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Abstract—Mechanical shockwave therapy devices have been in
clinical use for almost 40 years. While most often used to treat
back pain, our understanding of their biomechanical perfor-
mance is very limited. From biomechanical studies we know
that biological tissue is viscoelastic and preferably excited
around its resonance frequency. Targeting these frequencies has
been the focus in extracorporeal shock wave lithotripsy, but
these concepts are relatively new in orthopedic and rehabilita-
tion therapies. The exact mechanism by which shockwave
therapy acts is not known. Knowledge of the performance
characteristics of these devices, correlated with clinical outcome
studies, may lead to better patient selection, improvement of
device functionality, and knowledge of the underlying working
principals of therapy. The objectives of this study were to
determine the ability of several commercial shockwave devices
to achieve a desired thrust profile in a benchtop setting,
determine the thrust profile in a clinical analog, and determine
the influence of operator experience level on device perfor-
mance. We conducted two different types of testing: (1) bench
testing to evaluate the devices themselves, and (2) clinical
equivalent testing to determine the influence of the operator.
The results indicated a significant dependence of thrust output
on the compliance of the test media. The Activator V-E device
matched the ideal half-sine thrust profile to 94%, followed by
the Impulse device (84%), the Activator IV/FS (74%), and the
Activator II (48%). While most devices deviated from the ideal
profile on the return path, the Impulse device exhibited a
secondary peak. Moreover, the Activator V-E device provided
evidence that the device performs consistently despite operator
experience level. This has beenamajor concern inmanual spinal
manipulation.Basedonour results, a hyper-flexible spinewould
receivea lowerpeak thrust force thanahypo-flexible spine at the
same power setting. Furthermore, a hand-held operation
further reduced the peak thrust force as it increased the system
compliance. However, that influence was dissimilar for the
different devices. Although controlled clinical trials are needed

to determine the correlation between thrust profile and clinical
outcome, already ongoing clinical studies indicate an improved
patient satisfaction due to reduced treatment pain when devices
are usedwith a thrust characteristic closer to an ideal sine wave.
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INTRODUCTION

Mechanical shockwave therapy is widely used in
orthopedics, rehabilitation medicine, and chiropractic
practice.3,16,18–20,25,33,36,38,42 One of its widest known
medical applications is lithotripsy, the destruction of
kidney stones, and extracorporeal shockwave therapy
for the treatment of multiple tendonopathies. Low-
energy shockwave devices, such as chiropractic
instruments, have been around far longer and are
generally utilized for instrumented spinal manipulation
(SM).12,16

A shockwave differs from an acoustic wave in that an
acoustic wave generally consists of periodic oscillation
whereas a shockwave is a single pulse.11,43 The shock-
wave is a mechanical pressure pulse that expands as a
half sine wave within the human body. Its propagation
capabilities and tissue penetration depth depends on the
energy of the shockwave but also on the tissue damping
effect.17 Viscoelastic damping of the shockwave is min-
imized at or around the natural frequency of the tissue.24

For the human spine, that resonance frequency is
around 30–50 Hz, and is minimally influenced by
pathology.8,15,21,23 It is therefore conceivable that high
transmissibility is achieved at tissue resonance while at
the same time reducing the energy requirement of the
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shockwave generator and diminishing side effects
caused by the overstimulation of surrounding tis-
sue.6,23,35

Although many studies have been conducted to as-
sess the efficacy of shockwave therapy, the primary
effect by which shockwave therapy acts to treat
pathology is unknown.2,4,18,34 For extracorporeal
shockwave therapy, the leading hypothesis is based on
the inflammatory healing response. It is believed that
the shockwave causes microtrauma to the affected
tissue. This may results in inflammation, which allows
the body to repair the affected site and increase the
blood flow.13,41 For spinal mechanical shockwave
therapy, the shockwaves are believed to trigger a gate
response (Gate Theory) at or near the dorsal root
ganglia (DRG) for pain modulation28,30,36,37,39 and
stimulate mechanoreceptors, which in turn trigger
other body responses.10

Instrumented SM has to a large extent captured the
field of spinal manipulative therapy.26,29 Instead of
manually maneuvering a person’s body, these high
velocity, low amplitude (HVLA)mechanical shockwave
therapy devices are placed at the anatomic site of interest
and triggered. These chiropractic instruments deliver a
force–time profile lower in amplitude, shorter in dura-
tion and with a faster force rate compared with a man-
ually applied HVLA-SM.34 Nevertheless, there have
been no performance standards promulgated by the
FDA for these types of manipulation devices. Further-
more, previously published performance characteristics
of such devices were conducted on highly idealized test
structures consisting of a rectangular steel beam with a
static bending stiffness similar to that of the human
thoracolumbar spine.22 During these tests, the dynamic
thrust was applied at the mid length of the beam, per-
pendicular to its long axis. A force transducer measured
the magnitude of the thrust while the signal of an
accelerometer was used to calculate the beam deflection.
A significant limitation was that due to the setup the
transducers had to be attached to the device rather than
to the beam.This setup drastically alters the dynamics of
the system and limits its usage in predicting the thrust
magnitude and duration that patients are experiencing
during therapy. Specifically, the force profile of dynamic
load cells is drastically obscured through dynamic
movement of the load cell itself. Although the error can
be approximated if the acceleration of the load cell is
known, it still is just an approximation. Furthermore,
this test did not allow a bench test approach to eliminate
the operator variability as the experiment had to be
executed by hand. A follow-up publication six years
later compared two devices [Activator II and the Har-
rison Adjusting Instrument (HAI)] in a shuttlecock

experiment and four devices (Activator II & IV; HAI,
Impulse) in a standard bench-type force calibration
test.7 The authors noted the lack of a linear correlation
between bench-test parameters and shuttlecock experi-
ment results. The deviation was contributed to drag on
the shuttlecock during flight and experimental align-
ment issues. During the bench test, the operator pressed
the devices directly against a load cell and executed a
device thrust. This setup does include the compliance of
operator as variable within the thrust line of action.
Furthermore, the authors noted that a difference in
stiffness response can be expected when this device is
tested on patients; however, they were not able to sim-
ulate the stiffness of the human spine.

With the device development history in mind and
existing limitations in properly determined device
performance, the objectives of our studies were to: (1)
determine the ability of several currently available
SMT mechanical shockwave devices to achieve a de-
sired thrust profile; (2) determine the shockwave profile
of the devices in a clinical analog setting; and (3)
determine the influence of device operator experience
level on device performance.

MATERIALS AND METHODS

We investigated a combination of four different
mechanical shockwave therapy devices used mainly for
chiropractic SM, two experimental settings, and four
operators to evaluate the performance characteristic of
the devices.Outcomevariables obtained fromeach set of
experiments were statistically analyzed for significance.

Instrumentation

To achieve our objectives, we obtained four differ-
ent mechanical shockwave devices; two devices were
manually operated (spring loaded hammer): Activator
II & Activator IV/FS (Activator Methods Int. Ltd.,
Phoenix, AZ) while the two other devices were elec-
trically powered (electromagnetic solenoid): Impulse
(Neuromechanical Innovations LLC, Chandler, AZ),
and Activator V-E (Activator Methods Int. Ltd.,
Phoenix, AZ). The provided manufacturer’s specifica-
tions are listed in Table 1.

All devices were tested in a standardized fashion: one
component of the device housing was affixed to the
testing frame through a machined screw-on collar. The
collar prevented a relative motion of the device with
respect to the test frame. The rubber cap (TRP60) of the
devices was removed and an impedance head attached
instead. The rubber cap was then placed on the front of
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the impedance head. The impedance head included a
dynamic load cell (Model 208C04; PCB, NY) and a tri-
axial accelerometer (Model 356A01; PCB, NY). See
Fig. 1 for details on the setup on one of the devices.

In front of the device were homogeneous polymer
blocks (tissue analogs) and a second dynamic load cell.
The polymer blocks were affixed to the load cell, which
was rigidly mounted to the frame. The polymer blocks
represented ranges of human tissue compliance values
that might be seen in the clinic, plus additional extreme
cases (see ‘‘Spinal Tissue Analog’’ section). This
method is loosely based on vascular tissue modeling9

and represents a significant improvement from previ-
ously highly idealized beam structures.22

During device testing, the mechanical shock wave
propagates from the release mechanism through the
impedance head, the rubber cap, the polymer blocks to
the front plate of the resting dynamic load cell (see
Fig. 1). The most compliant component within that
line of action was the rubber cap, which was the
commercial rubber cap used by Activator Methods

Inc. on their devices. Our rationale for retaining the
rubber cap was to keep the testing setup as close to the
actual device application as possible.

The Activator IV/FS, Activator V-E and the Im-
pulse device were pre-loaded based on the manufac-
turer’s recommendation. The Activator IV/FS and the
Activator V-E required the tip to be completely re-
tracted for pre-load while the Impulse device provided
an indicator light to suggest when a pre-load of
approximately 20 N was achieved. For the Activator II
device, a pre-set gap distance between the device tip
and the tissue analog was determined for each thrust
magnitude setting and the device locked in that posi-
tion. Because of the functionality of the Activator II
device, a pre-load force per se could not be applied.

After pre-loading, the Activator IV/FS and the
Activator V-E devices were set to one of their four
thrust settings. The four possible settings were selected
in random fashion in order to eliminate systematic
errors. The same procedure was repeated for the three
possible settings of the Impulse device. For the

TABLE 1. Device specifications as provided by the Manufacturer.1,32

Feature Activator II Activator IV/FS Activator V-E Impulse

Impact force delivery by spring energy? YES YES NO NO

Thrust force delivered from solenoid? NO NO YES YES

Adjustable impact force? YES YES YES YES

Preload control spring? NO YES YES YES

Power source Manual Manual Battery AC

Maximum force (N) 200 200 220 255

Maximum plunger travel (mm) 6 5.8 4.25 6.1

Average plunger velocity (m/s) 0.9 2.1 1.5 1.7

Average thrust duration (ms) 12 5.5 5.8 5

FIGURE 1. Bench test setup depicting the Activator IV/FS being tested.
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Activator II device, a fraction of the full scale range
was selected to represent intermediate values (see Ta-
ble 2 for details).

The test run for each combination of device thrust
magnitude and human tissue analog compliance was
repeated ten times. For two of the devices, we used
three different thrust magnitude settings (Activator II
and Impulse), for the other two devices we used four
different thrust settings (Activator IV/FS and Activa-
tor V-E). The repetitions were performed at a rate of
approximately one per minute. This testing rate pre-
vented overheating of the electromagnetic devices and
heat dissipation, which may have an effect on the de-
vice performance. The electronic signals obtained from
the force transducer and accelerometer were recorded
through a data acquisition system at a rate of 12,800
samples per second per channel and stored in a binary
file format on a PC using LabView (National Instru-
ments, Austin, TX). Although slower sampling rates
have been suggested as being sufficient,7,14 we were also
collecting data for the plunger acceleration, which
typically have a faster rise time than the load profile.
Using a Matlab script, the binary data were converted
into an ASCI format and graphed in the time domain.
All transducers and data acquisition devices were
within their calibration interval.

Spinal Tissue Analog

To simulate spinal kinematics when subjected to a
mechanical shockwave, we developed a test setup that
would mimic human physiology. We utilized tissue
analogs that span the reported range of human spinal
flexibility; including extreme hyper-flexible and hypo-
flexible spinal biomechanics.27,40 The biological tissue
was approximated with a tissue analog that is built
from standardized homogeneous polymer blocks. An
indentation test was conducted on a material testing

frame ElectroForce 3200 (Bose Corp., Eden Prairie,
MS) to relate tabulated hardness values (Shore A) to
indentation stiffness. The experiment was conducted in
quasi-static loading conditions (>10 s per loading
cycle) at room temperature. Eight intermediate posi-
tions during the indentation process were recorded. A
mathematical best-fit regression line through the col-
lected datasets was used to determine the indentation
rigidity of the polymer blocks in units of N/mm. The
choice of polymer blocks was made based on the
compliance of the human spine measured in a patient
trial.5 Polymer blocks with stiffness values ranging
from 30.22 to 258.07 N/mm were selected, spanning
spinal flexibility of hyper-flexible to hypo-flexible
patients. Accounting for the two extreme tissue analog
cases, we conducted 80 experiments for the Activator
IV/FS and Activator V-E devices, and 60 experiments
for the Activator II and the Impulse devices in the fixed
frame setup.

Clinical Equivalent Conditions

In order to compare if bench testing is able to rep-
licate a clinical scenario, an additional test series with
hand-held operations of one operator was performed.
This test series was utilized to determine the maximum
velocity of the plunger during operation in a clinical
equivalent setup. Only the Activator V-E device and
the Impulse device were tested in this configuration
(Fig. 2). The rationale for this selection was the similar
internal working mechanism to generate a thrust and
similar hand position during execution of a thrust. The
influence of a hand-held device operation was investi-
gated for the equivalent of a highly compliant human
spine and a very stiff human spine and all possible
device settings, with 10 repetitions each. Overall, 80
experiments were conducted with the Activator V-E
and 60 experiments with the Impulse device for the

TABLE 2. Investigated device settings.

Device Device settings Adjustment ability

Activator II (Device #1) Low (2 revolutions)

Medium (4 revolutions)

Maximum (7.5 revolutions)

Turning a Knurled Nut

Activator IV/FS (Device #2) 1 Internal Device Twisting Mechanism

2

3

4

Activator V-E (Device #3) 1 Thrust Selector Push Button, Electronic Switch

2

3

4

Impulse (Device #4) 1—Low Electronic Toggle Switch

2—Medium

3—High
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clinical equivalent setup. The influence of the opera-
tor’s arm stiffness, as manifested in operator experi-
ence level, was investigated in the subsequent phase.

Experience Level of Device Operator

Acknowledging that experience level of the device
operator may play a role in overall thrust output, we
recruited two highly experience device operators and
two novices. The two experienced operators had a
combined working experience with mechanical shock-
wave therapy devices of more than 50 years while the
novices received a brief introduction on proper han-
dling of the device. All four operators followed man-
ufacturer’s recommendations when operating the
device. Only the Activator V-E device was selected for
this part of the study as it required the least amount of
training for the novices to operate. This was justified
since the goal was to evaluate the device performance
in the hands of a novice and not the learning curve that
it would take to operate the device. The experimental
setup followed the clinical equivalent conditions men-
tioned above, however, with only one tissue analog
(equivalent to average spinal compliance) and two
device settings (lowest and highest).

Shockwave Output Profile

As the treatment effectiveness depends significantly
on the mechanical shockwave to propagate into the
body, it is desirable for the shockwave to come as close
to a half sine wave as possible.6,23,35 Human tissue is

considered to be a viscoelastic material with an ei-
genfrequency between 30 and 50 Hz at the spinal col-
umn.8,15,21,23 Vibration damping can be minimized if
the shockwave is a pure sine wave at or near the ei-
genfrequency.24 We therefore characterized the
shockwave profile in terms of its crest factor and shape
approximation of a half sine wave, with the deviation
expressed in percent. Shape approximation was cal-
culated as the ratio from a best fit area under the curve
of a half sine wave when adjusted for pulse width and
amplitude vs. the area under the curve for an ideal sine
wave with the same parameters.

Several additional parameters were extracted and
calculated from the recorded thrust output profiles of
the four difference devices. Mainly, the peak thrust
force in Newton, the peak thrust acceleration in m/s2,
the thrust duration or pulse width in Milliseconds, the
plunger displacement in Millimeters. While force,
acceleration, and time were directly recorded, plunger
displacement was calculated through double time
integration of the accelerometer signal. The data were
tabulated and the mean and standard deviation cal-
culated for each series (N = 10). This process was re-
peated for each device and setting.

Statistical Methods

Sample size of 10 repetitions per test was selected
based on a previously measured variance of 5.86 N for
a 90% detectability (Type II error) and a 0.05 level of
significance (Type I error) to predict a minimal dif-
ference of 6.51 N. This value is well within the

FIGURE 2. Hand-held testing configuration. The device was pre-loaded according to manufacturer’s specifications against the
tissue analog.
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uncertainty of the experimental setup and below 3% of
the expected maximum thrust (see Table 1 for details).

Due to the similar profiles of the four device types, a
fixed-effects statistical model comparison was per-
formed. Major focus was placed on statistical com-
parison of the peak output force (Newton), the force
pulse duration (ms), the plunger displacement during
thrust execution (mm) and the thrust velocity (m/s).
Since the similar power settings were utilized for all
devices, a multi-factorial analysis of variance (ANO-
VA) for device type, pulse width, plunger travel and
thrust velocity was performed on the mean values of
those parameters for all devices. Paired two-tailed
T tests were conducted on the main effects and inter-
actions between devices and parameters. 95% confi-
dence interval was used for all analyses, with a type
one error of 5%. Type II error was assumed to be 0.1.

RESULTS

Force Magnitude Range

All four tested devices were substantially equivalent
in their thrust force output. Due to its four different
settings, the Activator V-E was able to span the largest
variable range of thrust values. The device with the
least range was the Activator IV/FS. Although the
Activator II has an infinite number of adjustment
capabilities between its maximum thrust and zero, only
three settings were evaluated. The Impulse device
achieved a range of thrust values between the Activator
IV/FS and the Activator V-E devices. The overall
thrust force comparison is depicted in Fig. 3 for all
devices tested against the stiff 258.07 N/mm polymer
block (M#4) and the compliant 30.22 N/mm polymer
block (M#1).

Influence of Spinal Flexibility

All four devices showed a progressive increase in
generated peak force with increased power setting.
Furthermore, all four devices showed a reduced
capability to generate a consistent thrust force when
the tissue analog compliance increased. This is de-
picted in Fig. 3, comparing the peak thrust against a
hypo-flexible spine (Material M#4) and a hyper-flexi-
ble spine (Material M#1). In principle, the softer the
tissue analog, the lower the force output of the devices.
As the devices have a limited travel distance of their tip
against the tissue analog during a thrust, a softer tissue
analog needs to be deformed more to result in the same
resistive force as a stiffer tissue analog.

Overall, the maximum thrust peak force for all
commercially available devices is below the values

published by the manufacturers (Table 1). The Impulse
device, even though rated at a maximum force of
255 Newton, was only able to generate a peak force of
around 130 Newton with the setup utilized. The Acti-
vator IV/FS device was comparable to the Impulse
device and achieved a maximum force output of
109 Newton. The maximum thrust measured for the
Activator II devices was 165 Newton. In comparison,
the maximum value measured for the new Activator
V-E was measured around 189 Newton for the stiff
tissue analog (see Fig. 3 for comparison).

Shockwave Output Profile

The shockwave profile differed significantly between
devices and power settings. In general, the pulse width
increased with increased compliance of the material
and higher power settings. For most devices, the pulse
width was between 3 and 7 ms. The exception was the
Activator II, which had a pulse width of around 12 ms
(Table 3). Considering this pulse width as part of a half

FIGURE 3. Maximum thrust peak force for the four different
devices against the stiff tissue analog M#4 (a) and the soft
tissue analog M#1 (b). The standard error bars were calculated
on a sample size of 10 for each bar (Note Impulse and Acti-
vator II devices have only 3 settings; fixed frame testing set-
up).
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sine wave, the driving frequency of the Activator II
device was around 43 Hz, while for the remaining de-
vices had a driving frequency between 72 and 126 Hz.
The driving frequency for the Activator V device was
89 Hz, for the Activator IV 93 Hz, and for the Impulse
126 Hz.

The approximation of a half sine wave with the
thrust curves was less consistent with the spring-loaded
devices (Activator II and IV/FS) compared to the more
programmable electromagnetically powered devices
(Activator V-E and Impulse). On average, the Acti-
vator II device captures 48% (±6.1%) of the half sine
wave profile, the Activator IV/FS 74% (±8.3%), the
Impulse 83% (±3.9%), and the Activator V-E 94%
(±3.5%). The sine wave approximation was consistent
for each device across settings and tissue compliance.
Two representative graphs are depicted in Fig. 4. Note
that these representative graphs show the two devices
at different settings. Shortcomings of the sine wave
approximations were mainly that secondary peaks that
followed the primary peak or a delayed return to a
minimum force threshold after the initial peak was
reached were not captured. Therefore, the quality of
the signal was not captured but rather the overall
shape approximation. This finding, however, was also
reflected in the Crest factor, which was 1.13 ± 0.21 for
the Activator II device, 1.28 ± 0.16 for the Impulse
device, 1.32 ± 0.18 for the Activator IV/FS device,
and 1.43 ± 0.16 for the Activator V-E device. A Crest
factor of 1.4142 indicates a perfect since wave, a factor
above that value indicates a shape that is too pointy
while a value below indicates a shape that is too wide.

Similar to pulse duration, the measured thrust
velocity (maximum velocity of the plunger during the
force generation phase) was less dependent on the
compliance of the tissue analog than on the device
power setting. This dependency was evident for all four
tested devices (Table 3). The more compliant tissue
analog (#M1) required a larger deformation to gener-
ate the measured output force compared to the more
stiff tissue analog (#M4). Since the pulse width is
reasonably constant, a higher velocity is needed to
deform a softer material compared to a stiffer one.

Clinical Equivalent Conditions

In general, the measured peak output force was re-
duced in hand-held operation compared to the fixed-
frame test setup. This is expected as the bench test
features a rigid setup while the hand-held operation of
the devices takes into account the compliance of the
wrist and arm of the operator. Even though both de-
vices utilize a solenoid to generate the mechanical
shockwave, the Activator V-E device depicted no sig-
nificant reduction in peak output force (p = 0.07)
switching from bench test to hand-held operation. In
contrast, the increase in system compliance in switch-
ing from bench test to hand-held operation caused a
statistically significant drop in peak output force
(p< 0.01) for the Impulse device. Statistical probabil-
ity was assessed with one-tailed paired T test for mean
with a 95% confidence interval. No consistent differ-
ence between hand-held operation and fixed frame
operation was detectable for the Activator V-E device

TABLE 3. Direct comparison of the measured shockwave parameters: thrust force, pulse width, plunger travel, and corre-
sponding plunger velocity for all devices against the nominal spinal analog.

Setting 1 Setting 2 Setting 3 Setting 4

Activator V-E

Pulse width (ms) 4.70 5.79 5.15 6.88

Peak force (Newton) 62 96 145 189

Velocity (m/s) 0.76 0.83 0.97 1.09

Plunger travel (mm) 0.82 0.89 0.97 1.10

Activator IV/FS

Pulse width (ms) 3.33 6.58 5.74 5.86

Peak force (Newton) 71 79 92 108

Velocity (m/s) 0.44 1.04 0.59 0.82

Plunger travel (mm) 0.20 1.96 0.46 0.67

Activator II

Pulse width (ms) 11.4 11.6 11.7

Peak force (Newton) 67 106 165

Velocity (m/s) 1.07 1.82 1.35

Plunger travel (mm) 1.99 2.96 3.19

Impulse

Pulse width (ms) 4.02 3.81 4.08

Peak force (Newton) 36 68 129

Velocity (m/s) 0.63 1.02 1.22

Plunger travel (mm) 0.93 1.0 1.24
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(Fig. 5). Furthermore, the standard error increased
during hand-held operation for all devices. Interest-
ingly enough, the pulse width was less sensitive to the
compliance of the tissue analog than to the power
settings. A higher power setting required a longer pulse
width to complete the thrust.

Plunger displacement varied proportional with
power settings for the stiff material (#M1) but less so
for the softer material (#M4). The exception was the
Activator II device, which showed a strong correlation
(COE = 0.22) between power setting and plunger
travel for both tissue analogs (Fig. 6). The lowest
correlation coefficient was found for the Activator V-E
device (COE = 0.02).

Experience Level of Device Operator

To determine the role of operator experience on
device output, we applied a two-factor ANOVA with
repeated measures on the peak force value with oper-
ator experience level (expert vs. novice) and device
setting (highest or lowest) as fixed effects. While device
power setting had a significant influence on the
shockwave amplitude (p< 0.001), operator experience
did not (p = 0.48). Individual F-tests for two samples
for means confirmed the overall findings with proba-
bility values above 0.5. At the high power setting, the
mean thrust output of the experienced operators was
only 1.2% higher than the thrust output of the novices.

FIGURE 4. Representative shockwave force profile of the Activator V-E and the Impulse device compared to an ideal sine wave
spanning the same pulse width. Although the load cell measured a residual contact force between the device and the tissue
analog, the profile matched 96.41% that of the sine wave for the Activator V-E device and 81.36% for the Impulse device.

FIGURE 5. Peak output force of the Activator V-E and the Impulse device when measured in hand-held operation and fixed frame
operation. Error bars indicate covariance.
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That difference was reversed for the low power setting.
Nevertheless, since the difference was well within the
measurement error it can be neglected.

Statistical Analysis

For overall statistical comparison, we applied multi-
factorial ANOVA tests with repeated measures for the
peak output force, the measured force pulse width,

plunger velocity and plunger travel distance. The re-
sults indicated NO significant difference between de-
vices (p = 0.64). A subsequent two-tailed paired T test
for two samples for means was performed to statisti-
cally determine which combination of devices and
settings differed statistically significant from each
other. We included all 6 possible combination of
paired analysis between the four tested devices for peak
force, pulse width, plunger velocity and plunger travel.

FIGURE 6. Measured plunger displacement of the four tested devices vs. tissue analog compliance in hand-held operation. The
error bars indicate covariance of each test group (N 5 10).

TABLE 4. Statistical significance and probability values for comparison of the different devices and thrust parameters in hand-
held operation.

Activator II Activator IV/FS Activator V-E Impulse

Peak force

Activator II p = 0.035 p = 0.352 p = 0.397

Activator IV/FS SS p = 0.956 p = 0.014

Activator V-E NS NS p = 0.004

Impulse NS SS SS

Pulse width

Activator II p < 0.001 p < 0.001 p < 0.001

Activator IV/FS SS p = 0.804 p < 0.001

Activator V-E SS NS p < 0.001

Impulse SS SS SS

Plunger velocity

Activator II p < 0.001 p = 0.014 p = 0.027

Activator IV/FS SS p = 0.047 p = 0.222

Activator V-E SS SS p = 0.636

Impulse SS NS NS

Plunger displacement

Activator II p < 0.001 p < 0.001 p < 0.001

Activator IV/FS SS p = 0.054 p = 0.144

Activator V-E SS NS p = 0.058

Impulse SS NS NS

SS = statistically significant; NS = not statistically significant. Matrix is symmetric along the diagonal line, upper right p values correspond to

lower left significance statement (NS or SS).
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Limited two-factor ANOVA were statistically sig-
nificant for devices (p< 0.05) due to differences in
peak force values for the different power settings.
More specifically, paired T test analysis revealed dif-
ferences in peak thrust values between the Impulse
device and the Activator V-E (p = 0.004) and Activa-
tor IV/FS devices (p = 0.014), and significant differ-
ences between the Activator II and Activator IV/FS
devices (p = 0.035). All other combinations were not
statistically significant (see Table 4 for details).

The two-factor ANOVA for devices and pulse width
revealed a statistically significant difference for both
factors, p< 0.001. The individual T tests showed sig-
nificant difference for all device combinations, except
for between the Activator IV/FS and Activator V-E
devices (p = 0.804).

The two-factor ANOVA for devices and plunger
velocity indicated a statistically significant difference
between devices but not for power settings, p = 0.002
and p = 0.859 respectively. Individual T tests indicated
statistically significant differences for the Activator II
device to all other devices but no other device combi-
nation.

The two-factor ANOVA for devices and plunger
travel distance indicated a statistically significant dif-
ference between devices but not between power set-
tings. Individual T tests indicated statistically
significant differences for the Activator II device
compared to all other devices (p< 0.001). No other
device combination was significant.

Even though all devices operate in a similar force
range and pulse width, the narrow standard deviation
and small coefficient of variance (Figs. 3, 4, 5, 6; Ta-
ble 3) resulted in a statistically significant difference
between devices.

DISCUSSION

Our testing protocol focused on the in vitro com-
parison of mechanical shockwave therapy devices
currently utilized for SM. Emphasis was placed on
evaluating the shockwave profile in a standard bench
test setting as well as in a clinical equivalent setting.
The main investigated parameters were peak thrust
force and pulse width of the force profile. The com-
bination of force and time provides an approximation
of the total impulse output generated by the devices.
To further quantify the shape of the thrust curve, we
evaluated the Crest factor and a percent approxima-
tion of an idealized half sine wave.

Since all four devices are hand-held instruments, the
compliance of the operator’s upper extremities in
addition to the device output have to be taken into
account when predicting the clinical performance of

the device. Although our results indicated that opera-
tor experience level does not play a significant role in
the magnitude of the shockwave, the measured peak
output force values in the bench setup (fixed frame)
were slightly higher than the values measured for a
hand-held operation (Fig. 5). Only one operator was
used in this test protocol. Additional operators will
increase the variance of the output forces. However,
that increase is expected to be minor.

Although statistical differences between devices
were found, these merely reflect difference found in the
spread of the thrust magnitudes and plunger dis-
placement (Activator II). The thrust pulse width was
significantly the longest for the Activator II device and
the shortest for the Impulse device, with the remaining
two devices filling the gap. The conducted experiments
were highly repeatable with an average coefficient of
variance of less than 5%.

Although environmental conditions may influence
the performance of the evaluated devices, temperature
and humidity were not recorded as all devices were
exposed to the same conditions. Since the objective was
to provide a comparison of the biomechanical perfor-
mance of the devices, the influence of the environ-
mental conditions were considered as part of a
systematic error in obtaining the measurements. In
contrast, warm-up of the electromechanical devices
was considered a significant source of error. Therefore,
the devices were test fired several times before the ac-
tual recordings took place.

The compliance of the human tissue analog played a
significant role in the generated peak force of each de-
vice. In principle, a softer tissue resulted in lower peak
forces and vice versa. Using tissue analogs instead of a
steel frame resulted in all devices generating substan-
tially lower peak forces than previously published by the
manufacturer and in the literature.22 Furthermore,
hand-held operation reduced the generated peak thrust
force evenmore, although that difference varies between
devices. While the maximum peak force measured for
the Activator V-E device was less dependent on the test
setup (reduction of 16% from fixed frame to hand-held),
the Impulse device showed a reduction of 42% (Fig. 5).

The limitations of our study include the lack of
information on ideal target parameters that would yield
an optimal clinical outcome. Although all four investi-
gated devices received regulatory approval, it is not clear
what device characteristic will yield better clinical out-
come than others. Based on the clinical objectives of the
devices, as eluded to in ‘‘Introduction’’ section, the
profile of the shockwave may play an important role for
the propagation of the shockwave into the human tissue.
Future studies should include in vivoor cadaveric studies
determining what portion of the shockwave reaches the
target area and if there is an optimal wave form.
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CONCLUSION

The primary objective of this study was to create a
baseline comparison of multiple commercially avail-
able devices currently utilized in mechanical shock-
wave therapy for SM. The devices we investigated were
the Activator II device, the Full Spectrum Activator
IV/FS device, the Activator V-E device (all from
Activator Methods Int., Ltd.) and the Impulse device
(Neuromechanical Innovations Inc., USA). The Acti-
vator V-E device depicted the largest range of thrust
magnitude values compared to any of the other de-
vices. The Activator II was able to generate the highest
peak force while the Impulse device generated the
lowest peak force of all tested devices. The peak forces
generated by the Activator V-E devices were within
±15% of the other devices, with no difference found in
pulse width, with the exception of the Activator II
device, which had the longest pulse width. All four
devices showed the same dependency of the generated
peak thrust with the compliance of the tissue analogs.
In general, a softer tissue analog (simulating a highly
flexible human spine) resulted in lower thrust magni-
tudes and a harder tissue analog (simulating a very stiff
human spine) resulted in a higher thrust magnitude for
the same device setting. Although this behavior was
expected, this is the first study to quantify that effect.
Furthermore, the compliance of the tissue analogs
resulted in lower peak thrust magnitudes then previ-
ously observed when the devices were tested against a
rigid surface.22 In addition, the maximum peak output
thrust was further reduced when the test configuration
was changed from a fixed frame setup (generally used
for quality control) to hand-held operation (equivalent
to clinical utilization) for all devices. The highly
repeatable experimental setup resulted in statistically
significant differences between the biomechanical
behaviors of several devices, even though their overall
behavior is substantially equivalent.

The secondary objective of this studywas to develop a
testing setup that closely simulates the compliance of the
human spine while eliminating user dependency at the
same time for the evaluation of mechanical shockwave
therapy devices.We developed a setup where the devices
were rigidly attached to a frame. This step eliminated the
user dependency of the generated thrust magnitude.
Furthermore, we simulated the flexibility of the human
spine through tissue analogs. These tissue analogs were
homogeneous polymer blocks of different compression
stiffness. The softest polymer block had a stiffness of
30 N/mm,whichwas considered below valuesmeasured
for the human spine.5 The second polymer block had a
stiffness of 258 N/mm, which was within the range of
values measured for the human spine. The third testing
condition did not include a tissue analog but rather had

the devices in direct contact with the load cell. This test
condition replicated the previous experimental condi-
tion published byColloca et al.7 Compared to the results
with the tissue analogs, placing the devices in direct
contact with the load-cell seem to overestimate the peak
thrust forces a patient would experience. In contrast to
previous testing methods, the load cell was placed be-
hind the tissue analogs in order to measure the trans-
mitted force of the devices through the tissue. As in
previous studies, the accelerometer was attached to the
device tip. This novel testing setupwas able to establish a
device dependency on tissue compliance, a phenomenon
not previously identified during device evaluation.22

Additionally, by removing the variability of the user
operating the device, the coefficient of variance was
measured to be around 5%of all experiments combined.
This value is close to half of what has been reported
previously for a single user.23,31

As complementary and alternative medicine will be
more and more integrated into mainstream medicine, it
will provide a tremendous opportunity for the field of
mechanical shockwave therapy for better patient
selection, evidence based treatment planning, and
further optimization of the devices. The currently
available devices significantly improved with each
version and are approaching close to 100% of the ideal
waveform. Based on our current knowledge, an ideal
waveform is a half sine wave of a frequency specific to
the target tissue. The more pure the signal the less side
effects can be expected. The transition from purely
mechanical to electromechanical devices is already a
significant step in making the devices highly versatile.
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