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Using Hexbugs™ to model gas pressure and electrical conduction:

A pandemic-inspired distance lab

Genevieve DiBari,? Liliana Valle,?") Refilwe Tanah Bua,® Lucas Cunningham,
Eleanor Hort, Taylor Venenciano,® and Janice Hudgings®
Physics and Astronomy Department, Pomona College, Claremont, California 91711

(Received 1 February 2022; accepted 9 September 2022)

We describe a pandemic-inspired, modern physics distance lab course, focused both on engaging
undergraduate physics majors in scientific research from their homes and on building skills in
scientific paper reading and writing. To introduce the experimental and analytic tools, students are
first asked to complete a traditional lab assignment in which collections of Hexbugs™", randomly
moving toy automatons, are used to model gas molecules and to confirm the ideal gas law.
Subsequently, after consulting the literature, students propose and implement semester-long
experiments using Hexbugs™, smartphones, and materials commonly found at home to model
various concepts in statistical mechanics and electrical conduction. A sample project focused on
the Drude model, in which HexbugsTM on a tilted plane are used to model electrical conduction, is
described in detail. Alongside the research projects, students write formal, peer-reviewed scientific
papers on their work, modeling the professional publication process as closely as possible.
Somewhat paradoxically, we found that the pandemic-inspired exigency of reliance on simple,
home-built experiments enabled an increased focus on developing experimental research skills and
achieving the laboratory learning objectives recommended by the American Association of Physics
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I. INTRODUCTION

Recent years have seen an explosion of academic and com-
mercial interest in the development of online instructional lab
exercises due both to the COVID-19 pandemic and to the
rapid growth in online education in its own right. While the
pandemic forced a rapid, unplanned-for transition from in-
person labs to online labs at many institutions, a recent survey
of the response of physics programs across the United States
found that “For some instructors, the move to remote/hybrid
teaching may be a unique opportunity to transform the lab
course—rethinking learning goals, implementing course-
based undergraduate research experiences (CURES), having
at-home maker spaces or labs that focus heavily on experi-
mental design, and modeling to increase student agency, or
completely restructuring both the lectures and labs to have
investigative science learning environments (ISLEs).”" In this
work, we describe just such an initiative: a pandemic-inspired
rethinking of a sophomore-level modern physics lab course,
including re-examining the learning objectives and develop-
ing a hands-on laboratory experience enabling students to
conduct original physics research from home.

The American Association of Physics Teachers (AAPT)
recommends six learning outcome focus areas for lab
courses: “constructing knowledge,” “modeling,” “designing
experiments,” “developing technical and practical laboratory
skills,” “analyzing and visualizing data,” and “communicating
physics.”* These focus areas are summarized with additional
details in supplementary material Table 1.° By de-
emphasizing the use of sophisticated equipment, the at-home
lab course described in this paper focuses more directly on
AAPT-recommended learning objectives centered on the
development of experimental skills, including reading the sci-
entific literature; selecting a research question; designing,
implementing, and debugging an experimental apparatus;
data analysis; modeling; and scientific communication.
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In this paper, we describe the structure of the lab course
and then present two of the experiments in detail, highlight-
ing the use of Hexbugs™, commonly available, inexpensive
toy automatons that exhibit semi-random motion,* to model
phenomena in statistical mechanics and electrical conduc-
tion. We note that, while originally developed for an online
modern physics lab course, the experiments described here
might also be useful for instructional labs or lecture demon-
strations in statistical mechanics, physical chemistry, bio-
physics, or introductory electromagnetism, either online or
in-person.

II. GENERAL STRUCTURE OF THE LAB COURSE

The online distance lab course described in this paper is
attached to a relatively standard undergraduate modern phys-
ics course that is required of all physics and astronomy
majors at our college and typically taken in a student’s soph-
omore or junior year. The course enrolls roughly 20 students
per year but is scalable to larger numbers. Whereas the in-
person version of the lab previously focused largely on
benchtop quantum optics experiments, the online version
discussed here is centered on statistical mechanics experi-
ments using Hexbugs'™. The inspiration for these experi-
ments is largely drawn from prior publications illustratin%
the use of Squiggle-Balls™ in instructional laboratories.””
The semi-randomly moving Hexbugs™?® can be used to
model the behavior of particles such as gas molecules, elec-
trons in a diffusive medium, or any object subject to a ran-
dom walk, including more complex behaviors in the
subfields of active matter and granular materials.”™'? In this
lab course, we focus on using Hexbugs™ to conduct quanti-
tative, macro-scale explorations of otherwise microscale
behavior that can be difficult for students to visualize,
including an exploration of the ideal gas law, electrical con-
duction, and more.

(© 2022 Published under an exclusive license by AAPT 817
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Table I. Structure of the online modern physics lab course.

Week Technical focus Scientific communication focus

1-3 Computational modeling and introduction to MATHEMATICA and MATLAB Reading “How to Read Scientific Papers” by Schmidl**

4 Conventional structured lab: using HexbugsvrM to model gas pressure Reading “Experiments in statistical mechanics” by Prentis®

5 Reading literature; brainstorming experimental research questions Reading curated selection of experimental research papers®’?~1222

6 Research proposal Reverse outlining a scientific paper

7-9 Designing, building, and debugging experiment; data collection Drafting and revising sections of manuscript: introduction,

experimental methods, and theory

10-11 Data analysis and modeling Drafting and revising sections of manuscript: results, discussion,
conclusion, abstract, acknowledgements

12 None Anonymous peer review of manuscripts

13 None Revised final manuscript and responses to reviewers due

The overall structure of the lab course is summarized in
Table 1. The first three weeks focus on introducing students
to MaTHEMATICAZY and MATLAB,21 tools that are used through-
out the lab course for computational modeling and data anal-
ysis. In order to build basic familiarity with the equipment
and analysis tools used in the course, the experimental por-
tion of the lab course begins in week 4 with a single conven-
tional “cookbook lab,” in which students are given relatively
detailed instructions to implement a gas pressure lab using
Hexbugs ™. This lab parallels earlier work by Prentis and is
described in detail in Sec. IIL.°

The original research portion of the course begins in week
5 and continues for the remainder of the semester. Students
are asked to choose at least three articles to read from a
curated collection of experimental research papers, largely
focused on statistical mechanics and prior experiments using
Hexbugs™ or Squiggle-Balls™.%7971222 They are then
asked to brainstorm potential research questions using
Hexbugs™ and to list the ideas in a shared class resource
document. A sampling of initial project ideas is shown in
supplementary material Table 2.> After discussing and refin-
ing the ideas with the instructor, students work in pairs to
select a research question and develop a formal research pro-
posal, including a sketch of the proposed experimental setup
and a discussion of what data are to be collected. For the
remainder of the semester, the student pairs implement their
original research projects with weekly feedback from their
instructor. They iteratively design and build the experimental
apparatus, collect and analyze data, and use their initial
results to further refine the experiment, building key skills
used in experimental physics research labs.?

In addition to the experimental research curriculum, scien-
tific communication skills, such as reading and writing scien-
tific papers, are taught throughout the course. This science
communication curriculum is outlined in the third column of
Table I. Students are first introduced to strategies for reading
scientific papers and then practice this skill in the context of
the mini-literature review required before selecting research
topics. In week 5, the focus shifts to writing scientific papers.
Students begin by reverse outlining a fairly conventionally
written published paper. In this exercise, students identify
the major components of the paper (Abstract, Introduction,
Experimental Methods, etc.) and then outline the main argu-
ments being made in each section. For example, the
Introduction section contains a motivation for the work, a
brief review of prior work in the area, and a clear statement
of the purpose of the work described in the paper. This
reverse outline then effectively serves as a scaffold for the
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remainder of the semester, as students write a formal scien-
tific paper about their research project. Each subsequent
week, students are required to write a section of their paper
and to revise the section written the prior week, on which
they have received detailed feedback. The completed manu-
scripts are then subjected to double-blinded peer review.
During this review process, students learn a second, often
overlooked, form of scientific communication, that of writing
a constructive review. This exercise is supported by a set of
“instructions for reviewers,” modeled after those provided by
physics journals (see supplementary material Appendix 1°),
samples of high-quality reviews, and an in-class discussion
of sources of bias in reviews.”>° The semester ends with
students revising their manuscripts and writing formal
responses to the reviews before submitting their final papers
to their instructor for grading. In this manner, over the course
of the semester, students refine their scientific writing skills
while experiencing the entire life-cycle of publishing a
paper: from performing the experiments to writing the paper
and the review-revise-and-resubmit cycle of submitting a
manuscript for publication.

The structure of this pandemic-inspired, distance lab
course is intended to prepare—and hopefully to inspire—
students to engage in independent research, in faculty-led
research labs, summer internship programs, or their future
careers. The intention of the course is to achieve all six labo-
ratory learning outcomes outlined by the AAPT (see supple-
mentary material Table 1°) developing key experimental and
data analysis skills alongside learning to read and write sci-
entific papers.”

III. GAS PRESSURE LAB

In order to familiarize students with the necessary experi-
mental and data analysis skills before embarking on original
research projects, students were required to adapt the “pressure
fluctuation machine” experiments described by Prentis,
replacing Prentis’s Squiggle-Balls™ with Hexbugs™.° This
statistical mechanics experiment enables a quantitative,
macro-scale exploration of the ideal gas law by placing a
movable piston between two “gasses’” of differing concentra-
tions of Hexbugs™, enabling students to explore the effects
of mechanical interaction of the gas molecules (Hexbugs™)
with the moveable wall.

In the spirit of “distance labs” meant to be conducted at
home, the experimental apparatus is constructed using a col-
lection of Hexbug Nanos ™ that were mailed to the students,
a smartphone, and items commonly found at home; the
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materials provided to the students are listed in supplementary
material Table 3.> Hexbug Nanos™ are small (7.2g),
battery-powered robots driven by an internal motor that
vibrates the bugs’ 12 flexible legs at about 100 Hz.?” This
rapid repeated motion allows the Hexbugs' ™ to move in a
semi-random manner, such that a collection of HexbugsTM
can be approximated as a macroscopic gas.*®'* The details
of the apparatus varied slightly from student to student based
on materials available; a typical setup is described here. A
rectangular box (in this work, 32 x 21cm?) is placed on a
flat, level surface and divided by a sliding wall positioned
perpendicular to the length of the box, as shown in Fig. 1.
The wall must be lightweight, yet rigid enough to prevent
bending or twisting when impacted by the Hexbugs™;
stacked bamboo skewers with the top and bottom skewers
protruding through horizontal slits in the sides of the box,
worked well and allowed the wall to slide along inside the
box.?® With collections of Hexbugs™ placed on either side
of the wall, the apparatus functions as a model of a movable
piston placed between two different gasses. To disrupt the
tendency of the Hexbugs™ to become trapped in corners or
to follow the walls of the box, small rounded cardboard bar-
riers were placed in the corners to redirect the Hexbugs'™
away from the walls.

At the start of each experiment, the wall was positioned at
the center of the box at the x =0 position, as shown in Fig.
1(b), such that the left and right chambers started off with the
same area: A; (t=0) = Agr(t=0). Np HexbugsTM were then
introduced to the left chamber and Ng Hexbugs'™ to the right
chamber, and the system was allowed to equilibrate. As the
™ «oas molecules” collided with the piston, the
motion of the piston was video-recorded using a smartphone
and subsequently analyzed using the video tracking software
Tracker to obtain the position x(t) of the wall as a function of
time.?? In a typical experiment, the position of the wall was
measured every 0.3s. At each timepoint, the concentration
ni(t) of the two-dimensional Hexbug" ™ gas can be calculated

nk(t) = Nk/Ak(t), for k € {L, R}, @))]

where the area A, (t) of the box is determined from the mea-
surement of the position of the wall x(t).

The dynamics of the wall were tracked for three concen-
trations of the Hexbugs™. In two of the experiments, the
starting concentrations of the Hexbug™ gasses on the left

(@
Rounded

and right of the wall were equal (n(t =0) = ng(t =0)), each
chamber having the same numbers of Hexbugs™: (N, = 2,
Ng= 2) and (N.= 5, Ng= 5). In the third experiment, the
starting concentrations of the Hexbug™ gasses were uneven
with differing numbers of bugs in each chamber (N, = 3,
Ng=12).

The equilibrium state of this system can be predicted by
the molecular form of the ideal gas law

PV = NkgT, (2)

where P, V, and T are the pressure, volume, and temperature
of the gas, respectively. N is the number of molecules, and
kg is Boltzman’s constant. In our experiment, the tempera-
ture of the Hexbug ™ gasses is constant because the average
speed of the Hexbugs™™ is constant. The pressure Py exerted
by each Hexbug™ gas on the center piston is, therefore,
determined by the concentration ny of the two-dimensional
gas

Py = ngkgT, for k € {L7 R} 3)

The mean position of the piston in this system is at the point
of mechanical equilibrium, when the pressures on the wall
from the left and from the right are eq}lal, or, equivalently,
when the concentrations of the Hexbug™ gasses on the two
sides of the wall are equal.

For each of the three initial configurations, sample student
data (collected at home) are shown in Fig. 2, along with the
mean and standard deviation of the wall position during a
single experimental run. When the initial Hexbug™ gas con-
centration was the same on the left and right sides of the
wall, the average position of the wall remained roughly at
the origin, as expected. Furthermore, as the number of
Hexbugs ™ in the two chambers increased (while maintain-
ing equal numbers of Hexbugs'™ on both sides), the standard
deviation of the wall position decreased because the dis-
placement of the wall resulting from each Hexbug™ colli-
sion was more frequently offset by an opposing collision on
the other side of the wall.®

In the (N = 3, Ng = 2) case, the initial concentration of
the Hexbug™ gas was 33% greater on the left side of the
wall than on the right side, so the greater number of colli-
sions of Hexbugs™ into the left side of the wall moved the
wall to the right. Remarkably, even with such small numbers

(b)
Sliding Wall

Rounded Barrier ~ Hexbug™

Fig. 1. 3D (a) and top (b) views of the experimental setup. A lightweight but rigid moveable wall is suspended from parallel slits and can slide along the length
of the box. A coordinate system is defined such that the x-axis (white line in (b)) runs parallel tOTt.\}fe length of the box with the origin (x =0) q%ﬁned to be in the
center of the box. A collection of Hexbugs™ is placed on each side of the wall with N; Hexbugs ~ on the left side of the wall and Ng Hexbugs ~ on the right.
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Fig. 2. Each histogram shows for N;, Hexbugs™ in the left chamber of the gas pressure apparatus and Ng Hexbugs™ in the right chamber, how many times
the wall was measured to be in a given location during a single experimental run. All three experiments were conducted by the same student. In all cases, the
position x =0 is the initial position of the wall, when both chambers are of equal area. The mean (x) and standard deviation ¢ of the position of the wall are

given for each experiment.

of “gas molecules,” at the conclusion of the experiment, the
concentration of the two Hexbug™ gasses was nearly identi-
cal (0.0074cm ™ on the left and 0.0075cm > on the right).
This experiment was later repeated by the authors with
higher numbers of HexbugsTM (N, = 3, Ng= 4), similar
results were obtained with the wall moving to the left until
the concentration of the two gasses equilibrated, and the gas
pressure in both chambers was the same.

While the mechanical force exerted by collisions of gas
molecules with their container can be difficult to observe
directly, this macro-scale Hexbug ™ gas model enables stu-
dents to directly observe the effect of collisions of the
Hexbug™ gas molecules with a piston and permits a quanti-
tative exploration of the ideal gas law. The simple, build-it-
yourself experimental setup allows students to develop
experimental design and to build skills while reinforcing
basic data analysis techniques. The data in Fig. 2 illustrate
the robustness of this experiment to somewhat typical weak-
nesses in a student-driven, at-home experimental measure-
ment, including an implausibly low number of gas molecules
and differing experimental durations between the three test
cases. Also, the histograms in Fig. 2 correspond to the entire
movement of the wall from the start of the experiment to
the end. Consistent with the student’s procedure, we have
not removed the data corresponding to the transient regime
in which the wall moves from its initial position to a position
close to equilibrium, illustrating that the average wall posi-
tion (x) is barely affected by the transients. Furthermore,
these shortcomings can be discussed in class and are useful
for the development of students’ experimental skills
through the critical assessment of their experimental design.

820 Am. J. Phys., Vol. 90, No. 11, November 2022

This simple experiment is also a good springboard for
students to brainstorm future work that builds on this experi-
ment. For example, they could choose to address the experi-
ment’s limitations or to further investigate phenomena that
they have observed such as the change in the standard devia-
tion of the wall position as the number of Hexbugs™
is varied.

IV. MODELING ELECTRICAL RESISTANCE
AND CONDUCTION

Students developed a wide variety of research projects
based on the initial brainstorming of ideas shown in Table II
of the supplementary material.® In this section, we focus on
one specific project, the modeling of electrical conduction,
and exploration of the Drude model, which illustrates how a

Table II. Dependence of relaxation time, mean free path, and carrier mobil-
ity on scattering site density. Carrier mobility values were extracted from
the slopes of the linear fits in Fig. 6, while the relaxation times and mean
free paths were obtained from by-hand analysis of the individual video
frames (running at 30 frames/second) as the Hexbug™ moves through the
experimental setup.

Density of Scattering site  Relaxation Mean Carrier

scattering  spacing (cm) time free path mobility,

sites *0.lcm 7(s)*=0.03s I(cm)*=0.1cm uq4(s)*=0.005s

Low 12.5 0.95 11.8 0.11

Medium 10 0.73 11.5 0.09

High 8.5 0.43 7.5 0.08
DiBari et al. 820
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macroscopic experiment can be used to deepen students’
understanding of a microscopic phenomenon.

The Drude model, proposed by German physicist Paul
Drude in 1900, uses ideas from classical mechanics to
describe electrical conduction. The model describes metals
as an assembly of atoms with valence electrons that behave
similarly to a gas. These conduction (valence) electrons are
modeled as “free charges” that are randomly scattered
as they move about in the metal with mean speed u; see
Fig. 3(a). We note that while Drude attributed scattering of
the conduction electrons to collisions with the lattice ions,
quantum mechanics has shown that this is not the case and
that scattering of the conduction electrons is largely due to
impurities or phonons. We will come back to this point at the
end of this section.

With no externally applied field, the average velocity of
the conduction electrons is zero. Because there is no net
movement of the electrons in any one direction, there is no
net charge flow. However, in the presence of an applied
external electric field, the randomly scattering conduction
electrons are accelerated between collisions by the resulting
electric force and acquire a net “drift velocity” in the direc-
tion of the electric force; see Fig. 3(b). The drift velocity v,
is defined as the instantaneous velocity in the direction of the
electric force, averaged over many conduction electrons.?!

The relationship between the drift velocity and the applied
field can be obtained by following the derivation by Kasap.>'
Assume an electric field E is applied to a metal in the —x
direction, as in the schematic in Fig. 3(b). To calculate the
drift velocity of an ensemble of N conduction electrons, first
consider the velocity v;(¢) of the i-th electron at time t. If the
last scattering event experienced by the i-th electron
occurred at time t; < t, then during the time interval t — t;,
the electron experiences an acceleration @ in the +x-
direction due to the electric field

d@ = eE/m.x, 4)

where E is the magnitude of the field. E and m, are the mag-
nitudes of the charge and the mass of the electron, respec-
tively. If if;(#;) is the velocity of the i-th electron resulting
from the random scattering event at time t;, then the velocity
of the electron at time t is

V,‘(l) = ﬁ,‘(l,‘) —l—eE/me(t—ti))?. (®)]

The Drude model assumes that a collision can scatter an
electron in any direction and electrons emerge from a

@  Ugeat ©® E
Start

i End
End ”iw
A
X
; AX 1

Fig. 3. The Drude model-based visualization of motion of a conduction elec-
tron in a metal (Ref. 30). (a) In the absence of an electric field, a conduction
electron moves through the metal with average speed u between random
scattering events, such that the time-averaged velocity of the electron is
zero. The first four scattering events are marked with gray stars. (b) When
an external electric field E is applied in the —x direction, the conduction
electron accelerates in the +x direction between scattering events. Over a
time interval At, the electron drifts a distance Ax in the +x direction.
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collision with speed u that only depends on the local temper-
ature of the metal, so the velocity i;(¢) averaged over many
electrons is zero. Hence, the drift velocity V,, which is
defined as the instantaneous velocity averaged over all of the
conduction electrons, is

=

= DT = eB/mefr — 1) & ©)
i=1

Following the derivation by Kasap, (t — ;) is the average
free time between collisions for N electrons, which is equal
to the mean free time 7, defined as the mean time between
collisions.*? Hence, the magnitude of the drift velocity can
be written as

Va = (e/me)ET =1y E, (7

where 4 is the drift mobility (commonly called “carrier
mobility”), defined as

Uy = (e/me) 7. (8)

The above derivation uses the definition of the drift velocity
as the instantaneous velocity in the direction of the electric
force, averaged over many conduction electrons.
Alternatively, the drift velocity can be determined by focus-
ing on the motion of a single conduction electron in the pres-
ence of an applied electric field over a time At >> 7; see Fig.
3(b). After many scattering events during the time interval
At, the electron is displaced by a net distance Ax in the x-
direction. Thus, the effective velocity at which the electron
drifts in the x-direction is

Vo = Ax/AL, )

which is a time averaged velocity for a single electron over
many scattering events. Under steady state conditions (At > 1),
the drift velocity and the effective velocity are equivalent.

The distance equivalent to t (commonly called the
“relaxation time”) is the mean free path, ¢, defined as the
mean distance traveled by the electrons between scattering
events. Hence, the mean speed u between scattering events is

u=//1. (10)

In contrast to the drift velocity, the mean speed is assumed in
the Drude model to be independent of any external electric
field; see the discussion on the assumptions of the model
below. The values of the drift mobility, relaxation time, and
mean free path are determined by the properties of the
material.

In the at-home experimental setup, electrical conduction
in a metal is modeled using a long rectangular cardboard box
with scattering sites constructed from cardboard rings
arranged in a 2D cubic array and Hexbugs™ as the conduc-
tion electrons, see Fig. 4. Three different scattering site spac-
ings were tested (see the caption of Fig. 4). In this
macroscopic model of conduction, the electric field is mod-
eled by the gravitational field. A difference in potential is
applied by raising one end of the box by height h such that
the floor of the box is at an angle 0 relative to the horizontal
plane. Defining a coordinate frame such that the x-axis is
parallel to the length of the box as shown in Fig. 4, the result-
ing gravitational field £ along the length L of the box is

DiBari et al. 821
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Fig. 4. The experimental setup used in the Drude model experiments with
top (a) and 3D (b) views. The circles are cardboard rings (the scattering
sites) arranged in a square array with center-to-center distance D. Each ring
has a diameter of 5 cm. Three different scattering site densities were used in
the experiments: low density (D=12.5cm, 3 x 11 array of scattering sites,
as shown in (a)), medium density (D=10cm, 4 x 14 array of scattering
sites), and high density (D=8.5cm, 5 x 17 array of scattering sites). The
dimensions of the Hexbug Nano™ “electrons™ are 4.5 x 1.4 cm?.

-

£ =Vy/Lx=gh/Lx=gsin0x, (11)

where V, is the gravitational potential and g is the accelera-
tion due to gravity. Note that, in contrast to the movement of
electrons in the opposite direction to an electric field,
Hexbugs™ drift in the same direction as the gravitational
field £ along the length of the box.

When released into the experimental setup, Hexbugs™
move about the box with mean speed u, randomly scattered
by collisions with the rings. When the box is leveled (0
=0°), such that there is no applied field, there should be
no net movement of the Hexbugs™ in any direction, such
that the time-averaged velocity of the bugs is zero. When
one end of the box is raised, creating a gravitational poten-
tial, the Hexbugs ™ are accelerated between collisions by the

resulting gravitational field & and acquire a net drift velocity
in the direction of the field. Figure 5 shows the path of a
representative Hexbug ™ with and without an applied field.
The relationship between the drift velocity of a collection
of N Hexbugs™ and the applied field € can be derived fol-
lowing the analysis used for the Drude model. First, consider
the velocity v;(r) of the ith Hexbug™ at time t. If the
Hexbug"™ of mass my; moves freely in the gravitational field

v v

; Y N A A
VOQPULP OO VN OV v O &
OO0 Ustartg pedl e C OV 9
¥ S S X
SO O oW A > o o vV e
OQOQOCOO O & C OO0 ¥
CQOVOYVO © YN )" | VN

L = N End z
= e m—

(b)

- 7 T
PPPPPHN PP 7
7 <0 DO DO L O UL
P N Y. Y Y.y, - Y eV oYaya
D C DO O RO 0 E QOO0
P S P PR R S G e s

- > g = SAvien s T
0 O C O0DOONO00
\) Q D O

Fig. 5. Movement of a Hexbug ™ through the experimental setup with (a)
the box leveled (0 = 0°) and (b) the left side of the box raised relative to the
right side (0 = 19°) to create an external field &. The lines show the path of
one of the Hexbugs™ over time. Black squares indicate the position of the
Hexbug™ measured using the tracking software Tracker (Ref. 29), which
analyzed every sixth frame of the 30 frames/second video; the connecting
lines are guides to the eye. The track is overlaid on a photo of the box, in
which several Hexbugs ™ are visible.
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& applied along the length of the box, then the bug experien-
ces an accelerating force F,

—

F = myé = my gsin 0 2. (12)

If the last collision of the Hexbug™ with a scattering site
occurred at time t; < t, then during the time interval t — t;,
the Hexbug™ experiences an acceleration @ in the +x-
direction due to the field

/mH:E:gsinﬁﬁ. (13)

T

é‘ =
Hence, the velocity of the Hexbug™ at time t is

Vi(t) = ui(t;) + E(t—t), (14)

<

where i7;(1;) is the starting velocity of the Hexbug™ result-
ing from the random scattering event at time t;. Assuming
that a collision with a scattering site can scatter a Hexbug™
in any direction, the velocity i;(¢;) averaged over many
HexbugSTM is zero. Hence, as in the Drude model derivation,
the drift velocity vy is

N
v =E—t)=Er=p¢, (15)

i=1

R 1
Vg =—
‘TN
where 7 is the mean free time between scattering events,
averaged over all N HexbugsTM.32 Using the conventional
definition of the drift mobility, we then have

Ug =T (16)

for Hexbugs™ moving freely in the gravitational field g

However, in practice, the HexbugsTM does not move
freely in this gravitational field, as the gravitational force is
offset by a substantial frictional force between the legs of the
Hexbug™ and the box. The slip-stick dynamics of the
Hexbug™ legs are complex enough to require numerical
simulation and are not easily modeled analytically."” In this
work, we introduce a phenomenological scaling parameter, o
(where o <1), to account for the reduction in the net force
acting in the direction of the gravitational field**

— -

Fpy =0omy& = oamygsinlx. (17)

With this adaptation, the magnitude of the drift velocity of the
Hexbugs™ becomes

—

Vi=af 1=p,&, (18)

where the carrier mobility, consequently, is reduced by the
scaling factor

Uy = OT. (19)

In all experiments, six spatially separated Hexbugs'™ were
simultaneously released in the box, starting from near the
raised end, and allowed to interact with the scattering sites.
The movement of the Hexbugs™ was recorded in a video
using a smartphone, and the video was subsequently ana-
lyzed using the software Tracker to obtain the movement of
each Hexbug™.?° In the analysis, we measured the effective
velocity Vs at which a Hexbug™ drifts in the x-direction
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(Eq. (9)). As in the Drude model of electrical conduction dis-
cussed above, under steady state conditions (At > 1), this
time averaged effective velocity for a single Hexbug™ over
many collisions is equivalent to the drift velocity.

With six HexbugsTM in each experiment, trials were run
at each of eight different angles of the box and for three dif-
ferent densities of scattering sites. The resulting mean drift
velocities are shown in Fig. 6. Within the uncertainty of the
measurements, the results are consistent with the prediction
of Egs. (7) and (18) that the magnitude of the drift velocity
should scale linearly with the magnitude of the applied field
& . Hence, the Hexbug™ experiment provides a clearly visi-
ble, macro-scale model of carrier transport in a wire that is
consistent with the Drude model.

The model can be used to illustrate the effect of material
properties on electrical transport as well. For example, as the
density of scattering sites increases (i.e., the spacing between
the rings in the experimental setup decreases), the relaxation
time 7 should decrease. Examining trials for each of the three
scattering site densities, T was determined by measuring the
mean free time between collisions. Similarly, mean free path
¢ of the Hexbugs'™ between scattering processes was deter-
mined by measuring the mean distance between collisions.
Table II shows the measured mean relaxation time and mean
free path for each scattering site density, along with the car-
rier mobilities extracted from Fig. 6. As expected, both the
relaxation time and mean free path decreased with increasing
scattering site density, as did the carrier mobility, consistent
with the predictions of Eq. (19).

Using the measured relaxation times given in Table II, the
drift velocities for all three scattering site densities are plot-
ted together in Fig. 7 as a function of the product of the mag-
nitude & of the applied field and the relaxation time 7.
Remarkably, as predicted in Eq. (18), the drift velocities
appear to scale linearly with £7, allowing for some scatter in
the measurements, providing a dramatic macro-scale visuali-
zation of the Drude model. Furthermore, the slope of the plot
provides a quantification of the phenomenological scaling
parameter, o = 0.11, introduced in Eq. (17) to account for
the complex friction dynamics impacting the motion of the
Hexbugs™ in the gravitational field.*

The Drude model makes several key assumptions that
must be taken into account when constructing this

Density ' ' il
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Fig. 6. Mean Hexbug™ drift velocity, averaged over six trials at each point
vs the magnitude £ of the applied field along the length of the box. Vertical
error bars show the standard deviation of the mean of the six trials. The field
was varied by changing the angle at which the box is tilted (0 € {1°, 3°, 4°,
6°,7°,9°,11°,12°}), as in Eq. (11). Experiments were run at three different
scattering site densities defined in the caption of Fig. 4. Lines are best fits to
the points for each density.
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Fig. 7. Mean Hexbug™ drift velocity, averaged over six Hexbugs™ at each
point, vs the product of the magnitude £ of the applied field and the mea-
sured relaxation time 7 for the corresponding scattering site density. Vertical
error bars show the standard deviation of the mean of six trials. The dataset
contains drift velocities measured using the three different scattering site
densities, and hence, three differing relaxation times, given in Table II. Line
is the best fit to the points.

macroscopic model system.*!**37 First, the model assumes
that conduction electrons do not interact with each other and
are not influenced by the lattice ions between collisions.”®
Hence, in the absence of an electric field, a conduction elec-
tron moves in a straight line path between collisions. This
assumption is satisfied in the experimental setup by using
few enough Hexbugs™ (typically six) that they do not col-
lide with each other during the experiments. Second, when
the electrons are scattered, they lose all of the energy gained
from an applied field and are scattered in a random direction.
This assumption is satisfied in our Hexbug™ model, as the
observed drift velocity does not increase over time. Finally,
the Drude model assumes that the relaxation time t is inde-
pendent of the applied field, because the mean speed u is
much greater than the magnitude of the drift velocity (u
> |Vy]); this constraint puts an upper limit on the slope of
the box. The mean speed obtained from the data in Table 11
is noisy but of the order of u=0.15 m/s, while the measured
drift velocities (see Fig. 6) range in amplitude from 0.01 to
0.18 m/s, such that many of the experimental trials violate
this assumption of the model (u >> |V,]). Despite this limita-
tion, Fig. 7 shows that the data collected using the macro-
analogue are remarkably consistent with the Drude model.

Furthermore, there is an important conceptual limitation
to both the Drude model and the Hexbug™ analogue
described in this work, which should be explicitly consid-
ered. When the Drude theory was originally formulated, it
was assumed that electrons scattered from the periodic lattice
of ions. However, quantum mechanical models eventually
showed that electron wave functions accommodate the peri-
odic lattice, and scattering occurs only from defects in the
periodicity such as impurities and phonons. In this experi-
ment, the Hexbugs'™ behave classically and scatter even
from a regularly spaced array, which could lead students to
an incorrect understanding of electron conduction. When
implemented in an instructional setting, the Hexbug™
experiments could be improved by arranging the scattering
sites (cardboard rings) randomly, rather than in an array, and
instructors should accompany this Drude model-based exper-
iment with a discussion of the modern understanding of elec-
trical conduction.

In conclusion, modeling electrical conduction using
Hexbugs™ on a tilted plane provides a visible-scale
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analogue to the Drude model of electrical conduction.
Students are able to see the interactions of the electrons
(Hexbugs™) with the scattering sites and appreciate the dif-
ference between the mean speed u and the drift velocity.
Furthermore, it is readily apparent why changing material
properties, such as the density of scattering sites, affects the
mean free path and relaxation time of electrons, and conse-
quently, the carrier mobility and electrical conductivity.

V. CONCLUSIONS

As illustrated by both the gas pressure and electrical con-
duction experiments, collections of Hexbugs™ can be used
to develop simple but effective macro-scale models of com-
mon micro-scale phenomena in statistical mechanics and
electronics. These macro-scale analogues are consistent with
established physical models (here, the ideal gas law and the
Drude model) and enable students to visualize the underlying
physical behaviors that are otherwise largely invisible, such
as the mechanical forces exerted by gas molecules on their
containers and the conduction of electrons through a metal.

Paradoxically, despite having shifted to online labs as a
pandemic-inspired exigency, we found that the necessary de-
emphasis on the use of sophisticated scientific equipment
enabled greater focus on the learning outcome focus areas rec-
ommended by the AAPT.” Of the six AAPT-recommended
focus areas listed in supplementary material Table 1,° five of
the areas were robustly met to the “advanced level” standard
in the AAPT guidelines with the online lab course, while the
sixth area ‘“developing technical and practical laboratory
skills” was met to the “introductory level” standard due to the
inability to use advanced laboratory equipment. Student com-
ments on end-of-semester learning evaluations and feedback
from the lab teaching assistants at the end of the semester were
consistent with these observations with almost all of the stu-
dents highlighting the positive impact of pursuing an indepen-
dent research project of their choosing and their perceived
gains in experimental skills, while lamenting the lack of access
to conventional scientific grade equipment. Consistent with the
thesis of Fox et al. that “the move to remote/hybrid teaching
may be a unique opportunity to transform the lab course,”" as
we transition back to in-person labs, we hope to use the lessons
learned from the pandemic lab experience to achieve the best
of both worlds: a redoubled focus on developing experimental
research skills, combined with building students’ expertise
with standard scientific instrumentation.
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