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gel, slime, and silken tofu samples used to obtain the results in Fig. 8. For the human skin gel
[Fig. 9(a)] and slime [Fig. 9(b)], the creep and creep recovery compliances at all pressures lie
on almost exactly the same curve. Therefore, the effect of loading on the measured
viscoelastic properties in the examined loading range is negligible for the human skin gel and
slime. For the silken tofu [Fig. 9(c)], however, the creep and creep recovery compliance
curves are different at different pressures. To explain this, it is assumed that the
manufacturing method and standards for industrial products such as human skin gel and slime
are uniform, meaning that they exhibit the predetermined mechanical properties and thus give
similar results for hardness and tensile strength. In contrast, processed foods such as tofu and
kamaboko (a Japanese processed seafood product) have nonuniform properties such as
elasticity, hardness, and pore density. This may explain the result in Fig. 9(c).
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Fig.8 Elapsed time of dents depth on soft objects for pressure.

5.2  Equivalent dent depth in creep and creep recovery

In Fig. 8, the ratio of dent depth at an arbitrary time to the maximum depth at the end
of creep or immediately before creep recovery is defined as the equivalent dent depth, which
is a dimensionless value. Figure 10 shows the changes in equivalent dent depth with time for
the human skin gel, slime, and silken tofu used to obtain the results in Fig. 8. For the human
skin gel [Fig. 10(a)] and slime [Fig. 10(b)], the equivalent dent depths during creep and creep
recovery at all the pressures lie on almost exactly the same curve, similar to the case of
compliance shown in Fig. 9. For the silken tofu [Fig. 10(c)], however, the curves of
equivalent dent depth do not fit on a single curve, similar to the compliance curves shown in
Fig. 9(c). From the above, compliance or equivalent dent depth can be used to describe creep
and creep recovery behaviors. '
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6. Conclusions
In this study, using the developed equipment, we measured the shape of the dents

formed on soft samples, measured the depth of the dents for various loading times, types of

soft sample, and pressures, and evaluated the viscoelastic properties of the soft samples with

respect to elastic compliance and equivalent dent depth. The results are reported below.

(1) The creep and creep recovery curves of dent depths were shown for creep times of 5, 10,
15, and 20 seconds.

(2) These curves of samples of industrial materials and processed food were measured the
depth of the dent as the ordinate.

(3) The creep and creep recovery compliances at all pressures lie on almost exactly the same
curve.

(4) The equivalent dent depths during creep and creep recovery at all the pressures lie on
almost exactly the same curve, similar to the case of compliance.
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Abstract: As the background of our study, we requested that practitioners use muscle
hardness testers to conduct a digital assessment of the muscle hardness layers that they
can feel by palpation. We developed muscle hardness testers to assess muscle hardness
digitally from the reaction force and the depth in pushing a finger-shaped indenter,
thereby simulating palpation. As described in this paper, we confirmed the effectiveness
of digital assessment using foam rubber consisting of an upper layer and a lower layer,
respectively simulating the cortical and muscle layers of a human body. Additionally, we
digitally assessed the change of hardness of the trapezius muscle by changing the
position of the upper extremity. Next, we were able to measure the change of hardness
before and after treatment for subjects with shoulder stiffness. Results show that the
proposed tester contributes to digital assessment of muscle hardness and palpation
hardness.

Keywords: trapezius muscle, palpation, muscle hardness tester, finger-shaped,
foam rubber, shoulder stiffness
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1. Introduction

This study was undertaken to develop a muscle hardness tester to assess muscle
hardness digitally when a finger-shape indenter, simulating palpation, is pushed into a muscle
[1]. Commercially available testers and those described in the literature [2-10] present
benefits and shortcomings, but the practitioners who actually conduct medical treatment have
never actually evaluated such testers. Moreover, because subjects have idiosyncratic
differences in body shape, constitution, and object sites, existing testers are not adjusted to
these conditions. Additionally, such testers offer little quantifiable operability and reliability.
The proposed tester was designed to assess muscle hardness digitally, free of the influence of
various conditions. The tester can recognize small differences of hardness, hardness of deep
muscle layers, and the effects of treatment and follow-up care. This report describes the
outline and digitalization mode of the proposed equipment and confirms its effectiveness and
validity through the following experiments: first, the hardness of the lower layer of the
double-layer foam rubber is assessed digitally; second, hardness is measured when the
trapezius muscle is constricted; third, hardness is assessed digitally before and after treatment
for shoulder stiffness. Hereinafter, we describe details of how we reached our conclusions.

2. Muscle hardness test equipment
2.1. Composition of the muscle hardness tester

Figure 1 shows the process of manual palpation (by fingers) of a muscle induration (a
stiff muscle site). As Figure 2 show, this proposed device can simulate the movement of a
finger pushing the induration. Figure 3 depicts the relation of the reaction force W and depth x,
when the intender, representing a finger, is pushed into the skin. By holding the upper part of
it by hand, the pushing is conducted at 9 mm of stroke for five seconds. The reaction force
and the depth are obtained respectively from the load cell and the displacement. Then those
data are sent to the PC for digital processing. With the PC, digital processing in Figure 3 and
that described hereinafter are conducted. The results are shown on the display. Consequently,
because the thickness of the upper layer and the middle layer shown in Figure 1 has individual
differences and site differences, the experimenter must manipulate it by adjusting the pushing
force of the finger searching for the hardness. The pushing force W} is equivalent to the load
adjustment shown in the upper part of Figure 2.

The main specifications are described in the following: The indenter diameter is 8
[mm]. Its material is POM; at the tip is a ball with 4 [mm] radius. The keep plate diameter is
40 [mm]. Its material is also POM. Pushing is conducted at a stroke of 9 [mm] for 5 [s]. The
range of pushing force is Wy=2— 40 [N]. The range of displacement is x=0-15 [mm].

W, x

@ @ Load adjustment 1
3\ 4!
) :‘ t Analysis
5)—& processing unit

(1)Muscle induration
(2)Surface (epidermis, fat)

N :" -

(3)Muscle layer
(4)Muscle lower layer Object M@M x
(5)Lower layer (Skeleton) ERE
Figure 1 Palpation of the muscle induration Figure 2 Outline of muscle hardness test
by the finger equipment
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The total height is 155 [mm] and the mass is 650 [g]. The body casing is made from stainless
steel. It is possible to change the indenter and the keep plate depending of the figure of an
object site. Additionally, W} is the value when the tester on the steel plate 10 [mm] thickness
is pushed into at pushing stroke of 9 [mm)].

2.2. Methods of quantification

According to the range of x shown in Figure 3, the initial stage, the metaphase, and the
telophase of pushing represent the hardness of the cortical layer including the fat layer, the fat
layer to muscle layer, and the object site, respectively, by the correlation of W-x. The hardness
is obtained from the pushing reaction force W [N], the pushing depth x [mm], the elastic
constant k=W/x [N/cm], and differential elastic modulus tan6=AW/Ax [deg] [1]. Although the
representation with # or x might resemble the methods used by existing mechanical hardness
testers [2-4], this method is useful when the difference of hardness of objects is large. When it
is difficult to judge the difference using this method, x is added for judgment. Even so, when
it is difficult, one must conduct multiple judgments adding the gradient at the end of pushing
tanf. Furthermore, because it is possible to adjust the pushing force depending on the
conditions such as the cortical layer thickness or the object site hardness as shown in Figure 2,
it is also possible to make measurements that approximate the hardness felt by palpation.

Table 1 Composition of the samples of two layers

3]

«

5 Composition Type of the samples * Pushing force
S 2L x, W) '
N g§p & Symbol | AA | AB | AC | AD | W, IN]
5 § AW Upper layer A sponge, =5 [mm
"3 & pper lay ponge, =5 [mm] 4.8,12,20,
R Lower layer A B C D 24’ 28, 32’ 36
*g 1,=10 [mm]
]
A en Durometer | py1 | E23 | E38 | E47

P Type E
s e +2/5 | £2/5 | £2/5| £2/5
Figure 3 Digitization of the muscle [hardness]
hardness (W-x curve) * Foam rubber dimensions; 1< Wx£=¢x50x100 [mm]

3. Experiments and results
3.1. Pushing force assessing the lower layer hardness

We confirmed the effectiveness of our proposed digitalization method by the pushing
force, which can assess the change of the lower layer hardness, by maintaining the upper layer
thickness constant for two layers consisting of the upper layer of the surface layer (2) and the
lower layer of the muscle layer (3) presented in Figure 1. Conditions of the two layers are
shown in Table 1. The upper layer is made of foam rubber A (¢xWx£€=5x100x50 [mm], E21).
The lower layers with different hardness are made of four kinds of foam rubber A-D
(toxW=£=10x100x50 [mm]). The combinations of composition are symbolized by AA, AB,
AC and AD. The foam rubber hardness is represented by the values of Durometer Type E.
The pushing forces are divided into eight levels of 4 [N] to 36 [N].

Results of the experiments show that the correlation between pushing reaction force W
and pushing depth x are as portrayed in Figure 4(a). The elastic constant k and the differential
elastic modulus @ are in Figure 4(b). All results are mean values obtained from 10 pushing
repetitions. The “4 Mono” shown in Figure 4 means the values in directly pushing it into the
samples A-D with pushing force of 4 [N]. To clarify the differences before and after the
sample, the symbols are connected with a line. The amount of W, by which the differences
between AA and AB, between AB and AC, and AC and AD can be judged, was obtained
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using #-tests. Assuming that the two samples are homoscedastic, the conditions were obtained
with two-sided ¢ boundary values, significance level of p=0.0001, and degrees of freedom of
¢=18. The result was #(p, p)=t(18, 0.0001)=4.97. In terms of W, with the test statistic of #,>7,
x, W and x had W, >20 [N] and 6 had W, >8 [N]. Consequently, if each pushing force
equivalent to the thickness of the upper layer is appropriate, then it is possible to assess the
different hardness of the lower layers digitally. It can be applied directly to the thickness of
(1) and (2) in Figure 1. In the digitalization of 6, even if W, is smaller than the others, the
differences can be discriminated as the advantage of this equipment.

E) 8 g
£ | p<0.0001:-t i g g | p<0.0001: 1 1 30
K g 38
= 51
s 3 14 2 % - 1 20
) A B C D] 2 8 C
At 36 w — m ——36 04 10
—t—28 — 1= ety 28 o —
1 | %20« x 30 [ =20« K12
O 4 C D 1 & ~O— 8 41 83
2 ~@~4 Mono 20 H -0 4 D o
X1 § —@— 4 Mono 1 = B>
N =] 1 2 @»w
3 A B 1 10 F A B 3 ”2
4 4 1 L L Qg 0 1 1 1 1 ég g
AA AB AC AD g AA AB AC AD A E
Composition of the object Composition of the object
(a) Quantification by x and W (b) Quantification by x and 8

Figure 4 Effect of pushing force to assess the lower layer hardness

3.2. Comparison between x and 8 by the upper layer thickness

We confirmed the effect of the upper layer thickness on the sensitive reference in
digitalization of x and € when foam rubber A with thickness of =1, 2, or 3 [mm] was put on
the lower layer shown in Table 1. The results are shown in Figure 5. Indications “Mono” are
values of A-D. In digitalization of elastic constant, as the upper layer becomes thicker, the
difference between objects becomes indistinct. Therefore, with =3 [mm], it becomes more
difficult to determine it than with /=1 [mm]. On the other hand, in digitalization of 8, unlike in
x, without difference of an upper layer, we conducted an ANOVA (p<0.01, one-way analysis,
level of factor 4, and repetition number of times 10) for every different composition of the
objects (e.g., in the case of AA, four kinds of @ including single layer A, and layers with =1,
2, and 3 [mm]). The discriminant standard is that shown below.

— 24 o 25

& BMono O¢=18 ¢=207=3 2 8 Mono Or=1 Br=20¢=3

Z D B

= : 2 *¥p <001 - x
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g 14t = o 15 i f

2 g _ | &

0 - 27

< ) i o B : :

Ej 9 i B 535 & 5 QQS 10 A ‘._,“:' oox B R W
AA AB AC AD a AA AB AC AD

Composition of the object Composition of the object
(a) Quantification by x (b) Quantification by 8
Figure 5 Sensitivity comparison between x and 6
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Fo(pa, or; 0.01) = Fy(3, 36; 0.01) = 4.38
The values F' of the objects were the following: AA(1.69), AB(1.02), AC(2.64), AD(1.57).
Consequently, because F<F,=4.38 in all the objects, it turned out to be difficult to assess the
change of the upper layer thickness digitally. In Figure 5, we described it as **p<0.01. In
digitalization of 6, even if W is small, as shown in Figure 4, its sensitivity is so higher than in
x as to show the difference of the lower layer hardness.

3.3. Contraction hardness of trapezius muscle by eversion of the arm

This experiment confirms the possibility of digitally assessing the hardness before and
after a trapezius muscle contracts. The contents are shown in Table 2. Examinees were six
university students with different body shape and features of physical constitution: they were
designated as A1-A6 in order of increasing Body Mass Index (BMI) values. The hardness of
contracting muscle was obtained from the posture in which the position of upper extremity
was different at two sites. First, the muscle was not tense and soft when the upper extremity
was put on the armrest. Second, the muscle contracts and becomes tight when the first
position of the upper extremity turns outward by 90 deg. The site on which the intender is
placed is midway between the seventh cervical spine and the acrominon, where the hardness
can be felt by fingers.

Table 2 Features and measurement condition of six examinees: university students, age 2122

Examinees No. Al A2 A3 A4 AS A6
BMI value 19 21 21 22 24 24
Thinness Normal type | Normal type | Normal type Small Small fatness
Features of the type Thick Tennis fatness type type
body Thin muscle | muscle layer player Thick muscle
layer layer

Trapezius muscle of the right shoulder, the position which guesses the indenter is a

Object position midpoint of cervical spine C7 and acromial process.
Contraction
action of the | It sits in the armchair, and armrest position and 90-deg turning outward position.
arm
Indentation set load #;=9.8[N], keep plate diameter 40[mm}, indentation setting hour
Measurement | S[sec], the tip is a globe on the indenter diameter at 8fmm] and pushing frequency 5 [times].

condition BMI value [kg/m?]: Thinness type=19, 19 < Normal type <24,
24 = Small fatness type <28, 28=Obesity type

@ x:90 deg ¢ 0:90 deg
S _ }| ®«x:Armchair ¢ 0:Armchair | 1 25
g5 T 1 20
LREERER
[*)
= 1 15
| t s
B *p<0.001 1190 _
15 F e . . b g%ﬂ
<] ¢« . o @« © —
10 o @ g 1E=
e =
5 1 i L ] 1 L 2 ",’3
Al A2 A3 A4 A5 A & 3
Examinees n [person] A &

Figure 6 Comparison of muscle hardness by muscle contraction of trapezius muscle
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In Figure 6, examinees A1-A6 are on the X axis; the hardness of armrest position and
90-deg turning outward position in terms of x and @ are shown on the Y axis. Along with the
mean value, the range of the maximum value and the minimum value is also shown.
According to x==W/x, the difference between conditions before and after muscle contraction is
evident, so it is possible to assess the muscle hardness digitally. Although the experiment did
not assess the thickness of fat layer and muscle layer digitally, to assume the correlation
between BMI and the thickness of those layers, it is reasonable to expect that the value should
be smaller. Examinee A4, a tennis player, has hard and thick neck and shoulder muscles,
which is represented by the value. A1, who is thin, has a large value when his upper extremity
was put on the armrest. To assume that his muscle is also proportionally thin, it should be
because the value also represented the bone layer hardness as well as muscle layer or the
pushing force was strong. On the other hand, even though the tendency in digitalization by 8
is like that shown by «, results show that the variation of values is greater than that by x. That
tendency might be attributed to the high sensitivity shown in Figure 5. Showing the
effectiveness of our proposed digitalization, when the difference in, for example, A5 is
evident by «, but difficult to discriminate by 6, one can discriminate it with k= W/x.

Next, using the #-test, we confirmed that the muscle hardness in turning outward
position can be discriminated to be higher than that in armrest position. As the test conditions
to find the values, two samples are assumed to be homoscedastic. The ¢ boundary value is
one-way. The significance standard is p=0.001. Degrees of freedom are ¢= 8. In digitalization
by x and 8, (¢, 2p)= (8, 0.001)=4.50 was found. In digitalization by «, the test statistic #, was
tp>t in all examiners. Digitalization by @ it was so in only A2, which is shown as “*p<0.001”
in Figure 6.

The experiment demonstrated the following. It is important to assess the hardness of
each rather than the differences of hardness among individuals because human bodies have
individual differences related to thickness and hardness of the object sites, as shown in Figure
1 and Table 2. Furthermore, as shown in Table 1 and Figure 4, because the thickness is a
factor holding the key to the sensitivity of the hardness, for measurement with good
sensitivity, it is necessary to imitate the movement of strong pushing when the object site is
thick. When the thickness is slight, even small change can grasp if one lightly pushes the
indenter as in palpation.

3.4. Muscle hardness around the operation of shoulder stiffness

The examinees were 21 male university students aged 214 (B1-B21), for whom we
had conducted a survey in the form of a questionnaire. We obtained their consent for the
experiment in advance. The object sites were the site of shoulder stiffness which we located
by palpation and near which the indenter was pushed, with the same measurement conditions
as those in Table 2. Before and after a practitioner gave an examinee a massage, we measured
the hardness with our muscle hardness tester five times, with the mean considered as the
measured value. The practitioner gave a massage by hand and used an ultrasonic therapy
apparatus for about four minutes. For the amount of change before and after the treatment
practice, we conducted a #-test, assuming that two samples should be homoscedastic. With a
two-sided r-boundary value (p<0.05), we obtained #(¢, p)=#(8, 0.05)=2.31. The examinees
were divided into three groups based on this test: a group of the examinees whose muscle
softened (13 by x and 9 by 6 among 21), a group showing no difference (5 by x and 11 by 8
among 21), and a group of examinees whose muscle became harder (3 by x and 1 by 6 among
21). In Figure 7, with k represented on the left vertical axis, the three groups are shown from
right to left (represented by two bar charts). They are arranged in ascending order of muscle
hardness. The horizontal axis represents the values of examinee numbers and their BMI.
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On the other hand, with 6 represented on the right vertical axis (by signs of circle), each 6 of
the examinees, divided into three groups by #-test, is marked by a reference mark [*]
(*p<0.05).

They were divided into three groups because the practitioner explains that physical
stimulus was given to a stiff muscle for which the tissues’ blood circulation was facilitated,
thereby softening it. Others showed no difference. Other muscles showed increasing inner
pressure of the muscle, thereby hardening it. B16 (no difference by x, hardening by 0 ;1) and
B21 (hardening by x, softening by @ ;|) showed different judgment by x and 6. With the
boundary value of p<0.01, they have the same judgment by «x and 6. Therefore, it is possible
to assess the muscle hardness digitally based on changes that occur during physical treatment
for patients with complaints of shoulder stiffness. Results show the capability of digital
assessment of the effects of practical treatment and palpation.

In Figure 8, the BMI, shown on the horizontal axis, is arranged in ascending order,
different from Figure 7, and a regression line is added. The BMI-33 [kg/m®] of B19 indicates
the obesity-type according to Table 2. From both regression lines, the line after practice is
located below because muscles of many examinees softened considerably. The gradient is on
the downside, presenting the possibility that the surface layer thickness shown in Figure 1 is

correlated with the BMLI.
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Figure 8 Correlation of muscle hardness and BMT
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4. Conclusions

Proposing an outline of the muscle hardness tester that can imitate hardness
assessments done by palpation and presenting a mode of to digital assessment, we were able
to confirm their effectiveness and validity by conducting several experiments. The obtained
results are summarized as follows:

(1) We proposed four methods to assess muscle hardness digitally. Using them singly or
multiply, the tester presents high reliability. x and € are used in typical methods.

(2) Discriminating the lower layer hardness for different surface thickness is possible if the
pushing force is appropriate to thickness.

(3) For a thin surface layer, such as a few millimeters, & has less effect on the lower layer
hardness than x does, and is therefore validated. Furthermore, 8 is more sensitive than .

(4) The muscle hardness before and after practical treatment for shoulder stiffness can be
categorized into three groups: softening, no difference, or hardening. They are highly
correlated to x and 6, with some exceptions.

(5) In future studies, we will aim at improving the process for practical application by
examining the possibilities of digitally assessing effects according to practices, substitution
of palpation or self-palpation, and follow-up.
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The Proposal of Measuring Method of Machined Surface Roughness Using Transparent Replica

Osamu YOKOTA™, Kotaro YATABE, Mitsuo NAGAO, Yoji JIMBA and Akinori SAITO

*! Department of Mechanical Engineering, College of Engineering, Nihon University
1 Nakakawahara, Tokusada, Tamura-machi, Koriyama-shi, Fukushima, 963-8642, Japan

In this study, the replica of the metal processing surface was produced using the transparent silicone. The new
measuring method which examined the transmission image was proposed with a scattering of the spot light in the replica. The
result was summarized in the following. It was able to be classified to four patterns of the transmission image from the replica
reflection plane, that is to say, point pattern, circular pattern , elliptic pattern, diffractionpattern. It is possible that these
patterns estimate the shape of the reflection plane, namely shape and processing method of the machined surface. The surface
roughness by the diffraction was equal to the maximum height roughness by the tracer. In circular pattern and elliptic pattern,
the embirica[ formula which showed the relationship between maximum height roughness and radius of gyration was
obtained. In the point pattern, it was not possible to show surface roughness in the measuring range of this experiment.

Key Words : Surface Roughness, Arithmetic Mean Roughness, Shape Measurement, Laser Measurement,
Electrical Discharge Machining, Chaos and Fractal, Image Processing
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MEEECACZMMO Yy F % P, TOLEXOHIERETHE

tan(z/2~a)=R-P/2 @
TIT, ARLV—FOEEELL, P=1-L/STHY, L >RLEY, RQBBLND.
wn(B-a)~S/L @
*7-, BRKOEHFESE n & Lk EORRAOE, sing=nsina &Y
B =sin"(nsin @) 3)
R2ERB)VLY, ad paRD, TNOLOFEREZRNOICRATEZ LICLY, REHEIRPIROOND.

I Screen

T
L
I Atmosphere
1
i
i
i
i

\ ,6’%

) ¢ Transparent body

Fig.1 Diffraction of light
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Fig.2 Characteristic length of patterns

— 114 — © 2012 The Japan Society of Mechanical Engineers

500



FRLVTY B EIAMIREOHIBEFEORE 845

EDBEFRERAD L IR TZENTES.
R, =a-R;+b-R, +c 10)

ZIT, FHa b, BIUcl EHRRIVELNS.
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by, HEEPFER LTS, B, FALEYY a—rTAE, FEECEN, FE - FECHEHRBERICE
BITHNIAT, OWNEENAE CEVEH TLH DO T, EBOMTREOMNE ERICHERTE 5.

Surface roughness standard specimen §

Replica specimen : : (a) Surface roughness standard specimen  (b) Replica specimen

Fig.3 Surface roughness standard specimen for the Fig4 Surface roughness standard specimen for the comparison
comparison and the replica specimen and the replica specimen

CCD camera with lens Replica holder Screen
Laser head

Replica holder slide Screen slide mechanism

Fig.5 Roughness equipment of worked surface
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20
St
S
= 10
2
E s
S
Length 60 [mm)]

(c) Transmission image (d) Light intensity distribution
Fig.6 ~Lap processing
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(@ Suface machined  (b) Surface roughness
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(c) Transmission image (d) Light intensity distribution
Fig.7 Electric discharge machining

(a) Surface machined (b) Surface roughness
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Length 60 {mm]

(c) Transmission image  (d) Light intensity distribution
Fig.8 Grinding
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Fig.9 Shaping processing.
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Fig.10 Relationship between calculated value and R,

(a) Digital image (b) Gray scale
Fig.11 Digital image obtained from electric discharge machining
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Fig.12 Relationship between radius of revolution R, Fig.13 Relationship between radius of revolution R,
and maximum height roughness R, for electric and maximum height roughness R, for grinding

discharge machining.
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