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Introduction to VC MEMS Accelerometers 

 

Abstract  
 

This paper will discuss variable capacitance (VC) accelerometers utilizing MEMS technology. It will 
review design parameters that enable these sensors to perform reliably in harsh test environments. 
Then, it will compare VC MEMS sensors to piezoelectric sensors to piezoresistive sensors. Finally, this 
paper will review different types of VC MEMS accelerometers including 6 Degrees of Freedom (6DoF), 
uniaxial, and triaxial models. These sensors can be utilized in a variety of applications, to solve the 
unique challenges that engineers face when acquiring static (DC) or near-static low frequency dynamic 
data in harsh environments.  
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1. Introduction 

Variable Capacitance Micro-Electro-Mechanical System (or VC MEMS) sensors can be used for 
measuring low frequency response down to 0 Hz, steady state-linear acceleration as well as low to mid 
frequency dynamic events. 

They are best suited for applications that require measurement of tilt, displacement, low frequency 
oscillations and rigid body motion. VC MEMS applications include aerospace flight test, motion 
platforms, rail car, automotive, agriculture, seismic and amusement park rides. 

 
 

2. Principles of Operations 

 

2.1 Physical Design 

In a VC MEMS accelerometer, the sensing element resembles a capacitor with a lower plate that is 
stationery and an upper plate that is mobile. The inertial forces of motion cause the distance between 
the two plates of the capacitor to vary. The electronics inside the accelerometer constantly measure the 
capacitance and convert it into voltage, current, PWM, or any other electrical signal that can be 
interpreted as acceleration. 

 

 
 

Figure 1: Example of VC MEMS Accelerometer Construction [1] 
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One of the major differences between a VC output accelerometer and a piezoelectric accelerometer is 
that VC accelerometers produce constant DC voltage output and do not require dynamic input. When 
this type of sensor is flat on a table in an upright position, it generates an electrical output 
corresponding to +1 g and gives a corresponding voltage of -1 g when flipped upside down. To verify the 
signal, it is recommended to perform what is known as a “flip test”. The figure below illustrates the 
change in the electrical output signal when the sensor gets flipped 180°. 

 

 
 

Figure 2: Typical Flip Test Result of VC-MEMS Sensor 
 

2.2 Electrical Design 

When looking at the electrical design, the VC MEMS accelerometers offer a single-ended or differential 
output signal when designed for voltage output. A single-ended channel is a two-wire connection with 
one of the wires referenced to a constant potential of 0 V (Signal Ground). In single-ended mode, wires 
are connected to the excitation power, ground, and signal. There may be an additional wire available for 
self-test. When there are instrumentation limitations, end users tend to prefer single-ended operation 
mode. 

 

Items of note for single-ended output: 

• The signal is measured in relation to ground 

• Known for its simple set-up and ability to be utilized with many data acquisition systems 

• More susceptible to ground loops and EMI/EMC interference 

• Might require ground isolation and shielded cables 
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Figure 3: Visual Representation of Single-Ended Output (Using the Dytran 7531A as an Example) 
 

Differential output of the sensor resembles strain gage output and is the preferred mode of most end 
users. Differential channel is a two-wire connection with both wires connected to different potentials 
with no reference to 0 V ground. In differential mode, the wires are connected to power (+) and power 
(-), along with wires connected to output (+) and output (-). When operating in differential mode, the 
accelerometer’s positive and negative outputs are isolated from the ground. In this situation, the bias 
voltage is not a factor. In fact, when operating in differential mode, the end user can expect the most 
stable performance over the specified temperature range due to the reductions of common mode 
errors. 

 

Items of note for differential output: 

 

• Positive signal is measured in relation to its negative counterpart 

• Data acquisition systems are more complex (two electrical inputs per channel) 

• Utilizes common mode rejection principle to be less susceptible to EMI/EMC 
interference 

• Higher signal quality with less required precautions  
 

 
 

Figure 4: Visual Representation of Differential Output (Using the Dytran 7600A as an Example) 
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VC MEMS sensors sometimes display offset output characteristics. This is usually applicable to single-
ended VC MEMS sensors. The output is artificially biased to allow positive and negative acceleration 
swing. The actual value is typically provided on the calibration certificate and must be subtracted or 
compensated for by using the data acquisition system. This value is not significant for the measurements 
if enough voltage swing room is provided. 

 

 

3. Comparison of Sensor Types 
 

The three main technological types of accelerometers are piezoelectric, variable capacitance (VC), and 
piezoresistive (PR). Each class of accelerometers comes with its own set of advantages and difficulties, as 
well as applications that are better suited for one type of accelerometer than others. By understanding 
the available options, the end user can make informed decisions about the best accelerometer for their 
application. 

 

3.1 Piezoelectric Accelerometers 

Piezoelectric accelerometers are the most common AC-response accelerometers, hence they should be 
familiar to most engineers. Piezoelectricity is the ability of materials (such as quartz, ceramics, GaPO4, 
langatate and lithium niobate) to generate an electrical potential in response to applied mechanical 
stress. Common types of piezoelectric accelerometers used today are voltage mode and charge mode. 

 

Piezoelectric accelerometers are of utilized due to their small size and low mass. They are temperature 
stable across a broad range. Piezoelectric accelerometers are easy plug-in options for most data 
acquisition systems. They are often seen as the more cost-effective sensing solution. This technology 
exhibits an extremely high signal-to-noise ratio output and wide dynamic range. Charge mode sensors 
can operate in temperatures up to 1,400°F (760°C). 

 

3.2 Variable Capacitance (VC) Accelerometers 

VC accelerometers are a commonly used DC-response accelerometer. They utilize micro-electro-
mechanical systems (MEMS) technology. Capacitive MEMS accelerometers operate based on 
capacitance changes in a seismic mass based on vibration. This technology exhibits a good signal to 
noise ratio and a limited dynamic range. 

 

Due to the popularity of VC accelerometers, they should also be very familiar to engineers. These 
accelerometers are best suited for measuring low to mid-frequency dynamic vibration but can be limited 
to smaller acceleration levels. VC accelerometers are intended for temperatures from roughly -67° to 
257°F (-55° to 125°C). 

 

3.3 Piezoresistive (PR) Accelerometers 

PR accelerometers are commonly used for DC-response. A PR accelerometer produces resistance 
changes in the strain gages that are part of the design of the accelerometer. 

 

PR accelerometers are known for their high frequency response. They also have a wide bandwidth, 
which enables engineers to use them for short duration shock events. However, PR accelerometers are 
sensitive to variations in temperature. These sensors are often the most expensive sensing option. 
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4. Six Degrees of Freedom VC MEMS Accelerometers  

4.1 7576A Series: A Six Degrees of Freedom Accelerometer 

The 7576 Series utilizes a separate VC MEMS chip for each acceleration and angular rate channel with 
low impedance buffering outputs. This accelerometer series produces a single analog output per 
measurement channel, resulting in six measuring channels. Accelerometers like this can monitor the 
translational and rotational components of motion at the same physical point. This is useful when the 
end user wants to determine the location of the center of rotation of a rigid body in three-dimensional 
space. The central location of the X, Y, Z axes are defined in this series. Correlating measurements 
between different axes is important because the axes need to properly align to avoid introducing any 
correction factors for potential axis misalignment. 
 

 
Figure 5: Representation of Six Degrees of Freedom Utilizing the 7576A 

 

The sensor connector utilizes nine pins for operation, which reduces the amount of wires and increases 
the reliability of the device, in comparison with devices utilizing piezoresistive elements which require 
up to sixteen wires to operate. Model 7576A is powered by a power supply that is capable of producing 
voltages from 6 to 14 VDC with at least 12 mA of current. This series also comes in multiple 
configurations, giving the end user several sensitivity options. The 7576A is considered a dynamic 
accelerometer by virtue of its extended frequency range (when compared to a typical tilt measurement 
accelerometer) while still producing the DC response required for tilt measurement.  
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Figure 6: 7576A Frequency Response vs. a Comparable Accelerometer 

 

 

4.2 Tilt Angle Measurement in Six Degrees of Freedom Accelerometers 

Tilt angle calculations are among the most popular applications for DC response accelerometers. Due to 
the ability of the DC accelerometer to detect a static gravitational field, it is possible to extract tilt angle 
information from the three orthogonal axes of an accelerometer and to calculate roll and pitch values. 
By combining the accelerometer signal with magnetometer data along each of the accelerometer axes, 
it is possible to measure the yaw value. Finally, by complementing the accelerometer and 
magnetometer outputs with gyro data, end users can drastically reduce the noise introduced by 
magnetic field variation or dynamic acceleration present in the system.  

 

 

 
 

Figure 7: Dynamic Accelerometer Axes Convention (Axis Y is pointed toward the page) 
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When it comes to Model 7576A, the right-hand rule can be used to determine the proper polarity of the 
gyro: 

 
 

 
Figure 8: Right-hand Rule [2] 

 

4.3 Kalman Filter Implementation  

The 7576A Series is the ideal sensor series to be used in conjunction with magnetometer data as it 
contains three VC MEMS-based uniaxial accelerometers and three MEMS-based gyros in a single 
package; the magnetometer will help to determine a precise position of an object in space. 

 

To further enhance your data analysis, a Kalman filter can be implemented. When considering the 
implementation of a Kalman filer, it is important to remember that Kalman filters intrinsically are not 
necessary to recreate the state of an object in space. However, this type of filter does augment the 
accelerometer and magnetometer measurement with gyro data and reduces the noise induced by the 
magnetic field instability of random vibration input into the accelerometers. There are multiple degrees 
of complexity in the implementation of Kalman filters and several more items might be considered or 
disregarded altogether. For the purposes of this section, the simplest version of a Kalman filter will be 
implemented. 
 
Any Kalman filter implementation consists of the following steps: 

   1. Predict current state using previous data 

   2. Measure current step 

   3. Combine the prediction and measurement 

   4. Report the results 

   5. Repeat 
 

An initial test was conducted to determine the accuracy and precision of the test board without a 
Kalman filter. From the plot in Figure 9, the uncertainty due to noise can be estimated. The 
magnetometer is a much noisier device which results in a greater error. 
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Figure 9: Noise Test Results 
 

 

 

The noise test was repeated with a Kalman filter in place (Figure 10). 

 

  

 
 

Figure 10: Noise Improvement with Kalman filter Implementation 

 

Based on Figure 10, we can see that the noise error after using a Kalman filter improved drastically. 
Implementation of this simple Kalman filter provided improvement of almost three times in pitch and 
roll as well as almost five times in yaw angle. A more complex Kalman filter might utilize greater 
resources of the system while providing better estimations of the states, thus reducing the noise even 
further. 
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5. Uniaxial and Triaxial VC MEMS Accelerometers  

Engineers must take a wide variety of measurements to properly validate the safety and performance of 
test subjects. For instance, in flight testing, accelerometers are used to monitor rigid body motion, 
perform flutter tests, and evaluate landing gear so engineers can measure vibration and shock during 
take-off and landing. To account for all types of measurements, engineers must have access to an 
equally wide variety of high-quality accelerometers. Uniaxial and triaxial VC MEMS-style accelerometers, 
combining state-of-the-art variable capacitance sensing elements with packaging expertise, gives end 
users accelerometers that they can count on to deliver the results they need. 

 

5.1 Accelerometers with Extended Frequency Range  

Vibration measurements can require accelerometers with high frequency ranges past 1 kHz. Sensors 
with extended frequency response provide accurate data in environments that generate high-frequency 
output. MEMS accelerometers with an extended frequency range can accommodate a variety of testing 
environments. Durable offerings in both uniaxial and triaxial configurations are necessary for use in the 
multitude of locations that are examined during the flight test process.  

 

The 7577A and 7583A Series combine integrated VC accelerometer chips with low impedance buffering 
for measuring acceleration in flight testing, in-flight vibration, and flutter testing applications.  

 

 
 

Figure 11: Typical Frequency Response of the 7583A Series 

 

They are available in multiple ranges to cover a broad scope of acceleration measurements. One unique 
feature of these accelerometer series is the variety of available mounting methods. Properly mounting 
an accelerometer in a flight test application is critical to ensure data integrity. With this many mounting 
options, end users are assured that their accelerometer will accurately capture the dynamic responses 
from test articles.  
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5.2 Piezoresistive Compatible Accelerometers 

The 7600A and 7603A Series are compatible with applications that already utilize piezoresistive 
accelerometers. These accelerometer families utilize a capacitive sensing element and an advanced ASIC 
to simulate the operation of a piezoresistive bridge. They combine an integrated VC accelerometer chip 
with high drive, low impedance buffering for measuring acceleration in aerospace and other 
environments. These accelerometer series reliably take low frequency, vibration, and motion 
measurements. What makes these series unique is that while they utilize variable capacitance 
technology, they are powered by the same power supply as piezoresistive and strain gage 
accelerometers. These units can also operate as standalone differential mode accelerometers with 
differential output or be used in place of piezoresistive, bridge-type accelerometers. On-board 
regulation minimizes supply voltage variation effects, making them relatively insensitive to temperature 
changes and thermal gradients. This is a key difference between these variable capacitance 
accelerometers and a piezoresistive accelerometer. Piezoresistive accelerometers also can be more 
fragile than other types of accelerometers and this offers an alternative to engineers who require a 
sturdier option. The titanium housing of the 7600A and 7603A Series adds durability to the 
accelerometer packaging. These series also come in multiple configurations, giving the end user 
sensitivity options. 

 

5.3 Advanced Sensing Accelerometers 

The 7705A Series combines the most desirable features of a piezoelectric accelerometer and a VC MEMS 
accelerometer into a hybrid design. The 7705A produces a single analog output that is comprised of the 
outputs from two separate sensing elements. It takes the excellent high frequency response and low 
noise of a piezoelectric unit and pairs it with the true DC response of a VC MEMS unit. This series also 
comes in multiple configurations, giving the end user sensitivity options. This hybrid accelerometer is 
beneficial for end users, eliminating the need to use two different technologies and two different 
sensors to cover the bandwidth of interest in an application. Slow speed events in the sub-1 Hz range 
and gear mesh frequencies up to 10,000 Hz can now be measured using the same sensor. Static 
measurements such as angle and tilt are now possible in the same sensor that measures high frequency 
events. This specialty accelerometer makes taking test measurements easier by giving end users a single 
source for their measurements, as opposed to utilizing two different technologies.  

 

 
 

Figure 12: Image of Dytran 7705A Series* 

 

Dytran carries several CVLD (Constant Voltage Line Driver) sensors including the 7506A Series, the 
7563A Series and Model 7508A2. The CVLD technology allows for the variable capacitance VC MEMS 
and piezoelectric acceleration measurements to be made over data acquisition channels normally 
reserved for current mode sensors. These CVLD sensors are tailored for use in flight testing, flutter 
testing, and low frequency aircraft/airframe vibration measurements. An end user would select these 
sensors where EMI/RFI interference is expected to be high. 
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Figure 13: Image of Dytran 7506A Series, 7563A Series, and Model 7508A2 (Left to right)* 

 

System 5384, also known as the VibraScout™, is a USB compatible, ‘plug and play’ portable data 
acquisition system. The system includes accelerometer Model 7586A2. This model is a 6DoF sensor that 
combines a 3-axis MEMS accelerometer, a 3-axis gyro sensor, and a microcontroller to create a smart 
sensor. Unlike the other sensors described previously in this paper, this system allows the user to plug 
the sensor directly into a laptop or PC to download the data, eliminating the hassle of having to use a 
separate data acquisition system, power supply and other ancillary equipment. The software package 
supplied allows for real life, three directional acceleration acquisition along with angular velocity 
measurement. The sensor logs real time data to a binary file for high data compression and long 
recording durations. Additionally, the model contains an 8-pole elliptical anti-aliasing filter. 

 

 
 

Figure 14: Image of Dytran System 5384  (Model 7586A plus ancillary equipment)* 

 

Dytran VibraCorder™ products consist of Models, 4400B, 4401A, and 4404A. Theses sensor models 
allow for test data to be stored on a convenient removable memory SD card that plugs directly into your 
computer. The 4400B Series is a general-purpose vibration recorder with a built-in triaxial MEMS 
accelerometer. This series has synchronization capabilities, is available in three ranges, and is IP64 rated. 
The 4401A Series can capture 6DoF, static, and dynamic acceleration measurements. This series has 
software-controlled relay for the operation of external components such as cameras and indicator lights 
and is available in two ranges. The 4404A Series can capture 6DoF data for whole-body vibration 
measurements in extreme environments. This series is designed in accordance with ASTM F2137, has a 
3% transverse sensitivity, and is IP67 rated. It has remote triggering capabilities and is available in five 
ranges. All models feature internal rechargeable batteries and remote power options for short and 
longer duration tests. 
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Figure 15: Image of Dytran 4400B Series, 4401A Series, and 4044A Series (Le� to right)* 

6. Conclusion

All proper�es of an accelerometer should be taken into considera�on when selec�ng the appropriate 
technology for an applica�on. The specific proper�es of VC MEMS accelerometers have been discussed 
in this paper. The two main opera�on modes are noted and the respec�ve advantages and 
disadvantages are explored.  

The three most popular sensor configura�ons (piezoelectric, VC MEMS and piezoresis�ve) are iden�fied 
and reviewed. Each category is best suited for specific tes�ng environments.  

When six degrees of freedom measurements are required, engineers can take addi�onal precau�ons to 
ensure be�er measurement. The concept of a Kalman filter is explained. The posi�ve effects of applying 
a Kalman filter are shown. 

In conclusion, end users should take careful note of both the available technology and construc�on 
when selec�ng an accelerometer that will fulfil their applica�on needs. 

*Image/Images not to scale
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