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Figure 6. Power spectrum density of the respiratory induced tumor motion shown in Figure 5. The
dominant frequency component is found at 0.33 Hz.

corresponding to the respiratory cycle can be found at 0.33 Hz approximately in this example.

This means that the tumor motion has a perlodmal component induced by the 3 s respiratory
cyclein average .

As is clear from the analysxs, one of dominant componentf, in respxratoxy motion-is pcrxodxc
variation due to repetition of inhalation and exhalation. Howéver, the period of the motion
is not constant, but a time varying function.  Such quasi-periodical nature of the motion is
simply found as fluctuation of peak-to-peak intervals. For example, time interval between a
peak and next peak differs each other even if the amplitude variation is sufficiently small as
shown in Figure 7. This suggests that the dominant frequency is time-varying.

Recalling that the breathing period is time-variant, short-time Fourier transform (STFT),
instead of the normal long-time Fourier transform, was performed on the motion example.
The time-variation of the frequency spectrum is shown in Figure 8. The dominant frequency
at each time is depicted as black dashed line. The line clearly indicates that the respiratory

cycle fluctuates with time. The range of the fluctuation was from 0.298 to 0.360 Hz in this
example.
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Figure 8. Time-variation of power spectrum density. The dominant frequency fluctuates with time. The
range of fluctuation is from 0.298 to 0.360 Hz in this example.

3. Prediction methods

The periodicity found in the respiratory motion is a typical one of nonlinear and complex
nature but also it can be useful to predict itself. That is, the past observed patterns in
the motion will repeatedly arise at constant period. In this section, seasonal autoregressive
(SAR) model is explained as a method with use of meodmty Also, a limitation of general

SAR model for lung tumor motion prediction is shown.  Then, time-variant SAR modt.l is
mtroduced as a method desxgned for tumor motion predlctxon

3.1 Seasonal autoregressnve (SAR) model ;

Seasonal autoregressive integrated moving-average (SARIMA) model [22} is a general
expression of the time series which changes periodically (i.e., a periodical function of time
such that x(£) ~ x(t ~ p - s)).

The SARIMA model of the time series {x(0),x(1),...,x(T)} with period s sample can be
expressed as follows.

@(B)®(B*) (1~ B)¥(1 - B*)Px(t) = 6(B)O(B*)e(t) (1)
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where d and D are respectively the order of local and seasonal integrated components, e(t) is
the Gaussian noise of which mean and variance are 0 and ¢7, respectively, and B is a delay

operator defined by

Brx() = x(b—k), k=1,2,... @

Then, each components of the SARIMA model are given as follows,

Autoregressive: ¢(z) =1~ g1z — -~ = ¢z jE)
Moving-average: 6(z) = 14612+ -+ 02 @
Seasonal AR: @(z) =1~ Pz — -+ — dpz’ )
Seasonal MA: @(z) =1z (5)1~ 40 QZQ ‘ ®)

where p, q, P and ( are the orders of four components in (3)-(6) respectively.

The SARIMA model can express various periodical time series by de51gning the model
parameters. In the followings, let us consider only the seasonal autoregressive (SAR)
component to avoid the over fitting problem and to simplify the explanation of the prediction
method. Thatis, let p == ¢ = Q = d = D = 0 in (1), then for this special case, we can obtain
SAR model for the time series y(t) as fol lows.

P
yE) =€)+ Y Dp-y(t—pxs) @
p=1

where P is the order of the SAR components, ®p,p = 1,2,..., P are the SAR coefficients, and
5 are the constant period of the target time series.

Then, to substitute £ + /1 for , the prediction equation by using (7) can be given by

P
PR =Y @ y(t+h-pxs) %)
p==l

where §(t + h|E) is the predicted value of future time ¢ + /i samples with /i samples ahead of
current time t, and the term ~p X s + imust be not longer than 0 for composing the prediction
by usmg on]y past observations.

The Lquahons (7) and (8) show that an es,s,entxal core of the general SAR depends on an
assumption that each values of the same phase correlate each other. These equations can
provide a simple description with a single model for the periodical variation with period s.
Forexample, if target time series are given by the following deterministic and fully periodical
function:

x(f) = Ag + Z Ap - cos (271’ - qm) ©)
na=l

where Ay, 1 =0,1,2,...and @y, 1 =1,2,3,... are amplitudes and initial phases for each n-th
harmonic component, respectively. Then, let @, = 1/P in Eq. (8), the SAR model can well
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Figure 10. Schematic diagram of SAR model-based prediction for time series with fluctuated period.

predict the future value of the periodical function x{t + k) at h-sample ahead future as follows.

2(t +h|r‘)
= Z (An+ Y. Ay cos (271' (t+h—p-s)— q),.))
p= =]
1
=3 (Ao + }: Ap - cos (27‘(—-0 )~ 27p ~ q),,))
n=1

"
L
1k
= Z (Agf ZA,, cos (27'( (t-+h)~ q),,)). 10)

n==l

Pigure 9 shows a schematic diagram of SAR model-based prediction for simple periodic time
series with period 5. In this example, SAR model can predict the target value (drawn as star)
by refemng the past observed valuea, (drawn as cxrcles) which are similar to the target value
by using constant period s. } . .

As shown by the. prediction example, the SAR model-based equatmn (8) is useful and
powerful to predict unknown future value of periodic time series. Then, remember that
the dominant component in respiratory tumor motion is periodical component. These facts
suggest that the SAR model is suitable to predict the tumor motion. However, remember that
the permd\uty in our target time series, lung tumor motion, fluctuates. The use of constant
period s in equation (8) may be improper for the tumor motion. That is; if the periodical nature
in the target time series changes with time, the constant period will provide a large prediction
error.

A simple solution for adapting the SAR model to the fluctuated periodicity is to substitute a
time-variant period s(f) forthe constant period s given by

oH =elt) + }:% y(t—p-s(t)). 11
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Then the new prediction equation is written as

P
Glt+hlty =Y @p-ylt+h—p-s(t-+h). (12)
p=1

The equation above is about the same to the SAR model-based method [19] and it seems
that it can adapt to the fluctuated periodicity, but this simple extension of SAR model has a
limitation.

For explanation-of the limitation; let us consider time series with a time-varying period as a
function of time t. For this situation, the instantaneous phase #(f) of the time series is given
as a time-integration of the angular velocity w(t), ‘;uch as 19(1‘) = fo w(t)dt. If the angular
velocxty is given as a linear function of time t,

w(t)"wat+u’0; ; o 13)

where , and wy are constants ‘And the mstantaneous phase is given a nonlmear (the
second-order in this case) function as

Ot = %wa -+ wyt. (14)

Then let us assume that s(#) is known or estimated correctly. That is, the term s(t) can refer
the instantaneous phase same to the target time ¢, i.e., 9(t) = #(t — s(t)) However, the terms
0 -s(t),p =2,3,...,P in (11) cannot refer the same instantaneous phase, i.e., #(t) # #(t —p
s(t)) + 27tp, even if the s(t) is given as a true value.

Thus, the simple SAR model-based solution by using the time-varying period s{t) cannot
express the fluctuated periodic nature suitably, even if the change of the periodicity is
sufficiently simple such as a linear function of time. This is one of the limitations of SAR
model in the prediction of fluctuated periodical time series such as respiratory tumor motion.

3.2. Time-variant SAR (TVSAR) model

To overcome the limitation of the general SAR model, a time-variant SAR (TVSAR) model
for prediction of the lung tumor motion has been proposed {21] The TVSAR equation
correspondmg to (7) can bc expr&ssed as

(t)—e(t+2¢p J(t“"p(f)) 1 as)

where r,;(t) are reference intervals of the pth order at time £.

The reference intervals r,(f) can be defined as a time interval between the current time and
the corresponding past time which has the same phase to the current one. In other words, if
an instantaneous phase 8(t) of the time series is given, the reference intervals can be defined
as follows.

7p(t) = argr}gig]ﬁ(l‘) - 2pm — 0{t — k)] (16)

81

82 Frontiers in Radiation Oncology

73(te + h)
7z (cc + 1)

i
Y

s {‘”‘\
3

Time t {sample)
Current time ¢, h {sample)

Figure 11. Schematic diagram of time-variant SAR (TVSASR) model based pxedlcnon for time series
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Figure 12. Schematic diagram of TVSAR model-based prediction system.
Also, if the period is a constant, the reference interval can be expressed by

d8(t) _ 2

ro(t) = p x s, if 5 <

(17)
Note that, the constant reference interval shown by (17) corresponds to that used in the general
SARIMA equations of (7) and (8).

Then, an ideal prediction equation of the time-variant SAR is expressed by substituting t -+
for  as follows.

P
G+ HE) =Y Dy y(t+h—rp(t+h)) (18)
p=1
where the term /i — rp(t+h) < 0.

Figure 11 shows a schematic diagram of TVSAR model-based prediction. The reference
intervals can refer the past values observed which are corresponding to the target value, on
the time series w;th fluctuated period. Albo, thure 12 shows TVSAR model based predxctxon
system.

Note that, in (18) we have to know the reference interval at /i sample ahead future, but it
is unknown in practice. In this case, we need to estimate it. The estimation method wdl be
e(plamed in the next section. :

3.2.1. Online estimation of reference intervals: Short-time correlation analysis

In TVSAR model, the reference interval ry () is an important factor to predict the lung tumor
motion accurately, and must be estimated on-line. In this study, a correlation analysis is
adopted to estimate the reference interval.

The correlation analysis based estimation procedure of the reference interval is as follows.
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1. Calculate a correlation function between the latest subset

{y(t —w)y(t—w+1),... y(t - 1),y(0)} (19)
and k-sample lagged subset
{y{t—k—w),y(t—k—w+1),...,y(t—k—-1),y(t —k)} (20)

where w is a window length for subset time series. The correlation function is given by
W — —_ — —_
76) = ):Jf Dyt —k=J) — e
}-.Q L0t Otk

21

Heré it and 0} are the sample mean and standard deviation of the subset time series.
2. The estimated reference intervals Pp(t{t) can be obtained by the intervals between k = 0
and the peak points of the correlation function (£, k) corresponded to each seasonal order
[ f : : . e

Po(t) ==ar Comaxe tk ‘ I
olt) gr,,(tul)-lgkgr,;(twl)e«i,Y( ) @2)

where | defines the search area for the peak of y(t,k).
3. The window length is updated at each time by using the latest estimation of the first order
reference interval as
w == round(0.5¢1 (¢1£)). 23
Note that the windows length can affect the accuracy and response time to estimate the

fluctuated periodicity. In this study, the window length was empirically set as almost half
of single wave,

The initial condition is defined as follows.

fa(1]1) = p x5, (24)
w = round(0.571 (1{1)) (25)

where § is the average of pre-observed time variant periods of the time series. § = 90 sample
was used for this study.

An example of the correlation function and estimated reference intervals are shown in Figure
13. The reference intervals are thus estimated as mterva[@ from lag 0 to p-th local maximum
points of the correlation function..

Time-variation of the correlation fumtion and estimated reference intervals are shown in
Figure 14. As is clear from this figure, teference intervals of lung tumor motion intricately
change thh time evolution.

We can niow- estimate the reference mtervals, but-we need futare value of them for (18)
According to the figure 14, these reference intervals also fluctuate intricately and those
prediction is difficult. So rp(t -+ h) cannot be directly used for the prediction in (18). As
a realistic way, we simply extrapolated r,(¢ -+ /1) from the current estimation Fp(t]t) with
zero-order hold: #,(t + h|t) = #5(¢|t). Then, (18) can be rewritten as

P
P+ = Y Dy -yt +h—#p(H]E). (26)
p=1
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Figure 14. Time-variation of the correlation function 7(t, k) and estimated reference intervals rp{t),p = 1
and 2 for the tumor motion shown in Figure 5.

4. Experimental results

To evaluate the prcdxchon performance of the methods described in Section 3, a predlchon
experiment by using clinical data sets was performed...~

4.1, Experimental setup
#4.1.1. Clinical data sels of lung tumor niotion

Three data sets of respiratory tumor motion time series were used for the expenment All
the data sets were observed with sampling frequency F; = 30 Hz and provided by Hokkaido
University Hospital. Note that, a part of the data sets and measuring condition have been
already shown in Section 2. Each data sets include three time series that correspond to spatial
axes; left-right (LR), superior-inferior (SI), and anterior-posterior (AP) axes, respectively. The
observational noises included in original data sets were preliminarily eliminated by using the
statistical and low-pass filters. Figure 15 shows the three data sets and Table 1 summarizes
data sets characteristics.
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Figure 15. Three data sets of lung tumor motion. Each rows correspond to LR: left-right, Si:
superior-inferior, and AP: antero-posterior axes.

4.1.2, Tested methods
For comparison of the prediction performance, the following four methods were tested.

1. Zero-order hold (ZOH) method assumes that the latest position of tumor will not change
in future. The prediction equation is given by

JE+ 1) = (1), @7)

Note that the use of ZOH corresponds to the case that the system latency in radiotherapy
machine is not compensated.

2. First-order hold (FOH) method assumes.that. the latest posmon and velocity will not
change in future The predxcnon equation is g:ven by

P+ b = (t)+(1(t) v =) | )

3. beaf;onal autoreoresswe (SAR) model- based predxctlon ngen in (]2) Note ;thatzthe
time-variant permd is gzven ass(t+h) =1 (H{t). i

Case # Range of motion (mm)  Length Evaluation coverage  Average period
LR SI AP . T samples ts te
# 07102 15 3500 (116.7 ) 500 (16.7 s) 3500 (116.7 5) 91 (3.034 5)
# 04110 1.6 3228 (107.6 5) 501 (16.7 5) 3228 (107.65) 89 (2.968 5)
#3 05109 1.6 3900 (130.0 8) 502 (16.7 5) 3900 (130.0s) 91 (3.034 5)

Table 1. Brief summary of tested data sets. Range of motion is average distance from exhalation to
inspiration.

86 Frontiers in Radiation Oncology

4. Time-variant SAR (TVSAR) model-based prediction given in (26).

Parameters for SAR and TVSAR models are summarized in Table 2.

4.1.3. Performance indexes

To evaluate the prediction performance, mean absolute error (MAE) was calculated. MAE is
given as a function of prediction horizon / as follows.

MAE(’O?%iie(rwlt)i” S ®

Here t; and ie are lower and upper bounds for the evaluatmn shown in Table 1, and e(t + hit)
is a prediction error defined by the Euclidean distance between the actual posmon ‘and the
predlcted position. ;

The prediction error is calculated as follows.

e(t+h|t) = f} (@it + hit) ~ yi(t +1))? (30)
P=1

where { = 1,2 and 3 denote LR, SI, and AP directions, respectively.

In addition to MAE, prediction success rate was adopted to evaluate the prediction efficiency
for short treatment time. While treatment, the irradiation must be interrupted when
unacceptable distance between the irradiated field and the target volume is detected for
patient safety. Then, frequent prediction failure may prolong the treatment fraction. Thus,
the rate of prediction success can discover better method. The prediction success rate (PSR} is
defined as follows.

Number of successfully predicted samples
Number of all evaluated samples

PSR(h) = (31
where the numerator is calculated as the number of the predmtxon errors within a threshold
for tolerant accuracy In this sfudy, the threshold was setas 1 mm.” :

4.2, Results

Figure 16 shows 15 samples (0.5 5) forward prediction examples of tested methods. This
examples were performed on SI direction of the data set #1. ‘According to the prediction
examples, SAR and TVSAR predictions seems smooth and similar to the actual position. Their
errors are around zero, but sometimes the errors become larger than'2 mm. "Also, there'is a

Parameters
Order P 2
Coefficients ®p,p = 1,2,..., P 1/P
Maximum lag for correlation function 400

Table 2. Parameters for SAR and TVSAR models
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Figure 16. Examples of 0.5 s forward future prediction. (a) Zero-order hold, (b) First-order hold, (c)
Seasonal autoregressive model, and (d) Time-variant seasonal autoregressive model, Gray dots, black
lines, dashed lines denote actual position, predicted position, and distance between the actual and
predicted positions.

difference between SAR and TVSAR predictions at 87 to 89 s. Thus, TVSAR has provided
better prediction. On the other hand, ZOH and FOH predictions are noisy and not fitted into
the actual position. Their errors are frequently larger than 5 mm.

Figures 17 and 18 show MAE and PSR as a function of prediction horizon 1/ Fs (s). Each curves
of prediction performances drawn in the figures are averaged over the data sets. Also, error
bars indicates standard deviation of each performances for data sets variation.

As is clear from the figures, TVSAR is superior to SAR constantly. This suggests that the basic
concept of the TVSAR is more proper than SAR for the lung tumor motion prediction, ie.,
reference intervals can work to improve the prediction accuracy for quasi-periodical nature.
Then, MAE and PSR curves of TVSAR are the least and the highest for prediction horizon
it/ Fs > 0.2 s, respectively. It means that TVSAR is the first best method in the tested methods
for the radiotherapy machine with system htency of 0.2 s or longer. The average accuracy
and 70 % of the predicted samples respectively are sub-millimeter. This may suggest that
the TVSAR can perform tumor followmg lrradlatxon during over 70-% of a single treatment
fraction. ! !

SAR is the second best but the average error for predxctlon horxzon longer than 0.5 s is over
1 mm. Note that the difference from TVSAR depends on the use of the second reference
interval in this experiment. Thus, unsuitable referring the past values by using the latest
period, p -s(t), increases the considerable prediction error.

ZOH and FOH are superior to SAR and TVSAR predictions for shorter prediction horizons
< 0.2 s. It is not remarkable because the position and velocity don’t change drastically in
short term in general. The periodicity in the respiratory motion quickly changes the position
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Figure 17. Mean absolute error as a function of predzcnon honzcm h/F. (s).
: 4

oA —+-ZOH
1 5 -~te- FOH
08tz -a-5AR
g | - TVSAR
1% " .
806
o
=3
«
5 0.4 ]
kel
2
a 0.2
Q
0 6.2 0.4 0.6 0.8 1

Prediction horizon (s)

Figure 18. Prediction success rate as a function of prediction horizon it/ F; (s).

and velocity at each peaks. Then ZOH and FOH cannot take into account the changes arisen.
Therefore, their prediction errors drastically increase to unacceptable level with increase in
prediction horizon. Those frequent and large predichon errors cause prolong the treatment
fraction.

5. Conclusmn

In this chapter, a prediction method of respiratory mduced tumor motion f01 tumor foiiowm I3
radiotherapy were introduced. The respiratory motion involves quasi-periodic nature as a
dominant component and the motion causes unacceptable error of irradiaticjn due to the
system latency between tumor localization and beam-repositioning. - To compensate the
latency, prediction method of respiratory motion is very important and its prediction accuracy
directly affects irradiation accuracy. Then, as a potent prediction method, time-variant
seasonal autoregressive (TVSAR) model was introduced. TVSAR is an extended model
of seasonal autoregressive model to be adaptable to the quasi-periodical nature. An
experimental result by using clinical data sets of lung tumor motion showed the average
accuracy of TVSAR is less than 1 mm for up to 1 s forward prediction and TVSAR is superior to
other methods tested for <0.2 s ahead future prediction. Thus, TVSAR model-based prediction
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method achieved accurate prediction of the respiratory tumor motion and can help the tumor
following irradiation.
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Chapter 3
Touch Feelings and Sensor for Measuring
the Touch Feeling

Mami Tanaka

Abstract Touch feelings and tactile sense play very important role in our
daily life. However, the mechanism has not clarified yet. In this chapter, the
receptor-in human skin and haptics that is motion of handffinger will be intro-
duoced. And. the sensory experiments and measurement were carried out in
order to: clarify the mechanism of rough and soft feelings which are funda-
mental touch feelings and the developed sensor for measuring tactile sensa-
tion for fabrics and the palpation sensor for measuring prostatic glands will be
introduced.

3.1 Introduction

Touch is one of five senses, and it can feel mechanical stimuli (pressure, vibration,
heat, cold, pain, etc.) through the skin. Skin is the largest sense organ in the human
body and the area is about 1.8 m? in the average adult [1]. Unborn babies have the
skin function from the 9th week after conception and babies use their hands and
mouthin order to obtain the many information of outside world.

“Touch is active and passive and it is ruled under the law of action and reac-
tion of skin and objects, which is called “third law of motion”. This point is very
unique and tactile sense is unlike other senses for this point. Therefore, it is dif-
ficult to clarify the mechanisms of tactile sense and the feeling of touch. The

‘mechanisms of vision and hearing have been already clarified and the principals

contribute the development of the glasses and hearing aid in order to assist the
vision and hearing sense; respectively. It is very important to clarify the mecha-
nism of the touch sense; like these.
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Table 3.1 Sensory receptor and modality and categorization in human skin [1}

Receptor Modality Category
Meissnet’s corpuscle Touch {lutter FAIL
Pacinian corpuscle Touch vibration FAll
Merkel's discs Touch pressure SAL
Ruffini endings Touch pressure SAl
Free nerve endings Temperature and pain

3.2 Sensory Receptor in Human Skin

Table 3.1 shows the sensory receptors and modality in human skin [1]. Free nerve
endings react for temperature and pain and they are different from the others. The
other receptors react to mechanical stimuli and are classified depending on the reac-
tion speed, fast adaptive (FA) and slow adaptive (SA). In addition the receptors are
classified depending on the size of area, the area of Il means larger than that of I.

As the FA sensory receptors, there are two kinds, Pacinian corpuscle and meiss-
ner's corpuscle. Concerning with these FA sensory receptors, they have higher
sensitivity frequency ranges. When the receptors receive the sinusoidal wave
stimulus, Pacinian corpuscle can react under 1 pum threshold at 250-300 Hz, and
Meissner’s can react under 10 wm at 30-40 Hz. It is interesting the receptors have
different higher frequency ranges.

3.3 Search for the Mechanism About Roughness and
Softness

There are various fields to use touch feelings and sensation, for example, to make
something in indusiry, palpation in medical and welfare fields.

In industry, the sensory tests usually are done to-evaluate the many things,
but a huge number of subjects are needed to obtain the accurate touch sensa-
tion. Therefore, the training of the expert for measuring touch feelings is impor-
tant, Palpation has important role for a clinician/doctor-in diagnoses. They assess
smoothness, roughness, and softness of an area of patient.and/or find the abnormal
point such as hard spot by palpation. However, palpation using human’s fingers
is said to be ambiguous, subjective and much ‘affected by their experience. From
these points, it is not easy to share the information of a same diagnosis.

Various kinds of information are obtained as the touch feeling and the rough-
ness and softness-are fundamental touch feelings. The physical value of the rough-
ness can be measured by surface roughness measuring instrument as the amplitude
of the surface asperity, but the measurement object is limited such as metallic
materials and the relationship between the obtained physical value and the touch
feeling has not been clarified. In addition, there is not only the hard one like the
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metal but also various one in the world where we live. These make more difficult
the clarification of the mechanism that human feel rough.

The softness of the object is also measured as the stiffress and Young’s modulns
by hardness tester, but the relation between the values and touch feeling has not
been clarified. Therefore, the clarification of the: mechanism becomes more difficult.

In order to search the trigger of the mechanism, we investigated the relations
between amplitude and frequency information, and smoothness and roughness.

3.4 Tactile Display for the Roughness Tests

A simple tactile display that subjects can touch and feel various-degree of smooth-
ness is developed: Bimorph cell is used as an actuatot to generate vibratory stimu-
lus. And the display’can ‘adjust the frequency of vibratory stimulus. Through two
experiments, the relationships between the frequency distribution -of ‘vibratory
stimulus and smoothness feelings are investigated.

After this; “roughness™ and “smoothness” do not mean physical roughness and
smoothness ‘of an: object, butmean. sensuons roughness and smoothness which
human feels-using their tactile sense,

A simple tactile display using bimorph cells is fabricated. The tactile display is
shown in Fig. 3.1. The display consists of an actuator on the display and it is vibrated
using bimorph cells with steady frequency and amplitade: Three input waves of the
bimorph cells:are generated using GNU Octave which ‘is numerical computation
software. The generated waves: are transmitted to the amplifier and the amplified
outputs were applied to the actuators. In experiments, subjects put their forefingers
of dominant hand on the actuators and evaluate what they feel. Figures 3.2 and 3.3
show the size of the display and experimental scene, respectively.

3.5 Sensory Tests for Roughness

Two sensory tests about roughness/smoothness are conducted using the tactile

display. In the first experiment, the relations between the ivibratidn frequency
and “Kansei” keywords of roughness fecling were investigated and in'the second

Fig. 3.1 System of tactile
display.

26

Fig. 3.2 Size of the display

Tig.3.3 Scene of the tests

experiment the relations between vibration frequency and degrees of roughness
feeling were investigated.

In order to find the relations between the vibration frequency and “Kansei”
words of roughness feeling, the various vibration stimuli are displayed to the sub-
jects. In the experiment, the subjects touched the tactile display and selected one
keyword from six Kansei keywords to answer how they felt it.

Six keywords are as follows. “A: not felt”, “B: snaky”, “C:ouneven”; “D:
rough?”, “E: fine” and “F; vibration”. The keywords were selected through the pre~
liminary experiment. The subjects are six men and they are:21=-32 years old. The
tactile display was presented sinusoidal wave vibration stimulus of the amplitude:
30 wm and the frequencies of the stimulus were changed from 1 to 250 Hz.

Figure 3.4 shows the ratio of number of subjects that use each keyword to-
express each stimulus. From this result, it-is seen that each Kansei keyword has
the corresponding frequency distribution. At the lowest frequency range, most of
the subjects selected “not felt”, and at the highest frequency range-many subjects
answered “vibration”. At low frequency range, the subjects answered “snaky” and
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Fig. 3.4 Ratio of number
of subjects that use each
keywords to express each

“snaky”, C: Muneven™, D
“rough®, £ “fine” and F
“yibration™

wF ®ME @D we a8 mA

“uneven”. Kansei keyword “roughness™ can be felt at broad area from 4 to 200 Hz

-and *fine” can be felt under 100 Hz.

Por the next'experiment, the telationships between the frequency distribution of
vibratory stimulus and smoothness/roughness are investigated. In the experiments,
the input waves ate used as the combination patterns (named pl and p2) and one
wave js displayed to the subject for 3 s, and after 0.2 s the other wave is displayed
to-the subject for 3 s, sequentially. After that, the subject evaluate smoothness/

‘roughness of p2 compared with'pl using the evaluation form with five grades as

shown in Fig.-3.5.
In the experiments; the experiment orders are random and the displayed order
of pl and p2 are also. At the experimental time; the subjects don't know what the

displayed stimuli are. The amplitude of the displayed stimuli is settled at 30 pm

and the frequencies of the stimulus were changed. from 1 to 250 Hz. The subjects
are seven male and they are21-32 years-old,

By the Scheffe's pair compartison method {2}, one of semantic differential
methods, the scores of each wave pattetn are obtained. Analysis results of pair
comparison -are shown in Fig: 3.6. Figure 3.6 shows score versus stimulus fre-
quency, and the results are separated roughly into three groups. In the figures, the
higher score means that human evalnate the displayed stimulus is rougher and the
lower score means that human evaluate the displayed stimulus is smoother.

The subjects ‘of the first group feel the roughest from 50 to 100 Hz, and those
of the sccond group feel the ronghest at about 200 Hz, and that of the last-group
feel the roughest twice at 50 and 200 Hz. These results are caused that Meissner’s

pl is clearly rougher Indistinguishable p2iis clearly rougher

I ; | | l
I , l ) 1

plis slightly rougher p2 isslightly rougher

‘Fig,3.5 Evaluation form of sensory test of the roughness
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Fig. 3.6 Roughness score 30 po e
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corpuscle and Pacinian corpuscle have the highest sensitivity frequency area
around 50 and 200 Hz to the threshold for vibratory stimulus, respectively men-
tioned above [1]. And these results show that there are personal differences for
the roughness feeling and the differences are considered to depend on whether
Meissner’s corpuscle or Pacinian corpuscle reacts.

In this experiment, the amplitude of the stimuli was settled constant. When the
frequencies were settled constant and the amplitude of the stimulus were changed,
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human ‘touch feelings about roughness are investigated. It was confirmed that
the roughness feelings increase with the increase of the amplitude of the stimuli.
Moreover, we must consider-the combination of amplitude and frequency, it is nec-
essary to investigate the relations about amplitudes and frequencies in detail and to
increase the number of subjects for the investigation of the influence of the individual
variation.

3.6 Sensory Tests for Hardness

Next, the target is softness that is also one of fundamental touch feelings. The rela-
tionships between physical properties of soft objects and the tactile softness are
investigated. After this, the tactile softness means touch feeling of softness when
human touches an object. First, the relationship between the stiffness of measured
objects and the tactile softness is investigated using silicone blocks with different
Young’s modulus.

To- investigate ‘the mechanism of evaluating tactile softness of human, the
relationship between the stiffness of evaluated objects ‘and tactile softness when
human touch 'to the object and feel is investigated. In experiments, six kinds of
silicone block objects. with different Young’s modulus are prepared. The dimen-
sions: of these objects are 30 mm width, 30 mm length, and 20 mm thickness.
Young’s miodulus of them are 0:37, 0.82; 0.94, 1.01,.1.47, and 2.86 x 10~ MPa,
Young’s miodulus of the objects are determined by reference to Young’s modulus
of epidermis, dermis and hypodermis of skin [3-6].

Using these silicone objects, a sensory test of tactile softness is conducted. In
an experiment, two objects are picked out of the six objects, and those are placed
on the force sensor. Six subjects touch the objects using their forefinger alter-
nately, and compared tactile softness of two objects. The subjects are 20-32 years
old men. The force sensor can measure the contact force applied on the objects
vertically when a subject touches the object. The sensory tests are conducted in
total 15 combinations of the six objects. The results of sensory test were evaluated
using Scheffse” paired comparison method [2].

The subjects answered which object is higher young’s modulus, and the cor-
rectanswer rate was almost 100 %-in all trial, and it found that the tactile softness
of the objects decrease with increase of Young’s modulus. of the. objects. Young’s
modulus and stiffness of the objects:mean the same tendency, because thickness of
all objects are the same. It can be said that tactile softness of the objects decreases
with'increase of stiffness of the objects.

The contact force was applied to the objects by the subjects with their forefin-
ger in the sensory test and it was recorded by the force sensor as shown Fig. 3.7.
Figure 3.8 shows. the scene of the sénsory test, and one example.of the force sen-

sor-output. The peak of the force is defined as the value of the contact force. The

contact force is almost 5<15 N. In order to investigate the relation of hardness and
contact force in detail, the difference and ratio are investigated.
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Fig. 3.8 Scene of the sensory test for hardness and one example: of the contact: force sensor
output

Figures 3.9 and 3.10 show the differences and ratio of the contact force
between the compared two objects, respectively. Sample A is harder than sample
B and the young’s modulus is called Ea and Eb (Ea > Eb), and Fa and Fb are the
peak force of samples A and B. The horizontal axis values are difference (Ea~Eb)
and ratio (Ea/Eb) of Young’s modulus between compared two objects. The vertical
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axis values are differences (Fa—Fb) and ratio (Fa/Fb) of the contact force between
compared two objects.

In the figures the negative difference values-and the ratio values that are smaller
than one in the figures mean that the subjects touch softer object with higher con-
tact force. The differences of the contact force vary widely, and there are some
negative values and there are many ratio values that are smaller than one. As men-
tioned before, the correct answer ratio ‘was about 100 %, therefore, it is said to
be difficult to evaluate the tactile softriess of the objects with only contact force
information.

3.7 Influence of Contact Area Upon Tactile
Softness Evaluation

It is confirmed that it is difficult for human to evaluate the tactile softness of the
objects with only contact force information. Here, the influence of contact area
upon pcxcepmon of tactile softness evaluation is investigated. We consider that the
perception of tactile softness is affected by the contact area information in two
ways. One is a size of contact area between subjects’ finger and evaluated objects
and the other is variation of the contact area size in touch motion. And the latter is
investigated.

At first, the relationship between contact force and contact area is investigated.
Five subjects push their forefinger into three silicone blocks with ink, in such a
way as to evaluate tactile softness-of the blocks. The contact force is measured
using a pressure sensor that is placed under the object, and the size of contact area
between the forefinger and the blocks are calculated using ink blot on the blocks.

Figure 3.11 shows. one of examples of the results of the experiment. The sizes
of contact area are normalized using that of the ‘softest silicone block. As the
results, the size of contact area'ls depending on the Young’s modulus and the size
decrease with increase in Young’s modulus of the blocks::
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Thus, we focused on the influence of contact area between the finger and an
object upon evaluation of tactile softness. Then we tried two sensory tests with
four silicones under the different contact condition. Four kinds of'silicone softness
objects are prepared for the sensory tests. Dimensions of these objecis are 30 mm
width, 30 mm length, and 20 mm thickness. Young’s imodulus of the objects in the
sensory tests are 0,37, 0.83, 1.01, and 1.47 x 10~} MPa.

In the sensory tests, two objects are picked out of the four objects, and named
object A and object B. Six subjects touch the objects using their forefinger, and
compare tactile softness of the objects. The subjects are 20-32 years old men. The
sensory tests are conducted in total six combinations of the four objects. Table 3.2
shows the result of the first sensory test. In the table, ¥s1” to “s6™ mean the sub-
jects, and the item of “A” or “B” in “Evaluation of subjects” means the object
that the subject evaluated harder. Almost all subjects evaluate that the object with
higher Young’s modulus is harder.

Next; the subjects evaluate the tactile softness of the objects through the cylinder
piston device as shown in Fig: 3.12. The cylinder piston device consists of a piston,
and a stage. Shape of the contact 1 is 5 mm square. And that of the contact 2 is 10 mm
square. The size of contact 1 is sufficiently-small as compared with the contact-area

Table 3.2 The result of the first sensory test of tactile softness without the piston device

Young's modulus [MPa] Evaluation of subjects

Object A Object B sl 52 83 s4 55 56
0.147 0.101 A A A A A A
0.147 0.083 A A A A A A
0.147 0.037 A A A A A A
0.101 0.083 A A A A A A
0.101 0.037 A A A A A A
0.083 0.037 B A A A A A
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Fig. 312 Acylinder piston
device for sensory test

between their forefinger and the objects in the first sensory test, The piston moves verti-
cally in accordance with the motion of a subject’s forefinger. The subject pushed. the
objects using the device to evaluate the tactile softness of the objects. The size of con-
tact.area between their forefinger and contact 1 is constant, and the-subjects evaluate
tactile softness of the object without influence of contact area ‘niformation. The results
of the experiments are evaluated using Scheﬂ”se paired comparison method. At the
time, the subjects are asked about the difficulty of the evaluation in the first sensory test
without the piston device and the second sensory test with the piston device.

Table 3.3 shows: the result in the second sensory:test. “Evaluation of subjects”
means the object that the subject evaluated harder. Some subjects tend to evaluate
that the object with lower Young’s modulus is harder, The percentage of the sub-
jects that evaluated the object with higher Young’s modultus as harder in all trials is
97.2 % in the first sensory test, but that is 86.1 % in the second sensory-test. It was
confirmed that all subjects feel it-more difficult to evaluate tactile softness of the
objects in the second sensory test than that in the first sensory test. These results
‘suggest that the contact area information is important to compare tactile softness
difference between slight different object&

3.8 Design of Sensor for Measuring Touch Sensation

For the development of the sensor systerm, we have focused on the three points. First
point is‘the motion of the hand/finger. Human changes unconsciously the motion of
the. hands/fingers depending on the information that we want to know. Lederman
et al. have studied the relationship between the information and motion [7].

Table 3.3 The resuit of the second seasory testof tactile softness using cylinder piston device..

Young's modulus [MPa] Evaluation of subjects

Object A Object B: sl $2 53 s4- s5 56
0.147 0.101 A A A A A B
0.147 0.083 A A A A A A
0.147 0.037 A A A A A A
0.101 0.083 A A B A A A
0.101 0.037 A B A A A A
0.083 0.037 B A A A A B
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Table 3.4 Information versus  Juformation

. Motion of the hand/finger-
motion of finger/hand

Texture Lateral motion
Hardness Prossure
Temperature Static contact
Weight Unsupported holding
Global shape/volume Eaclosure

Global shape/exact shape Contour following

Por example, when we want to know the textwres of the objects, we push softly
and stroke over the surfaces of the objects. Table 3.4 shows the relationship. These
indicate the design of the driving equipment of the sensor system.

Second point: is to select the snitable sensor element from many sensor ele-
ments, The clarification of the mechanism of the sensory receptor-in human skin
and touch feelings is useful to consider which information is necessary and as a
result sensor elements are chosen. For the sensor system, the chosen sensor le-
ment is mounted to driving equipment and the sensor output is obtained. The last
one is the signal processing of the sensor output obtained by the sensor system.
The signal processing is also derived from the clarification of the mechanism of
the sensory receptor in human skin and touch feelings.

3.9 Sensor for Measuring Touch Sensation

Especially, we have focused on the Pacinian corpuscle-and we have already devel-
oped some tactile sensor systems by using the feature of the Paccini. As mentioned
before, Pacinian corpuscle plays important role in high-frequency vibrations that
oceur when we move our fingertips over structures with very fine texture.

We already tried to measure the tactile sensation of fabrics [8~10], human skin
[11-16], hair conditions [17], and we succeeded. Figure 3.13 is the sensor part.
PVDF film, polyvinylidene fluoride filin is one of the piezoelectric materials. The
film is effective to measure a force and displacement and it is used for the sensory
material. In addition, PVDF film has features light weight, flexible, sensitive, and
thin. The thickness of the film is 28 wm. Farthermore, the film has the feature that
the response is very similar to that of Pacinian corpuscle that is one of the receptor
of human skin. The lattice shape surface has a role to improve the sensitivity of the
sensor as like human finger print.

Pigure 3.14 is the one of the sensor system that measures the touch feelings
of the fabrics. The sensor part as shown in Fig. 3.13 is attached to the tip of the
artificial robotic finger and the sensor is pushed to the surface of the fabric softly
by using the piezoelectric actuator. And the sensoris slid over the surface with the
X-axis stage deiven by a stepping motor. The obtained sensoroutput is transmitted
to personal computer via AD card and the sensor signal is processed.

The typical sensor output is shown in Fig. 3.15.
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Fig. 3.13 Sensor part

Fig, 3.14 Sensorsystem

Fo: the signal processing, we calculated two parameters. One is the evalua-
tion of the magnitude of the amplitude of the sensor output, using this equation.

‘This parameter is based on the feature 'of Pacinian corpuscle, since the output of

Pagcinian corpuscle is proportional to the applied force.

N
Var = EFIZT > i) — 5

=]
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Fig. 3.15 Typical sensor output on fabrics

Here, N is the data point number of PVDF output, x(¥): ith PYDF output signal,
and ¥ is the average of PVDF output.

The other is distribution of the power intensity in mid-frequency range Rs. By
using the raw data, power spectrum density P(f) was calculated by FFT analysis.
Then, the summation is obtained in the range from 100 to 500 Hz, and in the range
from 100 to 2,000 Hz. We selected the frequency on the basis of the Pacinian
corpuscle characteristics as mentioned before.

Sa 500 ’ 2000
Rs = Sa= 3 P(f), Sb= 3 P(f)
F=100 F=100

‘We measured six kinds of women’s underwear with this sensor system and two
parameters were obtained. The plotted data is shown Fig. 3.16.

Fig. 3.16 Ry versus Var 1
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Separating from. the meaSwément experiment, the sensory test was done.
Semartic differential (SD) method with five grades scale was used, 14 key words
are prepared as follows. 1: Damp-Fine, 2: Rough-Smooth, 3: Prickling-Not
prickling, 4: Dry-Moist, 5: Not slimy-Slimy, 6: Not sticky-Sticky; 7: Hanging

‘about-not hanging’ about, 8 Hard-Soft, 9: Not downy-Downy, 10: Not

c00l-Cool, 11: Warm-Not warm, 12: Not wet-Wet, 13: Bad feeling-Good feeling,
14: Uncomfortable-Comfortable. Subjects are five women, who: are evaluation
experts in industry, and they are 30 and 40s. ‘

‘There are many kinds of analysis method, and we tiied factor analysis. The
elements ‘of the first principal component are “damp”, “moist”; “wel”, “hanging
about”, “sticky™ and “fitting” and the elements of the second are “downy”, “soft”,
“not prickling”, “smooth”, “not cool”, “warm™. The factor loading of the first
principal component is larger than 0.9 and the loading of the second is larger than
0.5. And the cumulative contribution ratio of the first and second components is
95 %, and the evaluation of wedr and/or touch feeling can be measured by the two
components.

The sensor in Fig. 3.15 cannot measure the feelings of “Tight” and “Warm”,
therefore, as the value of the first component, the average of “damp”, “moist”, and
“wet feeling™ is calculated, and as value the second, the average of “soft”, “downy™,
and “ovot prickling”. The values are compared with the sensor output and we
obtained the clear relations between Rs and downy and soft feeling whose correla-
tion coefficient is—0.79, and Var and damp and wet feeling is—0.81.

3.10 Palpation Sensor

Palpation sensor for measuring hardness has also been developed [18]. The sensor
pushes the object based on the haptics motion in Table 3.4. One example of sen-
sor'is shown in Fig. 3.17. PVDF is used also sensory material. And the amplitude

VYulcanized rubber
Strain gauge

PVDF i I,mf Catal e

Fig. 3.17 Palpation sensor for measuring prostate
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of the output is evaluated. The sensor is attached to the tip of finger and-a small-
sized motor is attached to the base of the finger to excite the sensor to the object.
When the object is harder, the amplitude of the sensor output is larger. We tried to
measure the various prostates in clinical tests, such as normal prostate; prostatic
cancer, iyperttophy, with stones, The hardness of prostatic cancer is similar to that
of bone, and that of prostatic hypertrophy is elastic. Concerning the prostate with
stone, the hardness of the part of stone is-as same as stone.

Figure 3.18 shows the result that is one example in clinical test. p means in
vertical axis the average of the amplitude of the sensor output: The prostate con-
ditions of subject are as follows. A: Normal and healthy, B: almost normal and
healthy, C: between and normal prostatic hypertrophy, D: under treatment of the
prostatic cancer, E and F: prostate stones in places, G: prostate stoned.

It is seen that the outputs on subjects A and B are much smaller than the others
and the output of B is slightly larger than that of A. The difference corresponds to
the difference of the disease A and B. k

The sensor value on subject C is much larger than that of subject A-and B. It means
that the state of the prostaie is closer to the hypertrophy. It is seen that the sensor out-
put on subject D, who is-under treatment of prostatic cancer, is closer to that of subject
C. About the condition of subject D, the palpation result of the doctor without sensor
could not distinguish whether the stiffness is that of the prostatic cancer or hypertro-
phy. The result of the sensor output means the condition is closer to that of prostatic
hypertrophy. The sensor output is effective to evaluate the disease conditions.

Subjects E and F have prostate stones in places, and the sensor output takes the
maximum and much larger than the others’. Subject G has one prostate stone and
it was difficult for the doctor to search for the part. Therefore, the measurements
were done many times and the fluctuation of the sensor output was large. From the
doctor’s diagnosis, the state of prostate except the stone part is prostate hypertro-
phy: Therefore, the average value became the smaller than that of subject E.and F.
However, it is noticed the maximum value on-subject G is large and the result' means
that it is unhealthy condition,

Burther, the conditions of subjects were investigated -using the: ultrasound
tomography. The enlarged prostate conditions of subject C and D were observed.

Fig, 3.18 Sensor output on 003
prostate glands of subjects
A-G
002
z
=
Q.01 &




— 681 —

3 ‘Touch Feclings and Sensor for Measuring the Touch Feeling 39

The white marks, which correspond to the:prostate stones, were observed in places
on the prostate glands of subject E and C. However, the white mark could not be
discovered on-the prostate of subject G, by vltrasound tomography:

These results showed that’ the output of the present sensor varies with the
stiffness of prostate glands and the present sensor output has a good correlation
between doctor’s palpation result. Further, it is said the sensor is effective in diag-
nosing the condition of prostate glands.

3.11 Concluding Remarks

In this chapter, it is shown that the characteristics of human sensory and haptics
of hand/finger are useful. In order to make various things that human feel com-
fortable and good feelings in industry, it is important to know how human feel
when he/she use the made thmgs, and the establishment of an.objective evaluation
method mcludmg sensor systent is required. In medical welfare fields, the highly
accurate palpation sensor is expected to be effective to find the part of discase in
carly stage and to keep the health. Further, to know the principals and mechanism
of the tactile sensation leads to the development of the technology, for example,
the tactile display system that can transmit:someone else touch feelings and tech-
nology-that can give reality using of characteristics of touch feelings. In future, the
range to use the technology of the touch feelings will extend more and more.
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Abstract—TIn this paper, we applied Superimposed Signal and
Power Transmission System to direct feeding FES and show that
this system can transmit pewer signal and communication signal
at the same time,

I INTRODUCTION

Effectiveness of reconstructing motor function with
functional electrical stimulation (FES) is confirmed by recent
nerve engineering field development. We have studied direct
feeding FES using electromagnetical near field to realize less
invasive and high precision stimufation {1]. Direct feeding
FES is comprised of extracorporeal device and miniature
implant stimulators. In fact, dircct feeding FES is using two
coils fo fransmit power signal and communication signal.
However, There are problems of physical interference
between the coil and growing device due to use two coils.
Therefore, in this study, we aim at the realization of direct
feeding FES using superimposed signal and  power
transmission  system  [2] performing.  feeding  and
communication with a single coil at the same time.

11, SUPERIMPOSED SIGNAL AND POWER TRANSMISSION
SYSTEM

We show a diagrammatical view of superimposed signal
and power transmission systen in Fig. 1. This system uses an
electricity signal as a carrier wave. It modulates carrier signal
showing fmplant ch 1 and stimulation i ity, tr i
extracorporeal coil to internal coil. Ituses phase shift keying
(PSK) modulation. The internal device receives modulation
wave and sends it to power feeding unit and communication

unit. Power feeding unit ¢ modulation wave and
gets direct voltage to use implant stimulators,
C ication unit regenerates carrier signal to demodulate

modulation wave and discerns implant channel and control
stimulation intensity.

T EXPERIMENT AND RESULT

We transmitted modulation wave from extracorporeal device
to implant stimulators and generated stimulation voltage and
stimulation pulse. We used 50 turn solenoidal coil for

*T, Oikawa, T. Sato, H. Maisuki are with Graduate Sehool of Biomedical
Engincering, Tohoku University, Scndni, Mivagi 980-3879 JAPAN
{correspending author lo provide phone: 022-793-7059; fax: 022-263-9307;
c-mail: matsuki@ecet.tobokn.ac.ip).

#* T. Takara and F. Sato are with Graduate School of Engincering.
Tohoku University, Seadai, Miyapi 980-3879 JAPAN.

extracorporeal coil, and these diameters were 90 mm, and the
lengths ware 110 mm. The implanted coil was 150 turng
solenoid coil, and bas a Mo—Zn ferrite core sized of 0.7 by 0.7
by 10 mm. The c« ion speed d it 25 kHz in
consideration of reaction velocity of human, and modulated
by a carrier wave of 10 times, The result of experimentation in
Fig. 2. 1t is stimulation voltage (10 V), carrier signal,

dulation wave, ion pulse from the top. This system
can transmit power signal and communication signal at the
same time, C d power of implant stimulators is 240
mW when it stimulates, 60 mW when it waits. Circuit load is
60 Q when it stimulates, 2.4 k2 when it waits.

Power Signal [
PSK Modulation - WAV

Coif

i Carier Signal

[ communicationunit | | power Feeding nit |

PSK Demodulation Commutation
Carrier Slgnalm Driving Power
stimulation [}

Figwe 1. Superimposed Signal and Power Transmission System,

Modulation wave

Fignre 2. Output of implant stimulators.
P! P
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Abstract
Fluid shear stress ($S) is well known to canse morphological changes in vascular
endothelial cells (ECs) accompanied by alteration in actin cytoskeletal structure
" and distribution of focal adhesions. Recent studies have shown that spatial S§
gradient also has effects on' EC morphology, but the detailed mechanisms of EC
responses to SSG remain unclear, In the present study, we sought morphological
responses of ECs under S and uniform SSG condition using a newly developed
flow chamber. Confluent ECs were exposed to. SS with SSG for 24 hours. Focal
adhesions of the EC under $S without SSG were localized in the cell periphery. In
contrast,  focal adhesions were expressed not only in the periphery but also in
interior portion of cells after exposure to SS with. SSG, Unlike ECs exposure to SS
developed thick actin filaments aligned to the direction of flow no development of
thick “actin- filaments but: thin and short filaments were observed in ECs after
24-hour exposure to S8 with SSG. Since the distribution of focal adhesion is of
critical importance for development of actin. filaments and cell morphological
changes, - these -results © snggest that SSG - suppresses redistribution of focal
adhesions, - resulting in-the  inhibition - of - EC. morphological changes -and
development of thick actin filaments in response to flow.

Key words: Endothelial Cells, Shear Stress, Shear Stress Gradient, Focal Adhesion,
Cytoskeleton

1. Introduction

Vascudar endothelial cells (ECs), lining on the luminal wall of blood vessels, change
their morphology and regulate a varicty of physiological functions of vessel walls in
response to hemodynamic stimuli such as fluid shear stress (88) in vivo. There have been
many previous studies that have investigated responses of ECs to $S and shown that ECs
elongate and align to the direction of flow in response to physiological levels of SS (1~2 Pa)
@ Previons studies have also shown that magnitude of S influences EC morphology and
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may provoke various cellular functions that play important roles in vascular homeostasis @
B

It was also found that cyfoskeleton and focal adhesion have important roles in EC
morphology. A number of actin filaments, which is one of the cytoskeletons, grow to actin
stress fibers aligned to the direction of flow in ECs exposed to 88 . Focal adhesion is the
protein complex through which the cytoskel mnect to extracellular matrix. This
complex consists of integrin, vinculin, talin, paxilin, focal adhesion kinase (FAK), and so
on. Paxiliin is particularly thought to play an important role in responses of ECs to
mechanical stimuli. In a EC exposed to fluid flow, there is difference in phosphorylated
state of paxillin between upstream and downstream within the cell ©, suggesting that

differences in the expression level and phosphorylated state of paxillin within an EC
influence morphological changes of ECs.

Recently, spatial S8 gradient (S$G) has also attracted a great deal of attention as a key
factor for EC morphology under flow conditions. Szymanski et al.  exposed S (0~20.6
Pa) and SSG (+9~14 Pa/mm) using a T-shaped flow chamber mimicking arterial
bifurcations, and showed that ECs density was increased at the high SS and high SSG
region. Sakamoto et al. exposed high SS (~{6 Pa) and high SSG (~34 Pa/mum) using the
T-chamber, and showed SSG suppressed the orientation of ECs . However, it is too
complicated to evaluate cffects of SSG on EC morphology by using T-chamber because it is
very difficult to control the combination of SS and SSG in the T-chamber, Although a recent
study developed a flow chamber which has converging and diverging chaunel to create
well-defined SSG condition %, the magnitude of SSG in the chamber was much lower
compared with the previous studies, and knowledge of morphological responses of ECs to
combination of $S and SSG is still limited.

In the present study, we develop a novel flow chamber, which can generate nniform
spatial SS gradient, for evaluating effects of $8G on endothelial morphology. Using the
developed chamber, we observe changes in cytogkeletal structures and distribution of focal
adhesions of ECs, and discuss the effect of SSG on morphology of ECs.

2. Design of novel flow chamber for generating uniform shear stress gradient

SS (=) occwrring in a parallef-plate flow chamber is defined by the followinyg equation
o)

=0 m
wh*

where O is flow rate, y is fluid viscosity of culture medium, w is width of a flow channel,
and /1 is a channel height. Equation (1) is also valid for Newtonian fluid in fully developed
laminar flow in a flow channel with a high aspect ratio (w >> i) ®. Therefore, we
considered a flow channel with a wide and low roof in a newly designed flow chamber as
illustrated in Fig. 1A, The flow cl 1 ists of three regions: an "entrance” region, a
"gradient” region, and an "exit" region. The length of each region is denoted as L, Ly, or
L The heights of "entrance” and "exit" regions are denoted as /iy and 4, respectively. In
addition, the channel height in the “gradient” region is defined by the function A(x).
Distance from the ideal origin of the function A(x) to the start point of "gradient" region is
indicated as I, By considering linear increase in 88, k(x) is set up as follow:

h(x):l L,+1, ‘ @

X+l

S8 and SSG (=dt/dx) are given by following equations:
H0n

= +15), 3
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Fig. 1 The developed flow chamber that can generate uniform spatial §S gradient. (A)
Schematic illustration of flow chaonel in the developed chamber. (B} Boundary
conditions and the mesh model used for CFD simulation. (C) Simulated distribution of
shear stress in flow channel. (D) Simulated distribution of pressure in flow channel.

dt 60 .
e O (4)
dewetlL, +1,)
The maximum and minimum S$ values in the flow channel are obtained as follows:
60)
= )
wi®

T max
60nly

L= . (6
TmmL.:U m {6)

The length L of the "gradient™ region and L, are derived by using above equations.

o=t (%) 0

Ly = (g = Toin )/ (:’;l“:) ®

The lengths of “entrance” and "exit" regions can be arbitrarily defined within a range of the
flow channel length, which depends on the size of a dish. Once a designer gives the value of
maximum SS, minimum 88, and SSG dimensions of the required flow chamber are
determined. In the present study, a flow chamber designed using the theory described above
is named as the "derivative constant” chamber (D chamber). We designed 3 types of D
chambers that can generate SSG values of 5, 10, and 15 Pa/mm, respectively. Table 1
presents dimensions of main design p of the D chamber, The length L, of
“entrance” region was set up to be sufficient to develop a boundary layer before “gradient”
region by using a computational fluid dynamics (CFD) simulation described below.

In order to confirm the performances of the D chambers, the CFD simulation was
performed by the finite volume method in SolidWorks Flow Simulation (D: It Systé
SolidWorks Corporation). Culture medium perfused in the chamber was modeled with the
continuity equation and the Navier-Stokes equation for an incompressible Newtonian fluid.
The mass density and viscosity of culture medium were set to 1000 kg/m® and 7.4 10 Pass,
respectively, and the flow rate was set to 259 (5 Pa/mm), 503 (10 Pa/mm)}, or 402 mi/min

Table | Dimensions of main design parameters of the D chamber

Design Parameter S Pa/mm | 10 Pa/mm | 15 Pa/mm
Length of “entrance” region L, (inm) 7 7 9
Length of “yradient” region L, (mm) 6 6 4
Length of “exit” region L, (mm) 3 3 3
Distance from the ideal origin of the .

function /1(x) to the start point of "gradient” 0.40 0.20 0.13
region Ly (mm)

Width of flow ¢} 1w (mm) 15 15 12
Height of “entrance” region /1y (mm) 0.80 111 111
Height of “exit” region__r (mm) 0.20 0.20 0.20

(15 Pa/mm). The flow rate profile was defined as the uniform flow, and it applied to the
inlet of flow channel as a boundary condition. The pressure at the outlet boundary was set to
the atmospheric pressure. We used the mesh of hexahedron cells for CFD simulation, and
the number of computational cells was 471906 (5 Pa/mm), 495216 (10 Pa/mm), or 482401
(15 Pa/mm). The configurations for CFD simulation described above are summarized in
Fig. 1B, The CFD results are shown in Fig. 1C, D. The SS in the figure indicates the value
on the center line of bottom surface in the flow chamnel. In the D chamber with 5 Pa/mm
SSG, SS increased from 2 Pa to 32 Pa while §S value in D chambers with 10 and 15 Pa/mm
increased from 2 Pa to 62 Pa. It was confirmed that linear increase in 8S could be kept
within the “gradient”™ region excluding edges of the flow channel. The Reynolds number in
the flow channel wag 779 (3 Pa/mm) or 1510 (10 Pa‘mm and 15 Pa/mm), respectively.
Performances of the I chambers could be confirmed by using CFD simulation. In this
paper, the I chamber with 15 Pa/mm was used for flow-exposure experiments because SSG
could come to 15 Pa/mm at the arterial bifurcation .

3, Materials and Methods

3.1 Cell culture

Human carotid astery endothelial cells (HCtAECs; Cell Applications) were cultured
with Medium 199 (Invitrogen) containing 20 % heat-inactivated fetal bovine serum (SAFC
Bioscience), 10 pg/l human basic fibroblast growth factor (AUSTRAL Biologicals), and
0.1 % penicillin/streptomycin. (Invitrogen). HCtAECs from 5th to 9th passages were
cultured in 35 mm diameter glass-based dish (Iwaki) pre~coated with 0.1 % bovine gelatin
(Sigma-Aldrich). and used for the experiments,

3.2 Flow-exposure experiment

The flow chamber was connected to a flow circuit comprising a roller pump (Master
Flex) and two reservoirs, as illustrated in Fig. 2. The flow circuit was filled with the same
medium as that used during cell culture. One reservoir was open to the atmosphere, and the
culture medium in the flow circuit was equilibrated with 93 % air and 7 % CO; to maintain
pH at 7.4, The system wags maintained at- 37 °C with a temperature~controlied bath. For the
experimental condition of 8§ with/without SSG, we used the newly designed flow chamber
and a parallel-plate flow chamber ™, respectively. We focused on the cells exposed to the
following combinations of 88 and 8SG; 85 = 2 and 6 Pa, and 88G = 0 and 15 Pa‘mm.
Distance from the start point of "gradient" region to the position of observation is §f mm (SS
=2 Pa) or 0.27 mm (88 = 6 Pa) in case where SSG is 15 Pa/mm. The SS values were
determined as levels of physiological and high shear conditions by reference to previous
studies Y% %,
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Fig, 2 Flow-exposure system consisting of a flow chamber, a roler pump, two reservoirs,

and temperature~controlled bath.

3.3 Fluorescent staining

After 24-hour flow exposure, ECs were fixed with 4 % paraformaldehyde phosphate
buffer solution (Wako Pure Chemical Industries) for 15 minutes at room temperature and
washed thrice with PBS (Dulbecco’s PBS(-); Nissui Pharmaceutical). EC membranes were
then permeabilized with 0.1 % Triton X-100 (Wako Pure Chemical Industries) for 5
minutes. After washing thrice with PBS, ECs were then treated with Block Ace (DS Pharma
Biomedical) for 45 mi to prevent the nonsspecific adsorption of antibody. ECs were
subsequently incubated with anti-mouse paxiilin monoclonal antibody (BD Biosciences)
and anti-rabbit VE-cadherin antibody (eBioscience) for an hour and a half, followed by
secondary antibodies conjugated with anti-mouse Alexa Fluor 488 (Invitrogen) and
anti-rabbit Alexa Fluor 633 {Invitrogen) for 1 hour. For staining nuclei and actin filaments,
ECs were incubated with DAPI (Invitrogen) for 5 minutes, and Alexa Fluor 546 phallaidin
(Invitrogen) for 20 minutes, respectively. Fluorescent images of paxillin, VE-cadherin,
nuclei, and actin filaments were observed with an inverted confocal laser scanning
microscope {Olympus).

3.4 Evaluation of focal adhesion distril
It is important for evatuating localization of paxillin among the variously-sized ECs to
normalize the sizes of the ECs. We firstly treated the fluorescent images to remove
non-specific noises by wsing the discriminant analysis method. The outlines of ECs were
ed from the fluorescent images, and then the ellipsoids equivalent to ECs shapes
were computed based on the extracted outlines by using Imagel (National Institute of
Health)., Here, we achieved the central coordinate, lengths of major and minor axses, and
orientation angle of the ellipsoid equivalent to the ECs. Then, areas and coordinates of
paxillin in the extracted ECs were obtained by using the function of “Analyze Particles.”
The ellipsoids equivalent to the ECs were normalized to wunit circles by using the
dimensions of the ellipsoid. The coordinates of paxillin were converted from rectangular
coordinates fo polar coordinates, and we finally normalized coordinates of paxillin and
trabscribed onto a unit circle. In addition, an expressed area of paxillin was highlighted with
six levels of circular sizes.

4. Results

4.1 Cell morphology and cytoskeletal structure
Figure 3 shows fluorescent images of ECs after 24-hour flow exposure. ECs maintained
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Fig.

Representative fluorescent images of ECs exposed to the combination of 8§ and
uniform SSG for 24 howrs. Red: actin filament, green: paxillin, bule: nucleus, white:
VE-cadherin. “Merge” indicates the image merged with fluorescent images of actin
filament, paxillin, nucleus, and VE-cadherin. Bar = 50 pm.
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Fig. 4 Representative distributions of paxillin in ECs exposed to the combination of S8
and uniform $8G for 24 hours.

a confluent monolayer, and formation of intercellular gaps, detachment, and damage were
not observed in any of the experimental conditions. ECs exposed to SS without SSG
clongated and oriented in the direction of flow. Actin filaments existing along the periphery
of ECs developed and became thick. On the other hand, ECs under the condition of 8S with
SSG did not elongate and orient in the direction of flow. Actin filaments in the periphery of
cells remained thin, and the thin and short filaments were formed in the interior portion of
the cell.

4.2 Distribution of paxillin in cell under shear stress with/without its spatial gradient
Based on fluorescent images in Fig. 3, we evaluated distribution of paxillin in ECs by
using the method described in section 3.4, The representative distribution of paxillin in an
EC exposed to each flow condition is shown in Fig. 4. Figure 5 shows histograms obtained
by counting the number of paxillin from the center to the periphery of an EC. Paxillin in




