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Empirical Based Optimal Design of Active Strobe Imager
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Abstract— We discuss an empirical based design of Active
Strobe Imager(ASI) that enables us to visualize the dynamic
behavior of tissue, even under a high frequency vibration that
cannot be followed by the naked eye. A pneumatic actuator
imparts a vibration for the target object. By flashing light
with slightly different frequency, we can see the dynamics
by the naked eye. We discuss an approach for determining
a set of optimal parameters of ASI by considering both the
uncomfortability sensation due to light flickering, the sharpness
of the motion, and the amplitude of the vibration of the object.
We also give an example of optimal parameter determination
for human skin.

I. INTRODUCTION

The recognition speed of human eye is limited in the
frequency range of less than 15[Hz]. Due to this, human eye
cannot follow the object vibration whose frequency is more
than 15[Hz]. In order to visualize such a high frequency
vibration, there is a well-known technique where a strobe
with slightly different flashing frequency is utilized. This is
a very powerful approach for visualizing the object vibration
by our naked eye; otherwise there is no chance to see it in real
time. There have been two well-known application fields; one
is for confirming the rotational speed of mechanical systems
when there is no velocity sensor available, the other is for
examining a larynx by visualizing with strobe with appropri-
ate flashing frequency. The system is called “stroboscopy”
[1], [2]. For both cases, objects are vibrating by themselves.
On the other hand, there is a particular application where the
concerned object is in stationary state and the object vibration
is compulsorily generated by an external actuator. As for the
second application, we have proposed “Active Strobe Imager
(ASI)” [3] where a pulsated air puff is actively imparted to
human lung with tumors, and with an assistance of strobe
light with slightly different flashing frequency, the system
enables us to visualize clearly where tumors are. This imager
directly shows what is really happening without converting
into numerical value using an appropriate software developed
by engineers. Medical doctors would judge for a further
treatment by direct observation through his/her own eye.
In this sense, ASI gets a good reputation, especially from
medical doctors.

This paper discusses an extended version of ASI. The key
design is to implement both optical and pneumatic systems
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Fig. 1. An overview of a common-axis type ASI
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An overview of the whole system

into one package, so that we can easily handle it by releasing
from the difficulty of coordinating individual systems. We
also take the concept of a common-axis type imager where
both optical and pneumatic axes are identical each other.
With this design, both light flashing and air puff can be
easily focused on the object. Fig. 1 shows an overview of
the newly developed ASI, where (a) and (b) are the side
view and the frontal view, respectively. In order to make ASI
work adequately, we have to set the parameters controlling
the system performance in a proper state. Under the given
hardware, we discuss an empirical based optimal design
of parameters, such as the frequency of pulsated air, the
frequency of light flashing, and the duty factor indicating
the on-time over time period in light flashing, by considering
the uncomfortability level due to flickering coming from the
light switching and the sharpness of motion picture and the
amplitude of the vibration of the object.
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This paper is organized as follows. After reviewing related
works in chapter 2, we explain the composition and basic
working principle of ASI in chapter 3. In chapter 4, we
discuss an empirical based optimal parameter determination
of ASI In chapter 5, we give an example of optimal
parameter determination for human skin before concluding
this work in chapter 6.

II. RELATED WORKS

ASI is categorized into active sensing, where we impart
a force into an object and observe what happens. As for
active sensing, there are two approaches; one is the direct
approach where a force is given to the object directly through
a contact probe [4]-[8], and the other is the indirect approach
where a force is given to the object indirectly through a
fluid force [9]-[14]. As a fluid force, either an air puff or
a water jet is often utilized. We have focused on indirect
approach, since an air puff can impart a gentle force to
a tissue, while a direct approach based on tactile probe
often brings about a serious issue due to the interaction
force between the probe and the environment. A contact
through air puff is really meaningful from the viewpoint
of avoiding any damage to human body. Also, since an
air puff based approach is transparent, there is no concern
about the probe occluding the target object. Most of indirect
approaches have been, therefore, applied for medical fields,
such as diagnosis of eye stiffness measurement [11], stomach
[12], lung [13], skin [14], [15] and so forth. In direct and
indirect approaches, either a distance sensor or a vision
sensor is usually implemented for detecting the deformation
profile of the imparted force, while ASI does not include
any sensor. Instead of distance sensors, human can directly
observe the scene that cannot be seen without ASI. In esthetic
fields, various sensing probes [16] have been developed for
evaluating the skin age with a numerical value, but seeing
is really believing while converting a sensing value into an
age does not make much sense.

III. THE COMPOSITION AND BASIC WORKING
PRINCIPLE OF ASI

Fig. 2 shows an overview of ASI composed of a couple
of components, such as a high speed solenoid valve for
imparting a pulsated force to the object to be tested, an
air compressor for providing a pressed air to the nozzle,
a strobe system for supplying periodic flashing light, and
a computer for controlling all of them appropriately. It is
usually hard for us to bring all those equipments for testing as
well as setting up due to their separate components. Here, we
propose a common-axis type ASI with tuning free in opto-
pneumatic hybrid arrangement, as shown in Fig. 1, where
LEDs implemented around the air nozzle are designed so
that both optical and pneumatic systems may have a common
axis. This mechanical configuration is greatly convenient for
testing, since we are completely released from tuning both
optical and pneumatic axes during measurement. The ASI is
controlled by a couple of important parameters, such as air
pressure p in the air regulator, the frequency of air puff f,,

Fig. 3.
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the frequency of the light flashing f;, and the duty factor.
The duty factor is defined by

_ Ton
Ton + Toff

where 15, and T are the on-time and the off-time, respec-
tively. We have to consider two different duty factors, namely
a, and «g, where the subscripts “a” and “s” denote “air”
and “strobe”, respectively. All control parameters except p
can be set up by a PC through a RS-232C cable connection
as well as by potentiometers equipped in the control box.
Fig. 3 shows the electro-magnetic based pneumatic valve. As
you can see, the mechanical components are simple enough
to guarantee its easy maintenance. The valve does not have
any mechanical spring so that we can reduce the number of
components. Instead of such a spring, this valve utilizes the
force due to the back pressure coming from the air tank,
while the active force is produced by an electro-magnetic
force. Fig. 4 shows the step response, where (a) and (b) are
shown with different time scale. The pressure is measured
by using a pressure sensor implemented at a distance of
2[cm] from the nozzle. As we can see from Fig. 4, the step
response is quick enough to ensure that the time constant is
within 1[ms]. This may actually be a bit overspecification
for applying ASI. Other important mechanical specification
is the length of nozzle and the position of LEDs. As for
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the nozzle length, we cannot get a quick response due to
the compressibility of air, if we take a long nozzle. By
considering this effect, we choose the length of 50[mm].
As for the position of LEDs, there are two further concerns;
one is the distance between the face of nozzle and the LED
plane, and the other is the density of LED, namely, how
many LEDs for unit area. We usually utilize an ASI keeping
roughly a 10~20[mm] distance between the nozzle face and
the object to be tested. Through a preliminary experiment, we
found that the distance between the LED plane and the object
is roughly 20~40[mm] for proper operation. Suppose that a
pulsated air puff with a frequency of f,. We also suppose that
this frequency is beyond the recognition speed of human eye.
While human cannot recognize the vibration at all under such
a condition, we can observe the object in every flashing point,
as a result we can see the object as if it were vibrating with
a virtual frequency of f, = |f, — nfs| where n is a positive
integer. In case of a soft tissue, we can also observe a wave
moving toward the inward direction under f,—n f; < 0, while
the wave is moving the outer direction under f, — nf; > 0.
When we make the sinusoidal wave with the frequency of
fa , by using AD converter with the sampling rate of f;,
the captured signal includes the sinusoidal wave with the
virtual frequency of | f, — nfs|. In the case of ASL if f; and
fa are close each other, namely |f, — nfs| is roughly less
than 5[Hz], we can observe the sinusoidal signal with the
frequency of | f, — nfs| by our naked eye. This phenomenon
is called aliasing in signal processing field. The working
principle of ASI is exactly the same as that of aliasing. As
for light flashing, we utilize a set of 18 white LEDs instead
of a strobe scope toward a compact design. This choice is
good from the viewpoint of power saving as well as the
miniaturized design.

IV. OPTIMAL PARAMETER DETERMINATION

Suppose fi to be the maximum frequency where we can
visually observe the oscillation by the naked eye. Through
the discussion in chapter 3, we have to keep the following
condition

|fol < fu @)

Focusing on the wave spreading toward the outer direction,
eq. (2) results in

O0< fa—nfi<fu 3)

Generally, we can keep the highest visual resolution for n =
1, and the resolution goes down, as n increases. By this
reason, we keep n = 1 hereafter. As a result, eq. (3) is
rewritten by

0<fa—fe</n “)
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Fig. 6. An example of the relationship between frequency and amplitude

Empirically, it is well known that our eye naturally follows
the motion under a low virtual frequency. Based on this fact,
we choose fy = 1, and eq. (4) is further rewritten as

fam fs=1 (5)

where we implicitly suppose that both f, and f; are positive
integer. Eq. (5) means that f, and f; are coupled each other.
Hereafter, we consider three parameters «,, as, and f, (or
fs)- Now, we further break down “clear observation of object
motion by the naked eye” into three keywords.

Condition (1): Avoiding flickering
Condition (2): Sharpness of motion
Condition (3): Amplitude of vibration of object

As f; decreases, our eye starts to recognize the light
flashing, especially when f; is close to f,. Under such
a condition, our eye is not comfortable and it is hard to
continuously observe the object motion. Such a flickering
can be easily avoided by increasing f;. The condition (1)
can be written by the following condition

fsbgfs (6)

where fy, is the minimum frequency where our eye can see
the object motion without flickering.

Now let us consider the condition (2). As for lighting, it
is well known that a clear strobe picture is obtained under
small duty factor as shown in Fig. 5(a) and a clear picture
cannot be obtained under a large duty factor as shown in Fig.

1898



5(b). This is because a clear picture is obtained under less
overlapping between lights flashing, as shown in Fig. 5(a).
We now define oy gis as the maximum oy where the object
motion is sharply observed. On the other hand, it is really
hard to catch the motion of the object under too little lighting
condition, which means that we need a minimum duty factor
Qts-min, Unless the system has an adaptive tuning function for
the light strength. These discussions result in the following
condition for o

Qsomin < Qs < Qs @)

Finally, let us consider the condition (3). Intuitively, a
larger amplitude is better from the viewpoint of obtaining
a clear observation by our naked eye. For example, suppose
two different object models, as shown in Fig. 6, where (a)
and (b) are a spring-damper model and a spring-mass-damper
model, respectively. It is well known that human skin behaves
just like a spring-damper model for a given periodic force.
The amplitude of the object is a function of both f, and «,,
namely A = A(f,, a,). We would decide f, and ¢, in such
a way that A may be maximized. But we cannot determine
fa alone because f, is coupled with f;. So, we define the
range of the value where A can be taken. Now, we suppose
the minimum observable amplitude A, by the naked eye.
Under Ay, we have to keep the following constraint

Amin < A(fa; aa) (8)
We now define our optimum problem as follows

Find d,, ds and fa to maximize A.
subject to: fo < fs
Qs-min < Qs < Qs
Amin S A(fav aa)

We note that fg,, Qsmin, Qs-ais and Ay, can be obtained
only through experiments. Therefore, we cannot obtain a set
of optimum parameters without fixing an object. We note
that it is not guaranteed whether this problem can be solved
mathematically or not, since it may strongly depend on the
characteristics of the object.

V. OPTIMUM PARAMETERS FOR HUMAN SKIN

In order to determine a set of optimum parameters, we
pick up human skin in this chapter. Fig. 7 shows an example
of human skin behavior under a periodic flashing light with
a frequency of 60[Hz]. For this example, we find a set
of optimum parameters, ,, & and fa, where the hat “*”
denotes an optimum value.

A. fsb

We executed experiments to find fg, for 10 subjects whose
ages are between 22 through 26. We make f; decrease
gradually with a step of 5[Hz] from 100[Hz] until a subject
eventually loses the existense of wave due to flickering. Fig.

(4) (8)

Fig. 7. Observation of human skin; these pictures were captured using a
different light source in addition to LEDs implemented in the ASI, so that
we can obtain clear set of pictures.

8 shows the experimental results for 10 subjects, where each
point denotes the lower boundary of f; where each subject
feels heavily flickering. While the lower boundary, of course,
depends on subjects, all subjects could clearly observe the
object vibration with f; > 60[Hz]. As a result, we set
fsb = 60[Hz]. We would note that these flickering data are
nicely coincident with former works [17], [18].

B. s min and Ols-dis

In order to determine oy min and ov.gis, We executed the
experiment where each subject answers oy making him/her
feel with the most clear picture through his/her naked eye.
Fig. 9 shows the experimental results. From Fig. 9, we can
see that good conditions are given for o = 0.10 and 0.15.
As a relaxed condition, we obtain 0.05 < as < 0.20 for
providing a sharp lighting condition, and as a result, we set
s.min = 0.05 and oy gis = 0.20.

C. Apin

Fig. 10 shows the amplitude of skin for various f, and
«,. From Fig. 10, we can see that the amplitude under
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satisfaction

constant «, gradually decreases with respect to f, without
any resonance point and this is a typical behavior of spring-
damper model. Fig. 11 shows the average amplitude and
the standard deviation for various «,, under f, = 62.5[Hz].
Through this experiments, we found that we can observe the
skin behavior whose minimum amplitude is A, = 0.5[mm],
which is indicated in the real line in Fig. 10.

D. Determination of optimum parameters

Let us consider a 3D space where f,, a, and «g span
orthogonally, as shown in Fig. 12. The flickering condition,
the condition for obtaining a clear picture, and the condition
for guaranteeing the minimum amplitude are given by the
space in [i], [ii] and [iii], respectively. We note that the space
in [iii] is modeled by a polygon. The common space [iv] for
all spaces [i], [ii] and [iii] is given in Fig. 12(b), while all
spaces are given in Fig. 12(a). It is still not that easy to obtain
the optimal solution from the common space [iv]. Now, let us
come back to Fig. 9. From Fig. 9, we find that a,x = 0.10 is

Amplitude [mm]
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Frequency fa [Hz]

Fig. 10. The relationship between air frequency and amplitude
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the best parameter for « in terms of obtaining a sharp picture
by our naked eye. By considering this fact, we focus on the
constraint space in the cross section of oy = 0.10. This cross
section is given in Fig. 12(c). As the amplitude decreases
with the increase of f;, we should choose the smallest f,
namely fs = 60. Since fa — fs =1, fa = fs + 1 = 61[Hz].
From Fig. 12(c), the optimum condition exists along the line
segment given by f, = 61[Hz]. Now, let us come back to
Fig. 10. The maximum amplitude is given by a;, = 0.4 under
fa = 61[Hz]. However, since there is no real difference of
amplitude between o, = 0.3 and o, = 0.5, we choose a, =
0.3 from the viewpoint of avoiding damage to the object due
to a large applied force. The movie which was taken under
the optimum set of parameters is available in the webcite
[19].

While the approach leading to the solution is not so beau-
tiful from the viewpoint of mathematics, we can eventually
reach it step by step by considering the empirical data. We
would also note that if the object is replaced by another
one, fs and «y do not change significantly, because these
parameters depend on human eye, and that since the dynamic
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parameters such as damping factor and stiffness do not
heavily change from subject to subject, it is not necessary to
change the optimal parameters after we obtained them once.

VI. CONCLUDING REMARKS

We discussed a common-axis type ASI. What we have

done in this paper can be summarized as follows;

e We proposed a common-axis type ASI, where both
optical and air nozzle axes coincide each other and
explained its advantageous points compared with the
conventional one.

o We introduced an optimal determination of parameters

of ASI, especially for the frequency of pulsated air puff,
the duty factor for lightening, and the duty factor for air
puff, by considering the incomfortability of flickering
due to light switching, the clearness of picture by the
naked eye and the amplitude of the vibration of the
object.

For a future work, we are planning to release the developed
ASI in the esthetic and medical markets.

Finally, this work is partially supported by g-COE “in-
Silico Medicine (Osaka University)”.
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