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Abstract
A microelectromechanical system (MEMS) gravimeter has been manufactured
with a sensitivity of 40 parts per billion in an integration time of one second.
This sensor has been used to measure the Earth tides; the elastic deformation
of the globe due to tidal forces. No such measurement has been demonstrated
before now with a MEMS gravimeter. Since this measurement, the gravimeter
has been miniaturised and tested in the field. Measurements of the free-air and
Bouguer effects have been demonstrated by monitoring the change in gravitational acceleration measured whilst going up and down a lift shaft of 20.7 m,
and up and down a local hill of 275 m. These tests demonstrate that the device
has the potential to be a useful field-portable instrument. The development of
an even smaller device are underway, with a total package size similar to that
of a smart phone.
Keywords: Geometric anti-spring, accelerometer, gravimeter, MEMS, sensor,
transducer
1. Introduction
Gravimetry is defined as the measurement of g, the value of gravitational
acceleration at a particular location. This value does not remain constant: it
varies spatially with subterranean density; and it can also vary temporally if the
density changes (via geophysical or human processes). If one can measure tiny
changes in gravity, one can make deductions about the structure of the ground
below.
1.1. Applications of Gravimetry
Gravimetry has been used in a wide number of fields. It has been exploited
most extensively as an exploration tool in oil and gas exploration[1, 2]; data
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can be collected about large scale subterranean structures and deductions made
about where resources might be found. There has also been a limited use of
gravimetry in volcanology[3, 4, 5, 6, 7]; by monitoring temporal changes in
gravity, it has been possible to assess whether magma is intruding below the
volcano. Gravimetry has also be utilised in civil engineering to access the extent
of sink holes[8]; in archeology to find hidden crypts and voids[9]; and in the
defence industry to search for tunnels[10, 11].
1.2. Commerical Gravimeters
Commercially available gravimeters fall into two broad categories: absolute
gravimeters and relative gravimeters. Absolute gravimeters measure the acceleration of an object in free-fall; generally these are mechanical systems (e.g. the
Micro-g LaCoste FG5 [12]) but recently atom clouds have been used instead
of the falling mass, these are known as quantum gravimeters [13]. Absolute
gravimeters are known for their precision and long-term stability, but they tend
not to be portable. Relative gravimeters cannot make absolute measurements of
gravity, but they can measure changes in gravity (both temporal and spatial).
Relative gravimeters operate by measuring the change in displacement of a mass
suspended from a spring (whether mechanical or magnetic). Since the value of
acceleration measured depends on the spring constant of the spring – which can
vary with changing temperature – relative gravimeters are more prone to drift
(with the exception of superconducting gravimeters, which have been demonstrated to maintain a stability similar to that of an absolute gravimete[14]).
Relative gravimeters can be made smaller than absolute gravimeters, therefore
most gravity measurements made in the field are acquired using such an instrument. There are a limited number of field-portable gravimeters on the market.
The Scintrex CG6, is often thought of as the leading device, but several other
devices are used: LaCoste & Rhomberg gravimeters are still used widely, it’s
successor made by ZLS, and a new iteration of the Burris gravity meter [15].
Commercial
gravimeters mostly achieve a noise floor of the order
√ of a few
√
µGal/ Hz, where 1 µGal is equivalent to 10−8 m/s2 , and where / Hz signifies
an integration time of 1 s. This is a level of sensitivity that makes them useful
for the wide range of applications listed above. Gravimeters are, however, very
expensive, with an absolute device costing around £300 K, and a new relative
gravimeter costing around £60 K. As already mentioned, absolute gravimeters
are not generally field-deployable, but even field-portable relative devices are not
available under 5 kg. There is the potential to make devices significantly smaller
and cheaper than those currently available via the use of microelectromechanical
systems (MEMS) accelerometers.
1.3. MEMS Accelerometers
MEMS accelerometers are tiny mechanical structures, micro-machined from
silicon. Vaganov developed the first MEMS based accelerometer in 1975 [16],
shortly followed by Roylance and Angell in 1979 [17]. The latter device had a
sensitivity of 1 Gal. MEMS accelerometers became much more ubiquitous, however, with the introduction of car airbags in the 1990s. Air bags needed cheap
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accelerometers that could detect the sharp deceleration indicative of a car crash
- MEMS were the perfect solution to this market need. MEMS accelerometers
are now used in every smart-phone to monitor the orientation of the device,
and adjust the screen accordingly. Many apps also utilise the accelerometer
functionality for augmented reality applications[18].
These mobile phone MEMS accelerometers are extremely cheap to manufacture (and are obviously light-weight), but as common as they are, they cannot
compete with commercial gravimeters in terms of either sensitivity or stability.
The iPhone 5, for example, uses an accelerometer with a sensitivity of 234 mGal
[19].
A small number MEMS accelerometers have now been developed that achieve
extremely good sensitivity. Devices by Krishnamoorthy et al.[20], Quietseis[21],
and Pike et al.[22] have noise floors of 17µGal, 15 µGal and 0.3 µGal respectively. These devices were all designed as seismometers, so although they have
similar acceleration sensitivities to commercial gravimeters, they do not operate
with a stability that would allow them to monitor slowly varying gravitational
signals. ‘Stability’ is used broadly here. All electronic devices are prone to low
frequency noise. There are many various causes for low frequency noise, and
it is difficult to reduce their effects. These sources of noise, however, have to
tackled in order to maintain a low acceleration noise floor at low frequencies
(i.e. over long periods). In 2009 Sandia National Laboratories conjectured that
MEMS accelerometers may expand into ‘long period’ stability within the next
ten years. ‘Long period’ was defined as 0.01 Hz [23]. It has been expressed,
however, that such accelerometers would be desirable[24, 23, 25].
2. Wee-g Gravimeter
With the aim of making a small, cheap, stable and sensitive relative MEMS
gravimeter, a device was designed by the authors, and named the Wee-g[26, 27,
28]. The device comprises a mass on a spring, and an optical sensor that monitors the displacement of the mass. By monitoring the displacement, the local
acceleration can be measured using equation 1, which is derived by equation
Newton’s second law of motion and Hooke’s law:
k
m
where x is the displacement of the mass, m, and k is the spring constant.
g=x

(1)

2.1. Geometric Anti-Springs
From equation 1 it is clear that to increase the gravitational sensitivity,
one must either improve the sensitivity of the displacement sensor, or optimise
the ratio of k/m. Ideally a system would be made with a heavy mass and a
soft spring. To achieve such a requirement with a Hooke’s law spring can be
challenging: the spring must be made longer and/or thinner to make it softer.
This in turn, can mean that the spring will flex in many different directions.
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Figure 1: The right hand image is the design of the MEMS relative gravimeter. The central
mass is suspended from geomtric anti-springs. These non-linear springs get softer with displacement. An SEM image of the springs can be observed in the left hand image. The springs
are manufactured with a ribbon-like structure, constraining the motion to a single axis as
much as possible.

This is not desirable since it is hard to decouple motion in multiple axes using
a single displacement sensor. An ideal system would therefore be constrained
to move in only one axis.
Taking inspiration from the VIRGO gravitational wave detector mirror suspensions[30,
31, 32, 33], a geometric anti-spring was considered. This is a non-linear spring
design that gets softer with increasing extension[34]. Figure 1 shows the design
for the MEMS mass-on-spring system. A central mass is suspended from arched
springs, much like those used in the VIRGO detector as seismic isolation systems. The springs are designed to have a ribbon-structure; limiting the out-of
plane motion. It is important to consider the non-linearity of the geometric
anti-spring because a such non-linear response will mean that the spring constant, k, will be different at either side of the null position. This phenomenon
is known as ‘astatisation’ [29]. Ultimately, the system will be run in force feedback mode so as to hold the mass in its null position, with the input force of
the feedback loop being used as a metric of the acceleration change (instead of
displacement). In the short term, however, it was noted that the as gravitational loading increases on the anti-spring system, the resonant frequency goes
through a minimum [26]. Operating at this minimum means that the spring
regains a Hooke’s law behaviour – to first order – militating against the effect
of astatisation.
2.2. Fabrication
The MEMS devices are fabricated from <100> silicon using a photolithography process. A photoresist (a liquid polymer used in the nano-fabrication
industry) is spun onto the surface and a photolithography mask is placed over
the top. This mask is made of chromed glass with clear sections representing the
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desired pattern. When exposed to ultra violet light, the resist under the clear
sections of the mask breaks down and can be developed in a solution, leaving
the MEMS pattern in resist on the silicon. This resist is then used as a mask to
etch the silicon itself. The silicon is coated on its underside with a thin layer of
silicon dioxide. After the resist mask has been patterned the samples are stuck
down to a carrier wafer and placed inside a silicon etch tool.
The etching was conducted using the Bosch process[35]. This process is
used to etch silicon in a highly anisotropic fashion (i.e where vertical etching is
required that cannot be achieved with a wet chemical etch). The exposed silicon
is cyclically etched isotropically using sulphur hexaflouride (SF6 ), passivated
using Octaflourocyclobutane (C4 F8 ), and bombarded with a beam of ions to
break down the C4 F8 on the horizontal surfaces.
2.3. Optical Readout
The optical sensor used to monitor the displacement of the MEMS device
is a ‘shadow sensor’, similar to those used in the Advanced LIGO gravitational
wave detectors[36]. The shadow sensor, with the MEMS attached, is presented
in figure 2. The components are mounted on a fused silica ‘c’-shaped structure.
An LED is shone at a split-photodiode, and the MEMS mounted in between
the two. As the mass moves it modulates the shadow on the photodiode. This
modulation causes a change in the photocurrent output, which can be used as
a metric for the motion after a calibration. A split photodiode configuration
was used because this allowed the output to be wired differentially[37, 38], a
standard method of configuring light balancing circuits. The two wires from
each side of the split photodiode were wried in reverse parallel and operated in
photovoltaic mode. If both sides were evenly illuminated then zero signal would
be seen on the output. This meant that the output signal could be amplified to
a greater extent (therefore increasing the signal-to-noise ratio [SNR]).
When running the system, the LED was modulated at a frequency of 107 Hz.
The output photocurrent of the differentially configured photodiodes was passed
through a current-to-voltage (transimpedence) amplifier. This converted the
photocurrent into a voltage, and amplified the signal by a factor of one million
(1 µA/V). The signal was then passed through an analogue lock-in amplifier.
This used the reference from the signal generator to de-modulate the signal,
converting the signal from AC to DC.
2.4. Thermal Control
Since the spring constant can change with temperature (via the Young’s
modulus), it is important to maintain the temperature of the MEMS to a level
of around 1 mK. This was achieved via closed loop temperature control of the
MEMS chip itself, the fused silica ‘c’ of the shadow sensor, and a copper thermal
shield that enclosed the shadow sensor. Resistive heaters and thermometers
were glued to each of these components. The temperatures were monitored
using the thermometers and proportional-inegral-derivative (PID) control loops
were used to control the voltage supplied to the heaters. The components were
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Figure 2: An optical shadow sensor is used to monitor the displacement of the MEMS device.
An LED is shone at a split-photodiode. Any movement in the shadow cast by the mass
modulates the photocurrent output of the photodiode, which can be used as a proxy for
displacement.
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held at set-points up to 5 degrees above ambient temperature. The dominant
mechanism by which the mechanical behaviour of the MEMS device is effected
by temperature is via the change in Young’s modulus of the springs. A change
in the Young’s modulus has the effect of altering the spring constant, k, of the
springs. A change of 1 mK thus results in an acceleration error of 25 µGal [26].
The entire sensor (and heat shield) were enclosed within a vacuum tank and
evacuated. The vacuum reduced the effect of conductive heat transfer, therefore
reducing the load on the closed loop temperature control.
2.5. Lab-Based Results
To assess the efficacy of the gravimeter, the Earth tides were measured. The
Earth tides are caused by tidal forces in the Earth/Moon/Sun system [39]. These
forces (as well as the rotational dynamics of the Earth) cause the globe to alter
its shape. The way in which the shape changes is affected by the mechanical
properties of the rock [40]. The magnitude of the signal is further complicated
by the presence of liquid (oceans/Large lakes etc.) near the measurement locations. The ocean tides are not necessarily in phase with the Earth tide signal
and can cause an error in the estimated value for a given location/time. In
simple terms, however, the Earth tides cause the distance from the centre of
the Earth to the surface to modulate. This modulation can be as much as ±50
cm. In Glasgow this range is closer to 20 cm. A change in the local value of
acceleration, g, will therefore also be observed. For Glasgow it will change by up
to around 200 µGal. Measuring this signal would demonstrate both the sensitivity of the MEMS device, and its stability. The results of such a measurement
are presented in figure 3. The red series is the expected signal for the measurement location (Glasgow, U.K.), and the blue series shows the acceleration
measurement made by the gravity sensor. This data was originally published by
Middlemiss et al. [26] (DOI:10.1038/nature17397). The data has been regressed
against temperature to remove correlated variations between the output signal
and the various temperature measurements [27]. A linear drift of 150 µGal has
also been removed from the data, thought to be caused by ageing of the LED
in the optical sensor. An Allan deviation analysis of the data is performed in
Middlemiss at al. [26] to assess the drift characteristics of the sensor.
2.6. Wee-g Miniaturisation
Since the measurement of the Earth tides, the gravimeter has been miniaturised. In the original system the electronics required to run the device occupied
an entire rack (see figure 4). A bespoke printed electronics board was designed
to replace this. The electronics board was controlled using a dsPIC microcontroller. This was used to operate the PID temperature control, modulate
the LED, and demodulate the photodiode output using a novel software-based
lock-in amplifier [41]. The data could be recorded on a computer via a USB
connection, or onto a SD card on the board itself. The system was powered
using a lithium-ion battery pack. The 1 m tall vacuum tank was replaced with
a 10 cm × 10 cm vacuum enclosure. This enclosure could maintain its vacuum
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Figure 3: The red series is the theoretical Earth tide signal expected at the measurement
location in Glasgow for the defined dates. The blue series is the full-noise data from
the MEMS gravimeter. This data was first presented in Nature by Middlemiss et al.[26]
(DOI:10.1038/nature17397).
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Figure 4: A field-portable version of the MEMS gravimeter has been constructed. The rackmounted electronic components have been replaced with an electronics board, and the large
vacuum tank has been replaced by an enclosure with dimensions 10 cm × 10 cm. The new
gravimeter has the same functionality as the lab-based system.

with a powerless getter pump. Both the vacuum tank, the electronics board,
and the battery pack were mounted on an aluminium plate, which could be
levelled using three micrometer legs.
2.7. Field Tests
Gravitational acceleration varies with altitude according to the following
expression[42]:
∆g = −

2GME ∆z
2g∆z
ms−2
=−
3
RE
RE

(2)

where G is the gravitational constant, ME is the mass of the Earth, and RE is
the radius of the Earth. This variation is known as the ‘free-air effect’. This
expression contains the assumption that there is no material between the geoid
and the measurement location. Measurements where this is not the case have
some added complexity. If a measurement is taken on top of a mountain, one
must also take into account the attractive force of the additional mass between
the geoid and the measurement location. This additional factor is known as
the ‘Bouguer Correction’, and it acts to increase the value of g. The Bouguer
Correction is given by:
∆g = +2πρGH ms−2

(3)
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Figure 5: The difference in gravitational acceleration observed between the bottom and top
of a 20.7 m lift shaft. This data was originally presented in Middlemiss et al. 2017 [43]. A
total acceleration change of 4.51×10−5 m/s−2 (4.51 mGal) was observed.

where H is the thickness of the material between the geoid and the measurement
location (assumed to be an infinitely wide slab of material), and ρ is the density
of this material.
When predicting an expected change in gravitational acceleration with altitude, one must factor in both the free-air and Bouguer effects. Added complexity
comes from the topography around the station that may vary from the overly
simplistic infinite-slab model, and from uncertainty in subterranean densities.
To test whether the field-portable gravimeter was working effectively the
gravimeter was placed in a lift to see whether a change in gravitational acceleration could be observed. The resulting data is presented in figure 5. The first
measurement was made at the top of the lift shaft. The gravimeter was levelled
and data recorded for a period of around 300 s. The lift was then taken to the
top of the building, the gravimeter re-levelled and allowed to settle (the transition and settling time are not presented in the graph). A second measurement
was then taken, again for around 300 s. This process was then repeated at the
bottom and the top of the building in a cyclical fashion. A clear difference in
gravitational acceleration can be observed between the two measurement locations. The magnitude of this difference – 4.51 mGal – aligns with the estimation
of the expected gravitational signal expected at this location, given the free-air
and Bouguer effects. The red error bars represent the standard deviation of the
data at each measurement location. These bars indicate that the measurement
was made with a signal-to-noise ratio (SNR) of 14.25.
To further test the gravimeter in more harsh environmental conditions, a
similar test was carried out on a local hill with a hight of 275 m. Measurements
were taken at the bottom, top, and bottom again of the hill in the same manner
as those presented in figure 5. The results of these tests can be observed in figure
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Figure 6: The data from a test of the MEMS gravimeter in an outside field tests. From left
to right, the three data points represent data recorded at the bottom, top, and bottom of the
hill (over a total altitude range of 275m. An acceleration range of 4.62×10−4 m/s−2 (46.2
mGal) was measured. This plot was originally presented in Middlemiss et al. 2017 [43].

6. An acceleration range of 46.2 mGal was measured with an SNR 15.88. The
data was noisier than that recorded inside due to the effect of wind buffeting
and larger temperature gradients. As discussed in Middlemiss et al. 2017 [43],
this acceleration range lay within the range predicted for the site, taking into
account the free-air and Bouguer effects, terrain effects, and the possible range
in rock density.
3. Future Plans
The results presented in figures 5 and 6 demonstrate that progress is being
made towards the development of a practical field-gravimeter. Without further
miniaturisation, however, the device will not achieve the required compact size
and potential low-cost. Work is now being conducted to significantly reduce the
size of the instrument. The MEMS device is being packaged in a commercial
MEMS enclosure with dimensions of 40 mm × 20mm × 2mm, and weighing
under 40 g. It is expected that with these advances that the entire system could
approach the size of a smart phone in the near future. Such an instrument could
allow new gravity imaging modalities: multi-pixel gravity imaging arrays could
become possible for the first time; and devices of this weight would be small
enough to be flown on a drone platform.
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