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Abstract

Massage therapy has a long history and has been widely believed effective in restoring tissue
function, relieving pain and stress, and promoting overall well-being. However, the application of
massage-like actions and the efficacy of massage are largely based on anecdotal experiences that
are difficult to define and measure. This leads to a somewhat limited evidence-based interface of
massage therapy with modern medicine. In this study, we introduce a mechatronic device that
delivers highly reproducible massage-like mechanical loads to the hind limbs of small animals
(rats and rabbits), where various massage-like actions are quantified by the loading parameters
(magnitude, frequency and duration) of the compressive and transverse forces on the subject
tissues. The effect of massage is measured by the difference in passive viscoelastic properties of
the subject tissues before and after mechanical loading, both obtained by the same device. Results
show that this device is useful in identifying the loading parameters that are most conducive to a
change in tissue mechanical properties, and can determine the range of loading parameters that
result in sustained changes in tissue mechanical properties and function. This device presents the
first step in our effort for quantifying the application of massage-like actions used clinically and
measurement of their efficacy that can readily be combined with various quantitative measures
(e.g., active mechanical properties and physiological assays) for determining the therapeutic and
mechanistic effects of massage therapies.
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INTRODUCTION

Massage therapies have been employed as a relaxing and enjoyable diversion for a long
time, along with many therapeutic indications including reduction of pain and stress,
improvement of tissue function, and the perception of “good-feeling”. It can be inferred
from the natural impulse to apply pressure to and rub sore or injured body parts. Similar
behavior is common among animals, in the form of rubbing the areas of physical discomfort,
and being soothed both under normal circumstances and in cases of injury, hence in all
likelihood predates human kinds.2” In prehistoric societies natural impulses were likely
bolstered by and intertwined with shamanistic laying-on-of-hands and early attempts at
modeling of pathology involving the magical commutation of spirits or energies through
physical contact and anointing with herbs. This behavioral script is supported by practices
found in places upon contact with anthropologically primitive cultures, and in remnants of
such practices preserved in traditional medicines around the world.10-12:24,30,31,37

During the long history of existence and different origins, several massage techniques have
evolved and been named either after their place of origin, applications, mechanism of
efficacy, or the developers. The most prominent ones include Swedish/deep tissue, Chinese
aka Acupressure, Japanese aka Shiatsu, sports massage, reflexology, neuromuscular, just to
name a few. Each methodology consists of a combination of touch, gliding/effleurage,
kneading, friction, percussion, and/or joint movements. In a given practice/ course of
treatment, a hybrid of methodologies is often employed. Research has begun to verify the
effects of massage on the nervous/endocrine, circulatory, immune, digestive and musculo-
skeletal systems and in reproductive and psychological applications. The most surprising
effects of massage are perhaps those on the immune system. Studies have positively
correlated massage therapies with an increase in or maintenance of natural-killer and
lymphocyte immune cells in immunocompromised cancer and HIV patients.®:1526 Similar
results were seen in the T lymphocyte proliferation of healthy subjects.3° It is speculated
that this effect is related to stress reduction or lymphatic activation; however the underlying
mechanisms have yet to be verified.® The neurologic effects of massage range from psycho-
chemical changes within the central nervous system to changes in autonomic and somatic
nerve function. For example, analysis following social grooming behavior of monkeys
showed a concomitant release of opiates in the central nervous system during the behavior.2’
It is correlated to increased maturation in brain and ocular function, and increased levels of
hormonal growth factors including insulin-like growth factor 1 (IGF-1).18 In addition,
massage is believed to promote dopaminergic activity and hence slow motor-degeneration in
Parkinson’s patients,*4 although not verified. Short-term increases in digestive hormone
production have been shown in animal models.32%> Moreover, Swedish massage has been
shown to reduce blood pressure both acutely and with some sustained effect over time.1
Studies have also demonstrated significant cumulative effects on cerebral blood flow before
and after application of massage actions.8:33 Moreover, an automated massage device has
shown efficacy in decreasing swelling in patients with lymphatic edema.3?

The effects of massage on the musculo-skeletal system were among the first to be
discovered,1! but only recently have mechanisms of action begun to be understood. Several
clinical studies have conclusively correlated massage with improved athletic performance,
accelerated recovery, and reduction in perceived pain.> Recent research on animals
following eccentric exercise and massage noted a significant decrease in swelling, leukocyte
influx, torn muscle fibers, as well as accelerated recovery of function.#3 Among musculo-
skeletal pathologies treated with massage, the two that have been best studied are carpal-
tunnel syndrome and back pain. Targeted massage of carpal-tunnel diagnosed patients found
improvements in grip and pinch strength in those treated over a 6 weeks period.32 Similarly,
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among lower back pain sufferers massage has been found to have at least short-term benefits
in improving range of motion.’

In spite of the above achievements, our understanding of the efficacy and mechanisms of
action of massage, especially for musculo-skeletal problems, is still rather limited,13:38
Currently, the benefits of massage therapies are often based on dearly held beliefs of
massage practitioners on what has been perceived to be common sense.# Although much of
this may be true, there are some contradictions in the scientific literature. For example, a
popular claim is that massage can remove lactic acid from exercised skeletal muscle thereby
benefiting recovery through reduced muscle weakness and soreness.3¢ This claim, however,
has been proven incorrect by physiological measurements showing that lactic acid clearance
is not enhanced by massage in post-exercise models.1422 In addition, it has been frequently
claimed that massage can increase blood flow to muscles,* although this supposition has
also been questioned by increasing scientific evidence showing no influence of massage on
blood flow.23:3440 These contradictory findings may be due in part to the fact that in many
of the current animal and clinical studies, massage actions are delivered by the practitioner’s
palms, fingers, or other parts of the body towards the subject tissues where the mechanical
loads are largely not reproducibly controlled or measured. Although it is believed that an
experienced massage practitioner may estimate tissue dysfunction through touch and feel
and adjust the loads accordingly, such practice is often based largely on experience of the
practitioner, making it difficult to definitively determine cause and effect. It is increasingly
clear that in order to determine the mechanisms underlying massage therapies, evidence-
based research using standardized and quantifiable techniques is needed. In addition,
massage actions applied to subject tissues should ideally be quantified by the loading
parameters including magnitude, duration and frequency of the contact forces or stresses in
order to more accurately characterize the mechanotransduction effects and mechanisms of
action.

Coupled with the advancement of engineering technologies, robotic devices, both hand-held
and stationary, have become widely available to simulate massage without the aid of a
practitioner. While most of these devices can adjust loading magnitude, frequency and
duration, these parameters are often justified by anecdotal observations rather than
quantified responses of the tissues. Moreover, only a few measure the actual mechanical
loads applied to the subject tissues.243 In other words, current robotic devices only
substitute hands or palms of the practitioners while the loading parameters are still
determined by anecdotal experience and the perception of patients and practitioners.

In an earlier study, we developed a pneumatic system for applying controllable length-wise
mechanical loading to the hind limbs of small animals and showed that cyclic loading could
enhance recovery of joint function following a controlled bout of exercise.*3 In the current
study, we introduce a mechatronic device that is capable of applying massage-like actions
with real-time controllable loading parameters to the subject tissues of small animals as well
as obtaining passive mechanical properties during tissue loading. This device is able to
perform mechanical loading, with a high degree of reproducibility, and a profile similar to a
variety of massage techniques. Specifically, the loading history of massage actions is
represented by the profile of compressive forces normal to the skin and transverse forces
parallel to the skin (Fig. 1a). Passive mechanical properties of the subject tissues before and
after massage-like actions can be quantified by the device, similar to manual therapies in
humans where the practitioner estimates tissue stiffness by touch. Such passive mechanical
properties are believed an important measure of muscle function as evidenced by a few
recent reports showing the effects of massage actions on changing passive mechanical
properties of musculoskeletal tissues.13:29.42
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MATERIALS AND METHODS

Mechatronic Device for Mechanical Property Characterization and Massage Loading

Animals

The experimental setup (Fig. 1b) consists of a motion system for applying real-time
mechanical loads with controllable parameters to the lower extremity muscles of small
animals; a custom designed two-axis force sensor for measuring the mechanical forces, a
solid framework for limb support and positioning, and a computer for motion control and
data acquisition. The system is supplemented with a portable anesthesia machine for
delivering 1.5% isoflurane to the subject animals during all experiments.

The motion system consists of two stepper motors (Oriental Motor, Co. Torrance, CA) that
were positioned orthogonal to each other. Each motor was connected to a linear worm drive
in a bi-directional sliding track. One sliding track was positioned horizontally and connected
firmly to the ground. The other sliding track was positioned vertically and connected to a
sliding block. The two tracks were assembled to generate two-axis motion along the vertical
(z-axis) and horizontal (x-axis) directions. An aluminum plate was mounted on the linear
worm drive of the vertical sliding track, and can move within two-dimensional plane with a
resolution of 25 um. The two stepper motors were controlled by the computer via RS-232
port using a data acquisition system (National Instruments PCI 6221, Austin, TX). A
position limiter was attached to the vertical track to avoid unexpected movement of the plate
to the extreme bottom.

The two-axis force sensor (Fig. 2) consists of two strain gauges. Each gauge has four
piezoresistors configured into a Wheatstone bridge to measure the normal mechanical strain
(either compressive or tensile) exerted along each direction (x-axis or z-axis). An op amp
circuit was used along each direction to amplify the strain signal. Stainless steel tips with
diameters of 1/2 inch; 3/8 inch; 1/4 inch; 1/8 inch; and 1/16 inch were manufactured. The tip
size was dictated by the size of the subject tissue. The tip was then mounted on the
assembled two-axis force sensor for mechanical characterization or mechanical loading of
the muscle tissues. Before experiments, a known gravitational force (along the compressive
direction or along the transverse direction, and applied to the probing tip) of a standard
weight was used to determine the relationship between the strain and the measured voltage,
where the forces along the two axes were determined.

A graphic user interface (GUI) was developed using Labview software bundle to facilitate
the operation (Fig. 3). The GUI has two modules: mechanical characterization and
mechanical loading. The tip displacement and force profiles were set in the GUI before the
operation, and their changes were monitored in real time during the muscle loading. In both
modules, the measured displacements and/or the forces were fed back for appropriate
control. As shown, a toggle button was provided to enable or disable the feedback
mechanism. Once the feedback mechanism was turned on, the compressive force was
maintained within a set range by feeding back this force to control the position of the
vertical motor (Fig. 4). The transverse force was not involved in the feedback loop. The
travelling stroke and frequency of the motor in the transverse direction were controlled
separately using Velmex Cosmos 3.1.0. A “Stop Program” button was also provided for the
operator to terminate the loading in case of an emergency such as excessive forces being
applied for an extended period of time.

All animal experiments were approved by Institutional Laboratory of Animal Care & Use
Committee (IACUC) at the Ohio State University. New Zealand White female rabbits (16—
18 weeks old) and Sprague— Dawley female rats (12—14 weeks old) were used, which were

Ann Biomed Eng. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al. Page 5

anesthetized with 1.5% isoflourane and kept under anesthesia throughout all experiments.
Once anesthetized, the animal’s hind limb was secured with a Velcro strap on a flat surface
parallel to the traveling path of the kneading wheel described below.

Eccentric Exercise Model

For rabbits, a previously described surgical procedure was used,? where the rabbits were
surgically instrumented with bilateral peroneal nerve cuffs for stimulation of the tibialis
anterior muscles. For the eccentric exercise, rabbits were secured supine in a sling with one
foot attached to a footplate connected to a torque sensor on the cam of a servo-motor. Cyclic
lengthening contractions were performed from a tibiotarsal angle of 95° to 145° of plantar
flexion at 150°s™1, with activation preceding the muscle-tendon unit stretch by 100 ms.
Previous studies have shown this set of parameters resulted in a reproducible magnitude of
muscle damage, defined by the approximately 70% loss of torque production measured
within 5 min of the exercise.®

Limb Positioning and Geometric Characterization

Mechanical testing was performed on the hind limbs of rats and rabbits (Fig. 5 and
Supplementary Materials). For demonstration purposes, the subject animals in the rat test lay
on the mounting plate in the prone position under anesthesia. The hind limb was positioned
to expose the bicep femoris. The subject animals in the rabbit test lay on the mounting plate
in the supine position. The hind limb was positioned to expose the tibialis anterior. For both
tests, the mounting plate was rotated to align the x-axis of the sliding track with the
longitudinal axis of the muscle.

Estimation of tissue viscoelastic properties utilized an indentation test on the subject tissue
with a small diameter probing tip.28 It was assumed that the radius of curvature of the
subject tissue was greater than the size of the probing tip so that the surface of the tissue
under compression was regarded planar. Given the geometries of the hind limbs of the small
animals (tibialis anterior muscle of rabbits is 40-50 mm in length and 8-12 mm in width;
bicep femoris of rats is 10-15 mm in length and 3—-6 mm in width) and the size of the
probing tips for mechanical characterization (1/8 inch flat tip for rabbits and 1/16 flat tip for
rats), this assumption was valid.

Rabbit Massage Protocol

A proof-of-concept experiment was performed to show how the loading-induced mechanical
property changes were dependent on the loading parameters. Muscle injury was induced to
the rabbit tibialis anterior muscle of nine rabbits by a bout of intense eccentric exercise to
one of the two legs.? Following the exercise, massage-like loading that mimicked
bidirectional kneading was performed on the injured muscle for 4 days. On each day, cyclic
loading with a magnitude of 5 N (n = 3) or 10 N (n = 3) was applied for 30 min, with a
loading frequency of 0.5 Hz. The force magnitude was determined through a pilot
experiment where the probing tip was indented on the subject tissue. It was observed that
when the force exceeded 15 N, intensive tissue swelling and bleeding were observed.
Relaxation test was carried out on the subject muscles immediately after the exercise and
after 4 days of the same massage actions. In addition, a control experiment (n = 3) was
included where the animal was subject to exercise and pseudo-massage (the animal lay on
the mounting plate with the same position for the same duration with those under massage
but no mechanical loading was performed).
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Quasilinear Viscoelastic (QLV) Model

A quasilinear model was used to qualify the viscoelastic change of the subject tissue, where
the instantaneous elastic response and the viscous response are separated as:

a(t)=G(t)x (A) ()

where A = ¢ + 1, ¢ is the engineering stain, G(t) was the reduced relaxation function, o&\)
was the instantaneous elastic response, and the operator * denotes the convolution of these
two factors. The instantaneous elastic response can be expressed as:

0%(e)=AGo (e — 1) @

where AGg was a linear parameter with the dimension of stress, and dimensionless B
represents the nonlinearity of the elastic response. In this study, the reduced relaxation
function G(t) was expressed using a second-order Prony series expansion:

Gt)=1-¢" (1 - e%> -9 (1 - 6%) ©)

where g/ and g were the 1st order and 2nd order Prony series parameters, and t; and T
were the corresponding relaxation time constants. Specifically, g% and 1 corresponded to
the fast relaxation; and g5 and t, corresponded to the slow relaxation.

Biologic Response

Immediately after sacrifice, the tissue was harvested, weighed, flash frozen in liquid
nitrogen, and carefully mounted on cork and oriented perpendicular to the long axis of the
muscle. Samples were later sectioned at 8 um thickness, and stained with hematoxylin and
eosin to assess myofiber damage and cellular infiltration. Sections were viewed at 200x
magnification (Nikon light microscope; Fryer Company, Inc) in order to count torn muscle
fibers. In both longitudinal and cross sectional images, fibers were counted as damaged if
there was any evidence of membrane discontinuity. Counts were performed by two blinded
individuals for repeatability.

Statistical Analysis

Given the small sample size and the variation of data most likely due to difference in inter-
animal biological responses and the degree of injury variation by +6%, the Mann-Whitney
U test was used for processing non-paired data and the Wilcoxon rank sum test was used for
processing paired data. These non-parametric tests do not assume certain data distribution
nor the normality condition. The alpha level was set to 0.05 for analysis. All statistics were
based on the Mann-Whitney U test or the Wilcoxon rank sum test.

RESULTS

Performing Various Massage Actions on Small Animals

To demonstrate that the mechatronic device is able to perform various massage actions with
controlled loading parameters, typical loading profiles were programmed and applied to the
subject animals. For example, the action of cyclic normal pressing was characterized as
periodic change of compressive force between a large positive value and a small positive
value with no transverse force (Fig. 6a). Bi-directional kneading refers to a constant
compressive force at a positive value, with the periodic change of transverse force between a
positive value and a negative value of about the same magnitude (Figs. 6b, 6¢). Tapping was
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characterized as the periodic change of a compressive force between a small positive value
and zero with no transverse force, and with a relative high frequency (Fig. 6d).

Property Characterization by Creep and Relaxation Tests

In the rabbit massage experiment, for 5 N compressive force, the tissue’s response after the
massage action was distinctly different from that right after muscle exercise (Fig. 7a). This
was similar to the control group (Fig. 7b), which indicated that the massage action with 5 N
force amplitude did not have an obvious effect on tissue mechanical properties. The
deviation of the response curve after 4 days massage action from that immediately after the
exercise was attributed to the progressive tissue deterioration following the exercise. For 10
N massage, the tissue’s response curve after 4 days massage action was very close to that
immediately after exercise (Fig. 7c¢). This was vastly different from the control group (Fig.
7d). This indicated that 10 N massage action may reduce the progressive tissue deterioration
and help recovery. Collectively, the results suggested that the effect of massage action is
dependent on the magnitude of compressive forces. In this study, although the change of
mechanical properties can be clearly observed from the deviation of the response curve of
relaxation (or creep) test after the massage action from that before the massage action, the
effect was not well quantified. This was due to the fact that the actual loading profile cannot
resemble the step function of an ideal creep or relaxation process due to the limited
travelling velocity of the probing tip driven by the stepper motor. To this end, ramp-and-
hold tests were performed to obtain the viscoelastic properties of the muscle tissue where the
probing tip was driven at a finite travelling velocity in the first portion of the test and kept
constant afterwards.

Properties Characterization Using QLV Model

The parameters in Egs. (2) and (3) can be determined from the experimental data. Figure 8
shows the curves of the instantaneous elastic response and the reduced relaxation function
from a representative response curve to a ramp-and-hold test using the rabbit tibialis
anterior.

In the ramp-and-hold test, the probing tip approached the tissue at a constant traveling
velocity (75 um/s) until the indentation depth reached 5 mm. The displacement was then
kept at 5 mm. The total time of the ramp-and-hold test (Fig. 9a) was 300 s. The evolution of
the compressive stress (Fig. 9b) in response to the ramp-and-hold was derived from the
measured compressive force (Fig. 9c). The fitted curve of the stress profile using the QLV
model was used to determine the loading parameters for both the instantaneous elastic
response and the reduced relaxation function in Egs. (2) and (3). The stress profile was used
to fit the QLV model.

Using the QLV model, the quantitative effects of eccentric exercise and massage actions on
the viscoelastic properties were determined. Figure 10a shows the response curves of the
subject tissues before eccentric exercise, immediately following exercise, and after four
consecutive days of massage. It was clearly shown that the massage action can facilitate
recovery of passive properties of the injured tissue to a level similar to that prior to the
exercise. In order to quantify such effects, the evolution of the parameters presenting the

instantaneous elastic response AGg and the viscous parameters gt and g4 were investigated.
To simplify the analysis, the AGy values were normalized using the values before eccentric
exercise as the reference (Fig. 10b). After exercise, the average AGg value of the massage
and pseudo-massage groups increased to 248.50 and 194.28%, respectively. Both were
significantly different from the pre exercise values (p < 0.05). After 4 days, the AGq value of
the massaged group (the maximal magnitude of 10 N at the loading frequency of 0.5 Hz 15
min per day for four consecutive days) decreased to 136.17%, showing a significant
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recovery of elastic properties (p < 0.05). The average AGy value of the pseudo-massage
group continues to increase to 248.02%. These findings suggest that without mechanical
intervention, the instantaneous elastic properties of the subject muscle would continuous to
deteriorate (i.e., muscle becomes stiffer) during the 4 days period.

The Prony series parameters of the fast relaxation (¢7') and the slow relaxation (g%) were also

investigated (Fig. 10c). As shown, the average g7 and g% values did not exhibit significant
change after exercise and after massage (p > 0.05), which suggested that under the
mechanical loading used in this specific study, the Prony series parameters did not have a
notable correlation with the massage actions. A more in-depth study of the effect of massage
in the post eccentric exercise rabbit model can be found in a separate report.19

Biologic Response

Average TA muscle wet weight for pseudo-massage rabbits (n =3) was 3.92 £ 0.22g9,5N
massage (n = 3) was 3.32 £ 0.18 g, and 10 N massage (n = 3) was 3.41 + 0.13 g. Statistical
tests showed that both groups were significantly different from the pseudo-massage control
(p < 0.05 for both tests). Similarly, there were significant differences in torn muscle fibers
between the pseudo-massage group and the two massage groups (p < 0.05 for both tests):
pseudo-massage (6.78 = 0.41), 5 N massage (2.23 = 0.42), and 10 N massage (2.78 + 0.29)
respectively.

DISCUSSION

Our mechatronic system can deliver compressive and transverse forces to subject tissues of
small animals that mimic various types of massage-based therapies. Different from manual
therapies delivered by humans, the loading parameters (magnitude, frequency and duration)
can be controlled with high fidelity and adjusted within the desired ranges during the entire
procedure. Moreover, the device can apply a variety of loading patterns intended to simulate
a number of different types of massage. Changes in passive mechanical properties of the
subject tissues, which are typically estimated clinically by the hands/palms of the
practitioner, can be quantified by characterization of viscoelastic parameters utilizing the
same mechatronic system. To our knowledge, these capabilities make the device the first
engineering tool of its type for correlating the efficacy of massage actions with the
mechanical properties of subject tissues in small animals. We demonstrated in rabbit skeletal
muscle that our device can apply both reproducible compressible loads mimicking massage
with high precision following an intense bout of eccentric exercise, as well as obtain passive
mechanical properties of the exercised and massaged muscles. The results showed that these
massage-like loading patterns alter the passive mechanical properties of the muscle
following the eccentric exercise. Our system permits in vivo loading of the muscles and
therefore further integration with histological and biomolecular assays to investigate
biologic mechanisms underlying the efficacy of massage actions. It is also recognized
however that the use of small animals and the experimental conditions in this study are
different from that of manual therapy in humans, which may affect data analysis and
extrapolation to the human condition. Further studies are needed to identify and clarify these
potential differences as noted below.

Impact of Limb Position

During the operation, the hind limb of the subject animal was stretched to have its
longitudinal axis aligned with the x-axis sliding track. Such stretching may cause tension in
the hind limb. In order to compensate for the effects of limb stretching, animals under
pseudo-massage actions can serve as a control group, where the animals were fixed on the
mounting plate and the limb was stretched similar to those in the massage groups. Since the
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body position of animals in the massage and the pseudo-massage groups were kept the same,
the effect of stretching induced tension can be minimized.

Impact of the Transverse Force

In the current study, the change of the muscle’s passive mechanical properties in response to
massage with controlled compressive force loading was demonstrated. However, in most
cases of human therapy, a transverse force in the resident tissue is also produced. As shown
in Figs. 6b, 6¢, transverse forces were produced during the cyclic kneading which also
produced a mechanotransduction effect. Although there are active debates, there has been a
speculation that the beneficial effects of specific massage actions (e.g., kneading) may be
attributed to the enhancement of local circulation,” which is highly dependent on the
transverse forces parallel to the underlying blood vessels. While the quantification of the
effects of these transverse forces was not demonstrated in this proof-of-concept study, future
efforts will alter the feedback mechanism of the device to separate the effects of transverse
and compressive forces.

Impact of Massage Induced Temperature Changes in the Tissues

The kneading action of the probing tip on the subject tissue may generate heat and elevate
temperature of the animal’s skin and underlying tissues. This effect is likely similar to what
occurs in human manual therapies and device assisted massage. A previous study showed
that massage by roller, mechanical, and pneumatic massage units may raise skin temperature
significantly.18 Heat is believed to facilitate local circulation by dilating blood vessels and
increasing tissue metabolism. Although the mechanism is not clear, the heat generated by
massage actions is thought to lead to an analgesic effect and fatigue reduction. The impact
of massage induced heat could be better understood in future studies by incorporating a
thermal couple on the probing tip or an infrared camera to measure temperature of the
subject skin.

Necessity of Anesthesia

Although massage actions are usually performed in a non-anesthetic state for human
subjects, the animals in this study were put under anesthesia for all massage and mechanical
testing. The measurement of mechanical properties is likely affected by the level of muscle
tension which would be affected by the depth of anesthesia. The exact effects of anesthesia
in our model and its relevance to human massage warrant further attention.

Method of Nerve Stimulation

In order to achieve repeatable and reproducible nerve stimulation during the bout of
exercise, we used a method well described and developed in our laboratory.20:21 We
recognize that this is a supramaximal stimulation of the nerve and therefore not entirely
clinically relevant, nevertheless it permits for a reproducible injury.

Beyond Mechanical Characterization

In addition to investigating the passive mechanical properties of skeletal muscle in response
to massage, active muscle function can also been examined, e.g., by measuring the isometric
torque of the ankle. A study of the time course for recovery of muscle and joint function has
been reported separately.20-2 |t is clear from these studies that under proper loading
conditions, massage delivered by this mechatronic device can facilitate recovery of muscle
and joint function. Moreover, we have also shown that massage can reduce muscle edema
associated with a bout of intense eccentric exercise. Histological analysis of our tissues has
shown that massage can decrease muscle fiber damage and inflammatory cell infiltration
following a bout of intense eccentric exercise.2021 Collectively, these findings further
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support the benefits of massage and the efficacy of our device to deliver quantifiable and
repeatable bouts of massage that can facilitate recovery of mechanical properties as well as
recovery of muscle and joint function and reduced tissue damage.

CONCLUSION

A mechatronic device that applies massage-like mechanical loads with controlled loading
parameters in small animals and measures passive mechanical properties of the subject
tissues is described. Massage-like actions were delivered to the hind limbs of rats and
rabbits. Changes in passive mechanical properties can also be determined and correlated
with the applied mechanical loads. By providing a quantitative measure of both the applied
loads and their effects on muscle mechanical properties, this device provides a useful tool
for studying the effect of therapeutic massage for interfacing this ancient alternative therapy
with modern medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Mechatronic device that can generate massage-like actions to small animals: (a) Massage
actions are defined by different profiles of compressive and transverse forces; (b) Schematic
view of the mechatronic device that can generate different profiles of compressive and
transverse forces towards small animals.
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FIGURE 2.

The two-axis sensor for mechanical force measurement. (a) Schematic of the two-axis strain
gauge configuration; (b) Electrical circuit for strain measurement in one direction; (c) The
probing tips for mechanical loading and mechanical characterization. The tips in the top row
have flat surfaces, while the tips in the bottom row have semi-spherical surfaces; and (d)
The assembled sensor with a semi-spherical tip.
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FIGURE 3.
Graphic user interface for mechanical characterization and mechanical loading.

Ann Biomed Eng. Author manuscript; available in PMC 2015 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wang et al.

Average Compressive Force (N)

o
o

)

Standard Deviation of Compressive Force (N)

FIGURE 4.

___.‘____

Without Feedback

Page 16

— With Feedback

=
o

0-50

250-300

550-600 850-900
Time (s)

1150-1200 1450-1500

1.4 4

1.2 4

0.8 -

0.6

0.4 4

0.2 1

o

s »

e

—e ‘ ek

——— —

s s e . e
—_———— —

0-50

250-300

550-600
Time (s)

850-900 1150-1200 1450-1500

Improvement of compressive force repeatability by the feedback mechanism can be seen
from average values (a) and standard deviation (b) of the compressive forces during a 30
min loading period. The measurements were obtained from six time windows (0-50 s, 250-
300 s, 550-600 s, 850-900 s, 1150-1200 s, and 1450-1500 s) from five rabbits while the
feedback was enabled or disabled. It can be clearly seen that the feedback can maintain the
compressive force around the set point with a smaller standard deviation comparing to the
no feedback group. The compressive force was set at 5 N.
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FIGURE 5.

Mechanical loading on small animals using the massage device: (a) mechanical loading on
the bicep femoris of a rat (a video of rat massaging is available in the supplementary
material); (b) loading on the tibialis anterior muscle of a rabbit (a video of rabbit massaging
is available in the supplementary material).
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FIGURE 7.

Effect of mechanical loading parameters on muscle tissues. In the stress relaxation test, a
step function of displacement is applied and the force evolution is measured. (a) under 5 N
cyclic loading; (b) control (pseudo-massage) group for (a); (c) under 10 N cyclic loading;
and (d) control (pseudo-massage) group for (c). All the tests are with 0.5 Hz loading
frequency and loaded for 30 min each day for four consecutive days. The blue lines denote
the measurements in the tissues post eccentric exercise, while the red lines denote the
measurements in tissues post 4 days massage.
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Quasilinear model for viscoelastic properties determination: (a) Instantaneous elastic

response; and (b) reduced relaxation function.
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Ramp-and-hold test for mechanical characterization (stress relaxation) of subject tissues on a
rabbit: (a) depth vs. time; (b) compressive force vs. time; (¢) normal stress vs. time; and (d)

fitted curved by the QLV model.s
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Massage-like loading has a notable effect in changing the viscoelastic properties of muscle
tissue: (a) the change of force profiles under ramp-and-hold test; (b) the evolution of
instantaneous elastic parameter AGg and (c) the evolution of Prony series parameters that

represent viscosity changes.
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