
PHYSICAL REVIEW APPLIED 22, 014011 (2024)

Equation of motion for taut-line buzzers
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Equations of motion are developed for the oscillatory rotation of a disk suspended between twisted
strings kept under tension by a hanging mass, to which additional forces may be applied. In the absence of
forcing, damped harmonic oscillations are observed to decay with an exponential time envelope for two
different string types. This is consistent with damping caused by string viscosity, rather than air turbulence,
and may be quantified in terms of a quality factor. To test the proposed equation of motion and model for
viscous damping within the string, we measure both the natural oscillation frequency and the quality factor
for widely varied values of string length, string radius, disk moment of inertia, and hanging mass. The data
are found to scale in good accord with predictions. A variation where rotational kinetic energy is converted
back and forth to spring potential energy is also discussed.
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I. INTRODUCTION

The “buzzer” or “whirligig” or “button on a string” is
an age-old toy made by threading a loop of string through
two holes of a disk or other symmetric solid [1]. By twist-
ing up the disk then pulling on opposite ends of the loop,
the disk can be set into fast rotational motion such that
the string retwists in the opposite direction and can be
pulled on again, repeatedly. In each cycle, the disk starts at
rest with the strings slack and fully twisted; as the strings
are pulled, the disk accelerates; it reaches top speed when
the strings become untwisted; then pulling ceases, the
strings twist up in the opposite direction, and the disk soon
comes to rest with the strings slack and maximally twisted.
The physical principles governing these rich dynamics
have been previously explored [1,2] and are important
in light of potential uses as low-cost hand-powered cen-
trifuges for medical diagnostics [2–5] and in electricity
generation and energy harvesting [6–9]. However, buzzer
dynamics are difficult to analyze. In Ref. [1], it is stated
that “Despite its simple makeup, the quantitative analy-
sis of the buzzer’s underlying physical mechanism turns
out to be very complex. Unsurprisingly, a physical model
appropriate for high-school and college physics does not
exist.” This is underscored in Ref. [2], where analysis of
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high-speed behavior requires accounting for supercoiling
and other effects regarding how the two strands in the loop
twist together near the disk and near the hand.

Here, we introduce a “taut-line buzzer” constructed from
a disk between strings held under tension by a hanging
mass, as depicted in the inset of Fig. 1(a). By contrast
with the usual hand-pulled buzzer, we find that this setup
is amenable to analysis as a simple harmonic oscillator. As
such, a key difference is that the rise of the hanging mass
stores gravitational potential energy, which is converted
back to rotational kinetic energy of the disk as the mass
falls. Therefore only a fraction of energy is lost per cycle,
whereas it is entirely lost for the usual hand-pulled buzzer.
This makes the taut-line buzzer easier to drive, by appli-
cation of a periodic force to the hanging mass, and could
enable higher and more-controlled rotation speeds [10].

To begin, we develop an equation of rotational motion
by considering the restoring and damping torques applied
to the disk by the strings as well as from dissipation in the
surrounding air. By observing the decay of oscillations, we
find that it behaves as a simple harmonic oscillator with
viscous damping internal to the strings. We predict the nat-
ural oscillation frequency and quality factor and find good
agreement with experiments in which system parameters
are widely varied. With these insights, we hope to enable
a hand-powered centrifuge that would be both easier to
operate and quicker to separate components of blood for
medical diagnostics [10].
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FIG. 1. The height versus time for “taut-line buzzers” (top
inset) made with single and double strands of (a) Kevlar and
(b) nylon rattail string, with nominal geometric diameters of 2.1
and 2.0 mm, respectively. The untwisted string lengths are all
Lo = 40 cm. The hanging mass is M = 2175 g. The buzzer is an
aluminum disk of radius R = 2.54 cm and height H = 1.27 cm
(bottom inset). It has been twisted by hand until the strings are
about to supercoil, released at time t = 0, and allowed to respond
without any applied force (Fa = 0). The frequency � and quality
factor Q for the damped harmonic oscillations are deduced from
the time between every other peak and the exponential-decay
envelope.

II. EQUATION OF MOTION

In a traditional hand-pulled buzzer, torque is applied to
a disk by periodically tugging on a loop of twisted strings.
All the rotational kinetic energy imparted to the spinning
disk is then lost each cycle as the disk decelerates and
twists up the strings in the opposite direction. We seek an
alternative design where the kinetic energy of the spinning
disk is converted to some form of potential energy, which
can then be recovered and converted back to rotational
kinetic energy. The proposed device shown schematically
in the top inset of Fig. 1 achieves this via a hanging mass
M that keeps the string taut and rises upward to store grav-
itational potential energy when the strings twist up and the
disk decelerates. Hence we call it a “taut-line buzzer.” The
disk is characterized by mass m, moment of inertia I , and
its angular position versus time θ(t). If the buzzer is a disk

of density ρ, radius R, and height H , then m = ρπR2H and
I = mR2/2. For simplicity, we use a symmetrical design
where the untwisted string lengths are Lo both above and
below.

When twisted by angle θ , strings and bundles of strings
of initial length Lo contract according to an effective twist
radius r according to

L =
√

L2
o − (rθ)2 ≈ Lo − (rθ)2

2Lo
, (1)

where the approximation is for small contraction, rθ � Lo
[11–15]. This assumes an ideal string or bundle that is
inextensible, perfectly flexible with zero bending or shear
moduli, and of constant radius. References [1,2] present
geometrical arguments for Eq. (1) and for the torque T
applied to the disk. We find the latter to be more readily
understood by an energetic argument. In particular, when
under tension T, the work to impose a small twist dθ is
T dθ and this must equal TdL, where dL is the length con-
traction. Hence, the torque along the string is set by T and
the form of L(θ) as

T = T
dL
dθ

. (2)

We are unaware of this general formula in prior literature.
Combining with Eq. (1) gives a linear springlike restoring
torque for a small contraction:

T = −T
r2

L(θ)
θ ≈ −T

r2

Lo
θ . (3)

We restrict our attention to this limit for developing the
equation of rotational motion. It would be straightforward
to include the full nonlinearity of the restoring torque if
L(θ) were known; however, analysis must then be numer-
ical. Since Eqs. (2) and (3) assume that the string is
inextensible and perfectly flexible, no energy is stored elas-
tically. By contrast, for a twisted pair of elastic rods with
fixed end points, elastic energy has recently been found to
be stored primarily in stretch rather than bend or rod-rod
contact and analyzed in terms of a shear modulus [16].

Let us now consider a driving force Fa applied to the
hanging mass (positive if downward). If the vertical accel-
eration of all the masses can be neglected, then Mg + Fa
is the tension in the lower string and (M + m)g + Fa is
the tension in the upper string. The general equation of
rotational motion of the disk is then

I θ̈ = − [(2M + m)g + 2Fa]
r2

Lo
θ − β1θ̇ − β2θ̇

2, (4)

where the first term is the linear restoring torque from
Eq. (3), the β1 term represents a viscous drag from air
and/or the string, and the β2 term represents an inertial drag
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from air turbulence or perhaps in some cases from sound
emission (hence the name “buzzer”). Our taut-line buzzers
are, however, silent.

As an alternative kinematic variable, the equation of
motion could be written in terms of the height y of the
hanging mass above its rest position. This height is related
to twist angle via the contraction of both strings as

y = 2(Lo − L) ≈ (rθ)2/Lo. (5)

This can be easier to measure than θ . Importantly for
physical understanding, y gives the gravitational poten-
tial energy of the system as U = (M + m/2)gy, which
increases as the hanging mass rises and the disk deceler-
ates and which can be converted back to rotational kinetic
energy of the disk as the hanging mass falls.

A. Sources of dissipation

To design an easy-to-drive taut-line buzzer, the energy-
dissipation mechanisms must be understood and mini-
mized. The order of magnitude for various possible sources
of drag may be estimated as follow. First, the importance
of viscous versus inertial contributions to air drag on the
disk is set by the Reynolds number, Re = ρaθ̇R2/ηa, where
ρa = 0.001255 g/cm3 and ηa = 0.000182 g/(cm s) are the
mass density and viscosity of air. Even for R = 5 cm and
a very slow angular speed of θ̇ = 60 rpm (revolutions per
minute), the Reynolds number is already large, Re ≈ 1000;
therefore, for any interesting buzzer or hand-powered cen-
trifuge, Re will be even larger and therefore viscous air
drag is unimportant. For inertial air drag, the order of
magnitude for the retarding torque must scale as pressure
times area times lever arm, i.e., β2θ̇

2 ≈ [ρa(θ̇R)2] × (R2 +
RH) × R, ignoring numerical factors. This gives

β2 ≈ ρa(R + H)R4, (6)

with an unknown numerical prefactor likely to depend on
Re and to be small (the spinning disk displaces little air). A
similar expression for turbulent air drag has been given in
Ref. [2], and used for numerical modeling of hand-pulled
buzzer dynamics.

Other possibilities involving inertia, and hence the β2
term, arise from nonideal effects. For example, the cen-
ter of mass of the disk could be off axis and could cause
transverse shaking; or if the buzzer shape is not a solid of
revolution, it will generate significantly more turbulence
and probably transverse shaking; or transverse vibrational
modes of the string could be excited, resonant with the disk
oscillations or not, which cause the string to cut through
the air as it spins. In fact, we sometimes observe this
phenomenon, which creates a loud whooshing noise, with
hand-pulled buzzers. If the buzzer is constructed from a
loop of string, we also sometimes observe the two strands

to fly apart when untwisted, which corresponds to high-
est speed. This too “whooshes” as the strings cut through
the air before coming together and retwisting. All such
motions are complicated and beyond our scope to model
but clearly dissipate energy.

Another source of dissipation, which can be readily
modeled, arises from the viscosity ηs associated with shear
deformation throughout the volume of the string. For
this, the retarding torque scales as viscosity times shear
strain rate times area times lever arm, i.e., β1θ̇ ≈ ηs ×
[(θ̇r)/Lo] × r2 × r, which gives

β1 ≈ ηsr4/Lo, (7)

with an unknown numerical prefactor. Dissipation within
strings has been mentioned in Ref. [6] but has never
previously been modeled. One could also consider dissi-
pation due to fiber-fiber sliding friction in a braided string.
Presumably this should be rate independent and propor-
tional to string tension, which is inconsistent with the
observations below. Therefore, inertial air drag and vis-
cous string damping are the two most likely sources of
dissipation.

To gauge the relative importance of inertial air drag for
viscous string damping, we define a dimensionless number

B = β2θ̇
2

β1θ̇
≈ ρaL(R + H)R4

ηsr4 θ̇ , (8)

in analogy with the Reynolds number. At small B, the
string viscosity dominates; at large B, i.e., at high enough
angular speed, the inertial air drag dominates. For a given
choice of string and disk dimensions, one needs to know
a typical or maximum angular speed of the disk as well
as the viscosity of the string. This requires experiment—as
reported in Sec. III.

B. Damped oscillations

In the absence of forcing, Fa = 0, the equation of
rotational motion may be rewritten as

θ̈ = −�2
oθ − 1

Q
�oθ̇ − 1

Q2
θ̇2, (9)

where the natural oscillation frequency, the conventional
Q factor for viscous damping [17], and a kind of quality
factor for inertial drag, are, respectively, defined as

�o =
√

(2M + m)gr2

ILo
, (10)

Q = �oI/β1 ≈
√

(2M + m)gILo

ηsr3 , (11)

Q2 = I/β2. (12)
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A similar expression for the oscillation frequency is
given in Section 3.5 of the Supplementary Information
in Ref. [2], where twice the peak amplitude of the hand-
applied force replaces (2M + m)g. Here, the Q factor
is further expressed using the definition of �o and the
Eq. (7) estimation of β1 for the case of string viscos-
ity. If the damping is viscous, then the total mechanical
energy decays as E(t) ∝ exp(−�ot/Q) and the fractional
energy loss per cycle is given by Q = 2πE/�E. If the vis-
cous damping is small, as turns out to be the case for our
taut-line buzzers, then the predicted oscillation frequency
� = �o

√
1 − 1/(4Q2) is negligibly decreased from the

natural oscillation frequency.

III. EXPERIMENTAL TESTS

A. Source of damping

To begin, we first measure damped oscillations for four
different taut-line buzzers made with an aluminum disk of
radius R = 2.54 cm and height H = 1.27 cm [Fig. 1(b)
inset] and a hanging mass M = 2175 g fashioned from a
2-l plastic bottle partially filled with steel bearing balls.
The untwisted string lengths are all Lo = 40 cm. The string
materials are Kevlar (polyparaphenylene terephthalamide;
Emma Kites) and nylon rattail (polyamide; Konmay) with
respective manufacturer-quoted diameters of r = 2.1 mm
and 2.0 mm. Both are composed of braided fibers of a
liquid-crystal polymer. To initiate damped oscillations, the
disk is twisted by hand until the strings are about to super-
coil. This maximum allowed twist angle is roughly θs ≈
(0.8–0.9)Lo/r [15]. Then, the disk is released and allowed
to freely gain angular speed as the string untwists and the
hanging mass falls. The moment of inertia of the hang-
ing mass is much greater than that of the disk but it is not
infinite. Therefore, some small unwanted rotational motion
of the hanging mass is induced [see Eqs. (13) and (14)].
Such motion is minimized by attaching three slightly slack
1-m strings to the bottom of the hanging mass and anchor-
ing them to the surroundings. Indistinguishable results are
obtained with two 10-cm anchor lines held by hand and
moved up and down in parallel with the mass. A range
finder (Vernier, Motion Detector 2 and Logger Pro) is
placed on the floor under the hanging mass in order to mea-
sure its time-dependent height, y(t). Recall that this relates
to gravitational potential energy via U = (M + m/2)gy.

Results for y(t) versus t are plotted in Fig. 1 for sin-
gle and double strands of both string materials. For each,
there are several oscillations that decay with an expo-
nential envelope as y(t) = yo cos2(�t) exp(−�ot/Q). Note
that the period τ = 2π/� is the time between every other
peak in y(t), because the strings are fully twisted in oppo-
site directions at adjacent peaks. Such oscillatory behavior
is consistent with lightly damped simple harmonic motion
of θ(t) according to the equation of rotational motion given

in Eq. (4) without the β2 inertial drag term. Since sev-
eral oscillation cycles are apparent before motion ceases,
the Q values are of order 10. We conclude that string vis-
cosity must be the dominant source of damping. This is
strongly supported by the observation that Q varies with
string material when all else is held fixed. Based on the
number of oscillation periods in the decays seen in Fig. 1,
the string viscosity is noticeably larger for Kevlar than for
nylon rattail. Indeed, the nylon rattail feels more slippery,
while Kevlar is known to be self-abrading under dynamic
loading. Furthermore, we find it considerably easier to
drive steady oscillation of both hand-pulled and taut-line
buzzers made with nylon rattail than with Kevlar.

B. Scaling of frequency and quality factor

To quantitatively test the predictions of Eqs. (10)
and (11) for �o and Q, we make similar measurements
of damped oscillations using the same procedures as
above but now versus widely varied system parame-
ters. For this, we utilize single strands of braided nylon
rattail cord with radii listed in Table I and lengths
Lo = {20, 30, 40, . . . , 90} cm. The manufacturer’s reported
(nominal) radii correspond well with visual inspection but
not necessarily with the twist radii defined by Eq. (1)
because of their braid and fiber structure. Therefore, we
measure the contraction versus the twist angle for Lo =
40 cm untwisted lengths of each size. The results are plot-
ted in Fig. 2 as (L/Lo)

2 versus (θ/Lo)
2, along with fits to a

line for the twist radius. These fits are reasonably good but
there are noticeable systematic errors (the origin of which
is explored in Ref. [15]). The resulting twist radii in Table I
differ somewhat from the nominal radii—some are larger
and some smaller. The disks of the buzzers are machined
from aluminum plates, with the radii, heights, masses, and
moments of inertia listed in Table II. Each has four concen-
tric 3

16 -in.-diameter holes located 3
16 in. from the axis, as

well as small dimples machined into the sides for potential
use in high-speed video imaging of angular position. The
hanging masses are M = {1, 2, 2.175, 3, 4, 5} kg. Damped
oscillations are measured with all parameters—except the
one being varied—fixed at L = 40 cm, r = 1 mm, buzzer
D, and M = 2.175 kg; for trials versus the hanging mass,
M = 2.175 kg is not used.

TABLE I. The nominal and measured twist radii for differ-
ent sizes of braided nylon rattail cord (Konmay), purchased in
different colors.

String rn (mm) rt (mm)

Red 0.50 0.60 ± 0.02
Gold 0.75 0.83 ± 0.02
Green 1.0 0.95 ± 0.02
Blue 1.25 1.09 ± 0.03
Black 1.50 1.91 ± 0.03
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FIG. 2. The contracted length L of nylon rattail strings of vari-
ous radii versus the twist angle θ , divided by the untwisted string
length Lo = 40 cm and squared. The solid lines are fits to Eq. (1),
rewritten as (L/Lo)

2 = 1 − (rθ/Lo)
2, for the effective twist radii

r; the results are given in Table I.

From the y(t) versus t range-finder data, we extract the
period τ from the time between every second peak, giv-
ing frequency � = 2π/τ , and by fitting the peak heights
to yo exp(−�ot/Q), we extract the Q factor. These are
generally large enough that the distinction between �o

and � = �o
√

1 − 1/(4Q2) can be neglected compared to
the experimental uncertainties. The results for the oscilla-
tion frequency are plotted in Fig. 3(a) versus the predicted
combination of system parameters given in Eq. (10). The
data collapse nicely to the line y = 0.59x; therefore, the
observed frequencies trend with all system parameters in
accord with expectation but are about two thirds as fast.
Perhaps this could be explained by nonlinearity of the
restoring force for large amplitudes, evidenced by the sys-
tematic deviation between data and fit for r seen in Fig. 2
(where the slopes and hence the effective spring constants
are reduced for large twist angles, as seen earlier [15]).
The results for the quality factor are plotted in Fig. 3(b)
versus the predicted combination of system parameters
given in Eq. (11). The data collapse nicely to the line y =
x/[4.6 × 107 g/(cm s)]; therefore, the trends versus known
system parameters are in accord with expectation and the

TABLE II. The radius, height, mass, and moment of inertia for
buzzer disks machined from aluminum plate.

Buzzer R (in.) H (in.) m (g) I (g cm2)

A 1/2 3/8 10.9 8.79
B 1 1/4 33.2 107.
C 1 3/8 49.9 161.
D 1 1/2 68.9 222.
E 1 1 133.6 431.
F 1 2 267.8 864.
G 2 3/8 215.8 2780.
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FIG. 3. The (a) natural-frequency and (b) quality-factor data
for damped oscillations versus prediction. Trials are made by fix-
ing the untwisted string length Lo, the string radius r, the buzzer
mass m, the moment of inertia I , and the hanging mass M to
median values and then varying one at a time across a range of
values given in the text.

viscosity of all nylon rattail strings under all tensions is of
order ηs ≈ 107 g/(cm s) = 1 MPa s.

The string viscosity is comparable to that of high-
molecular-weight (Mw) molten polymers such as poly-
isobutene and polydimethylsiloxane [18] and other poly-
mer blends [19,20], which may seem high. For compar-
ison, the viscosity of molten nylon is relatively constant
at strain rates lower than 1 s−1 (depending on Mw and
processing conditions) [21,22] and increases nonlinearly
(up to 105 Pa s) as the temperature is lowered toward the
melting point (260–270 C) [18,23,24]. But, of course, the
nylon is solid, so the following numbers may be relevant.
First, the maximum possible strain is set by the maximum
allowed twist angle θs ≈ Lo/r [15] as γs = (θsr)/Lo ≈ 1.
This is not small compared to typical yield strains; visually,
however, the nylon strings all remain undamaged, even
after repeated use (by contrast with the Dyneema strings
in Ref. [10]). So plastic flow within individual fibers does
not seem to be the source of the viscous dissipation. Slid-
ing friction from the rubbing of fibers within the braid
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must occur but can perhaps be ruled out, since it ought
to be rate independent and depend on the tensile stress
of approximately Mg/r2, which is widely varied with no
measured effect on ηs. Altogether, a reasonable hypothesis
is that the viscous dissipation is due to breakage and ref-
ormation of hydrogen bonds between polyamide chains,
which are aligned along the length of the fibers [24,25]. In
terms of rate, the period of oscillations is typically longer
than 1 s; therefore, the typical maximum strain rate is less
than 1 s−1, which is in the quasistatic regime—at least for
compression of solid nylon [25].

IV. VARIATIONS

Before closing, we generalize to a taut-line buzzer con-
sisting of a mass m1 with moment of inertia I1 suspended
by a string of untwisted length L1 and radius r1, below
which a second mass m2 with moment of inertia I2 is
suspended by a string of untwisted length L2 and radius
r2. This second mass is subject to an applied force Fa
(positive if downward) and is now also allowed to rotate.
The angular coordinates of the two masses are θ1 and θ2,
respectively, measured in the same direction. Thus, the
lower string is twisted opposite the top string by angle
θ1 − θ2. Ignoring dissipation and forcing for now, the total
torques exerted on the two masses give the following
coupled equations of motion:

I1θ̈1 = −T1
r2

1

L1
θ1 − T2

r2
2

L2
(θ1 − θ2), (13)

I2θ̈2 = −T2
r2

2

L2
(θ2 − θ1), (14)

where the string tensions are T2 = m2g + Fa and T1 =
T2 + m1g. These equations could be analyzed for normal
modes. They can also be derived from the Lagrangian
L = K − U, where K = (1/2)[I1θ̇

2
1 + I2θ̇

2
2 + m1ẏ2

1 + m2]̇,
U = m1gy1 + m2gy2, and the respective rise of the masses,

y1 = (r1θ1)
2

2L1
, (15)

y2 = y1 + [r2(θ2 − θ1)]2

2L2
. (16)

This alternative derivation, which bypasses torque, under-
scores our contention that string contraction versus twist
angle is a crucial physical ingredient for understanding
buzzer dynamics. The Lagrangian method also makes
it straightforward to account for the vertical transla-
tional kinetic energy of the masses via the inclusion of
(1/2)m1ẏ2

1 + (1/2)m2ẏ2
2 . This gives cumbersome equa-

tions of motion that are nonlinear. For example, includ-
ing the translation kinetic energy of the hanging mass
and returning to the experimental conditions (m1 = m,

m2 = M , r1 = r2 = r, L1 = L2 = L, θ1 = θ , θ2 = 0, and
I1 = I ) gives

d
dt

[(
I + 4M

r4

L2 θ2
)

θ̇

]
=−

[
(2M + m)g − 4M

r2

L
θ̇2

]
r2

L
θ .

(17)

This can be compared with Eq. (4) for deciding when it is
valid to neglect the kinetic energy of the hanging mass. For
example, for a maximum possible twist angle of θmax ≈
L/r [15] and a maximum angular speed of θ̇max = θmax�o,
the two extra nonlinear terms in Eq. (17) can both be
neglected if 4Mr2 � I holds. For our experiments, 4Mr2

ranges from 14 to 450 g cm2, while I ranges from 8.8
to 2800 g cm2. Therefore, we have been careful to make
measurements only for small twist angles.

Lastly, we consider using a spring instead of (or in sup-
plement to) gravity as a way to store rotational kinetic
energy of the buzzer, so that it can be recovered rather
than lost each cycle. Specifically, if a spring of constant
k is placed in line with the strings, it will be stretched by
some initial amount so plus y2 given above. The tensions
in the strings then both increase by k(so + y2) and this
modifies the equations of motion accordingly. Returning
to the case of identical strings above and below the buzzer,
assuming that the spring force is strong compared to grav-
ity, and including forcing plus viscous dissipation, we have
the following nonlinear equation of rotational motion for
the spring-loaded buzzer:

I θ̈ = −2
[

k
(

so + r2θ2

Lo

)
+ Fa

]
θ − β1θ̇ . (18)

We have not analyzed this prediction, but we have built
such a device, using an archery bow, a button, and a single
strand of Kevlar string. Steady driving has been accom-
plished by placing one end of the bow on the floor and
pushing down on the top end as the string twists up. This
device is related to those of Refs. [8,9], without a twisted
loop or significant coupling with translational inertia. High
enough speeds have been reached that the Kevlar became
hot and started to smoke. This also supports our conclu-
sion that the dominant source of dissipation is within the
strings.

V. CONCLUSIONS

In this paper, we have introduced the taut-line buzzer as
a device with several potential advantages over the usual
hand-pulled buzzer. From observation of damped har-
monic oscillations for two string materials and for widely
varying system parameters, we conclude that drag is dom-
inated by viscous damping within the string. Viscous and
turbulent air drag are both negligible by comparison. The
governing equation of rotational motion is thus Eq. (4),
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with β1 given by Eq. (7) and β2 set to zero, making it
amenable to elementary analysis. This has been specifi-
cally demonstrated by the scaling of the oscillation fre-
quency and the quality factor with the system parameters
in Fig. 3. In the absence of driving, the taut-line buzzer
behaves as a conventional damped harmonic oscillator,
where rotational kinetic energy and gravitational poten-
tial energy convert back and forth each cycle and where
the energy loss can be small. For the usual hand-pulled
buzzer, by contrast, all mechanical energy is totally lost
and must be reinjected each cycle. A properly designed
taut-line buzzer should thus be easier to drive at higher
speed and for longer duration, as needed for fun or applica-
tion. This is discussed in a companion paper [10]. For now,
note that the equation of motion is nonlinear—by con-
trast with a driven simple harmonic oscillator—because
the driving force adds to the tension and hence is multiplied
by the twist angle in Eq. (4).

ACKNOWLEDGMENTS

We thank Peter Olmsted for discussions about the
molecular origins of string viscosity. This work was sup-
ported by the National Science Foundation (NSF) under
Grants No. REU-Site/DMR-1659512, No. MRSEC/DMR-
1720530, and No. MRSEC/DMR-2309043. D.J.D. thanks
Center for Computational Biology at the Flatiron Institute,
a division of the Simons Foundation, as well as the Isaac
Newton Institute for Mathematical Sciences under the
program “New Statistical Physics in Living Matter” (Engi-
neering and Physical Sciences Research Council (EPSRC)
Grant No. EP/R014601/1), for support and hospitality
while a portion of this research was carried out.

[1] H. J. Schlichting and W. Suhr, The buzzer—a novel phys-
ical perspective on a classical toy, Eur. J. Phys. 31, 501
(2010).

[2] M. S. Bhamla, B. Benson, C. Chai, G. Katsikis, A.
Johri, and M. Prakash, Hand-powered ultralow-cost paper
centrifuge, Nat. Biomed. Eng. 1, 0009 (2017).

[3] G. Byagathvalli, A. Pomerantz, S. Sinha, J. Standeven, and
M. Saad Bhamla, A 3D-printed hand-powered centrifuge
for molecular biology, PLoS Biol. 17, e3000251 (2019).

[4] B. Li, J. Qi, L. Fu, J. Han, J. Choo, A. J. DeMello, B.
Lin, and L. Chen, Integrated hand-powered centrifuga-
tion and paper-based diagnosis with blood-in/answer-out
capabilities, Biosens. Bioelectron. 165, 112282 (2020).

[5] J. J. Franco, T. Nagata, T. Okamoto, and S. Mukai, An
ultralow-cost portable centrifuge from discarded materials
for medical applications, Sci. Rep. 13, 3081 (2023).

[6] Z. L. Zhao, S. W. Zhou, S. Q. Xu, X. Q. Feng, and
Y. M. Xie, High-speed spinning disks on flexible threads,
Sci. Rep. 7, 13111 (2017).

[7] Q. Tang, M.-H. Yeh, G. Liu, S. Li, J. Chen, Y. Bai, L. Feng,
M. Lai, K.-C. Ho, H. Guo, and C. Hu, Whirligig-inspired

triboelectric nanogenerator with ultrahigh specific output as
reliable portable instant power supply for personal health
monitoring devices, Nano Energy 47, 74 (2018).

[8] Q. Tan, K. Fan, K. Tao, L. Zhao, and M. Cai, A two-
degree-of-freedom string-driven rotor for efficient energy
harvesting from ultra-low frequency excitations, Energy
196, 117107 (2020).

[9] K. Fan, G. Liang, D. Wei, W. Wang, S. Zhou, and L. Tang,
Achieving high-speed rotations with a semi-flexible rotor
driven by ultralow-frequency vibrations, Appl. Phys. Lett.
117, 223901 (2020).

[10] J. M. Hanlan and D. J. Durian, Taut-line buzzers with
periodic forcing, Phys. Rev. Appl. 22, 014012 (2024).

[11] M. Shoham, Twisting wire actuator, J. Mech. Des. 127, 441
(2005).

[12] J. J. Guzek, C. Petersen, S. Constantin, and H. Lipson, Mini
twist: A study of long-range linear drive by string twisting,
J. Mech. Robot.—Trans. ASME 4, 014501 (2012).

[13] G. Palli, C. Natale, C. May, C. Melchiorri, and T. Wurtz,
Modeling and control of the twisted string actuation system,
IEEE/ASME Trans. Mechatron. 18, 664 (2013).

[14] I. Gaponov, D. Popov, and J. H. Ryu, Twisted string actu-
ation systems: A study of the mathematical model and a
comparison of twisted strings, IEEE/ASME Trans. Mecha-
tron. 19, 1331 (2014).

[15] J. M. Hanlan, G. E. Davis, and D. J. Durian, Twist and
measure: Characterizing the effective radius of strings and
bundles under twisting contraction, Soft Matter 19, 4315
(2023).

[16] J. Chopin, A. Biswas, and A. Kudrolli, Energetics of
twisted elastic filament pairs, Phys. Rev. E 109, 025003
(2024).

[17] S. T. Thornton and J. B. Marion, Classical Dynamics of
Particles and Systems (Brooks/Cole Cengage Learning,
Boston, Massachusetts, 2008), 5th ed.

[18] N. Ganesh Kumar, Viscosity, molecular-weight, tempera-
ture, shear rate relationships of polymer melts: A literature
review, J. Polym. Sci.: Macromol. Rev. 15, 255 (1980).

[19] R. B. Bird, R. C. Armstrong, O. Hassager, and C. F. Curtiss,
Dynamics of Polymeric Liquids, Kinetic Theory (Wiley,
John & Sons, Inc., New York, NY, 1987), Vol. 2.

[20] J. M. Dealy and R. G. Larson, Structure and Rheology of
Molten Polymers, edited by John M. Dealy and Ronald G.
Larson (Hanser, Cincinnati, OH, 2006) p. I.

[21] Y. P. Khanna, P. K. Han, and E. D. Day, New developments
in the melt rheology of nylons. I: Effect of moisture and
molecular weight, Polym. Eng. Sci. 36, 1745 (1996).

[22] Y. Seo and Y. Seo, Effect of molecular structure change on
the melt rheological properties of a polyamide (nylon 6),
ACS Omega 3, 16549 (2018).

[23] G. Pezzin and G. B. Gechele, Capillary viscometry of
molten polycaprolactam, J. Appl. Polym. Sci. 8, 2195
(1964).

[24] H. Liang, K. Yoshimoto, M. Kitabata, U. Yamamoto, and J.
J. de Pablo, Multiscale rheology model for entangled nylon
6 melts, J. Polym. Sci. A 60, 3071 (2022).

[25] L. Xu, Z. Du, J. Wang, C. Ceng, C. Du, and G. Gao,
A viscoelastoplastic constitutive model of semi-crystalline
polymers under dynamic compressive loading: Applica-
tion to PE and PA66, Mech. Adv. Mater. Struct. 27, 1331
(2020).

014011-7

https://doi.org/10.1088/0143-0807/31/3/007
https://doi.org/10.1038/s41551-016-0009
https://doi.org/10.1371/journal.pbio.3000251
https://doi.org/10.1016/j.bios.2020.112282
https://doi.org/10.1038/s41598-023-30327-2
https://doi.org/10.1038/s41598-017-13137-1
https://doi.org/10.1016/j.nanoen.2018.02.039
https://doi.org/10.1016/j.energy.2020.117107
https://doi.org/10.1063/5.0027634
https://doi.org/10.1103/PhysRevApplied.22.014012
https://doi.org/10.1115/1.1866156
https://doi.org/10.1115/1.4005331
https://doi.org/10.1109/TMECH.2011.2181855
https://doi.org/10.1109/TMECH.2013.2280964
https://doi.org/10.1039/D3SM00067B
https://doi.org/10.1103/PhysRevE.109.025003
https://doi.org/10.1002/pol.1980.230150106
https://doi.org/10.1002/pen.10570
https://doi.org/10.1021/acsomega.8b02355
https://doi.org/10.1002/app.1964.070080517
https://doi.org/10.1002/pol.20220434
https://doi.org/10.1080/15376494.2018.1508796

	I. INTRODUCTION
	II. EQUATION OF MOTION
	A. Sources of dissipation
	B. Damped oscillations

	III. EXPERIMENTAL TESTS
	A. Source of damping
	B. Scaling of frequency and quality factor

	IV. VARIATIONS
	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


