
IEEE TRANSACTIONS ON MAGNETICS, VOL. 58, NO. 7, JULY 2022 5000209

Cortical Bone Vibrations Induced by Electromagnetic Field Pulse
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The purpose of our study was to test the hypothesis that the electromagnetic pulse (EMP) is capable of inducing mechanical
vibrations in bone ex vivo. A thin segment of human femur diaphysis (from a tissue repository) suspended on a tensioned line (range
T = 2.2–123 N) was exposed to EMP (mean B = 0.64 T, dB/dt = 5877 T/s, and the mean B-field gradient of 127 T/m) from a
solenoid with axis orthogonal to tensioning line, forming a harmonic oscillator whose mechanical vibrations were measured using laser
Doppler vibrometry (LDV, noise floor 1 µm/s). Calculated mean Maxwell stress and Lorentz forces acting on a weakly conducting,
diamagnetic bone slice point away from the solenoid for maximum sensitivity of LDV measurement. The electromechanical origin of
the LDV signal was confirmed by the order-of-magnitude agreement between calculated (range from 12 to 50 µm/s) and measured
initial bone velocity amplitudes (e.g., 35.5 µm/s ± 7.5 µm/s at T = 22.2 N and 17.7 µm/s ± 2.5 µm/s at T = 58.2 N) and the
increasing frequency (25–180 Hz) of decaying oscillations with the square root of T over the range of line tensions (r2 = 0.978, p <
10−4, and n = 17). Theory and experiment show that magnetic field impulses are capable of exerting measurable mechanical forces
on bone ex vivo. The results raise an interesting question if the electromechanical effect could be sufficiently large to contribute
to bone remodeling, reportedly sensitive to vibration amplitudes as small as 1 nm, and considering long duration of orthopedic
therapy using repetitive EMP (months).

Index Terms— Biomagnetism, transcranial magnetic stimulation (TMS), very low-frequency electromagnetic field (VLFEM) and
pulsed electromagnetic field (PEMF) stimulation.

I. INTRODUCTION

PULSED electromagnetic field (PEMF) is used in clinical
therapy to minimize the need for surgical intervention

and drug treatment. Low-frequency (1 kHz), low-field (1 mT)
PEMF applied for few hours daily, over a period of three
months, became an approved clinical modality in orthope-
dics for adjunct treatment to primary lumbar fusion surgery
[1], [2]. High-field PEMF (over 1 T) includes transcranial
magnetic stimulation (TMS) [3] and treatment of chronic
depression [4].

Low fields used in the orthopedic PEMF applications do not
reach the threshold of the neuronal activation (10 V/m) typical
of TMS [5] and therefore are likely to interact with the bone
biology by a different mechanism [6], [7]. A mechanism that
has not been considered before is the potential contribution
from the electromechanical forces, which could be important
because of the living bone’s high sensitivity to repeated,
mechanical stimuli [8]–[10].

The purpose of this exploratory study was measurement
of mechanical vibrations caused by magnetic field gradient
impulses on bone ex vivo, as a preliminary step necessary
toward biological investigations. The electromechanical PEMF
effect may arise as a result of the interaction of imposed
magnetic field with the induced electric current in bone
(Lorentz force) and the bone magnetization discontinuity at
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the interface with the surrounding media (Maxwell stress).
The experimental design specifically excluded confounding
phenomena characteristic of vital tissue, such as response
of peripheral nervous system neurons to electromagnetic
pulse (EMP) by axonal depolarization [5], [11], [12].

A thin slice of human femur of known mass from a
commercial tissue repository stored in electrolyte solution
and pat dried with paper towel prior to the experiment was
suspended on a stretched nylon string under controlled tension.
This formed a mass-on-a-string harmonic oscillator whose
vibrational frequency is tuned to the bone sample mass and
the applied string tension and thus provides a sensitive detector
element for the expected frequency response to EMP applica-
tion [13]. To eliminate experimental artifacts, the vibrational
frequency of the model was varied by varying the string
tension. The thin slice of femur was positioned next to a
short, thick solenoid powered by a short pulse of current
from capacitors. The target area of bone was illuminated by a
laser beam from a Doppler-effect vibrometer sensitive to bone
surface velocity, theoretically predicted to be on the order of
10 μm/s, in the range of the expected bone sample oscillation
frequency (100 Hz).

II. MATERIALS AND METHODS

A. Theory

The magnitude of the electromechanical force density on
bone suspended on a stretched string was calculated from
equations of classical electrodynamics for a limiting case of
extremely low-frequency oscillating magnetic field (no radia-
tive component). In general, the pulsed magnetic field exerts a
mechanical force on electrically conductive and magnetically
susceptible media [14], [15]. For the special case of linear,
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Fig. 1. EMP solenoid and the bone sample. (a) Solenoid and bone slice model
showing divergent B-field lines at the location of the bone sample; laser light
imping on and reflected off the bone sample; the suspending line tensioned
with force T ; and the direction of the EMP force from the contributions of
Maxwell stress and Lorentz body force contributions averaged of the bone
slice volume, 〈 fL + fM 〉. (b) Photograph (axial view) of the human femur
slice, thickness 1 mm along the z-axis.

Fig. 2. B-field and its z-gradient along the EMP coil axis. (a) Shaded area
indicates coil axial extension. The theoretical model values are indicated by
lines, and the measured values are indicated by open circles. Arrows indicate
local B-field and z-gradient values at a point of intersection with the bone slice
plane where the dB/dt values were measured. (b) Corresponding false-color
B-field map at the axial plane of the coil. The light gray rectangle outline
indicates the location of bone slice of thickness d.

weakly conducting and weakly magnetic media, characteristic
of bone, there are two types of electromechanical forces to
consider: the Lorentz body force due to the induced, local
current interaction with the imposed, oscillating magnetic field
and Maxwell stress force on bone mineral and interstitial
fluid due to their differential magnetic susceptibilities. The
analysis of those two types of forces provides rationale for
the experimental study, as described next. We have developed
an analytical model to calculate the magnetic field and electro-
mechanical force distributions over the surface of a thin bone
slice suspended on a thin, tensioned string next to the solenoid,
as shown in Fig. 1 and further described in Supplementary
Information and illustrated in Supplementary Figs. 1–4. The
model input and output parameters are listed in the Appendix,
in Tables I and II, respectively.

The kinetics of the bone vibrational response to EMP was
modeled by a damped harmonic oscillator forced for short
duration, �t � 1/2(2π/ω0) impulse, 〈 f 〉 = 〈 fL + fM 〉 (sum
of Lorentz and Maxwell stress body forces) approximated
by the Dirac delta function, (〈 f 〉/ρ)δ(t/�t). The solution
for vibration velocity in the case of weakly damped oscil-
lator and initial conditions x0− ≡ x(t < 0) = 0 and

Fig. 3. Time- and frequency-domain signals acquired by LDV in 2 s time
window before and after application of (a) and (b) mechanical control and
(c) and (d) test electromagnetic (EM) pulse for low string tension of 22.2 N.
Both types of pulses cause bone sample vibrations in low- and high-frequency
ranges (especially near 10 and 80 Hz). The higher frequency is at resonance
calculated for the tensioned string oscillator. The non-resonant frequency
components seen in the spectrum of a strong mechanical pulse (a) are related
to the additional bone target degrees of freedom not accounted for by the
simple model of the tensioned string resonator.

v0− ≡ dx/dt(t < 0) = 0 is a decaying sinusoid
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where ρ is the bone density, c is the damping constant, ω0 is
the natural angular frequency of the harmonic oscillator, m0

is the bone sample mass, T is the line tension of length L,
and the pointed brackets 〈. . .〉 denote average over the bone
sample volume. For representative experimental values of T =
1 kg = 9.81 N, L = 10 cm, and m0 = 1 g, one obtains ω0 =
2π × 70.5 Hz, corresponding to a period of 14 ms, which is
much longer than the applied EMP duration of 0.334 ms, thus
justifying the EMP approximation by Dirac delta in the model.
Further details are provided in the Supplementary Information.

The initial velocity in response to EMP is obtained by taking
the right-handed limit at t = 0
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The last equation on the right results from substitution of
(2) into (3). The damping coefficient c was estimated from



ROYER et al.: CORTICAL BONE VIBRATIONS INDUCED BY EM FIELD PULSE 5000209

Fig. 4. Spectrograms and marginal plots of bone sample responses to
(a) mechanical and (b) EMP stimulation for low resonator string tension of
22.2 N. The spectrograms show resonator vibration onset at the time of the
impulse application [mechanical in (a) and EMP in (b)]. The top marginal plots
show ±2 Hz bandpass signal centered at the resonator frequency showing the
presence of weak EMP signal (b) buried in the raw broadband (20 kHz)
signal [Fig. 3(c)]. The side marginal plots show frequency spectra for a
short time window ±50 ms centered at 125 ms after impulse application for
better signal isolation from noise. Gray bands indicate noise floor calculated
as an error of the median value (prior to the impulse application for time
sequence histograms, top, and for frequencies >30 Hz for frequency sequence
histograms, side). Small differences in EMP peak VEMP values between time
and frequency histograms are the result of finite time and frequency resolutions
of the LDV measurements. Note evidence of low-frequency (10 Hz) vibration
before impulse application [mechanical in (a) and EMP in (b)] indicating its
extraneous origin (environmental noise).

the experimental resonance peak width of the laser Doppler
vibrometry (LDV) frequency spectra, considering that the
resonance peak’s full-width at half-maximum is FWHM ≈ 2c
[see insets in Figs. 3(b) and 5(b)] and the low signal-to-noise
ratio of the EMP peak [Figs. 4(b) and 6(b)]. The analytical
Fourier transform coefficients in (3) (in the units of distance,
meters) differ from the discrete Fourier transform (DFT)
coefficients (in the units of velocity, m/s) calculated from the
LDV time sequences by the DFT bandwidth resolution factor

Fig. 5. For comparison with Fig. 3, at high resonator string tension of
58.2 N. (a) and (b) Results of mechanical control. (c) and (d) Results of test
EMP. Note shift in the resonator frequency from 80 to 125 Hz compared to
corresponding panels in Fig. 3, as expected from the tensioned string oscillator
model. Note the absence of such a shift for the low-frequency peak (10 Hz),
indicating its origin being unrelated to the force impulse application.

(here equal to 0.5 Hz). For comparison of calculated VEMP

with the measured VLDV peak heights, we used a product of the
DFT bandwidth resolution (0.5 Hz) and the LDV instrument
constant of (200 V)/(m/s), Table I, as a conversion factor

VEMP = 200

[
V

m/s

]
×[0.5 Hz]× v0+√

2πc
[m] = 100

v0+√
2πc

[V].
(4)

The theoretical values VEMP are shown in Table II, and
experimental ones VLDV were read from the LDV spectra [such
as shown in Figs. 4(b) and 6(b)].

In summary, the presence of VLDV peak in the LDV
frequency spectra at the natural frequency (eigenfrequency)
of the oscillator, ω = ω0 following EMP application; its
frequency dependence on the string tension T as predicted
from the resonance frequency of the oscillator; and its height,
VLDV being of the same order of magnitude as that predicted
from the theoretical model, VEMP, completes the proof of
electromechanical effect of EMP impulse on bone.

B. Experiment

1) Bone Sample: A sample of human femur diaphysis was
used for this research. The specimen was from cadaver donor.
It was acquired through accredited specimen suppliers (Sci-
ence Care, Inc., and Anatomy Gifts Registry), who consented
donors for the use of donated tissue for education and train-
ing, scientific advancement, and/or research and development
purposes. According to the U.S. federal regulations (45 Code
of Federal Regulations Part 46) and the Cleveland Clinic
Institutional Review Board (IRB) guidelines, the study did
not qualify as research involving human subjects. No indi-
vidually identifiable health information about the donor was
disseminated. Demographic information is provided to support
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research utility of the specimen. The donor does not belong
to any rare identifiable group.

The femur diaphysis was cut along the transverse plane
into 1 mm-thick slices. The resulting annular slices of cortical
bone were stored at 4 ◦C in a phosphate-buffered saline (1×
PBS) and 0.1% sodium azide (NaN3) solution when not in use.
When being used, the samples were removed from the storage
solution and tapped dry with a paper towel, but considered
“wet” because of presence of electrolyte solution bound in
the bone structure. The mass of the bone slice used for this
series of experiments was 0.897 g that was typical of the mass
of all bone slice preparations available for this study, (0.841 ±
0.327) g, n = 4.

2) Apparatus: A bone sample was suspended via a single
point on nylon thread, itself supported in a custom-made
wooden housing with adjustable “frets” allowing for varia-
tion in string length and tension. Monofilament nylon-blend
polymer thread (Trilene, 22.7 kG test, 0.71 mm diameter)
was used to suspend the sample at the midpoint of the frets
and attached using a minimal amount of reusable caulking
cord. The tension was achieved by attaching masses to the
lower end of the thread. The structure was then bolted to
a Newport pneumatic vibration isolation table to mitigate
exterior mechanical vibrations from affecting the bone sample
(Supplementary Fig. 1). To further avoid unwanted mechanical
vibrations from the coil directly affecting the bone motion, the
coil was affixed to a separate tripod (Manfrotto 475b). A 2-D
translation stage (Newport, 462-XY-M) mounted on the tripod
allowed precise positioning of the coil relative to the bone. The
potential other sources of the mechanical impulse transfer from
coil to the bone sample above the LDV sensitivity threshold
were ruled out by the relatively large masses and the resulting
large inertia of the system components compared to that of
the bone oscillator, their physical separation, and additional
testing for possible sound and heat transfer artifacts (results
not shown).

3) Electromagnetic Pulse: The bone sample was subjected
to an EMP from a solenoid (1.15 mm diameter copper wire,
six layers, 60 turns, 39.0 m�, 22.04 μH, OD: 2.18 cm, ID:
0.79 cm, and L: 1.27 cm) with current supplied by a capacitor.
The coil, internally referenced as “17–6,” had a geometric
factor G = 0.178, where 0.179 is considered to be ideal to
maximize the field strength H per watt of real power dissipated
in the windings.

4) Capacitor Discharge Circuit: A capacitor discharge cir-
cuit (CDC) was developed in-house to provide the EMP.
It comprises: 1) charging circuit based on a variable trans-
former and a voltage doubler that also provides rectification to
dc; 2) low equivalent series resistance, metallized polypropy-
lene film capacitor (470 μF, 1000Vmax); and 3) discharge
circuit based on an SCR thyristor and an emitter follower
allowing a buffered connection to an external triggering device,
such as an arbitrary waveform generator or microcontroller
(Arduino Uno). The thyristor could also be manually fired
by a 1.5 V, 150 mA gate-to-cathode pulse given by a 6 V
switched-mode power supply and toggle switch.

Low noise, 120 V, 60 Hz, alternating current (ac) was
supplied to the circuit and test equipment via uninterruptible
power supply (Tripp-lite SU1500XL). The ac voltage to the
capacitor was controlled with a 10 A variable transformer and
then stepped up and rectified by a voltage doubler circuit that
provided 0–360 VDC. A 40 � wirewound control resistor
allowed a charge time of 100 ms for repeat discharge rate
up to 10 Hz. When discharging the capacitor at 300 V
through coil 17–6, the current peaked at 1122 A at 146 μs.
Theoretical prediction gave us the current slew rate maximum
of 1.37 × 107 A/s, occurring instantaneously after triggering.
Current flowed during a half period of oscillation of 334 μs,
at which time it was shut off by an instantaneous reversal in
current through the thyristor, a type of solid-state switch that
only allows current to flow in one direction [Supplementary
Fig. 2(c)]. The capacitor voltage was monitored by a benchtop
digital multimeter (DMM) (Keysight U3402A). Due to its high
voltage and current capabilities, safe operation of the CDC was
ensured by proper grounding, physical isolation, and careful
operation. The apparatus was encased within a wooden box
and electrically shielded and grounded by covering the exterior
of the box with conductive foil tape (3M 3340 aluminum foil
4 mil = 102 μm thick). The supply leads to the coil were
2.2 mm diameter Cardas Litz wire with Teflon insulation and
were twisted together and covered with copper braid shield,
connected to Earth ground.

5) Laser Doppler Vibrometry: The LPO1 (OMS Corpora-
tion, Laguna Hills, CA, USA) laser Doppler vibrometer was
connected to an optional Digital Signal Demodulator (DSD,
National Instruments PXIe-1071) that improves the sensitivity
4–5 fold compared to the digital-to-analog converter internal
to the LP01, resulting in the nominal noise floor not higher
than 1 μm/s. The DSD 10.7 MHz FM output bypasses the
internal analog decoder of the LP01. The analog output of
the DSD was fed to the oscilloscope. The bone velocity was
measured by the Doppler frequency shift in the low range
bandwidth setting such that 1 V corresponded to 5 mm/s. The
head unit employed a custom-built lens that reduced beam
diameter from 1 to 0.1 mm and had a focal length of approxi-
mately 15 cm. The collimated, near-infrared beam (wavelength
780 nm) was aimed at the bone slice at an approximately right
angle to its surface [Fig. 1(a) and Supplementary Fig. 1]. The
velocity of the bone sample was visualized and recorded by
an Agilent 2000 series oscilloscope.

The oscilloscope samples the voltage from the LDV at
50 ksamples/s over a 2 s window and outputs 100 000 mea-
surements at 20 μs time resolution. The EMP triggers this
acquisition window by way of a small search coil (1.05 ×
10−3 turns-m2) placed next to the EMP coil, whose output
is sent to a second channel of the oscilloscope. This ensured
synchronicity of the effect of the pulse on the bone and the
acquisition.

6) Data Acquisition and Processing: The experimental
testbed was optimized using MATLAB R2018a software
with Instrument Control and Signal Processing Toolboxes to
expedite data acquisition. By using the Standard Commands
for Programmable Instruments (SCPI) commands, both the
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Fig. 6. For comparison with Fig. 4, at high resonator string tension of
58.2 N. The spectrograms show resonator vibration onset at the time of the
impulse application [mechanical in (a) and EMP in (b)]. The vibrational EMP
effect in panel (b) is comparatively weak as expected of a weaker response
of a tensioned string oscillator, but still detectable and shifted toward higher
frequencies as expected. As in Fig. 4, small differences in EMP peak VEMP
values between time and frequency histograms are the result of finite time
and frequency resolutions of the LDV measurements.

digital oscilloscope and Arduino Uno were controlled through
a MATLAB interface, allowing acquisition of oscilloscope
output voltage time sequences (each 100 000 long) with the
push of a button.

Data analysis and processing was completed using
MATLAB R2018a, as well as its Signal Processing Toolbox.
The recorded oscilloscope voltage time sequences were aver-
aged point by point over ten repeated acquisitions. The fre-
quency analysis was done by running MATLAB DFT on the
averaged time sequences. The MATLAB DFT routine outputs
the LDV voltage spectrum frequency sequence at 1.0 Hz
resolution and the length of 25 000 corresponding to 25 kHz
bandwidth (single-sided, below Nyquist limit), in volts (the

same units as the input time sequence). Results were displayed
as: 1) time and frequency plots; 2) frequency versus time
power density spectrograms (in decibel volt and linear scales);
and 3) as spectrograms for a narrow frequency band around
the eigenfrequency of the oscillator and a short-time window
coinciding with the time of EMP application. Peaks in the
EMP test signal frequency spectrum were visually inspected
and compared to the mechanical control signal (Figs. 4–7).
The EMP and the mechanical control peak frequencies ω0

were plotted against the line tension T and visually compared
with the expected values from the bone oscillator model (1)
by plotting them against a range of the eigenfrequencies at
varying oscillator string lengths, L/2 to L, to account for
imperfections of the simple harmonic oscillator model. The
mechanical and EMP peak frequencies were compared by
plotting them one against the other and tested for identity by
a linear regression analysis.

III. RESULTS

The experiment tested theoretical predictions of a significant
mechanical effect of EMP on weakly conducting, diamagnetic
bone slice, in experimental settings as shown in Fig. 1 and
Supplementary Fig. 1, for parameters listed in Tables I and II.
The relative placement of the EMP solenoid and the LDV
detector around the bone slice sample suspended on the
tensioned string forming an oscillator maximized the LDV
signal by constraining bone vibrations to the direction of the
LDV laser beam propagation [Supplementary Fig. 3(e)–(f)].

The calculated spatial B-field variation was validated by
measuring the rate of change amplitude of a magnetic field
(dB/dt) with a search coil placed at the bone slice location
(5 mm on-axis away from the EMP solenoid, see Fig. 2) and
connected to a digital oscilloscope. The shape of dB/dt mea-
sured at the bone sample position [Supplementary Fig. 2(c)]
corresponded closely to the dB/dt function of time calculated
for the CDC parameters [CDC, compare to Supplementary
Fig. 2(b) and (c)].

Fitting the B-field mathematical model, Supplementary (5)
to experimental dB/dt values [Fig. 2(a)] fixed the only free
parameter of the B-field model, the coil current I that is
subsequently used to calculate the EMP forces acting on the
bone slice [Supplementary (8) and (10)], which are then used
to calculate the vibration velocity (1) and, in the end, the initial
velocity amplitude following EMP application (3). The control
over the dB/dt impulse was achieved by controlling voltage
of the CDC charging circuit and was key to the system’s
capability of delivering accurate peak dB/dt levels. Another
important aspect of the CDC design was that it suppressed coil
current “ringing” after the initial current pulse [Supplementary
Fig. 2(c)] and, thus, limited the EMP duration to a narrow
window of time (�t ≈ 334 μs) that was much shorter than the
bone oscillation period (�t ≈ 5–40 ms, shown in Figs. 3–6).
This justified the EMP impulse approximation by a Dirac delta
in the forced harmonic oscillator model (1).

The LDV instrument constant of 1 V ≡ 5 mm/s was used to
calculate the theoretically expected LDV signal height in volts,
VEMP, from the bone oscillator Fourier transform peak height
(4), for comparison with the experimentally measured LDV
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spectral peak height, VLDV [in volts, in Figs. 4(b) and 6(b)].
Mechanical vibration spectra (arising from a direct strike of the
string by a wooden object) were used to confirm the expected
location of the EMP vibrational peak.

The vibrational signal in response to EMP application is
clearly discernible in the LDV spectra shown in Figs. 3–6 at
frequencies corresponding to the resonance frequency of the
bone mass oscillator model (1). The EMP spectral peak loca-
tions correspond to those of the mechanical impulse controls
and vary with the string tension T in the same manner as
their mechanical counterparts, thus eliminating the possibility
of an artifact of the EMP interaction with the electronics of
the measuring apparatus.

The measured EMP spectral peak heights VLDV of a few
millivolts were much smaller than those seen in the mechanical
control spectra measured in volts (Figs. 3–6), as expected of
a weak interaction of EMP with the bone sample. Notably,
the calculated EMP peak height values for the Maxwell stress
model VEMP from (3) and (4) and Supplementary (10) shown
in Table II were within the range of those read from the experi-
mental LDV frequency histograms [VL DV , Figs. 4(b) and 6(b)
marginal histograms]. The difference between the two (on the
order of 1 mV) is attributed to the number of simplifying
assumptions used in the theoretical model and the uncertainties
in the exact experimental parameter values (such as bone slice
axial distance from the solenoid).

The VEMP sensitivity to input parameter perturbations was
estimated by repeating the calculations at two extremes of
the bone slice axial position, zb = (12 ± 2) mm (Table I)
accounting grossly for uncertainties in the exact bone slice
distance from the coil center, deviation of femur slice geometry
from a perfect annular disk, and the non-ideal coil winding.
As expected, VEMP rise was faster (from 2.3 to 5.0 mV) with
the decreasing distance to coil than its fall (from 2.3 to 1.2 mV)
with the increasing distance from the coil (Table II). The cor-
responding initial bone velocities calculated from the Maxwell
stress model (3) and Supplementary (10), shown in Table II,
were low; 23 μm/s and the limits of [12, 50 μm/s] but well
above the noise level of the LDV detector (1 μm/s). The range
of calculated VEMP ∈ [1.2, 5.0] mV was near the range of the
experimental LDV range VLDV = 7.1 (±1.5) mV [Fig. 4(b)] or
overlapped with it VLDV = 3.5 (±0.5) mV [Fig. 6(b)], which
confirmed the model predictions. The corresponding values of
the experimental, initial bone velocity were 35.5 (±7.5) μm/s
and 17.5 (±2.5) μm/s considering the instrument constant
of 5 mm/s/V. The initial bone velocities calculated from
the Lorentz force model Supplementary (3) and (8), shown
in Table II, were lower by over four orders of magnitude,
indicating that the Maxwell stress effect predominates under
the selected experimental conditions and is the only significant
contribution to the experimentally measured LDV signal.

The low-frequency peak at f = 10–30 Hz appearing in both
EMP test and mechanical control spectra did not depend on
string tension and was occasionally detectable prior to EMP
[Fig. 4(b)] or mechanical stimulation application [Fig. 6(a)]
and therefore was an artifact likely related to mechanical
resonance of the bone oscillator support frame generated by
the random noise of the laboratory environment (insufficient

Fig. 7. Vibrational frequency of the suspended bone sample after EMP
application as a function of the line tension T and comparison with the
mechanical control. (a) Montage of selected set of EMP spectrograms 0.5 s
before-to-after EMP application showing increase of eigenfrequency f0 with
the increasing string tension T . (b) Plot of full set of resonator frequencies f0
against the string tension T after mechanical (full circles) and EMP (open
circles) impulse application, against a gray band of resonator frequencies
calculated between the limits of full- and half-length of the resonator string,
indicating agreement with the square root dependence on string tension.
(c) Same data plotted as mechanically induced frequency against the EMP
induced frequency showing excellent agreement between the two (regression
line nearly overlapping the identity line) and thus providing proof of EMP
electromechanical (vibrational) effect on bone. The data were collected at
dB/dt = 5877 T/s.

isolation from the building’s heating, ventilation, and air
conditioning system). The occasional frequency peaks not
apparently related to string tension suggested the presence
of additional degrees of freedom of bone vibrations due to
departure of the experimental setup from ideality such as
irregular shape of the bone slice [Fig. 1(b)] and the point
suspension of the bone sample allowing possible angular
motion (Fig. 1 and Supplementary Fig. 1).

When plotted as a function of string tension, the char-
acteristic LDV peak frequencies were increasing with the
increasing string tension [Fig. 7(a)] in agreement with the
square root dependence on tension T in (1) and Fig. 7(b).
The EMP-triggered signal vibrational frequency dependence
on string tension coincided with that of the mechanical con-
trol [Fig. 7(c)] providing further support for the mechanical
effect of EMP on the bone model. The agreement between
the EMP-induced and mechanically induced bone vibration
frequencies was exact to be within the experimental error
[regression line slope of 1.048 ± 0.040, p < 10−4, close to
the identity, see Fig. 7(c)].

IV. DISCUSSION

The study was designed to answer the question if a single
EMP is capable of exerting a mechanical force on cortical
bone, discoverable in principle by measuring change of its
momentum using a highly sensitive mechanical oscillator
and LDV system. The underlying motivation was our long-
standing interest in understanding the biophysical mechanisms
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of action of low-frequency, low magnitude PEMFs approved
for selected orthopedic therapies [16]–[18]. Theoretical treat-
ment of the problem based on the bulk material properties of
the cortical bone sample and the parameters of the experimen-
tal system revealed that the Maxwell stress force, but not the
Lorentz force, is sufficiently large to rise above the noise floor
of the LDV detector.

The ex vivo experiments performed on devitalized, wet-
stored, cortical bone sample eliminated the possibility of
axonal polarization as a potential confounding factor in inter-
pretation of data in the context of their potential biological
significance.

The detection of weak vibrational signal was made possible
by unique features of the experimental system that minimized
mechanical noise of the bone suspension apparatus and lab-
oratory environment, and the potential electrical noise from
EMP interaction with the electronic equipment. The ability to
search for the weak signal in a narrow frequency band known a
priori from the natural frequency of the mechanical oscillator,
and to vary the oscillator eigenfrequency in order to test the
conjecture of the signal’s mechanical origin, was critical for
establishing experimentally the electromechanical, vibrational
effect of EMP.

The effect of bone magnetization was noted by others
before, in various experimental conditions. The mean bone
mineral volume magnetic susceptibility of −1.12 × 10−5 is
low but not negligible, its magnitude being approximately
20% greater than that of water, −9.05 × 10−6 and detectable
by the MRI [19]. The magnetization anisotropy of the major
bone mineral component, hydroxyapatite, is sufficiently large
for the Maxwell stress to cause mechanical alignment of
its polycrystalline component with the strong magnetic field
vector, used for structural analysis [20]. The Lorentz force
arising from interaction of the (induced) electric current in
tissue and the combination of imposed oscillating and strong,
and constant B-fields are capable of imparting mechanical
force on tissue under carefully controlled laboratory condi-
tions [21]–[23] and were also considered as a contributing
factor in TMS biological effects [24]. We have previously
reported on mechanical effect of slowly oscillating magnetic
field (1 Hz) on bulk bone [25].

For the study reported here, the maximal rate of B-field
changes with time, and dB/dt (the “slew rate” [26]) was
approximately an order of magnitude higher than that shown
by others to be effective for bone regeneration in vivo, 5877 T/s
compared to up to 500 T/s [16], [27]. Considering that the
Maxwell stress force is a quadratic function of the dB/dt slew
rate, Supplementary (5) and (10), it follows that for an equal
rise time to peak value, the slew rate of 300–500 T/s PEMF
used in previous in vivo animal studies [16], [27] would have
200–100-fold smaller vibrational effect (∼0.2 μm/s) than the
∼6000 T/s EMP used in current ex vivo experiments (vM =
23 μm/s, Table II). Also, the Maxwell stresses inside living
bone are likely to be lower than those calculated for the present
study because of a smaller difference in magnetic susceptibility
between the bone mineral and the interstitial fluid (�χ =∼1 ×
10−6) than the bone mineral and the air (�χ =∼1 × 10−5)

characteristic of this study. Nevertheless, mechanical vibra-
tions in the nanometer-to-submicrometer range have been
reported to have a biological effect on bone when applied over
an extended period of time [10].

Considering a complex bone architecture, a large interfa-
cial surface area between bone mineral and the interstitial
fluid compartment, and the interconnectedness of bone cel-
lular network, the cumulative effect on bone metabolism of
PEMF mechanical force could be significant, analogous to
the mechanical effect of low-energy therapeutic ultrasound
reported to augment spinal fusion [28], [29].

The living bone is in an active state of homeostasis resulting
in an exquisite sensitivity to mechanical cues that determine its
structure and regeneration rate [8], [9], [16]. We speculate that
it is therefore plausible that even weak mechanical vibrations
caused by prolonged PEMF application for as long as a
few months, prescribed by current PEMF clinical treatments,
could result in altered bone remodeling and contribute to the
therapeutic effect.

The chronic, long-term effects of moderate PEMF have been
documented to improve the management of selected ortho-
pedic conditions refractory to standard treatment [30]–[32],
yet its mechanism of action is not fully understood as it
may depend on many different pathways [33]. Our experi-
ment suggests that PEMF electromechanical stimulus could
be sufficiently large to be considered as a factor in activating
regulatory pathways that respond to mechanical bone stimu-
lation and a worthy subject for future studies.

V. CONCLUSION

PEMF is used in orthopedic therapy [16], [34], [35], but
there is no established mechanism of its action in vivo
notwithstanding its known in vitro effects related to induced
currents on calcium ion (Ca2+) transport and the molecular
signaling [6], [7], [36], [37] important for bone homeostasis.
The results of this study suggest the importance of assess-
ing molecular markers of bone cell responses to mechanical
stimuli in future studies on the PEMF mechanism of action
on bone remodeling. They also suggest that the in vitro results
from 2-D cell cultures may not be directly translatable to the in
vivo and clinical situations because of the lack of 3-D mineral
structure in 2-D cell cultures. These conclusions echo earlier
observations by others of the importance of ordered structures,
of much larger dimensions than a single cell, for an efficient
absorption of PEMF energy for it to be important for bone
regeneration [38]–[40].

APPENDIX

See Tables I and II.

ACKNOWLEDGMENT

This work was supported by the Sponsored Research Agree-
ment between Cleveland Clinic and Orthofix Medical Inc.,
Lewisville, TX, USA, under Grant ORTHF1606MZ.

Application of laser Doppler vibrometry to detection of
small bone vibration was suggested by Dr. Aaron Fleischman.



5000209 IEEE TRANSACTIONS ON MAGNETICS, VOL. 58, NO. 7, JULY 2022

TABLE I

MODEL INPUT PARAMETERS

TABLE II

MODEL OUTPUT PARAMETERS
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