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Validation of the Force and Frequency Characteristics of the Activator Adjusting Instrument:
Effectiveness as a Mechanical Impedance Measurement Tool

Tony S. Keller, PhD,2 Christopher J. Colloca, DC,P and Arlan W. Fuhr, DC¢

ABSTRACT

Objective: To determine the dynamic force-
time and force-frequency characteristics of
the Activator Adjusting Instrument and to
validate its effectiveness as a mechanical
impedance measurement device; in addition,
to refine or optimize the force-frequency
characteristics of the Activator Adjusting
Instrument to provide enhanced dynamic struc-
tural measurement reliability and accuracy.

Methods: An idealized test structure consisting of a
rectangular steel beam with a static stiffness similar to that of
the human thoracolumbar spine was used for validation of a
method to determine the dynamic mechanical response of the
spine. The Activator Adjusting Instrument equipped with aload
cell and accelerometer was used to measure forces and accelera-
tions during mechanical excitation of the steel beam. Driving
point and transfer mechanical impedance and resonant fre-
quency of the beam were determined by use of afrequency spec-
trum analysisfor different force settings, stylus masses, and sty-
lus tips. Results were compared with beam theory and transfer
impedance measurements obtained by use of acommercial elec-
tronic PCB impact hammer.

Results: The Activator Adjusting Instrument imparted a very
complex dynamic impact comprising an initial high force (116
to 140 N), short duration pulse (<0.1 ms) followed by several
lower force (30 to 100 N), longer duration impulses (1 to 5 ms).
The force profile was highly reproducible in terms of the peak
impul se forces delivered to the beam structure (<8% variance).

Spectrum analysis of the Activator Adjusting In-

strument impulse indicated that the Activator

Adjusting Instrument has a variable force

spectrum and deliversits peak energy at afre-

guency of 20 Hz. Added masses and different

durometer stylustips had very little influence

on the Activator Adjusting Instrument force

spectrum. The resonant frequency of the beam

was accurately predicted by both the Activator

Adjusting Instrument and el ectronic PCB impact

hammer, but variations in the magnitude of the dri-

ving point impedance at the resonant frequency were

high (67%) compared with the transfer impedance measure-

ments obtained with the electronic PCB impact hammer, which

had a more uniform force spectrum and was more repeatable

(<10% variation). The addition of apreload-control frameto the

Activator Adjusting Instrument improved the characteristics of

the force frequency spectrum and repeatability of the driving
point impedance measurements.

Conclusion: These findings indicate that the Activator Adjust-
ing Instrument combined with an integral load cell and ac-
celerometer was able to obtain an accurate description of a steel
beam with readily identifiable geometric and dynamic mechani-
cal properties. These findings support the rationale for using the
device to assess the dynamic mechanica behavior of the verte-
bral biomechanical effectiveness of various manipulative, surgi-
cal, and rehabilitative spinal procedures. (J Manipulative Phys-
iol Ther 1999;22:75-86)

Key Indexing Terms: Spine; Biomechanics; Chiropractic Manip-
ulation

INTRODUCTION

Knowledge of spine segment, or functional spinal unit
(FSU), motion patterns (kinematics) and forces (kinetics) is
of importance for understanding the response of the spineto
externally applied forces such as spina manipulative thera-
py (SMT). SMT is generally considered to be therapeutic,
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but little is understood regarding the mechanisms of its posi-
tive treatment effects. To understand the biomechanical con-
sequences of SMT more fully researchers are currently
focusing on quantifying the applied forces and the response
of the spine to these forces.**

During SMT, posterior to anterior (PA) forces can range
from 50 to 550 N, depending on the procedure used.**!
Preload forces during these procedures can be as low as 20
N or as high as 200 N. In general, higher peak forces (up to
550 N) are associated with SMT of the sacroiliac joint,
whereas lower peak forces have been demonstrated in SMT
of the cervical spine.

In principle, adysfunctional or unstable FSU may exhibit
increased displacement or decreased stiffness compared
with adjacent segments.'? Consequently, the displacement of
the FSU and the resistance of spinal tissuesto applied forces
during SMT may be potentially very useful in spinal diagno-
sis and for establishing effective treatment protocols.
Ideally, measurements of the mechanical response of the
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Accelerometer
Fig 1. Schema of structural beamused to mimic static PA stiffnessand
dynamic frequency characteristics of human lumbar spine. F, Force.

Table 1. Summary of frequency response functions

Accelerance QOutput accel eration/input force
Effective mass Input force/output acceleration
Mobility Output velocity/input force
Impedance Input force/output velocity

Dynamic compliance
Dynamic stiffness

Output displacement/input force
Input force/output displacement

FSU should be accomplished by use of a procedure wherein
motions and forces are measured in vivo and directly on the
spinal structures, but such measurements generally necessi-
tate an invasive procedure. Consequently, numerousin vitro
measurements of spinal kinematics and kinetics have been
performed, but few measurements of in vivo static and
dynamic stiffness characteristics of the spine have been
reported in the literature.

Relative sagittal plane motions of human lumbar FSUs
have been quantified in vivo during SMT by use of an inter-
vertebral motion device in 3 subjects.” The intervertebral
motion device consisted of Steinmann pins attached directly
into the L3-L4 and L4-L5 spinous processes connected by a
strain gauge apparatus system.” These investigators were the
first to quantify the in vivo motion characteristics of the
human lumbar FSU during SMT and noted that high-veloci-
ty (up to 1 ms?) PA adjustments applied to the L2 spinous
process with an Activator Adjusting Instrument (AAI)
(Activator Methods, Inc, Phoenix, Ariz) produced relative
PA displacements, axial displacements, and sagittal rota-
tions of adjacent FSUs ranging from 0.1 to 0.5 mm, 0.3 to
1.6 mm, and 0.2 to 0.9 degrees during the application of
peak forces ranging from 48 to 123 N. In this case, we are
using the term “relative’ to refer to the fact that the interver-
tebral motion device is a spatial linkage or goniometer type
of device that measures relative displacements and rotations
between vertebrae and not the absol ute displacement of a
single vertebrae. Gal and associates® recently reported the
relative movements of thoracic vertebrae during PA adjust-
ments of 2 unembalmed cadavers. Using a low-speed cine-
matography technique, they reported similar relative PA
tranglations, lateral translations, axial rotations, and sagittal
rotations ranging from 0.00 to 0.45 mm, 0.01 to 0.42 mm,
0.00 to 0.20 degrees, and 0.15 to 028 degrees, respectively,
during application of 509 to 562 N peak forces to the right
transverse processes of T10-T12. Although these studies
provide convincing evidence that SMT procedures produce
substantial movements of the FSU, the fact that substantially
different force amplitudes produce similar movements in
human vertebrae suggests that the dynamic mechanical

Force Adjustment Knob

Fig 2. AAI with labeled parts, including integral force and acceler-
ation sensors. Adjustable force adjustment knob allows different
excursions of instrument. Setting No. 1 (1 ring showing on instru-
ment); setting No. 2 (midway or center point of excursion); setting
No. 3 (adjustment knob opened as far as possible for maximum
excursion). Parts of AAI are labeled: second handle member (1),
first handle member (2), accelerometer (3), impact stylus (4), load
cell (5), rubber tip (6).

characteristics of SMT procedures may play an important
role in the ensuing FSU motion and concomitant physiolog-
ic response(s). Others have noted similar disparities when
comparing, for example, PA translations of human cadaver
and animal lumbar FSUs to so-called high-force and low-
force SMT, respectively, but have attributed such findings to
differencesin the direction of the applied force and/or intrin-
sic anatomic and species-specific differences.®

In the in vivo study by Nathan and Keller,” the recorded
vertebral motions were higher in the normal subject exam-
ined compared with subjects with an L4-L5 retrospondy-
lolisthesis or L4-L5 degenerated disk. Of interest was the
finding that vertebral stiffness derived from noninvasive
mechanical impedance (force-velocity) measurements at the
site of applications of the SMT impulse showed a close cor-
respondence to the sagittal plane intervertebral motion
device motion measurements of adjacent segments. Seg-
ments with higher intervertebral displacement and rotation
exhibited decreased mechanical impedance (increased stiff-
ness). This indicated that PA force-acceleration measure-
ments may be a valid method to probe the mechanical
behavior of the human spine and other structures noninva-
sively, which has motivated this study.

The primary objectives of this study were to characterize
the dynamic force-time and force-frequency characteristics
of the AAI and to validate the effectiveness of the use of an
AAI to quantify the dynamic mechanical behavior of awell-
defined engineering structure. A second goal wasto refine or
optimize the force-frequency characteristics of the AAI to
provide enhanced dynamic structural measurement reliabili-
ty and accuracy.

MATERIALS AND METHODS

Experimental Setup

For this experiment, a steel beam was selected that would
approximate the static PA stiffness (10 to 200 kN/m) and
first natural frequency (50 Hz) of the normal human lumbar
FSU.”13 The beam had a uniform square cross-section of
11.43 mm per side and was rigidly fixed at both ends, 1 m
apart. Therigid constraints applied to the beam approxi-
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Fig 3. Summary of data acquisition and impedance data analysis procedure.

mate the manner in which the normal human spine is con-
strained at the pelvis and rib cage. By rigidly fixing the
beam, a force applied perpendicular to the long axis of the
beam will induce an axial force within the beam, not unlike
that which occurs during the application of PA thruststo the
spine.

Young's modulus and structural stiffness of the steel
beam were determined experimentally by applying a series
of loads (P, kg) to the center of the beam and recording the
resulting deflections (8, m). The structural stiffness (kN/m)
was defined as the slope of the load versus deflection curve
(P/3). Young's modulus (E, Pa) was computed by use of the
following beam deflection equation:

g=_P L
3 192l
where L is the length of the beam between the end supports
and | isthe areamoment of inertia (1422 mm?). Loads rang-
ing from 10 to 100 N were applied, and the resulting deflec-
tions were measured by means of adial gauge with an accu-
racy of 2.5 pm. Young's modulus and the structural stiffness
obtained from the static deflection tests were 167 GPa and
45.6 KN/m, respectively.

The natural frequency f,, of this beam configuration is

given by:

_Kn ?

Tom 'wA

where K, = 22.4 for mode 1 vibrations, W is the mass per
unit length of the beam (0.96 kg/m), and the other parame-
ters are defined previously. Using this simple equation
together with the modulus calculated from the static deflec-
tion tests, the theoretical first natural frequency was deter-
mined to be 56.1 Hz for abeam 1 m long. Note that the pre-
ceding equations assume that the beam is an elastic and
isotropic material.

An accelerometer (model 305A04, PCB Piezotronics,
Inc, Depew, NY) was attached to the beam at the center
point between the 2 supports (Fig 1). The accel erometer has
asensitivity of 1 mV/g, 5000g range and resonant frequency
of 60 kHz. Two different devices were used to deliver forces
to the beam: an AAI and an electric PCB impact hammer
(PCB) (model 086C09, PCB Piezotronics, Inc, Depew, NY).
The AAI delivers avery short duration (<5 ms) force-time
impulse with a peak force magnitude of about 150 N.*4 The
AAI remains in contact with the structure during use and
can be preloaded. The PCB has an integral driving point
force sensor with an adjustable force sensor, with an
adjustable force range of about 200 to 5000 N and produces
a near perfect half sine wave impulse (approximately 150
ms duration) without preloading the beam. Fig 2 shows the

fn



78  Journa of Manipulative and Physiological Therapeutics

Volume 22 « Number 2 « February 1999
Characteristics of the Activator Adjusting Instrument « Keller et al

=15

(A)Driving point impedance

3

(B) Transfer impedance

Fig 4. Schema of force-velocity relationship for driving point impedance (Zo) (A)

and transfer impedance (Z;) (B).

configuration of the AAI with attached force and accelera-
tion sensors.

Data Acquisition
Data from the load cells (attached to the PCB and the
AAIl) and the accelerometers (attached to the beam and the
AAI) were collected with a 12-bit A/D converter connected
to a Macintosh Il computer. A total of 16,384 samples of
data per channel was acquired at a sampling frequency of 50
kHz (20 ps/sample), resulting in a total sample duration of
about 328 ms. Data were obtained for 10 trials at a fixed
beam length of 1 m. For each trial the impact was delivered
to the center point between the end supports. A 30-durome-
ter tip (30d) was attached to the AAI, and a slight preload
(<10 N) was used for these trials. Durometer was specified
by means of the ASTM D-2240 designation and refersto the
“hardness’ of the various rubber tips attached to the stylus
of the AAI. The preload was applied manually in a manner
consistent with routine clinical use of the AAI instrument.
The impedance head attached to the AAI contributed an
additional 34 g to the mass of the standard AAI stylus and
hammer (46 g).
AAI impacts were also applied to the beam with different
durometer tips, added masses, and force settings as follows:
1. Two different AAI force settings: 1 (minimum) and 3
(maximum) in Fig 1.

2. Four different durometer tips were examined: 30d, 50d,
70d, and 80d.

3. Three different masses (using an 80-d tip): 0 g (m0), 249
g (m1l), and 386 g (m2).

Five trials were obtained for each of the preceding 3
cases. AAI input load and input acceleration were acquired
at a sampling frequency of 50 kHz.

Data Analysis

Peak input load, input and beam acceleration, and input
and beam velocity were computed for each of the 10 PCB
impacts and t30d AAI impact trials, and standard descriptive
statistics were performed.

The load-time and acceleration-time data were further
analyzed in the frequency domain with LabViews software
(National Instruments Corp, Austin, Tex). Fig 3 illustrates
the stepsinvolved in the analysis, which begins by convert-
ing the time-domain signals into frequency-domain signals
with afast Fourier transform (FFT). For this study, the main
parameters of interest were the magnitude of dynamic
mechanical impedance (Z) and first natural frequency (reso-
nance) of the structure. Mechanical impedance is defined as
the ratio of force magnitude/velocity magnitude and thus
required computation of the velocity that was obtained by
integrating the acceleration signal. Magnitude refers to the
square root of the sum of the squares of the real and imagi-
nary terms produced by the FFT analysis. Resonance or
increased oscillation occurs when the impedance magnitude
approaches zero and is generally characterized asavalley in
the impedance magnitude versus frequency plot. Because
accelerometers were attached to both the beam and AAI
impedance head, 2 types of mechanical impedance could be
calculated: driving point impedance and transfer impedance.
Driving point impedance (Z,) is defined as the ratio of the
magnitude of the input force/input velocity in the frequency
domain:

Zy = FFT (input force)/FFT (input velocity)

where input velocity is the velocity derived from the AAI
accelerometer. Transfer impedance (Z,) is defined as the
ratio of the magnitude of input force/response velocity in the
frequency domain:

Z; = FFT (input force)/FFT (response velocity)

where response velocity is the velocity derived from the
accelerometer attached directly to the beam. Both driving
point and transfer impedance were calculated for the AAI
impacts, whereas only transfer impedance was determined
for the PCB impacts. Fig 4 illustrates the difference between
driving point and transfer impedance. Table 1 provides a
complete inventory of frequency response functions.

For the 10 PCB impacts and 10 AAI impacts, the transfer
impedance was calculated and plotted as a function of fre-
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Fig 5. llustration of method used to determine input force characteristics of AAl and PCB
impulse hammer. Two parameters were measured from each force magnitude versus fre-
quency plot: (1) frequency fso at which the greater than 10 Hz peak magnitude was reduced
by 3 dB (50%) and (2) relative input force magnitude or ratio of force applied/overall force

(FAVOA) over frequency range 3to 150 Hz

Table 2. Peak forces, accelerations, and velocities obtained from PCB impulse hammer and AAI impulses

Input velocity (ms™)

Beam acceleration (ms?)  Beam velocity (ms™)

Device Peak input force (N)  Input acceleration (ms3)
Impul se hammer 2402+ 255 NA
AAI 1154+ 8.4 10,725 + 1,656

NA 2,845 + 346
141+0.32 894 + 106

1.12+0.07
185+5.79

NA, Not applicable.

Values are expressed as mean + SD for 10 impulses delivered to 1-m steel beam. Results are shown for AAI device with a 30-durometer rubber tip (30d).

quency. These impedance traces were also ensemble aver-
aged, and the first resonant frequency was obtained graphi-
cally asthe frequency at which the transfer impedance was
minimum (close to zero magnitude). An important parame-
ter associated with the time-domain to frequency-domain
conversion described earlier isthe frequency resolution (Af),
which is defined as:

Af= (At -N)

where At is the sampling interval and N is the number of
samples. In this study, At = 20 psand N = 16,384, resulting
in afreguency resolution or frequency interval of approxi-
mately 3 Hz.

To quantify the frequency content of the AAl and PCB
input forces, two additional parameters were measured
from each force magnitude versus frequency plot: (1) the
frequency input 3 dB value); and (2) the relative energy of
the force input over the range 1 to 150 Hz. The relative
input energy was computed as an area ratio FA/OA (ex-
pressed as a percentage), where FA is the area under the
force magnitude versus frequency curve and OA is the
overall area calculated as the peak load magnitude at 3 Hz
times 150 Hz. This procedure is graphically illustrated in
Fig 5. Therationale for the area ratio measurements will be
discussed | ater.

For each of the additional 5 trials conducted for the 3 sub-
sets of data (eg, effects of tip durometer, stylus mass, and
force setting), the relative energy FA/OA produced by the
AAI input force magnitude was analyzed. Preliminary
results for tests conducted with a“ preload-control frame”
attached to the AAI are also discussed.

RESULTS

Mean peak force, acceleration, and velocity imparted by
the PCB and the AAI are summarized in Table 2. Peak input
forces obtained from the PCB were approximately twice as
high as those obtained from the AAI. Both devices imparted
aconsistent peak input force to the beam asindicated by the
relatively low coefficients of variation (coefficients of varia-
tion = SD/mean) obtained for the 10 impulses: 10.6% and
7.2% for the PCB hammer and AAI, respectively. Note that
the PCB produces a very nearly half sine wave impulse with
aduration of approximately 0.5 ms, whereasthe AAI impact
consists of several peaks including a primary peak (peak 1)
with a duration of <0.1 msfollowed by a secondary main
peak (peak 2) with a duration of approximately 5 ms. The
PCB tended to impart more acceleration but roughly similar
velocity to the beam compared with the AAI. The accelera
tion measured at the stylus of the AAI was approximately 10
times greater than the accel eration response of the beam.
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Fig 6. Typical force-time and force-frequency characteristics obtained for impulse hammer (A) and
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Fig 7. Ensemble averaged driving point impedance (Zo) versus frequency curves
derived from time-to-frequency domain conversion of AAl force and vel ocity ver-
sus time curves. Both impedance and frequency axes arelog scale.

Fig 6 illustrates typical force-time and force-frequency
characteristics obtained for the PCB and AAI devices.
Noteworthy is the fact that the PCB produces a relatively
constant force magnitude up to approximately 0.1 kHz,
whereas the AAI device shows a much more variable force
magnitude over the same frequency range. For the PCB the
—3dB point or fsg occurred at 197 Hz and 21%.

Ensemble averaged impedance versus frequency curves
derived from the time-to-frequency domain conversion of
the force and velocity versus time curves are shown for the
AALl in Fig 7. The sudden dip in the impedance spectrum
correctly identifies the first natural or resonance frequency
(f, = 56 Hz for the 1-m steel beam). Note that a decrease in
mechanical impedance is associated with an increase in the

amplitude of oscillations of the structure (decreased stiff-
ness) and rapid phase change, both of which are characteris-
tic of structures that are oscillating at or near the resonant
frequency. At the resonant frequency, the driving point
mechanical impedance determined from the AAl was Z, =
11.46 £ 7.7 Ns/m (coefficient of variation = 67%). The
impulse hammer transfer impedance method also correctly
identified the resonant frequency (55 Hz) but had much less
variability (coefficient of variation = 6%) in the transfer
impedance calculated at the resonant frequency (Z, =2.83 £
0.18 Ng/m) compared with the AAI driving point impedance
method. Analysis of the transfer impedance by means of the
AAI force and beam acceleration data resulted in a lower
variance in the measured impedance at the natural frequency
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Fig 8. Frequency characteristics of AAI input force for maximum (A) and mini-
mum (B) force settings (refer to Fig 2). FFT force magnitude was much greater
in the frequency range 10 to 20 Hz. FFT spectrum frequency axisislog scale.

Table 3. Comparison of AAI input force frequency characteristics as a function of AAI force setting

Force setting FFT peak Arearatio
(reference Fig 2) Peak 1 force (N) Peak 2 force (N) magnitude (N) —3-dB frequency fg (H2) FA/OA (%)
Minimum 139.3+10.5 337+81 138.8+9.3 348+16 15+1
Maximum 1156+ 35 98.1+84 4834+ 134 244+31 29+7

Values are expressed as mean + SD for 5 AAI impulses delivered to 1-m steel beam. All tests were performed with an 80d tip.

Table 4. Comparison of AAI input force frequency characteristics
as a function of tip durometer and added mass

Tip durometer added mass 30d 50d 70d 80d
moO (0 g) 26+2 24+5 257 25+7
m1 (249 g) NA NA NA 27+6
m2 (386 g) NA NA NA 27+5

NA, Not applicable.

Values are expressed as mean + SD of arearatio (FA/OA, %) for 5AAI
impulses delivered to 1-m steel beam. All tests were performed at maxi-
mum force setting and with 34-g impedance head attached. mO corre-
sponds to the case with no added mass.

(coefficient of variation = 48%) but underestimated the reso-
nant frequency (f,, = 49 Hz) compared with the driving point
method.

Table 3 presents the peak 1 and peak 2 force amplitudes
(time domain values) associated with the 2 AAI force set-
tings examined. Note that although the peak 1 force ampli-
tude was fairly similar for both settings, the peak 2 force
amplitude at the maximum setting (109 N) was nearly 3-fold
greater than the peak 2 force amplitude at the minimum set-
ting (39 N). There was also amarked changein theforce fre-
quency spectrum for the 2 AAI force settings over the force
frequency range 3 to 150 Hz (Fig 8). Here the force magni-
tude refersto FFT magnitude of the force spectrum obtained
by a root-mean-square summation of all force components

with a common frequency (in this case approximately 20
Hz). The peak magnitude of the force is therefore represen-
tative of the total energy produced by the AAI for agiven
frequency. When the force setting was a minimum (setting
No. 1in Fig 2), the mean peak magnitude of the force-fre-
guency spectrum was 139 N (range, 124 to 148 N) and the
mean area ratio FA/OA was 15% (range, 14% to 17%)
(Table 2). At the maximum force setting (setting No. 3in Fig
2), the mean peak magnitude of the force-frequency spec-
trum was 483 N (range, 470 to 503) and the area ratio
FA/OA was 29% (range, 23% to 41%).

The force frequency spectrum did not change appreciably
with the different durometer tips or masses as shown in
Table 4. For all durometer tips and added masses examined,
there was a peak at approximately 20 Hz, the signal magni-
tude decreased to 50% (-3 dB) by 27 to 30 Hz, and the area
ratio FA/OA ranged from aminimum of 14% to a maximum
of 36%.

DISCUSSION

In this study the force-time and force-frequency charac-
teristics of the AAI were quantified, and the ability of the
AAI device to measure the dynamic mechanical properties
of an idealized test structure was determined.
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Fig 9. A, AAI. 1, Shank portion of thrust element; 2, thrust element.
B, AAI 11. Modification of instrument was made by addition of a
45-g stainless steel weight (3) to thrust element (2).

Input Force Amplitude and Frequency Characteristics

The AAl thrust has been described as a high-vel ocity, rel-
atively low-force impact and is routinely used in SMT.1°
Reports in the biomedical and chiropractic literature have

discussed the clinical use of the AAI and Activator Methods

Chiropractic Technique.6-3! Survey reports have indicated
that the AAI is estimated to be in use by more than half of all
chiropractic practitioners.®? Therefore the mechanical char-
acteristics of the device are of interest to researchers and
clinicians.

Unfortunately, previous descriptions of the AAI force-
time characteristics have not been accurately reported. Most
notably, Kawchuk and Herzog® reported that the peak force
and duration of the AAl were 41 N and 32 ms, respectively.
Thisforce amplitudeissignificantly lower than thevaluesre-
ported in this and other studies of the AAI” and is more con-
sistent with the peak 2 values reported in this study (34 to 98
N). Presumably, therefore, these authors did not sample the
AAI signa with asufficiently small sampling interval.

In this study we provide a detailed analysis of the force
and freguency characteristics of the AAI using a sampling
interval of 20 ps/sample. The significant findingsinclude the
observation that there is a much higher force component of
the AAI, which is easily overlooked by undersampling the
force signal. This higher force component is of a very brief
duration (<0.1 ms) and therefore produces a very high force
impulse (on the order of 1000 kN/s), which is several orders
of magnitude greater than other SMT procedures. The sec-
ondary AAI peaks have alower force but are of longer dura-
tion (on the order of milliseconds) and therefore contribute

more energy to the impact. This is evident when one com-
pares the dynamic mechanical characteristics of the AAI's
low (setting No. 1 in Fig 2) and high force settings (setting
No. 2 in Fig 2). Both settings produce similar peak forces,
but the higher force setting produced 3 times greater peak
force magnitude (FFT or frequency domain peak magni-
tude) than the lower force setting. The higher force setting
also contained considerably more energy between 10 and 20
Hz than the lower force setting as is evident from the area
ratio FA/OA calculations.

Mechanical Impedance

In this article, we presented 2 methods to assess the
dynamic mechanical characteristics of structures, driving-
point impedance, and transfer impedance. Driving-point
impedance is a method to quantify the force/velocity or
mechanical impedance characteristics of a structure at the
point of application of the force and is therefore fundamen-
tally different from transfer or transmissibility methods that
measure the response characteristics (ie, velocity) at a point
different from the point of force excitation (refer to Fig 4).
In general, transfer impedance is considered the ideal
method to measure the mechanical response of any system
because it measures the oscillatory response independently
of the input force. However, the transmissibility technique
requires attachment of a motion sensor (accelerometer or
other transducer) directly to the structure of interest, and
therefore transmissibility or transfer measurements necessi-
tate a surgical procedure and are not practical for routine
clinical assessment of spinal biomechanics.” Mechanical
assessment methods that examine the input force and oscil-
latory response at the point of application of the force (eg,
driving point impedance) therefore offer significant advan-
tagesin terms of ease of use, particularly in clinical applica-
tionssuch asSMT.

Ideally, an impactor used for dynamic structural testing
should excite the structure with a uniform force amplitude
over the frequency range of interest. The general rule of
thumb is to choose an impactor that delivers an input force-
frequency spectrum that is decreased by no morethan—20 dB
or 10-fold at the maximum frequency of interest. Above this
frequency the impactor isless effectivein exciting vibrations
in the structure. The effective frequency range can be in-
creased by decreasing the time duration of the forceimpulse,
which is accomplished by using a dtiffer tip or a lower
mass.* The impactor should also deliver enough force to
produce a measurable response. In this study we examined
the effects of tip durometer (a measure of rubber stiffness),
added mass, and force magnitude on the input force-fre-
guency characteristics and mechanical impedance associated
with an AAI. Although tip durometer and added mass did not
show any appreciable effect on the frequency characteristics
of the AAI force spectrum, the AAI force ring setting had a
marked influence on both the peak 2 force amplitude and the
magnitude of FFT force spectrum. Both the low-force and
high-force settings of the AAI, however, produced frequency
spectrums that decayed rapidly in magnitude greater than 20



to 30 Hz. Indeed, the force magnitude was decreased by more
than —20 dB by 55 Hz, which was the theoretical and experi-
mentally determined resonant frequency of the steel test
beam. It is not surprising, therefore, that mechanical imped-
ance values derived from analysis of the AAI force/vel ocity
spectrum showed considerable variability.

Another important consideration regarding assessment of
mechanical properties of biologic or man-made structures is
to ensure that each impact is essentially the same in terms of
the position and orientation of the impact relative to the sur-
face (not so much in magnitude because this is accommo-
dated in the force-response process). This may be another
source of some of the variability observed in the driving
point mechanical impedance measurements derived from
the AAI (>70% variability in mechanical impedance at reso-
nance), which relies on the operator’s ability to reproduce
position, preload, and control the impact during use. All the
tests were performed by the same operator and used a low
preload. Although care was taken to position the AAI at the
same location and along the same direction (perpendicular
to the beam length and width), recoil from the AAI hammer
and rebound from the steel beam after the impulse may have
contributed to some of the variability observed in the magni-
tude of the impedance. A target was located on the beam to
indicate the desired point of contact, but no vertical posi-
tioning feedback devices were used for either the AAI or
PCB measurements.

Another attribute of the PCB is the fact that it does not
remain in contact with the test structure and also uses an
electromechanical mechanism to move the stylus into con-
tact with the test structure, both of which may have con-
tributed to the excellent test reproducibility observed (<10%
variability in mechanical impedance at resonance). The PCB
provided a more reproducible measure of transfer imped-
ance as indicated by the low coefficients of variation
obtained for the peak force and impedance magnitude mea-
surements and should be regarded as the “gold standard.”
Noteworthy, however, was the finding that both the PCB and
the AAI methods precisely predicted the theoretical first nat-
ural or resonant frequency of thetest structure.

In this study we have performed our experiments and
analyses with a steel beam test specimen rather than a
human or animal test subject. Consequently, the results pre-
sented in thisarticle do not directly pertainto SMT and stud-
ies of the loading characteristics associated with SMT.
Although this may be considered a limitation in terms of
clinical applicability, the choice of asteel beam rather than a
biologic structure as a test bed for the mechanical imped-
ance measurements offers several advantages. First, the steel
beam has a simplified geometry and composition compared
with biologic structures, which makes experimental and the-
oretical determination of the static and dynamic mechanical
properties straightforward. In this case we were able to pre-
cisely determine that the beam had a static structural stiff-
ness, elastic modulus, and dynamic resonant frequency of
46 KN/mm, 167 GPa, and 56 Hz, respectively. Noteworthy is
the fact that the flexural stiffness of the steel beam was cho-
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sen to mimic the normal PA stiffness of the human spine.
This experimental and theoretical information could then be
compared with values derived with the PCB and AAI.
Second, the effects of storage and handling on the mechani-
cal response of the beam were not of concern as would be
the case for biologic tissues. Finally, viscoelastic effects or
time-dependent changesin mechanical properties associated
with temperature, loading rate, and type of loading were not
factors as would be the case in biologic tissues, including
the spine.®>3" However, it isimportant to point out that the
dynamic mechanical impedance method described is gener-
al enough to the extent that the ability to characterize the
dynamic structural mechanical behavior of an engineering
material like steel can be readily extended to characteriza-
tion of the dynamic structural mechanical behavior of bio-
logic structures, including the spine.

Assessment of Spinal Stiffness

On the basis of clinical results obtained with the driving
point impedance approach, Nathan and Keller” and Keller!3
proposed that approximately instrumented mechanical
devices such as the AAI, in combination with a computer-
based frequency analysis, may be an effective meansto eval-
uate the biomechanical characteristics of the spine. The
results of this study provide additional support for chiro-
practic-based assessment strategies that use a noninvasive
driving point impedance measurement system to probe and
guantify the mechanical characteristics of the spine. Thus
far, this study has focused on a description of the dynamic
mechanical response of a beam structure from the point of
view of a parameter called mechanical impedance.

Mechanical impedance has units of Ns/m, which is the
force measured in newtons divided by the velocity measured
in meters per second. For a given frequency in the imped-
ance spectrum, one can derive an “effective” mechanical
stiffness by simply multiplying the impedance by the circu-
lar frequency w = 21, where f is the frequency in Hz and w
has units of radians per second. The resulting effective
mechanical stiffness has units of N/m and can be computed
for any frequency of interest. Mechanical stiffness values
calculated in this manner for frequencies <1.0 Hz would
provide information regarding the quasistatic mechanical
behavior of the structure, whereas values for higher frequen-
cies provide information concerning the dynamic mechani-
cal behavior of structures. In this study the DC term or static
effective mechanical stiffness derived from the AAI driving
point impedance measurements was 22 kN/m (refer to Fig 7,
A). The latter corresponds reasonably well with the static
flexural stiffness of the steel beam derived experimentally
(46 kN/m). Differences between the driving point frequency
spectrum analysis results and experimental beam flexural
test results are most likely caused by the presence of the AAI
rubber tip, which is deformed during the application of the
force impulse. Stiffer tips (eg, 80d or greater) are therefore
recommended for quantifying structural stiffness with the
driving point impedance technique.
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Frequency response parameters (impedance, stiffness),
together with identification of the resonant frequency asso-
ciated with oscillations induced by the AAI, can provide
clinicians with important information concerning the
mechanical behavior of the structure. When the spine is
dynamically loaded along the PA direction, alower imped-

ance and/or stiffnessimpliesthat the intervertebral joints are
easier to excite and are therefore capable of greater move-
ment or mobility. At the resonant or natural frequency, the
spine will be least stiff and will therefore have the greatest
potential for mobility, as much as 3 times greater than the
mobility at other frequencies.'® From a therapeutic point of



view, one clinical implication of enhanced mobility is the
fact that the mechanical response (motion) of the spine will
be maximized for a given force when that force is delivered
at the resonant frequency. For example, a force of 150 N
delivered at the resonant frequency will produce the same
FSU movements as a 450-N force delivered at some other
frequency. SMT procedures that impart forces containing a
wide spectrum of frequencies may maximize the oscillatory
response of the spine. Physiologic responses of the spinal
ligaments, intervertebral disks, facet capsules, paraspinal
musculature, and other surrounding tissues may also be
influenced by the frequency content of the force impulse
delivered to the spine during SMT. From a diagnostic point
of view, knowledge of the dynamic characteristics of the
spine may be useful for identifying the location and quanti-
fying the severity of spinal joint dysfunction or spinal abnor-
malities.

Improvements in the Force-Frequency Spectrum of the AAI

Although the results obtained were encouraging, from the
point of view of determination of the dynamic mechanical
characteristics of the AAI compared with the electronic
impulse hammer, we were prompted to investigate alterna-
tives to enhance the force-frequency spectrum of the AAI.
Current clinical versions of the Activator Il Adjusting
Instrument (AALI 1) incorporate an additional integral mass
(about 45 g) attached to the stylus, which alters the force-
time profile and consequently the input force-frequency
characteristics of the device toward a more uniform frequen-
cy spectrum compared with the original AAI device (Fig 9).
Other modifications to the AAI Il that have been sought to
make the AAI impedance measurements more reproducible
includeincorporation of apreload control frame that isolates
the load cell and accelerometer from the AAI stylus and
eliminates any influence that preload and hammer recoil
may have on the force profile and subsegquent force and
acceleration measurements (Fig 10, A).

Preliminary tests performed on the steel beam indicate that
the addition of the preload control frame preserves a greater
than—20-dB signal amplitude degradation over thefrequency
range 10 to 100 Hz (Fig 10, B). Results of 10 trials on the 1-
m steel beam resulted in amean impedance of 23.4Ns/mand
a coefficient of variation of 36% (SD, 8.4) at the measured
resonant frequency (58 Hz) (Fig 10, C). These resultsdemon-
strate the enhancement of the force-frequency spectrum of
the instrument with this modification. At present, we are per-
forming clinical trials with this device on a cohort of symp-
tomatic and asymptomatic human volunteers.

CONCLUSION

This study indicates that the AAl combined with an inte-
gral load cell and accelerometer was able to obtain an accu-
rate description of a steel beam with readily identifiable
dynamic mechanical properties. The addition of a preload-
control frame to the AAI improved the characteristics of the
force-frequency spectrum and repeatability of the driving
point impedance measurements. These findings support the
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rationale for using the device to assess the dynamic mechan-
ical behavior of the vertebral column.

For successful and routine clinical use of spine biome-
chanical analyses, a given method should be noninvasive,
reproducible, inexpensive, simple to operate, and painlessin
application. The impedance measurement and analysis pro-
cedure described here appear to satisfy these requirements.
By modifying the force and frequency characteristics of the
AAI and other SMT instruments, impedance measurements
may not only be used to evaluate the dynamic stiffness char-
acteristics of the spine but may also be more effective while
simultaneously providing treatment. Noteworthy in this
regard is that the frequency content of the force input is
hypothesized to play an important rolein avariety of physi-
ologic processes, including healing and regulation of tissue
mass, excitation of mechanosensitive afferents, reflexogenic
responses, and anti-inflammatory mechanisms, which are
currently hypothesized to play an important role in pain
modulation and systemic health.38-4> Consequently, precise-
ly tuned mechanical impulse delivery devices not only may
be used to evaluate the dynamic mechanical stiffness char-
acteristics of the human spine but may also be able to maxi-
mize therapeutic effects and benefits while reducing the risk
of iatrogenic injury. The dynamic measurement techniques
presented in this study are currently being used to study the
in vivo mechanical characteristics of the normal and patho-
logic human spine.
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