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Abstract

Objective: Low intensity vibration as a therapeutic and training modality has received increased attention despite the lack of
clear mechanistic pathways. Thus, to determine mechanisms underpinning vibration-induced musculoskeletal adaptations, a vi-
bration platform for mice was designed, constructed, and validated. Methods: Critical aspects of the platform include use of off-
the-shelf components to (1) tailor individual parameter selection (acceleration and frequency), (2) produce low error across the
plate’s surface and throughout the range of vibration parameters, and (3) utilize accelerometer feedback to ensure fidelity within
and between bouts of vibration. The vibration device is controlled by a centrally-mounted linear actuator on the underside of the
platform that is modulated by accelerometer feedback. Results: Triaxial accelerometers confirmed that vibrations were purely
vertical and acceleration responses were within 5% of target stimuli for all accelerations (0.2-1.0 g) and frequencies (25-90 Hz).
The platform produced acceleration responses with <4% error between 25-90 Hz. Vibration modes were not detected indicating
that the circular plate produced uniform stimuli across the platform (error <1.1%, P=0.23) and mouse body mass did not affect
the platform’s performance (P=0.43). Conclusions: Our vibration device for mice improves upon existing devices and enables
precise, low intensity mechanical signals to be applied with confidence.
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beneficial effects, the overall efficacy of low intensity vibration
has been challenged due to inconsistent findings across studies
or the lack of clinically-meaningful results across various pop-
ulations (see meta-analysis’). This lack of efficacy may be the
result of applying sub-optimal vibration parameters, such as
frequency and acceleration, to the model of interest.

The magnitude of acceleration used in vibration studies span
between 0.1 and 20 g (where 1 g is equivalent to the Earth’s
gravitational field or 9.8 m's*''. High intensity vibration (i.e.,
accelerations that are >1 g) has been associated with the de-
velopment of pain and other contraindications'*" and conse-
quently, the International Organization for Standardization
(ISO) has established an exposure limit of 1.15 m's? RMS
(ISO 2631'). Thus, the use of high intensity vibration should
be done with extreme caution. Low intensity vibration (i.e.,
accelerations that are <1.0 g in magnitude), on the other hand,
has been shown to be anabolic to bone, especially in trabecular

Introduction

The use of low intensity vibration has received increasing
attention in recent years as a possible non-invasive therapeutic
tool to improve musculoskeletal health. Chronic exposure to
short bouts of low-acceleration, high-frequency vibration has
been shown to improve muscle power and strength', thwart
bone loss>*, provoke an anabolic bone response5 , and enhance
bone strength as well as reduce fracture risk®. Despite these
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bone regions and improves muscle function™'”%°, Despite the
safety and efficacy of low intensity vibration, it appears that
many devices are limited to fixed parameters. This does not
permit investigators to find the optimal parameters of vibration
for the clinical population investigated. In addition, selection
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Figure 1. Custom-designed vibration platform specific for mice. (A) This picture shows the concrete base in white with the linear actuator at-
tached between it and the aluminum platform with center mounted Plexiglas cage for the mice. Notice the low ceiling height (6.3 cm) which
limits rearing and jumping by the mice and facilitates vibration to all four limbs. (B) This picture shows four mice within the cage and denotes
the three positions of radial testing for the detection of modes in the uniformity of loading experiments.

of the fixed parameters is not always justified by evidence in
the literature, and therefore parameters appear to be used
somewhat arbitrarily.

Beyond issues related to the selection of vibration parame-
ters, the design of the vibration platform system itself is an-
other important factor. The initial low-acceleration,
high-frequency platforms described in the literature utilized
square or rectangular platforms (e.g. *"**). This design intro-
duces the possibility for an additional mode to be created dur-
ing wave transmission, which can either add to, or subtract
from, the target vibratory environment; this may be minimized
with a radially symmetric design. In addition, few studies have
utilized accelerometers to provide feedback to control the vi-
bration stimulus® . Our objective was to create a vertical vi-
bration platform specifically for mice that produces a uniform
stimulus with low error across a range of frequencies (25-90
Hz) and accelerations (0.2-1.0 g) to allow the user to optimize
the parameters of vibration specific to their disease model or
tissue of interest.

Methods
Vibration platform design and fabrication

A vertical vibration platform was designed after the work of
Fritton et al.*!, to provide a low-acceleration, high-frequency
tunable device for mice. The device was constructed on a vi-
bration-isolation base composed of concrete (Figure 1A).
Mounted directly into the isolation base was an electromagnetic
linear actuator (SA5 V30, CSA Engineering, Mountain View,
CA) with an operational bandwidth of 20-1000 Hz and a force
output of 22 N. The acceleration and frequency of the actuator
were driven by a sinusoidal voltage signal. A 6061-T6 alu-
minum circular “loading platform” (256.0 mm diameter, 6.7
mm thick), upon which mice stood, was directly coupled with
the center of the actuator. A uniaxial feedback accelerometer
(Model 352C42; PCB Piezotronics, Depew, NY) was mounted

to the underside of this platform to monitor the magnitude of
both acceleration and frequency of vertical vibration (Figure
1A). The top of the loading platform was fit with a center-
mounted Plexiglas cage (mass of cage is 553 g), designed to
individually house four mice (Figure 1B).

The vibration platform was controlled by a custom virtual
instrument in LabVIEW (National Instruments, Austin, TX)
that utilized uniaxial accelerometer feedback with proportional
gain control to modulate the signal applied to the actuator pro-
ducing the vibration stimulus. The £3 V sinusoidal signal out-
put from the virtual instrument was conditioned through an
analog amplifier (AD620, Analog Devices Inc., Norwood,
MA) with a gain of 100 and then power amplified using a lin-
ear high-speed amplifier (Model BOP 100-4M 400 Watt Linear
High-Speed Amplifier, Kepco, Inc., Flushing, NY). A relation-
ship that governed the range of frequencies between 25 to 90
Hz and accelerations between 0.2 g and 1.0 g was determined
in the absence of mice and fed back into the control system.

Vibration platform characterization and fidelity

To characterize the vibration platform’s performance and fi-
delity, three separate experiments were performed using data
collected for a minimum of 30 seconds for each experiment.
The first experiment characterized vertical vibration versus the
two other orthogonal axes and the platform’s ability to match
target vibration specifications. A triaxial accelerometer (Model
339A30; PCB Piezotronics, Depew, NY) was mounted to the
platform at radial position two (i.e., r, in Figure 1B). Data were
collected at 10 kHz s at increments of 10 Hz from 5-125 Hz
and at 0.2 g between 0.2 g and 1 g. Ratios of acceleration com-
paring the actual accelerations along the primary axis (z-di-
rection) to acceleration along both the x and y axes were
calculated. Output acceleration was normalized by target ac-
celeration to illustrate the system’s error function.

Next, two separate experiments were performed to: 1) char-
acterize the acceleration profile across the loading platform
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Figure 2. Surface function governing the actuator performance. This surface plot describes the relationship between output voltage to the actuator,
frequency, and acceleration and is described by Equation 1. The points indicate the experimental data that were used to describe the function.

surface, and 2) ensure that the vibration platform was capable
of meeting vibration parameters accurately, irrespective of
mouse body mass. A single uniaxial accelerometer was placed
at three radial positions (position r,=50.8 mm, r,=76.2 mm,
and r;=101.6 mm from the center, Figure 1B). Acceleration er-
rors were compared between the positions as a function of fre-
quency. Finally, different sized mice were placed on the
vibration loading platform to examine accuracy with different
loads. Comparisons were made between 3- and 16-week old,
C57BI1/6 mice of mixed gender with mean body mass of 8.8 g
and 28.8 g, respectively (n=4 per group). The acceleration and
frequency data were collected using a uniaxial accelerometer
at each combination of accelerations (0.3, 0.6, or 0.9 g) and
frequencies (30, 45, 60 or 90 Hz). All procedures were ap-
proved by the Institutional Animal Care and Use Committee
at the University of Minnesota.

Statistical analysis

Statistics were performed in SPSS (IBM SPSS, IBM Corp.,
Somers, NY). Significance was set at P<0.05. Two-way analy-
sis of variance (ANOVA) with Tukey post-hoc tests were used.

Results

The resonant frequency of the actuator is 32 Hz; however
the addition of mass due to the plate and mounted cage change
the overall resonant frequency of the system to 240 Hz. A
three-dimensional surface function (Equation 1) describes the
relationship between acceleration, frequency, and actuator
input voltage (Figure 2). This relationship governs the control
of the actuator to provide a vibration from 0.2 g to 1.0 g ac-
celerations across a frequency range of 25 to 90 Hz.
Equation 1. 4™ order polynomial model:
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Where the actuator voltage (V) is defined as a function of the ac-
celeration (A) and frequency (F) with the following constants:
p00=3.586; p10=2.016; p01=-0.021; p20=0.421; p11=0.088;
p02=-0.383; p30=1.044; p21=0.625; p12=-0.443; p03=0.0475;
p40=0.470; p31=0.280; p22=-0.223; p13=0.128; p04=0.0840 (R-
square: 0.987).

Acceleration errors above 5% were corrected by feedback
within 3 seconds. Loading was confirmed in the vertical di-
rection and acceleration had minimal error within the deter-
mined range of fidelity (25-90 Hz). Accelerations in the
horizontal plane were less than 0.08% of the vertical acceler-
ations. Within the range of fidelity the maximal error between
actual and target acceleration was 3.81% and the average error
was +0.37% (Figure 3). No vibration modes were found be-
tween the radial positions on the circular platform within the
range of fidelity (P=0.226); the vibration environment was
consistent across the three radial positions with a maximum
error between r, and r; to be +0.94% (Figure 4) and greatest at
1.0 g. Mouse body mass had no effect on the loading environ-
ment (P=0.434); accelerations were on average 1.3% different
across the entire range of fidelity.

Discussion

This report details our construction and validation of a vi-
bration device for mice (Figure 1) that enables the effects of
low intensity vibration training on musculoskeletal structures
and functions to be analyzed. The device was constructed for
less than $12,000. Of this total, computer software, hardware,
and the data acquisition board were approximately $4,500. The
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Figure 3. Acceleration response, indicating the error in acceleration as a function of frequency. The actual vertical accelerations were measured
across the entire frequency domain and the response (actual acceleration/target acceleration) is reported. Data points represent the mean accel-
eration response over the 3 minute duration of testing.
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Figure 4. Detection of modes and uniform loading across the platform surface. The actual accelerations at each of the three radial positions on
the loading platform surface are plotted against frequency within the range of fidelity. Differences in actual acceleration production at the spatial
positions along the platform would indicate the presence of a mode. Position r;=50.8 mm, r,=76.2 mm, and r;=101.6 mm from the center.
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actuator and amplifier totaled ~$5,000 and the accelerometers
~$2,000. Small parts were minimal and labor is not included
in these estimates.

Two other low intensity vibration devices for animal models
have been described”'*2. We designed our platform based on
those devices. Our device delivers low intensity vibration
across a range of accelerations (0.2 g to 1.0 g) and frequencies
(25-90 Hz) with the goal to improve bone and skeletal muscle
function as previously shown®. We used a circular platform
with a centrally-mounted actuator to deliver a uniform vibra-
tion across the entire surface of the platform; irrespective of
mouse location and mass (Figure 4). The vibration of the plat-
form was continually monitored and modulated by accelera-
tion feedback. This is important because it confirms that
vibration signals remain the same during and between bouts
of vibration. These validations show that our platform is me-
chanically functioning as intended.

Our device was made to investigate low intensity vibration
training, or accelerations <1 g. A limitation of our platform is
the inability to deliver higher magnitude accelerations. Thus,
comparing “high” to “low” intensity vibration stimuli is not
possible. With the growing interest in vibration training, it is
important to consider that different types of vibration stimuli
may produce different responses. Along these lines, it is also
essential that sufficient information about vibration stimuli be
accurately reported in animal studies as well as human whole
body vibration studies®. Failure to report actual vibration ex-
posure (e.g. ?*%) can lead to ambiguous interpretations and
therefore does not provide convincing evidence to progress the
field. Another potential limitation of our vibration device for
mice is that nonlinearities exist at low frequencies (Figure 3).
These nonlinearities are due to the actuator’s inability to pro-
duce output below 20 Hz. Vibration at these lower frequencies,
however, have been contraindicated for humans>*2.

We constructed and validated a low intensity vibration device
specific for mice that improves upon previously described de-
vices. These improvements in the design and functionality of the
platform allow the investigator to use off-the-shelf components
to tailor the parameters to specific experimental conditions. The
stimulus provided is uniform across 25-90 Hzand 0.2 to 1.0 g as
well as between bouts of vibration. Our short-term objective is
to use this device to identify optimal vibration parameters for
musculoskeletal adaptations in mouse models of muscular dys-
trophy (see **) in this issue) and then to determine the therapeutic
potential of vibration training in muscle diseases such as
Duchenne Muscular Dystrophy. An additional long-term goal is
to determine mechanisms underlying musculoskeletal adapta-
tions that occur in response to low intensity vibration training®**,
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