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Ballistic motion of dust particles in the Lunar Roving Vehicle dust trails
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We have selected video images from the Apollo 16 mission and analyzed the motion of dust clouds
kicked up by the wheels of the Lunar Roving Vehicle (LRV). Applying the equations of ballistic
motion, we estimate both the velocity of the dust and the gravitational field strength at the lunar
surface. From measurements of the rotation of an LRV wheel, we estimate the speed of the LRV.
Such exercises can be useful when discussing ballistic trajectories and angular motion in a high
school or introductory level college physics class. VC 2012 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.3699957]

I. INTRODUCTION

In April 1972, during the Apollo 16 mission, the Lunar
Roving Vehicle (LRV) was used to explore the Descartes
crater.1 The LRV was a battery-driven vehicle that provided
the Apollo astronauts with greater mobility during their
extra-vehicular activities (EVAs) on the lunar surface. The
Apollo TV camera provided high resolution color video that
was transmitted in real-time to Earth. Footage recorded dur-
ing a high-speed traverse by LRV—the “Lunar Grand
Prix”—showed copious amounts of dust kicked up by its
wheels. The dust clouds were produced intermittently with
different maximum heights and densities. Figure 1 shows the
so-called “rooster tails” in two series of images from the
Apollo 16 video footage.

These lunar dust trails resemble those produced by a vehi-
cle with paddle tires on a terrestrial sandy surface. For a ten-
uous dust cloud, where the inter-particle collisions are rare, a
dust particle follows a ballistic path from its ejection until it
returns to the surface. The shape of the trajectory is deter-
mined by the gravitational acceleration and the initial veloc-
ity of the dust. The LRV dust trails provide an unusual
opportunity for quantitative analysis of ballistic motion on a
celestial body with gravity significantly lower than Earth’s
(gE ¼ 9:8 m=s2; gM ¼ 1:6 m=s2).

II. ANALYSIS OF “THE LUNAR GRAND PRIX”
FOOTAGE

As is the case for most modern video cameras, the frame
rate of the TV camera used during the Apollo 16 mission
was 29.97 fps.2 The footage was digitally scanned and trans-
formed into a series of images. Each image corresponds to
one video frame. For our analysis, we chose periods of time
when the velocity vector of the LRV is approximately con-
stant and orthogonal to the camera line of sight. This choice
simplifies the analysis to a two-dimensional geometry. The
front wheel of the LRV had a radius R¼ 16 in. (40.65 cm),
and its rotation can be easily followed in the images. The re-
solution of the images is 720" 480 pixels. Using the front
wheel as a length scale, we found that 1 pixel in an image
from our clips corresponds to a length of from 1.5 to 2 cm at
the distance of the LRV from the camera. We chose a coordi-
nate system with its origin fixed to the rear fender of the

LRV. The X-axis extends horizontally to the right, and the
Z-axis points upward perpendicular to the X-axis (see Fig. 2).

The dust particles move as projectiles, and their positions
can be described by

x ¼ X0 þ VX0
t; (1)

z ¼ Z0 þ VZ0
t$ 1

2
gMt2; (2)

where t is the elapsed time, gM is the gravitational field
strength on the surface of the Moon, and (X0; Z0) and
(VX0

;VZ0
) are, respectively, the initial position and velocity

of a dust cloud structure in our coordinate system. The time
interval between frames is fixed by the frame rate to be
1/29.97 s. With values of X and Z measured as functions of
time, Eqs. (1) and (2) can be used to estimate both the initial
speed of the dust relative to the LRV and the gravitational
field strength on the Moon’s surface.

On each image, we measure the location of the rear fender
and the position of the top of the dust cloud and then trans-
form these measurements to our coordinate system. For exam-
ple, Xm ¼ Xdust½pixel& $ Xfender½pixel&

! "
" scale½m=pixel& where

Xm is the measurement to be used in Eqs. (1) and (2), and
Xdust½pixel& and Xfender½pixel& are the coordinates measured on the
image; “scale” is the scale-factor used to convert differences
between pixels to lengths in meters.

In most images, the rear fender can be located precisely.
On the contrary, the lofted dust cloud is a diffuse, time-
varying structure, and it is difficult to track precisely any
specific blob of dust through its entire excursion. To mini-
mize this uncertainty, we measure the upper tip of the dust
cloud. The dust at the top of a rooster tail has the largest VZ0

.
These dust particles do not intermix with grains coming off
the surface with lower initial speeds. Thus, with no air resist-
ance and no collisions with other particles, the motion of
these lofted dust grains is affected only by lunar gravity. The
location of the tip of the dust cloud can initially be identified
precisely, but as the cloud reaches its maximum height, it
becomes increasingly dispersed, and measurement errors
increase.

The LRV ground speed (VLRV) can be estimated from the
rotation of the wheel by measuring the angular motion of the
spoke. We measured the spoke of the front left wheel because
it remains mostly unobscured by the lofted dust. The spoke
can be identified as a high-contrast, elongated structure at the
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side of the wheel. The rotation angle h is taken to be zero
when the spoke points to the rear of the LRV, and to increase
positively in the counter-clockwise direction (see Fig. 2). The
rotation angle of one of the two spokes is recorded in each
frame. We assume that the LRV moved with constant speed,
and we fit the measurements of the rotation angle to

h ¼ h0 þ Xt; (3)

where h0 is the initial angular position of the spoke and X
is the angular speed of the wheel. The LRV speed is then
given by

VLRV ¼ RX: (4)

III. RESULTS

Two clips from the footage were chosen for this work (see
Fig. 1). There are 41 frames in clip 1 and 46 in clip 2. Figures 3
and 4 show the measured positions as functions of time. The
uncertainty of the dust cloud location is estimated from the dif-
fuseness of the cloud. The measured horizontal and vertical
positions of the dust are fitted independently to Eqs. (1) and (2)

Fig. 2. (Color online) The coordinate system and the length-scale used in
this work. The 2D coordinates system is centered and fixed at the rear
fender. The location of the top of the dust cloud is marked by a cross. The
front wheel and the rotation angle of its spoke are also shown. The spokes
are shown in the lower-left inset image.

Fig. 1. (Color online) Two clips from the Apollo 16 “Grand Prix” footage
used in this work. The time series of images from the clip 1 are in the left col-
umn; those from clip 2 are in the right column. Arrows indicate the subsequent
positions of the dust cloud structure. The time interval between the images
shown here is 0.34 s (10 frames) for clip 1 and 0.37 s (11 frames) for clip 2.

Fig. 3. The measured and fitted dust positions (left panel: Z; right panel: X) as a function of time for video clip 1. The measured data are shown (squares) with
error bars. The dashed line fitting the data has the equation shown above the plot.
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using a least squares minimization method.3 The measured
rotation angles of the spoke are shown in Figs. 5 and 6, and it
is fitted to Eq. (3). The initial position ðX0; Z0Þ, initial velocity
ðVX0

;VZ0
Þ, lunar gravitational field strength (gM), and LRV

speed (VLRV) determined from these measurements are listed
in Table I.

As expected, the initial positions of the dust cloud struc-
tures are almost coincident with the origin of our coordinate
system. The value of gM determined from these two clips is
within 10% of the true value, a result well within our error
estimates. The speeds V0 ¼ ðV2

X0
þ V2

Z0
Þ1=2 of the tip of the

dust cloud relative to the LRV are 2:7 6 0:1 m=s for clip 1
and 4:2 6 0:1 m=s for clip 2. The LRV ground speed
obtained from the rotation angle of the wheel is about 2.5 m/s
(9 km/h or 5.6 mph). The actual speed is most likely slower
as we did not consider wheel slippage in our analysis.4 These
numbers are certainly reasonable given that the reported

average speed of the LRV during the Lunar Grand Prix is less
than 10 km/h.6 The initial velocity vector of the dust cloud
has an angle of 55) and 45) to the horizontal direction, indi-
cating a well-designed and functioning fender.

IV. DISCUSSION

On the lunar surface, dust thrown up by the LRV wheels
is expected to follow a ballistic trajectory. The dust cloud as
a whole, however, forms characteristic rooster tails, as
opposed to simple parabolic arcs. The lofted dust particles
have a wide distribution of initial velocities, and the superpo-
sition of their many different parabolic trajectories produces
the rooster tails. The ballistic motion is revealed only when
tracking grains with identical initial velocities, as we have
done for the dust population with the largest VZ0

.
In Fig. 7, we plot calculated trajectories along with our

measurements of the positions of the dust in clip 1. Our
measurements cover only the ascent part of the trajectory,

Fig. 4. The measured and fitted dust position for video clip 2. The symbols are as described in Fig. 3.

Fig. 5. The spoke rotation angles measured from video clip 1. The squares
represent the measured rotation angle (h) as a function of time and the gray
dashed line shows the fit of Eq. (3). The estimated rotation rate is
X ¼ 349:5 6 3:6 deg=s.

Fig. 6. The spoke rotation angles measured in video clip 2. The symbols are
as described in Fig. 5.
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and they generally lie between the trajectory calculated with
our value of gM (upper solid black curve) and the trajectory
calculated using the true value (lower solid black curve).

The shape of a ballistic trajectory is determined by the ini-
tial dust velocity, the gravitational field strength, and the air
drag (if an atmosphere is present). The first two of these fac-
tors are mathematically coupled in this type of analysis. Let
VZ0
¼ V0 sin d, where d is the angle between V0 and the

ground. Then, for X0 ¼ Z0 ¼ 0, Eq. (2) becomes

zðxÞ ¼ ðtan dÞx$ gM

2V2
0 cos2 d

x2: (5)

Equation (5) describes the parabolic shape of a ballistic tra-
jectory in vacuum. Because X, Z, and d are measurable quan-
tities, the video images actually provide V2

0=gM from which
we can extract gM after we have used the appropriate spatial
and temporal scale factors to obtain V0.

It is interesting to note that on Earth where gE ¼ 9:8 m=s2,
an initial velocity of the dust particles VE

0 ¼ VM
0 ðgE=gMÞ1=2

would result in a trajectory identical to one on the Moon if
there were no atmospheric drag. For (very) small particles of
mass m moving with speed v in air at standard temperature
and pressure (STP), the drag force is well approximated as
F ¼ $bvd, where d is the diameter of the particle and
b ¼ 1:6" 10$4 N s m2 (cf. Ref. 5). When such (linear) drag
is included, Eqs. (1) and (2) become5

xðtÞ ¼ X0 þ VX0
s 1$ e$t=s
# $

; (6)

zðtÞ ¼ Z0 þ ðVZ0
þ VtÞs 1$ e$t=s

# $
$ Vt t; (7)

where s ¼ m=ðbdÞ is the time it takes the horizontal speed to
reach 1/e of its initial value, and Vt ¼ gs is the terminal
speed of a particle. Thus, the effect of (linear) drag is to alter
Eq. (5) for the trajectory to

z ¼ VZ0
þ Vt

VX0

% &
xþ Vts ln 1$ x

sVX0

% &
: (8)

By expanding the natural log to second order you can show
that this equation reduces to Eq. (5) in the limit of no drag
(as s!1).

Because of the drag force, the shapes of ballistic trajecto-
ries on Earth are strongly dependent on the size of the dust
particles. Figure 7 shows the trajectories on Earth for two
different particle sizes using Eq. (8). As Fig. 7 shows, air
drag causes the dust trajectories to become asymmetric with
respect to their apexes. The fact that our measurements show
no deceleration in the X-direction (see the right panel of
Figs. 3 and 4) confirms that the footage was recorded in an
airless environment.

The images and the measurements described above are
available as supplementary material6 and can also be found
at the Colorado Center for Lunar Dust and Atmosphere Stud-
ies (CCLDAS) website.7 These materials can be used for
high-school or freshman-level physics activities on ballistic
and angular motion. The video footage also has with it the
astronauts’ dialogue transcript,8 which adds a nice human
component to a scientific discussion. Combined with the his-
torical background of the Apollo mission, this 40-year-old
footage could be useful for broad interdisciplinary team-
teaching projects that combine topics in Earth and planetary
science, technology development, and the future of human
space exploration.

V. SUMMARY

We have analyzed the motion of the dust clouds lofted by
the Lunar Roving Vehicle of the Apollo 16 mission. Adopt-
ing a simple 2D geometry, we found that the dust followed
ballistic trajectories under the influence of the lunar gravity.
The gravitational constant of the moon derived from the dust
trajectory is within 10% of the expected value. The images
used in our analysis are available online for use as supple-
mentary material in physics education.
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Fig. 7. Comparison of the measured dust trajectory (clip 1) and calculated
trajectories. Squares represent measurements. The upper solid curve is the
trajectory calculated using our value of gM; the lower solid curve is the tra-
jectory calculated using the true lunar gravitational field strength. For com-
parison, the dashed curves show the trajectories of 100 lm and 200 lm
radius dust particles on Earth with the effects of air drag taken into account
via Eq. (8).

Table I. Parameters that fit the ballistic motion equation [Eqs. (1) and (2)] to the data from the two clips.

X0 ðmÞ Z0 ðmÞ VX0
ðm=sÞ VZ0

ðm=sÞ gM ðm=s2Þ VLRV ðm=sÞ

Clip 1 $0.08 6 0.03 $0.04 6 0.06 1.59 6 0.04 2.23 6 0.20 1.48 6 0.29 2.5 6 0.03

Clip 2 $0.20 6 0.03 0.00 6 0.05 2.99 6 0.05 2.99 6 0.19 1.47 6 0.27 2.6 6 0.05
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