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Abstract
Knowledge of gravitational acceleration in metrology is required for traceable force and pressure calibra-
tions, furthermore the redefinition of the SI base unit of kilogram requires absolute accomplishment of
the gravitational acceleration. A direct free-fall gravimeter is developed using pneumatic grippers for test
mass handling and a semi-rotary actuator for repositioning, i.e. automated re-launching. The catch and
release system is powered by compressed air. This eliminates electric interferences around the test mass.
A simplified method of signal capturing and processing is used on the designed gravimeter. A digital fre-
quency trigger is implemented in the post processing algorithms to ensure that the signals are analysed
from the identical effective height. The experimental results measured the site gravitational acceleration of
9.786043 ms−2 with a statistical uncertainty of ±29 µs−2.
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1. Introduction

A gravimeter is used to measure absolute gravitational acceleration g or relative gravitational
force Fg. Absolute gravimeters use the International System (SI) base units of length and time
standards to obtain the derived SI unit of acceleration (ms−2), whereas relative gravimeters use
the derived unit of force (N) to obtain acceleration [1]. Many fields of scientific research require
knowledge of g or Fg to fulfil their mandates. In metrology the absolute measurement of g is
used and favoured due to its direct shortest traceability chain to the SI base units in order to
maintain high fundamental accuracy and precision [2]. Gravimeters also form an integral part
of the redefinition of mass in metrology where the Watt-balance is used to achieve the mass
standard [3, 4].

Historically, pendulums were the first absolute gravimeters invented and had a limited accu-
racy of 10−3 ms−2, while modern free-fall gravimeters are capable of achieving accuracy in the
order of 10−9 ms−2 [5]. This achievement is possible due to the availability of modern methods
of measuring length and time. Free-fall gravimeters traditionally were using optical interference
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system setups. In recent years there has been development in atomic free-fall gravimeters that
make use of atomic interferometers [6].

In this work the National Metrology Institute of South Africa (NMISA) studied optical in-
terferometer gravimeters in order to explore the possibility of developing a free-fall gravimeter.
Several techniques have been developed over time on free-fall gravimeters, such as:

– Transceivers used to detect the position and time of the test mass [7].

– Optical sensors arranged at predefined lengths along the path of the test mass [8].

– An optical interferometer system used to track the falling test mass [9].
The use of an optical interferometer was preferred to other methods in this work, because

the entire time and displacement of the falling test mass is captured and analysed to compute
gravitational acceleration. Furthermore, different signal processing methods of analysis can be
applied to a single drop to compare the results obtained with each method [10], but this was not
considered.

There is a number of institutions providing commercially-ready gravimeter systems. While
NMISA currently has a need for an absolute gravimeter, we have decided not to acquire a
commercially-ready gravimeter; instead, we have decided to design and develop a new gravime-
ter from the fundamental principles using an optical interferometer system. The basic cost of
doing this was already saved, since NMISA had already owned major core electronics and the
optical system. Additionally, NMISA considered this development process as an important step
in developing in-house knowledge of gravimeters, to also support intended future calibration
services in need to render. The first prototype system developed by NMISA has been named
NMISA DFFG-01.

The NMISA DFFG-01 system was developed with the future aim to provide traceable local
g measurements in support of NMISA’s force and pressure laboratories, which, in turn, render
calibration services to the local industry and research. NMISA is also investigating the possi-
bilities of developing a watt-balance system. This system requires high precision and accurate
knowledge of gravitational acceleration; therefore it is important to understand its supporting
sub-systems. The NMISA DFFG-01 currently does not meet the measurement accuracies re-
quired to carry out calibrations or to provide support in these laboratories. However, this will be
resolved in the future work.

Our gravimeter uses a direct free-fall method with a vacuum chamber fully powered by pneu-
matic actuators that can achieve high precision positioning of the test mass through simplified
handling and launching. The use of pneumatic actuators was adopted to support the need to
reduce the uncertainty introduced by electric force fields reported by Rothleitner [11].

Our system uses the principle of a rotating vacuum chamber similar to the gravimeter re-
ported by Hanada, et al. [12], but differs in the way that the projectile is released at the begin-
ning of and captured after the fall. The current setup makes use of ordinary pneumatic grip-
pers, which do result in some shock loading at the moment of actuation. However, this shock
loading does not cause adverse vibration during the fall. The use of pneumatics to locate and
launch the test mass ensures that it is launched and aligned precisely with the interferometer
laser beam.

This paper first presents a short background on interferometric free-fall gravimetry. Then,
each of the subsystems and the required integration of subsystems are discussed. Furthermore,
the signal acquisition and processing method used are discussed. Lastly, the testing procedure
and results of the first constructed gravimeter are presented. The results from this setup are to be
improved with further recommended developmental updates of the current system.
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2. Developed free-fall gravimeters

In free-fall gravimeters, a test mass is launched into space and allowed to undergo free fall,
where free fall describes the displacement of an object only under the influence of the gravita-
tional force field. The position and time of the free falling test mass are monitored and analysed
to compute g [13]. There are two general system configurations: the direct free fall, and rise
and fall one. Both configurations have comparable measuring capabilities with slight advantages
and disadvantages that differentiate the two [9, 14]. The direct free-fall gravimeter approach was
adopted, because the method of handling the test mass is relatively easy and full system automa-
tion is easily achievable.

Free-fall gravimeters consist of four major subsystems: a vacuum chamber, a laser interfer-
ometer, seismic isolation and control electronics. In the direct free-fall setup, the test mass is
released in the vacuum chamber from the rest position and it is captured after a certain distance
of free fall [15, 16]. The launching (or vacuum) chamber is essential to reduce the drag force
on the test mass. A red He–Ne laser Michelson type interferometer, with a wavelength of λ of
633 nm is used for accurate measurement of the test mass displacement. The isolation system
isolates the reference mass of the interferometer from all possible induced vibrations that can
contribute to interference with the measurements [17]. The control electronics synchronizes the
test mass handling, automation and data acquisition system.

The Newton’s second law of motion (1) is used to calculate g, by assuming that the test mass
is in ideal free fall:

mz̈ = mg, (1)

where z̈ represents the free falling test mass acceleration in the z direction (downward) and it is
defined by z̈ = d2z/d2t. Integration of (1) derives (2) that is used to find the displacement of the
test mass:

z(t) = z0 + ż0t +
g0

2
t2 + γ

(
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1
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1
24

g0t2
)
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The gravitational gradient term γ is 3µms−2/m in practice is negligible when the measure-
ments are performed over a short falling distance [18]. (2) then reduces to:

z(t) = z0 + ż0t +
g
2

t2, (3)

where: t is time; g is the local gravitational; and z(t), z0 and ż0 are the position, the initial posi-
tion and the initial velocity of the test mass at time zero. At least three time-space coordinates
are required in order to solve g in direct free-fall gravimeters [18]. During the test mass drop,
the interferometer outputs a fringe intensity distribution similar to the voltage signal shown in
Fig. 1. The intensity signal is processed to extract the three time–displacement points required to
compute the g value from the drop.

The reference mirror is placed in the isolation system. The two interfering beams result in a
signal that has variable intensity due to phase difference, as a result of the relative displacement
between the reference mirror and the test mass retro-reflecting mirror. This relationship is given
in (4), where ∆ϕ is the phase difference of the two beams and ∆d is the displacement of the
falling test mass [19].

∆d =
λ
4π

∆ϕ . (4)

Interference fringes are converted by a photo-detector into the voltage-time signal. Here, the
time accuracy is vital. The average transition level from the dark to bright band or vice-versa is
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Fig. 1. A light intensity graph from the detector and converted into the electric
voltage signal.

assigned the average voltage value, i.e. the zero crossing voltage [20]. The zero crossing points
are used to calculate g. The signal produced through interference by a free falling object has a
continuously increasing frequency, resulting in a chirp signal, resembling the increasing falling
velocity. The chirp signal has a final frequency fF . The decreasing wave period, Tf , corresponds
to a constant phase change of ∆ϕ = 2π , and from (4) it is clear that for each full period Tf the test
mass drops by λ f = 0.5λ . The zero crossing method therefore enables a displacement resolution
of 0.25λ .

A digitizer is used to stamp the voltage signal with real time stamp tn points during the test
mass fall. During the fall, more than 24 million time stamps tn are generated in our setup. Zero
crossing time points Tn are obtained by interpolating between two consecutive tn points voltage
values with opposite signs. The zero crossing time points Tn are stored in a new time stamp
vector T , where this vector is used to construct the displacement vector using (4). Displacement-
time coordinates have the form as shown below in Table 1. The detection error of the exact time
of a time point directly influences the measurement accuracy [20]. The entire fringe signal is
however analysed for zero crossing points; this reduces the average error accumulated due to
linear interpolation.

Table 1. Time-displacement coordinates of a free-fall trajectory.

Time Tn T0 T1 T2 T···

Displacement 0 λ/4 λ/2 · · ·

3. NMISA DFFG-01 gravimeter

The NMISA DFFG-01 is an automated, direct free-fall gravimeter, with a release, catch,
rotate by 180 degrees and release measurement cycle. The test mass handling is achieved by
using pneumatic grippers and a rotary actuator. The handling cycle led to the use of a symmetrical
double-sided test mass.
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Figure 2 shows the system components. The gravimeter is 1.1 m above the laboratory floor,
with the vacuum chamber supported and mounted to the complete supporting mechanical struc-
ture at 0.7 m in height using bearings aligned concentrically with the rotary actuator output shaft
and the vacuum pump inlet. The entire vacuum chamber is semi-rotated around this axis during
operation. The vacuum chamber has the total length of 0.48 m, and the length from gripper to
gripper of 0.32 m with the height of free falling test mass of 0.30 m.

Fig. 2. The NMISA-DFFG-01 gravimeter setup, 1) vacuum pump; 2) suction duct; 3) isolating
bearing; 4) laser beam path; 5) interferometer; 6) isolation table; 7) beam window; 8) gripper 1;
9) rotary actuator; 10) test mass path; 11) gripper 2; 12) stand structure; 13) adjustment knobs

and 14) optical table.

Perspex and aluminium were used to construct the vacuum chamber, with O-ring seals and
vacuum grease to provide sealing. The vacuum chamber is connected to a turbo-molecular vac-
uum pump, PFEIFFER D-35614. The vacuum pump has two pressure sensors, one is connected
to the pump for pump control and the other is used for manual vacuum pressure level regula-
tion. The prototype vacuum chamber has a limitation due to leaks and as a result the gravimeter
was only evacuated to 5× 10−2 Pa. The gravitational acceleration measurements were taken at
different vacuum pressure levels to evaluate the drag force effect. Pressure ranging from 0.05 to
2.5 Pa was evaluated. The target vacuum pressure is however 10−4 Pa, since the drag force then
becomes negligible [18].

The interferometer sensor head – Polytec OFV 505 – is mounted directly onto the air isolation
table, which is placed on the optical table that shares the ground with the vacuum chamber. A DT-
4048-A isolation table manufactured by Hertz is used. The intensity signal from the sensor head
is processed using a Polytec vibrometer controller OFV 5000 before it is stored by the computer
for signal post processing.

The gripper that launches the test mass is designed to ensure that the test mass motion de-
pends only on the gravitational force. The gripper releases the test mass with approximately zero
resultant force in the gravity plumb line direction, since the jaws release the test mass symmet-
rically in the direction perpendicular to the falling direction of the test mass (see Fig. 3a). The
shape of the test mass is designed to enable its proper handling and control on both sides of
the test mass, refer to Fig. 3b and 3c [21]. The vacuum chamber is rotated by 180 degrees, af-

693



T. Mokobodi, P. Greeff, et al.: FREE-FALL GRAVITATIONAL ACCELERATION MEASUREMENT . . .

ter the test mass is released by Gripper 1 and re-captured by Gripper 2, during an experimental
measurement drop.

a) b) c)

Fig. 3. The test mass launching mechanism: a) conceptualised realease method; b) test mass model; c) gripper.

The automation of multiple measurements is achieved by performing the release, measure,
catch and rotate sequence. A system communication diagram is shown in Fig. 4. The pneumatic
actuators are controlled by the PLC (7), which is programmed by using FST (6). The electro-
pneumatics station (8), which consists of solenoids valves, is used to systematically enable the
logic control communication of the mechanical movement of the vacuum chamber and grippers.
Storage and signal processing are done using a National Instruments card, PXI-5122, with a
sampling time locked to the internal accurate clock (VCXO) with a ±25 ppm time base accuracy.
LabVIEW software is used for the data acquisition interface. The system makes use of an external
electronic trigger (10) to control the start of the data acquisition. The PLC sends a voltage signal
to the solenoid valve to actuate the test mass gripper release; this signal is also observed by the
digitizer to initiate the acquisition.

Fig. 4. A flow diagram of connecting the NMISA DFFG-01 system with all subsystems,
1) vacuum chamber; 2) laser beam path; 3) interferometer and isolation system station;
4) polytec vibrometer controller; 5) oscilloscope; 6) computer station; 7) PLC; 8) electro-

pneumatic station; 9) stand structure; 10) trigger; 11) optical table and 12) digitizer.

This process was manually tuned to compensate the observed delays due to mechanical fric-
tion and compressed air travelling in the air supply lines on both actuators. Fig. 5 shows a photo
of the actual setup.

Before the prototype gravimeter was built, the generation of a light intensity chirp signal by
the free falling test mass as observed by the interferometer was simulated on computer, using
the ideal free-fall model. This simulation was used to determine the time of falling and velocity
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Fig. 5. Experimental system setup.

parameters, to aid in selection of a data acquisition card, for the specifications of the electronics
parameters required to enable capturing and digitizing the produced interference signal and to
develop signal processing algorithms for the designed gravimeter.

In processing the measured data, the signal is cropped to start at a specific frequency, to en-
sure that the measurements are processed from the identical height of test mass for each drop.
Each instantaneous signal frequency of the drop signal corresponds to a unique test mass veloc-
ity and position each time the test mass is released from the identical position [22]. The zero
crossing frequency trigger of 2.5 MHz – that corresponds to 0.00049945 m height covered by
the test mass from the release position – was set to be the processing trigger point. The detec-
tion of zero crossings is then applied to extract the displacement information from the intensity
signal [10, 20].

The zero crossing frequency fzc observed at the highest velocity of the test mass was used as
the governing frequency for selection of electronics. This is required to enable the signal mapping
of the entire falling height. The fzc is calculated in (5):

fzc =
V1

0.25λ
=

2.203 ms−1

0.25×633×10−9 m
= 13.92 MHz ≈ 14 MHz. (5)

The highest intensity signal frequency is therefore fs = 7 MHz.
The detected signal is sampled at a constant sampling rate. However, the intensity signal has

a continuously increasing frequency over the projectile falling period, therefore time coordinates
of zero crossing rarely occur at a sample point. As a result interpolation is required to extract the
zero crossings. In the application of the free-fall gravimetry, the intensity signal therefore must be
sampled with the frequency at least 7 times greater than the zero crossing one [11]. A 100 MHz
and a 14-bit resolution card are therefore used for data acquisition.

4. Evaluation

The system was evaluated against the CG-5 Autograv, the Council of Geo-sciences of South
Africa commissioned gravimeter. The CG-5 was brought to the NMISA and the measurement
results of the two systems were compared after performing concurrent measurements. However,
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the CG-5 is a relative gravimeter, and is referenced to the Council of Geo-sciences base station
in Pretoria, situated 1.6 km away from the NMISA laboratories. At the base station the absolute
gravity is known and measurements are referenced to this value. The CG-5 measured the local
NMISA g value 9.7860981 ms−2 with ±0.5 µms−2 standard deviation; this value is taken as the
reference value for validating the NMISA DFFG-01.

Multiple drops of 10 were launched continuously to form a set of measurements within a
period of 3 minutes. The sets were taken continuously over 8 hours with the system settling time
of 30 minutes in between. The mean g value was calculated for each set as gs. Six sets were used
in the results reported in this work. The gravitational acceleration gp was calculated using the
mean gravitational acceleration of all the drops in the six sets. The population standard deviation
σp was calculated using sample values gs. The set sample standard deviation σs was calculated
using the drops in each set. The experimental results are shown in Table 2.

Table 2. The results of experimental gravitational acceleration measurements with each set
comprising multiple drops at 0.05 Pa operating pressure.

Set (n) Number of drops Set Mean [ms−2] Set standard deviation [ms−2]

1 8 9.786 16 0.001 28

2 9 9.785 94 0.000 63

3 8 9.786 06 0.001 22

4 8 9.785 97 0.000 65

5 8 9.786 08 0.000 75

6 9 9.786 02 0.000 87

gp 9.786 04

σp 0.000 07

The set gravitational acceleration gs and standard deviation σs results of elements contained
in each set and the reference value of NMISA site using CG-5 are shown in Fig. 6.

Fig. 6. Gravitational acceleration and standard deviation for sets 1 to 6
compared with the reference value acceleration measured by CG-5.

The standard deviation of the measured acceleration by the gravimeter in each set covered the
reference g value. Furthermore, the average g value measured with the NMISA DFFG-01, in each
of the six sets, was within a tolerance error band of 1.55× 10−5 on either side of the reference
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value. The contribution of systematic uncertainties by the current system was not evaluated,
however the overall type A statistical standard uncertainty u of the equipment was calculated
from the measured results presented in Table 2, using (6).

u =
σp√

n
− 0.000071√

6
= 29 µs−2. (6)

The release, catch and rotate method necessitated the use of a double-sided test mass. How-
ever, the centre of mass (COM) of the test mass does not coincide with the optical centre (OC)
of both retroreflector prisms mounted in the test mass, see Fig. 7.

Fig. 7. A schematic design view of the test mass.

A systematic error is associated with the test mass rotation during free fall [23]. The test mass
is likely to rotate around its COM. When COM and OC concide, the quality of the measurements
improves as the interferometer will be measuring the motion of the COM of the test mass. Despite
the offset displacement of the OC in the falling z direction, the COM coincides with the OC in
the horizontal plane, therefore the test mass must be launched in such a way as to ensure that
nearly perfect launching is achieved.

A possible solution to this problem is to have a ring with a suitable tolerance fitted around the
test mass that can be shifted in the axial direction relative to the test mass, in order to change the
COM position to coincide with the OC of the upper (active) retroreflector. The current test mass,
when used on the rotated vacuum chamber, still increases the achievable rate of measurements.

5. Conclusion

The presented gravimeter measured g successfully with a standard statistical uncertainty of
±29 µm−2. In free-fall gravimeter applications, geometrical control of the test mass is significant
as the interferometry measurements depend solely on the orientation of the test mass optics. The
use of air-powered parallel grippers to perform the alignment, launching and capturing of the
test mass in the design reduces the experimental error contributed by the electromagnetic forces
associated with the alternative use of electric controllers employed in mechanical structures. The
successful measurements and current accuracy of g obtained using this gravimeter showed that
the method employed in the design has a potential for improvements in the future development in
which fast and simple experiments can be achieved. The implemented zero crossing algorithms
resulted in acceptable readings, and they will be used in the future development.

The vacuum chamber pressure showed a direct effect on g measurements during the evalua-
tion of the gravimeter. The future work should be focused on improving the method of reducing
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and maintaining acceptable required vacuum chamber pressure of 10−4 Pa or less to improve the
measurement results through reduction of measurement variation and to obtain a good approxi-
mation.
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