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Abstract 
This article examines electrical circuits composed of non-ohmic elements, particularly incandescent lamps whose 
resistance depends on temperature. It highlights discrepancies between ideal ohmic models and real behavior under 
heating. Current–voltage curves are obtained experimentally and modeled to analyze series, parallel, and symmetric 3D 
configurations. Using Kirchhoff’s laws, symmetry arguments, and numerical methods, theoretical predictions are 
compared with experimental data. Results show significantly better agreement when non-ohmic behavior is included. 
The study also proposes low-cost experimental setups suitable for high school and early undergraduate labs. These 
activities help make abstract concepts more tangible and improve understanding of nonlinear circuit behavior and the 
limitations of the ohmic model. 

 
Keywords: Non-ohmic behavior, temperature-dependent resistance, inquiry-based laboratory. 
 

Resumen 
Este artículo examina los circuitos eléctricos compuestos de elementos no ohmicos, en particular las lámparas 
incandescentes cuya resistencia depende de la temperatura. Destaca las discrepancias entre los modelos ohmicos ideales 
y el comportamiento real bajo calentamiento. Las curvas de corriente-voltaje se obtienen experimentalmente y se 
modelan para analizar series, configuraciones paralelas y simétricas en 3D. Utilizando las leyes de Kirchhoff, 
argumentos de simetría y métodos numéricos, las predicciones teóricas se comparan con datos experimentales. Los 
resultados muestran un acuerdo significativamente mejor cuando se incluye el comportamiento no ohmico. El estudio 
también propone configuraciones experimentales de bajo costo adecuadas para laboratorios de secundaria y pregrado. 
Estas actividades ayudan a hacer que los conceptos abstractos sean más tangibles y mejoran la comprensión del 
comportamiento de circuitos no lineales y las limitaciones del modelo ohmico.  
 
Palabras Clave: Comportamiento no óhmico, resistencia dependiente de la temperatura, laboratorio basado en la 
investigación. 

 
 

I. INTRODUCTION  
 
Electrical circuits are a subject with wide application in 
people's daily lives; however, there are significant difficulties 
in understanding this field of study, including basic concepts 
such as electric current, electrical resistance, and Ohm's laws 
[1], [2]. In high school, circuit analysis is generally developed 
using the ohmic resistor model, in which electrical resistance 
is considered constant and equal to the nominal value. This 
approach is reflected both in textbooks and in university 
entrance exams, where theoretical exercises involving ohmic 
resistor combinations predominate. When non-ohmic 
behavior is mentioned, it is often explicitly stated in the 
questions that the characteristic curves result from analyses of 

real cases, i.e., from empirical studies. However, the typical 
high school student rarely realizes that these curves, presented 
graphically, are the result of adjustment processes through 
mathematical modeling [3]. Furthermore, although 
experiments involving series, parallel, or mixed connections 
lend themselves to illustrating, in a qualitative and often 
playful way, various properties of these configurations, 
carrying out quantitative measurements such as electric 
current intensity, potential difference, or electrical resistance 
can lead to results that show considerable discrepancies in 
relation to predictions based on the hypothesis of ohmic 
behavior [4]. These discrepancies, common in experiments 
with incandescent lamps, for example, can be interpreted by 
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some students as evidence that the experiment “does not work 
correctly” [3], [5]. 

Several elements present in real-world applications 
exhibit non-ohmic behavior, characterized by a non-linear 
relationship between electric current and potential difference. 
Among these elements, incandescent lamps, thermistors, 
varistors (VDRs), semiconductor diodes, and light-dependent 
resistors (LDRs) stand out. In such devices, an increase in 
electric current causes a rise in temperature or alters the 
physical conditions of the material, modifying its resistivity 
and, consequently, making the direct application of Ohm's law 
in its usual form unfeasible. Although there are works that 
analyze the behavior of these elements in isolation, didactic 
literature systematically addresses associations of non-ohmic 
elements in series, parallel, or mixed configurations is still 
scarce, especially in the context of basic education [6], [7], 
[8], [9]. When the subject is addressed, the context is often 
restricted to qualitative analyses, which hinders the 
understanding of the overall behavior of the circuit. In this 
context, the use of symmetry arguments, when the system 
presents such a property, can be used as a pedagogical strategy 
for the analysis of more complex circuits, allowing the 
reduction of the number of variables involved and making the 
problem accessible from a mathematical and conceptual point 
of view [10], [11], [12]. By experimentally exploring 
symmetrical configurations, it becomes possible to articulate 
in an integrated way the concepts of current, voltage, power 
and variable resistance, bringing to the concrete a subject that 
is abstract and algorithmic, aiming to contribute to an 
understanding of non-ohmic behavior and bring the student 
closer to the real functioning of electrical devices. According 
to White (White, 1996), “We prefer to think that laboratories 
work because they add color to the curiosity of unusual 
objects and different events, in contrast to the common 
classroom practice of remaining seated.” 

Thus, in this work, four case studies involving symmetrical 
circuits with cubic and octahedral arrangements of 
incandescent lamps are presented (two in the main body of the 
text and two in the appendix). In these studies, qualitative and 
quantitative analyses are carried out, comparing theoretical 
predictions based on ohmic and non-ohmic models with 
experimental results. For this, Kirchhoff's laws, symmetry 
arguments and mathematical modeling procedures are 
employed [13], highlighting the potential of these tools to 
enrich the teaching of electricity at the secondary level and to 
promote a consistent understanding of electrical circuits.  
 
 
II.  MATERIAL AND METHODS    
 
The materials used are readily available and inexpensive. The 
materials consist of: i) Rigid/flexible copper wire, 1.5 mm², 
750 V; ii) Porcelain sockets; iii) 4.2 mm² steel rod; iv) Clear 
bulb incandescent-halogen lamps (105 W - 127 V); v) 
Multimeter; vi) Ammeter clamp and dimmer for resistive 
loads; vii) 226 V (RMS) AC power supply. The circuit 
dimensions (edges) average 30 cm in length for the octahedron 
and 50 cm for the hexahedron (cube). For safety, the iron 
frame was insulated with insulating paint and then painted! 
We will follow the following theoretical and experimental 
procedures: i) Survey of experimental points (U, i) for each 

type of lamp L1: (105 W - 127 V) and L2: (60 W, 127 V) and 
subsequent obtaining of the characteristic function curves by 
fitting a quadratic polynomial trend curve; for this, the data 
analysis program was used. The different voltages to which 
the lamps were subjected were obtained by associating a 
dimmer for resistive loads connected in series with the lamp 
(voltage divider circuit). ii) Obtain the theoretical prediction 
of the electric current intensities (i) and voltage (U) in each 
branch of the circuit under the assumption of ohmic behavior 
(and constant electrical resistances R with values equal to the 
nominal values; in which we will not consider the 
uncertainties associated with the nominal resistances, δRnominal 
= 0). Since the input voltage to the circuit (UAA´) must be 
measured, there is a theoretical uncertainty associated with 
both voltages and current intensities [10], [11], [12]. iii) Using 
Kirchhoff's laws together with properties of series and parallel 
resistor associations, as well as symmetry arguments, an 
algebraic equation is obtained that expresses the theoretically 
predicted current intensities under the hypothesis of non-
ohmic behavior; then, this equation is solved by 
computational numerical methods; iv) Obtaining the 
empirical values of current and voltage intensities, expressing 
these results, together with theoretical predictions, in tables. 
Regarding the measuring instruments and the measurement 
process, there is an uncertainty of 1.2% in the measured 
values, given by the multimeter manufacturer, in addition to 
the uncertainty associated with the oscillation of the indicated 
value at the time of reading (resolution). We will not consider 
the electrical resistance of the conducting wires, as well as the 
sockets. v) Qualitative and quantitative analyses of the 
comparisons between values of electric current intensity and 
voltage: predicted theoretically under the hypothesis of ohmic 
behavior, predicted theoretically under the hypothesis of non-
ohmic behavior and obtained empirically. 
 
 
III. RESULTS  
 
The characteristic functions obtained are: 
L1: (105 W - 127 V) 
U1 = 0.0001i2 + 0.085i – 7.2437                                       (1) 
 
L2: (60 W - 127 V) 
U2 = 0.0003i2 + 0.1398i – 6.9177                                     (2) 
 
It is possible to obtain the currents i as functions of the U; 
including the free variable, which we control, which is the 
supply voltage of the circuit. For i ³ 0, the quadratic functions 
expressed in equations (1) and (2) are monotonically 
increasing, and therefore invertible. For a general function: U 
= ai2 + bi + c Algebra gives us the inverse 𝑖 =
!	#	$	%&	'	()	!	*)	$		#!

,	'	
. 

 

𝑖- =
!	..01$%&	(2$3.,&)$3,.,0

1,1,
                                                 (3) 

 

𝑖, =
!-5.6.$	%-,	(2$7.6,)$-60.&&

1,17
                                            (4) 
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FIGURE 1. Graphics of the characteristic curves of each lamp. 

 

 
FIGURE 2. A and B: Graphs of electrical resistance (R) versus 
current (i) and electrical resistance (R) versus voltage (U), 
characteristic of each lamp. 

 
 

3.1 OCTAHEDRAL ARRANGEMENT WITH 
TERMINALS LOCATED AT OPPOSITE VERTICES 

 
 

 
 

FIGURE 3. Diagram of the octahedral resistor arrangement with 
terminals that are not on the same edge, in which the four "upper" 

lamps have nominal specifications L1: (105 W - 127 V) and the four 
"lower" lamps have nominal specifications L2: (60 W - 127 V). 

 
 
 

Since the solid exhibits revolution symmetry around an axis 
passing through A and A´, by symmetry argument [10], [11], 
[12] the intensities of the electric currents in the branches 
located in the symmetry planes M1M2M3M3 are zero. 
Therefore, we can think that each “upper” resistor is in series 
with the “lower” one (this reasoning will be corroborated by 
the experimental data expressed in Table I). 
 
 

 
FIGURE 4. Diagram of the theoretical distribution of electric 
currents for the circuit shown in fig. 3. 
 
 

 
 

FIGURE 5. Circuit corresponding to the diagram in figure 3 in 
operation (UAA’ = 129 V, RMS). Source: authors. 
 
 
Each of the four paths AMjA´ (j = 1, 2, 3 and 4) can be thought 
of as similar to the following simple circuit (this circuit is 
widely used for educational purposes): 
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FIGURE 6. Schematic of the electrical circuit corresponding to the 
series connection of lamps L1 and L2. 
 
 
Theoretical prediction under the hypothesis of ohmic 
behavior: From the nominal specifications, we have that the 
nominal electrical resistances of each lamp are R1 = 154 Ω and 
R2 = 269 Ω, theoretically implying, for each path AMjA´, an 
equivalent nominal resistance (Req) of 423 Ω and an electric 
current intensity I = 305 mA. In this case, the voltages across 
each lamp are U1 = 47.0 V and U2 = 82.1 V. 
 
Theoretical prediction under the assumption of non-ohmic 
behavior: For each path AMjA´, we have: 
 
i1 = i2 = I                                                                              (5) 
 
UAA´ = U1 + U2                                                                    (6) 

 

UAA´ =  (0.0001I2 + 0.085I – 7.2437)  + (0.0003I2 + 0.1398I – 6.9177) ®  

129 =  0.0004I2 +0.2248I -14.1614                                    (7)    

 
The solution to equation 5 above is approximately 378 mA. 
 
TABLE 1: Theoretical and experimental currents corresponding to 
the terminals of the circuit in figure 2 
 

Points 
(terminals) 

Electric Current (mA) 
(experiment) 

Electric Current (mA) 
(model; 
ohmic) 

Electric 
Current 
(mA) 
(model; non-
ohmic) 

AA´ -------- -------- -------- 
AM1 390 ± 6 305 ± 5 378 
A´M1 358 ± 6 305 ± 5 378 
AM2 400 ± 6 305 ± 5 378 
A´M2 377 ± 6 305 ± 5 378 
AM3 390 ± 6 305 ± 5 378 
A´M3 397 ± 6 305 ± 5 378 
AM4 380 ± 6 305 ± 5 378 
A´M4 395 ± 6 305 ± 5 378 
M1M2 27 ± 1 0 0 
M1M4 3 ± 1 0 0 
M2M3 5 ± 1 0 0 
M3M4 3 ± 1 0 0 

 
 
Grouping the branches with equal theoretical predictions and 
taking the average values, both experimental and theoretical: 
 
 

TABLE 2: Summary of table 1, considering groups of terminals with 
equal theoretical predictions 
 

Points 
(terminals) 

Electric Current (mA) 
(experiment) 

Electric Current (mA) 
(model; 
ôhmic)* 

Electric Current (mA) 
(model; 

non-
ôhmic)* 

AM1, AM2, 
AM3, AM4, 

390 ± 6 305 ± 5 378 

A’M1, A’M2, 
A’M3, A’M4, 

382 ± 6 305 ± 5 378 

M1M2, M1M4, 
M2M3 M3M4 

10 ± 1 0 0 

 
 
TABLE 3: Theoretical and experimental voltages corresponding to 
the terminals of the circuit in figure 1. 
 
 

Points 
(terminals) 

Voltage (V) 
(experiment) 

Voltage (V) 
(model; 
ohmic) 

Voltage (V) 
(model; 
non-
ohmic) 

AA´ 129 ± 2 129 ± 2 129 ± 2 
AM1 91.7 ± 1.2 82.1 ± 0.7 89 
A´M1 33.8 ± 0.5 47.0 ± 0.6 39 
AM2 91.4 ± 1.2 82.1 ± 0.7 89 
A´M2 33.7 ± 0.5 47.0 ± 0.6 39 
AM3 91.5 ± 1.2 82.1 ± 0.9 89 
A´M3 33.8 ± 0.5 47.0 ± 0.6 39 
AM4 91.7 ± 1.2 82.1 ± 0.7 89 
A´M4 33.8 ± 0.5 47.0 ± 0.6 39 
M1M2 0.115 ± 0.002 0 0 
M1M4 0.113 ± 0.002 0 0 
M2M3 0.009 ± 0.001 0 0 
M3M4 0.036 ± 0.001 0 0 
M1M4 0.113 ± 0.002 0 0 
M2M3 0.009 ± 0.001 0 0 
M3M4 0.036 ± 0.001 0 0 

 
 
TABLE 4: Summary of table 3, considering groups of terminals 
with equal theoretical predictions. 
 

Points 
(terminals) 

Voltage (V)  
(experiment) 

Voltage (V)  
(model; 
ôhmic) 

Voltage (V) 
 (model; 
non-
ôhmic) 

AM1, AM2, 
AM3, AM4, 

91.6 ± 1.2 82.1 ± 0.7 89 

A’M1, A’M2, 
A’M3, A’M4, 

33.8 ± 0.5 47.0 ± 0.6 39 

M1M2, M1M4, 
M2M3 M3M4 

0.683 ± 0.002 0 0 

 
 
The theoretical electrical resistance of the circuit, assuming 
ohmic behavior, is -

&
(𝑅89:;8<=	-	 + 𝑅89:;8<=	,	) = 106 W. 

Experimentally, the total input current at terminal A is (1560 
± 12) mA; while at the output terminal A’ we have (1527 ± 12) 
mA. Taking the total current in the circuit as the average of the 
two, we get Itotal = (1544 ± 6) mA, from which the equivalent 
electrical resistance is, by definition, Utotal / Itotal = (129 ± 2) V 
/ (1544 ± 6) mA  = (83.6 ± 1.3) W.  
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3.2 CUBIC ARRANGEMENT WITH TERMINALS ON 
THE SAME EDGE 
 
In the following figure, all the lamps (resistors) are identical 
(105 W - 127 V). 

 

 
 

FIGURE 7. Distribution of electric currents in the circuit. The lamps 
are numbered 2 to 5, corresponding to one side of the plane of 
symmetry, and 2' to 5' to the other side of the plane of symmetry. 

A didactic observation: in the diagram in the previous 
figure, the corresponding symmetrical resistors are 
represented using the same color and number. The "two sides" 
are differentiated using a line symbol on one of them. This 
notation aims for a better visualization of the circuit's 
symmetry. 
 
 

 
 
FIGURE 8: Front view of the circuit corresponding to the diagram 
in Figure 7 in operation (UAA’ = 226 V, RMS). Source: authors. 

 
 

Since the input voltage used will be 226 V (well above the 
nominal voltage of 127 V), because UAA’ = 127 V would 
substantially reduce the brightness of the lamps (due to the 
voltage division of the circuit), impairing visual perception, 
and since the presence of the lamp between terminals A and 

A’ does not interfere with the rest of the circuit, we opted for 
the absence of such a lamp. 
 

 
 
FIGURE 9: Profile (side) view of the circuit corresponding to the 
diagram in figure 7 in operation (UAA’ = 226 V, RMS). Source: 
authors. 
 
Theoretical prediction under the hypothesis of ohmic 
behavior:  
 
By symmetry arguments, being i = UAA´/ R1, where R1 
corresponds to the nominal electrical resistance of the lamp, 
we have t = 14i/14, x = 5i/14, y = 4i/14 and z = i/14. 
 
Theoretical prediction under the assumption of non-ohmic 
behavior: 
Taking the path AB1B1`A` (or AB2B2`A`): 
UAB1 + UB1B1` + UB1`A` = UAA` 
[a1(x)2 + b1(x) + c1] + [a1(y)2 + b1(y) + c1] + [a1(x)2 + 
b1(x) + c1] = UAA´ 
0.0002(x)2 + 0.17(x) + 0.0001(y)2 + 0.085(y) – 21.73 = 226.                                                                                    
(8) 
 
Taking the path AB1CC`B’1A` (or another equivalent): 
UAB1 + UB1C + UCC` + UCB1` + UB1`A` = UAA` 
 
[a1(x)2 + b1(x) + c1 ] + [a1(z)2 + b1(z) + c1 ] + [a1(2z)2 + 
b1(2z) + c1 ] + [a1(z)2 + b1(z) + c1 ] + [a1(x)2 + b1(x) + c1 
] = UAA´ 
 
0.0002(x)2 + 0.17 (x) + 0.0006(z)2 + 0.34(z) – 36.22 = 226                                                                             

(9) 
 
From the 1st. Kirchhoff's law (node law) applied to node B1 
(or B2):  
 
y = x - z                                                                            (10)       
   
Given that UAA’ = (226 ± 3) V is the input voltage to the 
circuit, the (approximate) solution, obtained by numerical 
calculation, of the previous system of equations is: x = 637, y 
= 427, z = 185. 
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TABLE 5: Theoretical and experimental currents corresponding to 
the terminals of the circuit in figures 6 and 7. Source: Authors. 
 
 

Points 
(terminals) 

Electric Current (mA) 
(experiment) 

Electric Current (mA) 
(model; 
ôhmic)* 

Electric Current (mA) 
(model; 
non-
ôhmic)* 

AA´ -------- 1471 ± 18 1471 ± 18 
AB1 682 ± 9 516 ± 6 637 

A´B’1 655 ± 9 516 ± 6 637 
AB2 641 ± 9 516 ± 6 637 

A´B’2 651 ± 9 516 ± 6 637 
B2C 170 ± 3 103 ± 1 185 

B’2C’ 190 ± 3 103 ± 1 185 
B1C 212 ± 3 103 ± 1 185 

B’1C’ 186 ± 3 103 ± 1 185 
CC’ 381 ± 6 207 ± 3 370 

B1B’1 461 ± 6 413 ± 5 427 
B2B’2 455 ± 6 413 ± 5 427 

 

TABLE 6: Summary of table 5, considering groups of terminals with 
equal theoretical predictions. 

 

Points 
(terminals) 

Electric Current (mA) 
(experiment) 

Electric Current (mA) 
(model; 
ôhmic)* 

Electric Current (mA) 
(model; 

non-
ôhmic)* 

AB1, A´B1, 
AB2, AB2 

657 ± 9 516 ± 6 637 

B2C, B’2C’, 
B1C, B’1C’ 

190 ± 3 103 ± 1 185 

CC’ 381 ± 6 207 ± 3 420 
B1B’1, B2B’2 458 ± 6 413 ± 5 427 

 

TABLE 7: Theoretical and experimental voltages corresponding to 
the terminals of the circuit in figures 6 and 7. Source: Authors. 

 

Points 
(terminals) 

Voltage (V) 
(experiment) 

Voltage (V)  
(model; 
ohmic) 

Voltage (V) 
 (model; 
non-
ohmic) 

AA´ 226 ± 3 226 ± 3 226 ± 3 
AB1 92.9 ± 1.2 80.7 ± 1.0 87.5 
A´B1 85.2 ± 1.2 80.7  ± 1.0 87.5 
AB2 92.8 ± 1.2 80.7  ± 1.0 87.5 
AB2 85.2 ± 1.2 80.7  ± 1.0 87.5 
B2C 7.50 ± 0.2 16.2 ± 0.2 11.9 

B’2C’ 7.92 ± 0.2 16.2 ± 0.2 11.9 
B1C 7.82 ± 0.2 16.2 ± 0.2 11.9 

B’1C’ 7.25 ± 0.2 16.2 ± 0.2 11.9 
CC’ 31.4 ± 0.5 31.7 ± 0.4 46.1 

B1B’1 46.2 ± 0.7 63.4 ± 0.7 47.3 
B2B’2 43.9 ± 0.7 63.4 ± 0.7 47.3 

 

 

TABLE 8: Summary of table 7, considering groups of terminals with 
equal theoretical predictions. 

 

Points 
(terminals) 

Voltage (V)  
(experiment) 

Voltage (V)  
(model; 
ohmic) 

Voltage (V) 
 (model; 
non-
ohmic) 

AB1, A´B1, 
AB2, AB2 

89.0 ± 1.2 80.7 ± 1.0 87.5 

B2C, B’2C’, 
B1C, B’1C’ 

7.63 ± 0.2 16.2 ± 0.2 11.9 

CC’ 31.4 ± 0.5 31.7 ± 0.4 46.1 
B1B’1, B2B’2 45.1 ± 0.7 63.4 ± 0.7 47.3 

 

Following reasoning analogous to that used in the case of the 
octahedron, the theoretical electrical resistance of the circuit 
(in the absence of the lamp between terminals A and A’), 
assuming ohmic behavior, is 7/5 Rnominal = 215 Ω. 
Experimentally, the total input current at the terminal is (1323 
± 13) mA; and at the output terminal A’, we would have (1306 
± 13) mA. Taking the total current in the circuit as the average 
of the two, we get Itotal = (1315 ± 7) mA, from which the 
equivalent electrical resistance is, by definition, Utotal / Itotal = 
(226 ± 3) V / (1315 ± 7) mA = (171.86 ± 1.1) Ω. The resistance 
measured with an ohmmeter is (6.8 ± 0.2) Ω. 

 
 

IV.  TEACHING BY INQUIRY 

 
The material used here is low cost and easily accessible and 
can be used as a basis for developing an investigative 
experimental activity. We will draw attention to some points 
that we consider interesting to be investigated and discussed, 
and then we will suggest some questions or tasks for students, 
to guide the development of the activity. 

First, it is possible to use previous experiences to 
investigate and confront alternative conceptions associated 
with the basic concepts of electric current. The recurrence of 
different mental models used by students to interpret the 
concept of electric current is identified, which may even occur 
simultaneously [14]. 

Among these models, the one that stands out is the one 
according to which the electric current is emitted by the 
source: battery, cell, or generator, from one of its poles and is 
progressively consumed along the circuit, so that its intensity 
would decrease after passing through certain elements. Since 
symmetrical lamps positioned on opposite sides with respect 
to a line or plane of symmetry of the circuit have the same 
brightness, that is, they are traversed by the same intensity of 
electric current, this evidence directly conflicts with 
predictions based on the previous model, because in this 
interpretation the lamp considered closest to the pole from 
which the current would "come out" should have greater 
brightness. 
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There is also a second model in which the intensity of the 
current is understood as being determined exclusively by the 
element through which it is passing at that instant and cannot 
be influenced by components of the circuit that have not yet 
been reached by the current; that is, it considers the current as 
a local quantity, determined only by the element that is being 
traversed. 

Finally, a third model is also identified in which the 
electric current would be an exclusive property of the 
generator, independent of the other elements of the circuit. 
According to this concept, changes made to components 
external to the source should not influence the current 
supplied by it. 

By promoting changes in the nominal values of the lamps 
or even causing short circuits, the brightness of the lamps, in 
general, changes, evidencing changes in the electric currents. 
This experimental fact conflicts with mental models 
mentioned earlier [10-12]. 

Here, two methodological observations are necessary: we 
will consider that activities related to conceptualization and 
analysis, including measurements, in symmetrical resistive 
circuits [10-12] have been carried out before the study of non-
ohmic behavior itself (we will adopt this premise); the study 
of the non-ohmic behavior of individual elements can, in our 
view, be done before or after the analysis of collective 
behavior. 

About the focus of this work (non-ohmic behavior), the use 
of a model in which the electrical resistance of the resistors 
was constant led to predictions that showed a good qualitative 
correspondence with the empirical results, however, 
quantitatively there were considerable discrepancies. These 
discrepancies are because the validity condition - constant 
temperature - for the electrical resistance of an ohmic resistor 
to remain constant is not obeyed. [3] The temperatures of the 
resistors (metallic filaments) being different can be inferred 
by visual observation of the differences in luminosities, 
together with the analysis of the blackbody radiation theory; 
or even, measurements with instruments [7]. 

For each lamp, we know that physically if U = 0 (no 
cause), then i = 0 (no consequence). However, for both 
characteristic curves obtained by trend curve, used here, the 
independent terms are non-zero (-7.2437 and -6.9177). 

We can note, experimentally and theoretically, that the 
lamp with nominal specification L1: (105 W - 127 V) always 
shines brighter than the one with L2: (105 W - 127 V) when 
connected in series (same current i). This can be concluded by 
analyzing the combined graphs Power (P) versus current (i), 
voltage (U) versus current (i), or electrical resistance versus 
current (i). For this type of connection, the current, and 
consequently the stabilization temperatures, depends on the 
characteristics of all the connected lamps. In other words, 
there is coupling. 
 

 
FIGURE 9: Power (P) versus current (i). 

 
The opposite occurs when the lamps are connected in parallel 
(same voltage U); this fact can be inferred from the analysis 
of combined graphs of Power (P) versus voltage (U), voltage 
(U) versus current (i), or electrical resistance versus voltage 
(U). In this case, the current in each lamp, and the stabilization 
temperature, depends only on the characteristics of each lamp. 
 

 
 

FIGURE 10. Power (P) versus Voltage (U). 
 

• Group 1 of Questions/Tasks: 
 
1.1) What practical difficulties would we have if a common 
multimeter were used instead of a clamp meter for current 
measurements in the three-dimensional arrangements used in 
this work? 
 
In this case, we would have to open the circuit on all edges, 
which would cause enormous problems not only from a 
structural point of view, increasing the chance of poor contact, 
but would also take longer to measure. 
 
1.2) What is the operating principle of such a clamp meter? 
 
- Here we have a concrete case of the application of magnetic 
induction, a concept so present in technological applications. 
 
• Group 2 of Questions/Tasks: Obtaining the characteristic 
curves of the lamps used, along with the creation of graphs 
and tables. 
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2.1) Does the curve correspond to the one predicted (linear) 
by the ohmic model? In the relationship between voltage U 
and current i, which is the free variable, which we control, and 
which is the dependent variable? In this sense, which one 
would be more natural to be on the ordinate axis in a graphical 
representation? 
 
2.2) Compare the predictions according to the ohmic and non-
ohmic models. Are there any voltage-current values where 
they coincide? 
 
The characteristic curve according to the ohmic model, for the 
nominal specification lamp (105 W - 127 V) is approximately 
U = 0.154 i; (i in mA). 
 
The equation 0.0001I² + 0.085I - 7.2437 (ohmic) = 0.154 I 
(non-ohmic) has approximately the following solution: I = 
783 mA and U = 120.6 V. 
 
2.3) Can the above result also be obtained graphically? 
 
• Group 3 of Questions/Tasks: 
 
3.1) What conditions are necessary for the electrical resistance 
of a given resistor to remain constant? Are these conditions 
met in the (real) operating circuit? 
 
3.2) Is the temperature of the lamp filament higher or lower 
than the temperature when the lamp is operating under 
nominal conditions? How can we evaluate such temperatures? 
 
• Group 4 of Questions/Tasks: measurement of current 
intensity and voltage in each lamp, with subsequent 
preparation of comparative tables. 
 
• Group 5 of Questions/Tasks: do the experimental results 
agree qualitatively with the prediction based on ohmic 
behavior? And quantitatively? 
 
• Group 6 of Questions/Tasks: 
 
6.1) Taking the octahedral arrangement (figures 1 and 2), in 
which the upper lamps L1 (105 W - 127 V) are in series with 
the lower ones L2 (60 W - 127 V), will L1 always shine brighter 
than L2, for any value of the circuit's supply voltage? 
From the power versus current graph below, it can be seen that 
(for the range of values and currents and voltages covered in 
the experiments) P1 > P2, for any value of i. 
 
Note that we could also have used the Resistance versus 
Current graph (Fig. 2), along with the relation P = R.i2. 
6.2) Which lamp shines brighter when connected in parallel, 
L1 or L2? 

From the Power versus Voltage graph, it can be concluded 
that (for the range of values and currents and voltages covered 
in the experiments) P1 < P2, for each voltage value U. 
Note that we could also have used the Resistance versus 
Voltage graph (fig. 2), along with the relation P = U2/R. 
 
Group 7 of Questions/Tasks: 

7.1) For the octahedral and cubic configurations used in this 
work, what are the approximate maximum voltage values to 
which the circuits can be subjected without any lamp burning 
out? 
By increasing the supply voltage, the current in all branches 
will generally increase, causing a given lamp to burn out when 
it exceeds the nominal current of that lamp. Let's now analyze 
each configuration: 
- Octahedral: The nominal current of lamp L2 (60 W, 127 V) 
of 472 mA will be reached first, in which case, according to 
equation 1, U1 = 55 V, and a total voltage UAA’ = 182 V. 
- Cubic: The group of lamps subjected to the highest currents 
and voltages are, according to figures 5 and 6, 2, 2’, 3 and 3’. 
In this case, x’ = 827 mA. We would have a new system with 
three unknowns, resulting from equations 8, 9 and 10, where 
y’ and z’ would be the new current intensities and UAA’’ the 
new input voltage. The solution for such a system is z’ = 491 
mA, y’ = 335 mA, and UAA’’ = 552 V. Note that we extrapolated 
to current and voltage values not considered during the 
elaboration of the characteristic curves. 
 
7.2) Compare the brightness of the lamps when the supply 
voltages are 226 V (see Fig. 8) and 552 V, from the result of 
the previous item. 
 
Group 8 of Questions/Tasks:8.1) If we measured the 
equivalent electrical resistance of the circuit with a 
multimeter/ohmmeter, would the value obtained be greater 
than, less than, or equal to the value obtained by the definition 
Utotal / Itotal? 
 
8.2) What is the operating principle of an ohmmeter? 
The current established in the circuit when measuring 
electrical resistance is generally very low, which would lead 
to lower equivalent resistance values of the circuit obtained 
experimentally by the definition Utotal / Itotal. 
 
Group 9 of Questions/Tasks:  
 
Is there a single definition of resistance (R = U / i) in the study 
of electrical and electronic circuits? 
 

There are two definitions: the first, U/i, is called static 
electrical resistance. The second, dU/di, defined in differential 
terms, is called dynamic electrical resistance, very useful in 
the analysis of non-ohmic circuits, involving transistors. 
 
 
IV. CONCLUSIONS  
 
The results presented in this work highlight the limitations of 
the ohmic model when applied to real devices whose electrical 
behavior depends on temperature, as is the case with 
incandescent lamps. 

The experimental analyses performed on symmetrical, 
octahedral, and cubic arrangements showed that, although the 
constant resistance resistor model can provide correct 
qualitative predictions regarding the distribution of electrical 
currents and voltages, it fails significantly from a quantitative 
point of view. In contrast, the incorporation of non-ohmic 
behavior through experimentally obtained characteristic 
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curves resulted in predictions that showed substantially higher 
agreement with the measured values. 

The use of symmetry arguments proved particularly 
effective in reducing the complexity of the analyzed circuits, 
allowing the systematic application of Kirchhoff's laws even 
in complex three-dimensional configurations. This approach 
not only simplifies the mathematical analysis but also favors 
a conceptual understanding of the overall circuit operation, 
showing that local properties (such as the resistance of each 
lamp) are strongly coupled to the behavior of the system. 
When addressing the aspect related to symmetry, the 
possibility opens for an interdisciplinary activity with the 
discipline of mathematics, with the apparatus serving as a 
concrete (physical) element for applying translational and 
rotational symmetries. 

From a didactic point of view, the proposed experiments 
have great potential for laboratory activities through 
investigation in both high school and the first years of higher 
education, since the low cost of the material and the possibility 
of direct observation of effects such as brightness variation, 
redistribution of electric currents, and differences in 
stabilization temperature contribute to making concrete 
concepts that are often treated abstractly. The confrontation 
between predictions based on ohmic and non-ohmic models 
favors the problematization of alternative conceptions 
described in the literature, while promoting the integration 
between Physics and Mathematics through mathematical 
modeling, curve fitting, and functional analysis. 

Finally, this work reinforces the importance of going 
beyond the idealized model of ohmic resistors in electricity 
education, showing that considering non-linear behavior not 
only improves the accuracy of theoretical predictions but also 
brings the student closer to the real functioning of electrical 
devices present in everyday life. It is hoped that the 
methodology and experimental setups presented here can 
serve as a reference for future didactic proposals and 
experimental investigations aimed at a more realistic and 
integrated understanding of electrical circuits. 
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APPENDIX 
 
DIAGONAL OF THE SAME FACE 
 
Theoretical prediction under the hypothesis of ohmic 
behavior 
By symmetry arguments, being i = UAA´/ R1, where R1 
corresponds to the nominal electrical resistance of the lamp, 
we have, in Figure A1 below, x = i/6, y = i/2. 
 

 
 
FIGURE A1: Theoretical distribution, considering symmetry 
aspects, of electric currents in a circuit with terminals diagonally 
aligned on the same face. 
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FIGURE A2: Circuit corresponding to the diagram in figure 7 in 
operation (UAA’ = 226 V). Source: authors. 
 
Theoretical prediction under the assumption of non-ohmic 
behavior 
Taking path  AB1A` (oR AB2A`): 
UAB1 + UB1A’  = UAA` 
[a1(y)2 + b1(y) + c1] + [a1(y)2 + b1(y) + c1]  = UAA´ 
0,0002(y)2 + 0,17(y) – 14,48 = 226.                                  (A1) 
 
Whose approximate solution is  y = 751mA. 
 
Taking path  ACD1C’A’ (ou ACD2C’A’): 
UAC + UCD1` + UD1`C` + UC`A’  = UAA` 
[a1(2x)2 + b1(2x) + c1] + [a1(x)2 + b1(x) + c1] + [a1(x)2 + 
b1(x) + c1] + [a1(2x)2 + b1(2x) + c1] = UAA´ 
0,001(x)2 + 0,51(x) - 28,96 = 226.                                  (A2)  
 
Whose approximate solution is    x = 311mA. 
 
TABLE A1: Theoretical and experimental voltages corresponding 
to the terminals of the circuit in figure A1. 
 

Points 
(terminals) 

Voltage (V) 
(experiment) 

Voltage (V)  
(theory; 
ôhmic) 

Voltage (V) 
 (theory; 
non-
ôhmic) 

AA´ 226.0 ± 2.8 226.0 ± 
2.8 

226 

AB1 113.6 ± 1.4 113.0 ± 
1.4 

113 

A’B1 112.3 ± 1.4 113.0 ± 
1.4 

113 

AB2 112.8 ± 1.4 113.0 ± 
1.4 

113 

A’B2 113.0 ± 1.4 113,0 ± 
1.4 

113 

AC 93.0 ± 1,2 75,3  ± 1,0 84 
A’C’ 90.3 ± 1.2 75,3 ± 1,0 84 
CD1 20.4 ± 0.3 37,7 ± 0,5 29 
C’D1 20.4 ± 0.3 37,7 ± 0,5 29 
CD2 19.8 ± 0.3 37.7 ± 0,5 29 
C’D2 21.9 ± 0.3 37.7 ± 0,5 29 
D1B1 0.04 ±  0.1 0,0 ± 0,1 0 
D2B2 0.02  ± 0.1 0.0 ± 0.1 0 

 
 

TABLE A2 Summary of Table A1, considering groups of terminals 
with equal theoretical predictions. 
 

Points 
(terminals) 

Voltage (V)  
(experiment) 

Voltage (V)  
(theory; 
ôhmic) 

Voltage (V) 
 (theory; 
non-ôhmic) 

AB1, A’B1, 

AB2, A’B2 
112,9 ± 0,7 113,0 ± 1,4 113 

AC, A’C’  91,7 ± 0,7 75,3  ± 1,0 84 
CD1, C’D1, 

CD2, C’D2 
20,6 ± 0,2 37,7 ± 0,5 29 

D1B1, D2B2 0,04 ±  0,07 0,0 ± 0,1 0 
 
 
TABLE A3. Theoretical and experimental currents 
corresponding to the terminals of the circuit in Figure A1. 
 

Points 
(terminals) 

Current (mA) 
(experiment) 

Current (mA) 
(theory; 
ôhmic)* 

Current (mA) 
(theory; 
non-ôhmic)* 

AB1 763 ± 10 736 ± 9 751 
A’B1 751 ± 10 736 ± 9 751 
AB2 763 ± 10 736 ± 9 751 
A’B2 750 ± 10 736 ± 9 751 
AC 616 ± 8 490 ± 6 622 
A’C’ 615 ± 8 490 ± 6 622 
CD1 306 ± 5 245 ± 3 311 
C’D1 312 ± 5 245 ± 3 311 
CD2 305 ± 5 245 ± 3 311 
C’D2 290 ± 5 245 ± 3 311 
D1B1 6 ± 1 0 ± 1 0 
D2B2 6 ± 1 0 ± 1 0 

 
 
TABLE A4. Summary of Table A3, considering groups of 
terminals with equal theoretical predictions. 
 

Points 
(terminals) 

Current (mA) 
(experiment) 

Current (mA) 
(theory; 
ôhmic)* 

Current (mA) 
(theory; non-
ôhmic)* 

AB1, A’B1, 
AB2, A’B2 

757 ± 5 736 ± 9 751 

AC, A’C’ 616 ± 6 490 ± 6 622 
CD1, C’D1, 
CD2, C’D2 

303 ± 3 245 ± 3 311 

D1B1, D2B2 6 ± 1 0 ± 1 0 
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FIGURE A3. Theoretical distribution, considering symmetry 
aspects, of electric currents in a circuit with terminals 
diagonally opposite the same face. 
 
 

 
 
FIGURE A4. Circuit corresponding to the diagram in figure 9 
in operation (UAA’ = 226 V). Source: authors. 
 
By symmetry arguments, being  i = UAA´/ R1, where R1 
corresponds to the nominal electrical resistance of the lamp, 
as shown in Figure 7 below., Xôhmico = i/5  
 
Theoretical prediction under the assumption of non-ohmic 
behavior 
 
Taking the path AB1B’2A' (or AB1B’3A', or AB2B’3A', or 
AB2B’1A',...) 
 
UAB1 + UB1B’2  + U B’2 A’  = UAA` 
[a1(2x)2 + b1(2x) + c1] + [a1(x)2 + b1(x) + c1] + [a1(2x)2 + 
b1(2x) + c1] = UAA´ 
0,0009(x)2 + 0,425(x) – 21,72 = 226.                               (A3) 
 
Whose approximate solution is   Xnon-ohmic = 339 mA. 
 
 
 
 
 

 
TABLE A5. Theoretical and experimental voltages corresponding to 
the terminals of the circuit in figure A3. 
 

Points 
(terminals) 

Voltage (V) 
(experiment) 

Voltage (V)  
(theory; 
ôhmic) 

Voltage (V) 
 (theory; 
non-ôhmic) 

AA´ 226.0 ± 2.8  226.0 ± 2.8 226 
AB1  97.6 ± 1.3 90.4 ± 1.1 96 
AB2  101.9 ± 1.3 90.4 ± 1.1 96 
AB3  96.5 ± 1.3 90.4 ± 1.1 96 
A’B’1  103.8 ± 1.3 90.4 ± 1.1 96 
A’B’2  106.1 ± 1.3 90.4 ± 1.1 96 
A’B’3  100.2 ± 1.3 90.4 ± 1.1 96 
B1B’3 28.8 ± 0.5 45.2 ± 0.6 33 
B1B’2 22.8 ± 0.5 45.2 ± 0.6 33 
B2B’3 24.5 ± 0.5 45.2 ± 0.6 33 
B2B’1 20.9 ± 0.5 45.2 ± 0.6 33 
B3B’1 25.1 ± 0.5 45.2 ± 0.6 33 

 
 
TABLE A6 Summary of table A1, considering groups of 
terminals with equal theoretical predictions. 
 
 

Points 
(terminals) 

Voltage (V)  
(experiment) 

Voltage (V)  
(theory; 
ôhmic) 

Voltage (V) 
 (theory; 
non-ôhmic) 

AB1, AB2, 
AB3, A’B’1, 
A’B’2, A’B’3 

101.0 ± 0,6 90.4 ± 1,1 96 

B1B’3, B1B’2, 
B2B’3, B2B’1, 
B3B’1, B3B’2 

 24.3 ± 0.2 45.2 ± 0,6 33 

 
 
TABLE A7: Theoretical and experimental currents corresponding 
to the terminals of the circuit in figure A3. 
 

Points 
(terminals) 

Electric Current (mA) 
(experiment) 

Electric Current (mA) 
(theory; 
ôhmic)* 

Electric Current (mA) 
(theory; non-
ôhmic)* 

AB1  696 ± 10 589 ± 7 678 
AB1  653 ± 10 589 ± 7 678 
AB3  690 ± 10 589 ± 7 678 
A’B’1  635 ± 10 589 ± 7 678 
A’B’2  652 ± 10 589 ± 7 678 
A’B’3  703 ± 10 589 ± 7 678 
B1B’3 370 ± 5 294 ± 4 339 
B1B’2 316 ± 5 294 ± 4 339 
B2B’3 333 ± 5 294 ± 4 339 
B2B’1 318 ± 5 294 ± 4 339 
B3B’1 347 ± 5 294 ± 4 339 
B3B’2 321 ± 5 294 ± 4 339 

 
 
TABLE A8: Summary of table A2, considering groups of terminals 
with equal theoretical predictions. 
 

Points 
(terminals) 

Current (mA) 
(experiment) 

Current (mA) 
(theory; 
ôhmic)* 

Current (mA) 
(theory; non-
ôhmic)* 
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AB1, AB2, 
AB3, A’B’1, 
A’B’2, A’B’3 

 671 ± 4 589 ± 7 678 

B1B’3, B1B’2, 
B2B’3, B2B’1, 
B3B’1, B3B’2 

334 ± 2 294 ± 4 339 

 


