-based VDG 

(PLVDG) for the first time. The PLVDG modules explain underlying concepts of micro- and nano-systems in a fun and 

fascinating way as evident from the level of interest seen in over 2000 learners at K-12, undergraduate and graduate levels 

during 2000-2010. The interest in PLVDG seems to be strongly related to the fact that the learners can design, build, 

program and explore PLVDG using different pulley & belt materials and a palm-size robot. The generated voltages are 

in the range of 5 – 35 kV depending upon humidity and pulley speed. Sensors of positive and negative charges have also 

been developed using NMOS and PMOS switches embedded in LEGO-like bricks. Several new experiments are reported 

in this paper focusing on learning of a number of areas including materials, engineering (EE & ME), computers, and 

microsystems.  

  
I. INTRODUCTION 

The prevalence of new technologies in old and new consumer products emphasizes the need to explain to both the formal 

and informal learners about (a) technologies that are in the market today as well as those that will be there in near future 

and (b) how these technologies are used to build micro- and nano-systems. As the explanation of the underlying concepts 

in new technologies can be very challenging, traditionally efforts to increase impact of informal as well as formal learning 

techniques have focused on a restructuring of school science around real-world problems [1], inquiry based studies 

[2][3][4][5] including Design-Based Science (DBS) [6][7][8][9][10][11][12][13][14][15] and Learning By Design (LBD) 

[16][17][18], Augmented Reality (AR) [19][20][21][22][23][24][25], and Technology Assisted Science, Engineering and 

Mathematics (TASEM) [26][27][28]. A unique feature of the TASEM program is that it, encompassing number of 

inquiry-based hands-on ideas, focuses on current and future technologies capable of dealing with a variety of learning 

concepts and environments [29][30][31][32][33][34][35][36][37][38][39].  

Wall-climbing robots [40]  and Microsystems courses have also been developed [41][42]. Because TASEM [26][27][28] 

is based on technology, it can address (a) technological learning issues in a unique way and (b) attempt very difficult and 

dry topics. One example is the explanation of a microcontroller (µC), its building blocks, and their fabrication/operation. 

Recently, intriguing aspect of Functionalized Bricks with Embedded Intelligence (FBEI) have focused on creative aspects 

of K-16 education [43][44]. Commercially available VD Graaf (VDG) generators are available for STEM learning but 

users, in most cases, can’t modify or build them. 

This paper focuses on design, fabrication and testing of programmable LEGO VDG generators for innovative STEM 

education. Concepts discussed are (a) design of VDG, (b) miniaturization, (c) static charge sensors, (d) energy scavenging 

from static charges, (e) VDG designs and miniaturization, (f) VDG discharge currents measurement, and (g) 

demonstration of microsystems operational princilpes. Such research-oriented education ideas are unique in the world 

[44].  

 

II. VDG BASICS 

The VDG generator, developed in 1929  [45], is the twentieth century's contribution to the lineage of static electricity. In 

1933, VDG machine, that produced 1 million volts, was only a few feet tall [45]. VDG generators have been used in the 

fields of nuclear research [46][47][48] and medical radiations [49]. VDG Generators have also been used for fun and 

science experiments. A Frankenstein demonstration [50], induction and repulsion with soap bubbles [51], and candle on 

a VDG [52] are some examples of early experiments.  

 A VDG is an electrostatic machine which uses a moving belt to generate very high voltages (in the range of 5 – 35 

thousand volts for toy VDG and up to 14 million volts for commercial VDG) on a hollow metal globe. Fig. 1 shows how 
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the positive and negative charges are separated and transferred to globe and the ground electrode, respectively. For 

example, if the lower pulley is made of ebonite or Teflon the process of rubbing will make it negative inducing a positive 

charge on the outside surface of the belt. As the belt moves up it brings the positive charge to the brush that picks it up 

through sparking. Because the like-charges repel each other they move to the outside surface of the globe (which is made 

from a conducting material such as a metal) where there is a larger surface area available making it possible for them to 

stay away from each other as shown in Fig. 1 (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If the upper pulley is made from leather or nylon, a similar process will transfer negative charge to the negative electrode, 

usually connected to ground.  
   The charges on the globe lead to an electrostatic voltage which depends on humidity level, pulley materials, belt 

speed and globe size.  There is a theoretical maximum potential to which a VDG dome can be raised [53]. 

For the first time, this paper reports the design, fabrication, and testing of toy VDG generators using plastic bricks, like 

LEGO. Except for belt, the pulleys and globe, which are custom made to fit the LEGO brick construction, all parts are 

made using commercially available bricks, plates, beams, axles, LEGO motors, and Robotics Invention System. Fig. 1 

shows the first version of a robotic VDG.  

 

III. MACRO, MICRO AND NANO STRUCTURES 

Fig. 2 shows dimensions and miniaturization concepts that are important for miniaturization of VDGs as shown in Fig. 

3. It is interesting to look at a broader definition of small structures with unusual properties. While the minimum 

conductive lengths in transistors in the latest microprocessors 

are at 5 nm level, these lengths in future processors are expected 

to be less than this. Can such lengths get smaller than 1 nm? Is 

it possible to define physical properties for particles at 1 nm or 

smaller? At such small length scales it is also important to 

consider the number of atoms. For the calculation of density of 

atoms in a particle of cubic shape, it is assumed that there is one 

atom in the cube if its dimension is 100 pm. As one needs a 

certain minimum number of atoms in a particle to calculate its 

physical properties, an important question is: At what smallest 

level, length or number of atoms, it becomes impossible to 

define the physical properties? It is found that if the particle size 

is less than approximately 1-2 nm or 1000 – 2000 pm, the 

physical properties cannot be defined. Based on number of 

atoms in a particle, the structures with dimensions around 1000 

pm or less can be defined as pico-structures and the technology 

needed to fabricate them as pico-technology (see Fig. 2).  
As shown in Fig. 3, this research developed VDGs of different sizes that use LEGO based structures that were all tested 

and demonstrated to K-12 audiences during 2005 – 2016. To create excitement, soap bubbles were used (as shown in Fig. 

Fig. 2 Dimensions and miniaturization. 

Fig. 1 VDG details; (a) schematic, (b) RCX LEGO based VDG, and (c) NXT & EV3 robots. 

(c) 
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4). The bubbles were charged by VDGs and if they carry similar charges, they repel one another. Fig. 3 shows internal 

components, miniaturization, and testing of VDG generators.  

 

III.1 Computer Switches Sense Positive and Negative Charges: The NMOS and PMOS switches can also help study 

static charges and understand their adverse effects on microcontrollers and microprocessors. For example, static charges 

generated on the human body present in a car can damage car’s computer circuits and make it non-functional even if its 

engine and other mechanical parts are still functional.  

 The mightiest display of static charges is found 

in lightening. For the first time, the TASEM 

program uses Programmable Lego-based Van de 

Graaff (PLVDG) generators to learn about static 

charges, NMOS and PMOS switches, static charge 

sensors, system design and fabrication, and micro-

structures. The PLVDG modules explain the 

underlying concepts of micro- and nano-systems 

in a fun and fascinating way as evident from the 

level of interest seen in over 10,000 learners at K-

12, undergraduate and graduate levels during 

2000-202.   

 A microcontroller is a computer chip that is the 

brain of today’s consumer products including 

those based on micro- and nano-systems.  It is a 

computer-on-a-chip suitable for applications that 

require high integration, low power consumption, 

and low cost.  

 An electrostatic switch, called an MOS (Metal 

Oxide Semiconductor) transistor, is the basic 

building block of a microcontroller. Using the 

basic MOS concept different types of computer 

switches are made and explained to K-12 learners 

[43] as shown in Fig. 5, which are needed for computing and memory devices. Some examples are n-channel MOS 

(NMOS), PMOS (p-channel), and CMOS (a complementary combination of NMOS and PMOS) as explained in Fig. 5 

(C). As an NMOS switch is 

operated by a positive static charge 

and a PMOS switch is operated by 

negative static charge, they can be 

used as inexpensive sensors for 

static charges. That also means that 

NMOS and PMOS switches can be 

used to switch number of other 

devices such as beepers, motors, 

fans, toys, etc. Such simple and 

inexpensive devices can be fun to 

play with on one hand and can help 

learn science, technology, 

engineering, and mathematics 

(STEM) on the other.   

 
 
 
 
 
 
 
 
 
 

The positive charge 
induces opposite 
charge at the closer 
end but similar 
charges at the further 
end and resulting 
static charge sensor 
is called NMOS. The 
PMOS sensor 
detects negative 
charges.  

Fig. 5: Computer switches 

as static-charge sensors; 

positive charge sensor (A), 

LEGO-embedded sensor for 

positive and negative 

charges (B) and logic types 

(C). 

 

A 
B 

C 

Fig. 4 The eyes of this two-
year old boy mirror a level of 
excitement that can only be 
indebted to the 200 nm thick 
skin of soap bubbles. 

 

Fig. 3 VDG miniaturization. 
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IV. ENERGY SCAVENGING FROM STATIC CHARGES 

 

 

Energy scavenging from static 

charges using energy storage in 

ceramic capacitors is shown in 

Fig. 6 that shows energy 

scavenging from human body. 

A human, wearing shoes with 

insulating soles, walks on 

carpet back and forth charging 

the body and then touches one 

terminal of ceramic capacitor (the other is grounded). The curves in Fig. 6 show body voltage as a function of number 

of walks for 1, 10 and 100 µF ceramic capacitors. Based on Q 

= CV, the larger capacitor values result in less voltages for the 

same Q.  

 

 The electrostatic discharge currents do not harm the human 

body because discharge currents are less than 100 pA range as 

shown in Fig. 8. The currents that cause pain and muscle 

damage are in the range of 10 – 100 mA. The heart stops for 

currents above approx. 300 – 400 mA range.  

 VDG discharge currents for different globe sizes were 

measured at Bosch facility and the results are shown in Fig. 9 

for 4 different globe types. The high discharge currents are 

present below10 ns as shown in Fig. 9. Electrostatic Discharge 

(ED) current is a double-exponential decaying waveform 

which can be described analytically as shown in Fig. 10, where 

     I1 and I2 are defined in Table 1 

  Fig. 11 illustrates ESD current waveform for a 25 kV 

discharge.  

This agrees well with ESD IEC reference current waveform as 

shown in Fig. 12. IEC Reference Waveform defines a discharge of 8 kV, hence peak current is lower. 
ESD of a Human Body Model (HBM) charged to 25 kV would 

release approximately 30 mJ of energy. HBM is typically a 150pF 

capacitance (𝐸 =  
1

2
 CV2 ≈ 30 mJ). Also one may use expression 

for ESD current waveform as defined earlier with a discharge on 

a 2- ESD target impedance ∫ 𝑖2(𝑡)
𝑡

0
𝑑𝑡 to evaluate the energy 

content due to a single ESD event.  

Prior to ESD testing, ESD Gun representing a human body 

is charged to 25kV. ESD current waveform resulting from a contact discharge on a 2  target impedance is captured and 

Fig. 9 Study of van de Graff Generator 

as a system. 

Fig. 8: Currents in human body; static charge current is too low to harm the body. 

Current 

Time 

Fig. 10 Current waveform.  

Table 1 

Fig. 7: Energy scavenging from static 

charges using ceramic capacitors. Fig. 6: Energy scavenging from static charges using ceramic 

capacitors. 
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recorded utilizing a 3 GHz digitizing Oscilloscope. ESD current waveform should indicate r  < 1 ns and current signature 

must conform to the IEC reference waveform.  

 

V. UNDERSTANDING MEMS: 

  Micro and Nano Electro Mechanical Systems (MEMS & NEMS), using new materials, lead to new 

applications [54][55]. How can such structures be explained K-12 learners? 

  Build a 

structure similar to 

one of the two 

structures shown in 

Fig. 13 and measure 

the spring constant 

of the movable 

plate. Use this 

spring constant to 

measure the 

electrostatic force 

needed to move the 

upper plate to 

different positions. The plate can be moved using charge from a van de 

Graff generator which can supply static charges. Fig. 14 shows schematic 

of a Si cantilever beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VI. CONCLUSIONS 

To explain new and complicated concepts goes far beyond the conventional demos of van de Graaf (VDG) generators to 

introduce programmable Lego-based VDG (PLVDG) for the first time. The PLVDG modules explain underlying concepts 

of micro- and nano-systems in a fun and fascinating way as evident from the level of interest seen in over 2000 learners 

at K-12, undergraduate and graduate levels during 2000-2016.  The interest in PLVDG seems to be strongly related to the 

fact that the learners can design, build, program and explore PLVDG using different pulley & belt materials and palm-

size robots. The generated voltages are in the range of 5 – 35 kV depending upon humidity and pulley speed. Sensors of 

positive and negative charges have also been develop ed using NMOS and PMOS switches embedded in LEGO-like 

bricks. Several new experiments are reported in this paper focusing on learning of several areas including materials, 

engineering (EE&ME), computers, and microsystems.  

 

Fig. 13 MEMS functional demos using bigger structures. 

Fig. 12 ESD Discharge 
Current Reference 
waveform.  

Fig. 14 Si cantilever beam. 

Fig. 11 Current vs time. 

waveform.  
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