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Skin Modeling Analysis of a
Force Sensing Instrument-
Assisted Soft Tissue
Manipulation Device

Instrument-assisted soft tissue manipulation (IASTM) is a form of manual therapy which
is performed with rigid cast tools. The applied force during the IASTM process has not
been quantified or regulated. Nor have the angle of treatment and strokes frequency been
quantified which contribute to the overall recovery process. This paper presents a skin
modeling analysis used in the design of a novel mechatronic device that measures force
in an IASTM application with localized pressures, similar to traditional, nonmechatronic
IASTM devices that are frequently used to treat soft tissue dysfunctions. Thus, quantifi-
able soft tissue manipulation (QSTM) represents an advancement in IASTM. The innova-
tive mechatronic QSTM device is based on one-dimensional (1D) compression load cells,
where only four compression force sensors are needed to quantify all force components
in three-dimensional (3D) space. Here, such a novel QSTM mechatronics device is simu-
lated, analyzed, and investigated using finite element analysis (FEA). A simplified human
arm was modeled to investigate the relationship between the measured component forces,
the applied force, and the stress and strain distribution on the skin surface to validate the
capability of the QSTM instrument. The results show that the QSTM instrument as
designed is able to correlate the measured force components to the applied tool-tip force
in a straight movement on the skin model. [DOI: 10.1115/1.4039661]

Introduction

Instrument-assisted soft tissue manipulation (IASTM) is a physi-
cal therapeutic intervention that employs a solid device to apply
certain amounts of force to mobilize injured and/or restricted tissue
with therapeutic benefit. Soft tissue manipulation (STM), i.e., mas-
sage, whether by hand alone or with a device, has been utilized
widely for millennia to treat soft tissue dysfunction; however, the
absence of force measurements has limited the development of its
optimal dosing [1-3]. In IASTM treatments, applying a pressure to
an area of extreme scar tissue or fibrosis using a solid tool has been
found to be beneficial to patients [1-10]. These treatments helped
to expedite the healing and restructuring of affected tissue for a
multitude musculoskeletal conditions throughout different regions
of the body in animals and humans. Different advantages and bene-
fits under various circumstances and tissues were achieved using
IASTM, including decreased pain and improved functional mobil-
ity. However, more studies and investigations are needed to com-
prehend the IASTM mechanisms and optimization [4—18].2

The STM dose-frequency has been studied in the literature
[3,19-21]. However, due to the absence of accurate measurement
methods for the STM movement and applied pressure to patients,
these studies do not adequately report dose-pressure relations in
human soft tissue [5,17,22-27]. Other treatment forms, such as
ultrasound, electrical stimulation, and traction, have different
critical parameters that need to be measured accurately. How-
ever, the attributes of the STM assessment and progress are based
on the practitioners’ subjective qualifications and judgment. Vari-
ous studies have tried to quantify the applied force during the
IASTM utilizing different methodologies, but none with clini-
cally applicable, real-time device systems or methods [5].

A study conducted by Lee et al. [17] analyzed how flexeor carpi
radialis motoneuron pool excitability was affected by transferred
friction massage in human subject. The massage frequency,
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transitory pressure, and total resultant pressure were measured
using an ultrathin flexible pressure sensor (ConTacts C500) built
in the thumb of a plastic glove. However, this system could poten-
tially result in inexact pressure measurements due to hand slip-
page inside the glove, electric shock hazard, and therapists’ thumb
sizes and softness. The slippage and frictional between the thera-
pist and the glove could lead to false force measurements. Any
tears in the glove could lead to an electric shock for patients or
physicians. Thumb stiffness would introduce a critical parameter
during force measurements and need to be studied.

A study conducted by Wang et al. [18] used a computerized sys-
tem developed to produce a compression or transverse force using
feedback system. The device was based on a base and two movable
axes to apply forces in the horizontal X and vertical Z axes. The
base was used to hold the subject, such as rats and rabbits. Two
piezo resistance force sensors, which attached bellow the Z-axis,
were used to quantify both force measurements in the X and Z direc-
tions. Various device tips, which could be attached to the sensors,
were manufactured using stainless steel to target different types of
tissue size. This large system has been shown to be a good method-
ology to measure the applied force. However, the system is not clin-
ically applicable for human study, because of the complexity, lack
of maneuverability, and involved setup.

Another animal study by Zeng et al. [26] built an automated
compression system based on a pneumatic system. The device was
designed to apply a given pressure on a rabbit using a linear motion
control. A force transducer (Pasco, Inc., Philadelphia, PA) was used
to provide the feedback signal to the device system. In contrast, in
real practice, the tool should be portable, able to perform repeatable
measurements, and relevant to clinical application.

The lack of quantifiable soft tissue manipulation (QSTM) poses a
significant gap in STM practice. Thus, an urgent need exists for
QSTM to support evidence-based practice leading to improved out-
comes. In order to close this gap, the purpose of this research paper
is to present, analyze, and evaluate a novel mechatronic QSTM
device system for force sensing of localized pressure application
using a skin modeling approach. The treatment tip of the QSTM
device is similar to a commercially available, standard
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GRASTECH™

Fig.1 GT-3 treatment tip?

(nonmechatronic) IASTM device (Graston Technique®’s GT-3, Indi-
anapolis, IN) (Fig. 1) used for localized treatment. The innovative
QSTM device utilized one-dimensional (1D) compression load cells;
four force sensors were considered to quantify the three force com-
ponents on the skin surface in the three-dimensional (3D) space. The
main goal of this study was to model, manufacture, and analyze a
new device, which can measure all force components accurately. In
addition, the new device can provide the users with other important
parameters during the IASTM, e.g., the device’s orientation in 3D
space and stroke frequency. In addition, a real time user friendly
interface with all measurements was implemented. The selected
design and determined number of load cells will be used for future,
ongoing development design concepts intended for extension to
other devices’ tip styles based on the tissue condition and type. In
this computational study, the objective is to evaluate the stress and
strain levels induced on a simplified skin model with respect to the
applied hand pressure and the resulting force/stress levels at the load
cell locations.

The Quantifiable Soft Tissue Manipulation Device
Design and Analysis

Design Requirements. Different requirements were considered
in designing the QSTM device. It should be operated using mini-
mum voltage to minimize the hazard of electric shock. The system
should be light, small, durable, and movable. The expected force
range 0—150 N should be measured. In addition, device orienta-
tion, strokes frequency should be quantified. It is favorable that
the new system can be applied to different QSTM tools. It should
be affordable. Finally, a user friendly interface screen is needed to
provide students, researchers, and physicians with all treatment
information simultaneously.

Electronics Selection. Broad investigation and analyses have
been carried on to achieve the best device which would meet all
design requirements. To quantify the angles and stroke frequency,
the IMUduino microcontroller [27] was chosen. The IMUduino had
Gyroscope, a Compass IC, and an accelerometer. Also, it was the
smallest powerful Arduino-based microcontroller with a dimension
of 39.8 mm x 15.72 mm which resulted in a smaller size device.

After a comprehensive search on finding the suitable force sen-
sors for the QSTM device, the FC-08 [21] one-dimensional com-
pression load cell was chosen. It was manufactured by Forsentek
Co., Limited, as shown in Fig. 2. It had the ability to quantify forces
up to 20 kg of force that applied to its mesa. The dimension of the
sensor was 8 mm diameter and 5 mm height. The signal of the load
cell needs to be filtered and amplified before force mapping and cal-
ibration. Signal conditioning was needed for signal amplification.

The Quantifiable Soft Tissue Manipulation Design. After all
electrical components had been chosen, the new QSTM device was

Measure it n-:"/w
‘Forsentek
Fig.2 The compression load cell (FC-08™) [28]
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Fig.3 CAD model of the QSTM device

designed using cap software (Creo 2.0™). This design was built to

accommodate the selected electronics and forces sensor, as shown
in Fig. 3. The QSTM device model includes device tip, body, back
cover, and keyways. The model’s tip was made to mimic the
GT3™ tip, and the purpose was to have the same for aiming soft
tissues. An internal front cavity was included to accommodate the
four load cells (Fig. 4(@)). In addition, a rear chamber was made to
accommodate the electronics that is needed to run the device. In
terms of insulation, the back cover was designed to secure and iso-
late the electronics inside the back chamber. The body of the
device was tapered near the front of the device to allow for a pani-
cle grip hand position.

In terms of sensor placements, four force sensors were used to
quantify the three force components in the X, Y, and Z directions.
The IASTM device orientations were considered because different
treatment angles needed to be taken into consideration. Based on
the real practice of IASTM, the new device expected to be tilted
within the angles of 20 to 70 degrees with respect to the skin sur-
face in a regular treatment. In this study, the X-Y plane represented
a skin surface, and the QSTM device was rotated about the Z axis,
which was the normal to the skin surface. A force analysis was
conducted based on constraints, the force sensors were distributed
inside the force measurement’s cavity, as shown in Fig. 4(b).

The force measurements of the load cells were varied based on
the orientation of the device and the load cells positons, as shown
in Fig. 5. Three different scenarios were expected and analyzed.

Fig. 4 (a) Sensor placements in the front cavity of the QSTM
device and (b) the force sensor placement inside the device
measurement cavity

Transactions of the ASME



Fig.5 Full sectional view of the QSTM device

When force was applied vertically at the QSTM device’s head,
the load cells S., and S, would quantify force measurements
based on the device angle to the skin surface. The S.., S,_, and
Sy load cells would quantify forces when force was applied
within an angle O to 89 deg to the device’s tip. When force applied
within an angle 91 and 180deg to the QSTM device’s head, the
load cells S., Sy, and Sy, would quantify the force components.
According to the force analysis, there were no need for the fifth
force sensor in the direction of —Y, because there would not be a

0.00 50.00 100.00 (mm)

2500 75.00

0.00 50.00
L

100.00 (mrm)
]

25.00 75.00
Fig. 6 (a) Human arm model in ansys and (b) skin arm meshing
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Table 1 Selected mechanical properties for the arm model

Parameter Value

Element type 3D solid quadrilateral isotropic
Density 1050 kg/m>

Young’s modulus 0.82 MPa

Poisson’s ratio 0.48

UTS 12.6 MPa

UTS: ultimate tensile strength.

force component on that direction based on the analysis. This
would reduce the cost of the final device.

As shown in Fig. 5, the applied force to the device’s head was
transferred to the force sensors, which would convey the measure-
ments data to the microprocessor using very thin wires. Very tiny
wiring canals were utilized to allow for sensors connections. Force
transformation was performed based on the device’s orientation.
The two keyways were used to connect the tip to the device’s body
with clearance of 3 mm, so it would not interfere with transferred
forces.

Analysis of the Proposed Device Design Skin and Tissue
Modeling. Human soft tissue is a complicated structure, which
consists of different layers, such as skin, subcutaneous adipose tis-
sue, fascia, and muscle, down to the bone, where each one has its

0.00 50.00 100.00 (rmm)

25.00 75.00

0.000 15.000

30,000 (mm)

7.500 22.500

Fig. 7 (a) Quantifiable soft tissue manipulation device model
in Ansys and (b) the four load cells embedded into the front cav-
ity of the QSTM device
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Table 2 Mechanical properties of the QSTM device model

Parameter Value
Density 7750 kg/m®
Young’s modulus 1.93 x 10° MPa
Poisson’s ratio 0.31

UTS 586 MPa

own mechanical characteristics. In this study, a human arm was
selected to be cube with 100 mm per side, where four filet edges
were constructed to have the side curvatures, as shown in Fig.
6(a). Also, a bone placement was simulated as a hollow cylinder
with a diameter of 30 mm. Then, the arm model was transformed
to ANSYS WORKBENCH R15.0.

In this preliminary study, it was assumed that the maximum
value of the skin mechanical properties found in Refs. [29-32] is
representative of the skin model as it would reflect the combined
characteristics of skin and underlying muscle. Agache et al. [29]
studied and analyzed the mechanical characteristic of the human
skin and found Young’s modulus varied between 0.42 MPa and
0.85MPa in vivo. The skin density was estimated to be about
1050 kg/m > [30]. Using the indentation test, Poisson’s ratio was
found to be 0.48 [31]. The ultimate tensile strength (UTS) of all
tissue layers was found to be varied between 5.7 and 12.6 MPa
[32]. Table 1 shows the selected mechanical properties for the
arm model.

After the mechanical properties of the skin model were selected,
the arm model was meshed, as shown in Fig. 6(b). Meshing was
performed to investigate the stress and strain distribution on the
skin surface. Meshing affects both the solution accuracy and the
solving time. More mesh would result in more solving time but
more accurate results and vice versa. Therefore, mesh refinement
was used to the top of the skin model because the main goal was to
investigate the skin reaction to the hand force using the QSTM
device.

The Quantifiable Soft Tissue Manipulation Device Modeling.
ANSYS WORKBENCH R15.0 was used to conduct the simulation and
the QSTM device model was imported, as shown in Fig. 7(a).
Both the device and the body of the device were defined to be
stainless steel with specific mechanical properties, as shown in
Table 2. Stainless steel was selected because of its high stiffness
properties as compared to the other materials used in an IASTM.
Some assumptions had been considered during the simulation to
make the simulation and investigation easier. The back cover was
assigned to be welded to the QSTM device’s main body. The four

0.00 50.00 100.00 {mm)

25.00 75.00

0.000 10.000 20.000 ()

5.000 15.000

Fig. 8 (a) Meshed QSTM device and (b) meshed load cells in
ANSYS

Q 0.01

0.02(m)
]

I
0.005 0.015

Q 0.015

0.03(m)
0.0075 0.022

Fig. 9 Device tail and tip for bonded connections

031002-4 / Vol. 1, AUGUST 2018

Transactions of the ASME



0.200(m)

0.050 0.150

0.050(m)

0.013 0.038

Fig. 10 Device tip and skin bonded contact areas in ansys

stainless steel force sensors were immersed into the device’s main
body, as shown in Fig. 7(b).

The complete device model was imported to ANsys, then mesh-
ing was performed. Meshing was refined for both load cells’ tips
and the QSTM device’s tip. As a result, accurate results were
expected to be achieved, as shown in Figs. 8(a) and 8(b).

Simulation Setup. The simulation constraints, such as bonds
and the structural settings, were assigned before moving to the sim-
ulation stage. Depending on the type of connection between the
device’s head and the skin model, bonded and frictional scenarios
were studied using Ansys. In both scenarios, the angle between the
QSTM device and the arm model was selected to be 20 deg.

Bonded Contact Between the Tip and the Skin. When hand
pressure was applied to the back cover of the device, reaction forces
would be measured on the device’s tip. The force measurements
were conveyed back to the four load cell’s tip through the device’s
tip, which is connected to the device’s body with small tolerance.
For the first scenario, the device’s tip and the device’s body were
considered bonded, that means they were glued together. Nine faces
were selected on both device’s tip and body to be the contact areas,
as shown in Fig. 9.

In addition, the relationship between the device’s head and the
skin model was defined as a bonded connection. This assumption
was made to investigate the momentary applied force, force reac-
tions on the skin surface, and the four load cells’ measurements.

The QSTM device movement constraint area in ansys

Fig. 11
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Four faces of the QSTM’s head and the upper side of the arm section
model were selected to be the contact areas, as shown in Fig. 10.
Using Eq. (1), the augmented Lagrange formulation was enabled,
and /. reduced the solution sensitivity to the contact stiffness’

Frormal = knormalxpenetralion + 4 (D

Using ANSYs WORKBENCH R15.0 tools, the initial contact data were
achieved and analyzed. The workbench provides simulation con-
nections, penetration, geometrics’ gap, and the pinballs’ radii, that
insure of an accurate connection solving. It differentiates the far
and close connection areas while targeting the predicted connec-
tion elements [6].

In terms of movement constraint, the device’s bottom was chosen
to perform the displacement constraint, as shown in Fig. 11. The
device was allowed to move into the skin’s surface that expressed
as the Z axis with respect to the QSTM device coordinate. However,
side motions (X-axis) or vertical motions (Y-axis) were prohibited
since this study investigated the straight strokes.

Different gripping styles played a role along with the hand place-
ments during the IASTM. As shown in Figs. 12(a) and 12(b), force
could be applied on the device’s neck (pencil grip) or the device’s
back side. They would have achieved the same results if they had
the same measured forces and angle. In this simulation, the back
cover with an area of 207.14 mm? was selected to apply tabled com-
pression forces in 12s, as shown in Table 3. That resulted in good
force convergence and reduced solving time.

Frictional Contact Between Tip and Skin. Frictional scenar-
ios had similar simulation setup compared to the bonded scenario.
These differences included the frictional contraction between the
device’s tip and the skin model, and the static structural and
boundary conditions. In real IASTM practice, the tools slide over
different areas of a human skin with the presence of gel, which
reduces the friction. Stainless steel is a commonly used material in
IASTM treatment. This connection was defined a frictional con-
nection, despite the presence of the gel. The frictional coefficient
is an important criterion to determine the type of friction between
two materials. The friction coefficient represents the relationship
between the friction forces and the normal reactions between two
opposite surfaces. The friction coefficient, between an outer skin
sample and the stainless steel, was found to be 1 [33]. As shown in
Fig. 10, the four surfaces of the device’s tip and the top surface of
the skin model were selected to apply the friction coefficient.

3http://www.ansys.com

AUGUST 2018, Vol. 1 / 031002-5


http://www.ANSYS.com

Fig. 13 (a) The QSTM device acceleration direction in ansys
and (b) device displacement constraint areas in ansys

1,000.00
E 100.00
2 e
9 10.00
£ £
Fig. 12 (a) Pencil grip of QSTM device and (b) back cover grip ° & 1.00
of QSTM device o = /’
- ) 0.10
- &
Table 3 Tabled hand forces (bonded contact) 5 E 0.01
T o
Steps Time (s) Force (N) e 0.00
1 0 10 g 000
1 15 77
2 2 30 0.00
3 3 45 1234567 89101112
4 4 60
5 5 70 Time (Second)
6 6 75
7 7 80
8 8 85 e Minimum (MPa) ====Maximum (MPa)
9 9 90
10 10 95 === Hand Force (N)
11 11 110
12 12 120

Table 4 Hand pressure applied to the QSTM device (frictional
contact)

Steps Time (s) Pressure (MPa)
1 0 0
1 0.1
2 2
3 3 0.2 (b)
4 4
5 5 Fig. 14 Bonded connection results: (a) hand pressure versus
6 6 0.25 skin’s equivalent stress during 12s finite element analysis
7 7 (FEA) simulation and (b) skin’s maximum equivalent stress at

max hand force of 120 N in ansys
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Fig. 15 Bonded connection results: (a) skin’s maximum prin-
cipal stress versus applied hand force and (b) maximum prin-
cipal stress’s maximum value of at hand force of 120 N in
ANSYS

The simulation time was running for 6.3 s in seven steps. To assist
the solution convergence, the Newton Raphson option was enabled.
The device was set to accelerate with 0.5 mm/s* on the skin’s sur-
face, as shown in Fig. 13(a@). This assumption was approximated by
considering the actual practice of IASTM.

In terms of movement constraint, the device’s bottom was cho-
sen to perform the displacement constraint, as shown in Fig.
13(b). The device was allowed to move into the skin’s surface that
expressed as the Z axis in the QSTM device coordinate system.
Similar to the real practice of IASTM, the QSTM device was
appointed to accelerate with 0.5 mm/s> alongside the skin’s sur-
face model. However, side movements (X-axis) were prohibited
since this study investigated the straight strokes. In this simula-
tion, the back cover with an area of 207.14 mm? was selected to
apply tabled compression forces, as shown in Table 4. This
resulted in good force convergence and reduced solving time.

Simulation Results for Bonded Contact. The FEA was
accomplished to investigate the pressure and deformation on the
skin model and force measurements with respect to hand forces.

As shown in Fig. 14(a), the relation between the applied hand
force and the von Mises stress (equivalent stress) on the skin
model was obtained. Obviously, both minimum and maximum
equivalent stresses on the skin increased when hand pressure
increased. The maximum equivalent stress reached the maxima
when hand force reached 120 N, as shown in Fig. 14(b). The base-
10 logarithm for y axis was considered to show the complete

Journal of Engineering and Science
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variation. Almost zero minimum equivalent stress was recorded
during the simulation run.

As shown in Fig. 15(a), the relation between the applied hand
force and the maximum principal stress on the arm model was
obtained. The maximum principal stress was used to assist the
deterioration phase of the skin model. Obviously, both minimum
(compression) and maximum (tension) maximum principal
stresses on the arm increased when hand force increased. The
maximum principal stress reached the maximum when hand force
reached 120 N, as shown in Fig. 15(b). Since both maximum prin-
cipal stresses did not reach the UTS of the skin model, the skin
model would be safe under these force range.

Applying certain forces through the QSTM device would cause
skin to deform. This deformation is a crucial character during the
IASTM. Maximum and minimum values of skin deformation
were recorded, as shown in Fig. 16(a). Both were proportional to
the applied hand pressure; however, the maximum deformation
was the highest during the simulation. As shown in Fig. 16(b), the
maximum deformation of 9.2811 mm was recorded at hand force
of 120 N, where the minimum deformation was 1.4865 mm. The

10

9
=y 8
£
57
S
R

(3]

g 5
s
S 4
a

= 3
%

2
1/
0,

15 30 45 60 70 75 80 85 90 95 110120
Hand Force (N)

e===Minimum (mm) ==Maximum (mm)

C)

(b)
Fig. 16 Bonded connection results: (a) skin total deformation

versus applied hand force and (b) skin’s maximum deformation
(9.2811 mm) where applied force 120 N in aAnsys
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Fig. 17 Bonded connection results: maximum (a) and minimum
(b) four force sensors’ stress measurement versus hand force

minimum deformation recorded at the areas that are far from the
device’s interaction region.

The Resultant Force Measurements. The resultant force (stress)
measurements on the load cells’ tips were recorded in the QSTM
device. As shown in Figs. 17(a) and 17(b), both maximum and
minimum applied stresses distributed on the force sensors’ tips
with respect to the hand pressure were examined. The load cell’s
tips had a circular diameter of 2mm?>. The load cells F 4y and F
were measuring greater stresses than the load cells on the X-axis.
Based on the force vector analysis, a higher force/stress compo-
nent was expected to be measured on F,, and F load cells. The

031002-8 / Vol. 1, AUGUST 2018

highest measurement of those two load cells was dependent on the
QSTM orientation angles (pitch), which was 20 deg in this simula-
tion. As a result, the force sensor F; was recording the extremist
maximum and minimum stresses distribution on the load cells’
tip, and the force sensor was measuring a lower component F_,
than F,.

Simulation Results for Frictional Contact. The FEA was
accomplished to investigate the pressure and deformation on the
skin model and force measurements with respect to hand forces.

As shown in Fig. 18(a), the relation between the applied hand
force and the von Mises stress (equivalent stress) on the skin model
was obtained. Obviously, both minimum and maximum equivalent
stresses on the skin increased when hand pressure increased. The
maximum equivalent stress reached the maxima when hand pres-
sure reached 0.20 MPa at 2.49s, as shown in Fig. 18(b). Almost
zero minimum equivalent stress was recorded during the simulation
run since some areas of the skin model were barely stressed.

As shown in Fig. 19(a), the relation between the applied force and
the maximum principal stress on the arm model was obtained. Obvi-
ously, both minimum (compression) and maximum (tension) princi-
pal stresses on the skin increased when hand force increased. The
maximum principal stress reached the maxima at the skin’s com-
pressed areas when a hand force of 0.25 MPa was applied, as shown
in Fig. 19(b). The compression maximum principal stress was higher
than tension during the simulation due to the intention of the skin
model to tear under the compression force more than tension. The
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(b)
Fig. 18 Frictional connection results: (a) hand force versus

skin’s equivalent stress during 6.25 s and (b) the greatest maxi-
mum equivalent stress at hand force of 0.20 MPa in Ansys
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Fig. 19 Frictional connection results: (a) skin’s maximum prin-
cipal stress versus hand pressure during 6.25 s and (b) the max-
ima of the maximum principal stress at hand force of 0.25 MPa
(frictional connection) in Ansys

maximum principal stresses did not reach the UTS of the skin model,
the skin model would be safe under this pressure range.

In terms of skin model deformation, maximum and minimum
values of skin deformation were recorded, as shown in Fig. 20(a).
Both were proportional to the applied hand pressure; however, the
maximum deformation was the highest during the simulation. As
shown in Fig. 20(b), the maximum deformation of 4.0012 mm
was found at hand force of 0.25 MPa, where the minimum defor-
mation was 0.18247 mm. The minimum deformation recorded at
the areas that are far from interaction regain between the skin
model and the QSTM device.

The Resultant Force Measurements. The resultant pressure
(stress) measurements on the load cells’ tips were recorded in the
QSTM device. As shown in Figs. 21(a) and 21(b), both maximum
and minimum applied stress distributions on the force sensors’ tip
with respect to the hand pressure were examined. The load cell’s
tips had a circular diameter of 2mm?. The force sensors F 4y and
F7 were measuring greater stresses than the load cells on the X-
axis. Since the QSTM device was tilted with an angle of 20 deg,
the load cell F, was recording the greatest maximum and mini-
mum stresses distribution on the load cells’ tip. Also, the load cell
F, was measuring a relatively smaller force component than F’
until the hand force increased to 0.20 MPa, where the arm’s upper
surface deformation was 2.8566 mm.
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Fig. 20 Frictional connection results: (a) skin model deforma-
tion under hand pressure during 6.25s and (b) skin maximum
deformation (4.0012 mm) at hand force of 0.25 MPa in ansys

In terms of the minimum stresses, the stress distribution on F,
and F; load cells were the highest; in other words, they measured the
highest force components during the simulation. However, the load
cell F, started measuring a higher force component than Fz when
applied hand force increased to 0.20 MPa, as shown in Fig. 21(b).
This would not affect the measurement since the force analysis
agreed with the load cells reading in the case of maximum stress dis-
tributions on the load cells.

In terms of the stress distribution on the load cells’ tips, the
load cells S. and S, proved their functionality to measure the
force components on these directions when the device moved lon-
gitudinally along the skin surface (as simulated). Finally, the load
cell S_, was able to be eliminated based on the force factorization
that has been performed in the beginning of the study. This will
reduce the final product price and the electronics needed for signal
filtering.

AUGUST 2018, Vol. 1 / 031002-9



0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Maximum Four Force Sensors’ Stress
Measurement (MPa)

0.10
0.55
1.30

=3
) 2
~

2.45
2.65
2.94
3.30
3.59

-
) 9
™

4.40
4.75
4.95
5.25
5.60
5192
6.25

Time (Sec.)

e Maximum F+x stress(MPa)
=== Maximum F-x stress(MPa)

e====Maximum F+y stress (MPa)
== Maximum Fz stress (MPa)

e====Hand Pressure (MPa)

()

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Minimum Four Force Sensors’ Stress
Distribution (MPa)

-

Time (Sec.

e===Minimum Fz stress (MPa)
e====Minimum F+x stress (MPa)
e====Minimum F-x stress(MPa)
e==Minimum F+y stress(MPa)
====Hand Pressure(MPa)

(b)

Fig. 21 Frictional connection results: maximum (a) and mini-
mum (b) four force sensors’ stress distribution versus hand
pressure during 6.25s

Conclusion

Instrument-assisted soft tissue manipulation is a style of physi-
cal therapy treatment utilizing a solid tool. The applied force to a
patient in IASTM has not been quantified precisely for standar-
dized clinical and research purposes. In this study, a novel mecha-
tronic IASTM device (QSTM) was conceived, analyzed, and
tested using FEA. Stress/strain distribution on a human arm model
against hand pressure was simulated using the proposed QSTM
device. A simplified human arm was modeled to investigate the
relationship between the measured component forces, the applied
force, and the stress and strain distribution on the skin surface to
validate the capability of the QSTM instrument. The results show
that the QSTM instrument as designed is able to correlate the
measured force components to the applied tool-tip force in a
straight movement on the skin model. Based on force factorization
of the practice, it was found that four 1D compression load cells
are sufficient to quantify the delivered force at the tool tip-skin

031002-10 / Vol. 1, AUGUST 2018

interface. The analysis showed that a fifth load cell was not
needed in the direction of Y— which would reduce the final cost of
the new QSTM device. The load cells S. and S, have measured
at the highest force components when the device moved longitudi-
nally along the skin surface. Readily available, cost-effective
QSTM will advance the field of physical therapeutics.

Further work will concentrate on investigating other scenarios,
e.g., arch trajectory movements and more realistic relationship
between the device’s tip and the arm model as well as that
between the QSTM tip and body. Also, inclusion of the transverse
measurements on the X-axis and momentary effects on skin sur-
face will be studied.

Nomenclature

>§/z
|
|

= sensor (load cell) in the X— direction
= sensor (load cell) in the X+ direction
Sy+ = sensor (load cell) in the Y4 direction
S., = sensor (load cell) in the Z+ direction

g
+
|
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