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   Introduction:  In the coming years and decades, 

NASA will launch a series of missions to explore our 

Moon and the ocean worlds of the solar system (e.g., 

Europa and Enceladus).  An important objective of these 

missions is to gain knowledge of the structure and 

composition of the interiors of these bodies.  For the 

Moon, such knowledge will allow the examination of the 

initial stages of planetary differentiation frozen in time 

some 3-3.5 billion years ago.  For the ocean worlds, this 

knowledge will hold clues for understanding their 

planetary evolution, their thermal and chemical make-up 

and thus their habitability [1].   

   In 2009, the International Lunar Network (ILN) 

Science Definition Team [2] identified that the next 

generation lunar seismometer should be ~10× more 

sensitive than the current state of the art (Fig. 1).  

Subsequently, the Lunar Geophysical Network (LGN) 

was identified as a high-priority New Frontiers class 

mission in the Planetary Science Decadal survey, which 

would place a network of 4 such seismometers 

throughout the lunar surface [3].   

   We have designed such a Planetary Broadband 

Seismometer (PBBS).  The design noise (red dots, Fig.1) 

is lower than the ILN requirements.  This is achieved 

using an Electrostatic Frequency Reduction (EFR) 

technique [4]. 

   PBBS Operating Principle – the Electrostatic 

Frequency Reduction (EFR) technology:  High 

frequency seismic waves attenuate quickly with distance.  

Far away from the source, only low frequency waves are 

detected.  A figure of merit of a seismometer is the 

resonance frequency 𝑓𝑜 of its suspended mass.  A lower 

𝑓𝑜 represents a higher sensitivity to low frequency 

seismic signals, or the ability to detect small signals from 

far away.  Below  𝑓𝑜 the suspended mass tends to move 

with the ground, hence the sensitivity to ground motion 

is greatly reduced.  Typically,  𝑓𝑜 is reduced by 

mechanically changing the configuration of the 

suspension system.  The key PBBS technology is the 

EFR technique invented by H. J. Paik [4], in which 𝑓𝑜 is 

reduced to near zero by applying an electrostatic force. 

This technique allows remote adjustment of 𝑓𝑜 to a level 

of precision heretofore unachievable.  The ability to 

remotely and autonomously tune 𝑓𝑜 is particularly 

important to operations in the harsh thermal environment 

of planetary bodies.  Springs in traditional seismometers 

become stiff when cooled to cryogenic temperatures 

resulting in an increase in 𝑓𝑜 and a degradation in the low-

frequency sensitivity.  

Consider a pendulum 

(Fig. 2).  When the mass is 

moved away from its 

center position, gravity 

exerts a force to return it to 

the center.  This gives rise 

to a positive spring 

constant.  However, when 

a voltage is applied to the 

red capacitor plates around 

the mass, they exert an 

electrostatic force that 

pulls the mass further 

away from the center, 

resulting in a negative spring constant.  As was 

demonstrated by the PBBS prototype (Fig. 3), 𝑓𝑜 can be 

reduced to near zero by fine voltage adjustment.  

PBBS Prototype and Test Results:  The EFR 

technology was fully proved under the Planetary 

Instrument Definition and Development Program 

(PIDDP) from 2008 to 2013.  A prototype was built with 

a cylindrical test mass suspended by three strings at the 

University of Maryland.  The 𝑓𝑜 of this prototype was 

successfully reduced from 1.15 to 0.1 Hz.  Figure 3 shows 

that the prototype displayed comparable performance to 

state-of-the-art terrestrial seismometers, providing an 

excellent starting point in demonstrating LGN 

sensitivity.

Figure 1: The Planetary Broadband Seismometer (PBBS) 
is designed to meet a sensitivity requirement necessary to 
achieve LGN science, as defined by International Lunar 
Network Science Definition Team ILN [2]. 
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Figure 2:  EFR counteracts 
the pendulum restoring force 
with electrostatic force. 
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   Design of a 3-axis PBBS:  With lessons learned from 

the prototype, we designed a 3-axis PBBS where the test 

mass is suspended by 4 springs (Fig. 4).  The test mass 

and readout / EFR assemblies are highly symmetrical 

about the center of mass of the test mass.  The suspension 

points are also at the center-of-mass plane.  This high 

degree of symmetry reduces unwanted effects due to 

misalignments that tend to couple force applied in one 

axis into motions in an orthogonal axis, or into unwanted 

rotational motions.  To reduce coupling into the 

rotational modes, the moment of inertia of the test mass 

is reduced by using a high density material, tungsten, 

while the ground plane for capacitive readout and for 

EFR are made as light as possible.  To further reduce 

rotational coupling, the suspension points of the test mass 

are spread as far apart as practical, which increases the 

restoring torque for any rotation.  Four small cryogenic 

motors [5] will be used to level the test mass.  A material 

with low thermal elastic coefficient (Ni-SPAN-C) will be 

used to construct the springs [6].  Any residual change of 

the spring constant with temperature will be compensated 

by adjusting the EFR voltage.  With the current design, 

the mass of the sensor head will be < 5 kg, the capacitor 

gaps will be kept at 1/8 mm, and a voltage of < 200 V 

will be used for EFR.  We anticipate that the total power 

need for its operation will be < 2.6 W. 
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Figure 3: (a) Picture of a PBBS prototype in test against two STS-2 seismometers;                         Frequency (Hz)   
(b) The PBBS prototype output (red) is compared with the STS-2 outputs before (purple) and after (light and dark blue) the 
effects of their internal filters were removed by de-convolution; and (c) results of seismic noise subtraction using data of 3(b). 
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Figure 4: The PBBS’ mechanical design: (a) Front view; (b) 3D view; (c) Readout / EFR assembly.  
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