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In this Letter, we propose an intracorporeal illumination system for providing uniform and wide-field illumination
during minimally invasive surgery. The illumination system is comprised of an Alexis wound retractor, a set of
LEDs, and secondary optical elements (SOEs). The SOE was composed of a Fresnel lens and a total internal reflec-
tion lens, which was designed to improve the optical performance of the LED. The results of simulation demonstrate
that the optical efficiency of each LED with an SOE could be increased from 33.6% to 82.9%. To avoid damage to
human tissue by thermal effect, the number of LEDs with SOEs was optimized. The results indicate that our design
to be applicable for practical surgery. © 2014 Optical Society of America
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In minimally invasive surgery (MIS), the incision is
smaller than a traditional surgical incision. However,
the small size of the incision makes the illumination pro-
vided by the extracorporeal surgical task (EST) [1] light
impractical. The EST light beam is obscured by the inci-
sion and the surgeon’s head [2]. To solve the problems,
the head-mounted surgical task (HMST) light has been
developed. The illumination field is controlled by the ro-
tation of the surgeon’s head. Improved illumination is
provided, but the surgeons using the light has to adapt
to the sensation of dizziness caused by the focused light
beam. The shelter effect from the incision still exists.
Thus neither the EST light nor the HMST light are feasible
for MIS. At the present time, surgeons use videoscopic
systems to provide intracorporeal [3] light. The video-
scopic system uses optical fiber to guide the light into
the thoracic cavity. However, videoscopy has three major
disadvantages: (1) the field of illumination is quite nar-
row; (2) the range of movement is restricted (the video-
scope have to be removed from one incision before being
placed into another; this means that extra incisions are
required in MIS [4]); and (3) an operator is needed to
ensure a correct illumination field. Clearly, a better intra-
corporeal surgical task light is desired to provide wide-
field illumination in MIS.

In this Letter, we propose a design for an intracorporeal
LED illumination system embedded within an Alexis
wound retractor (AWR). With the application of the
AWR [5] to keep open the surgical incision, the LEDs fixed
on the interior ring of the AWR work like a ceiling lamp to
illuminate the unilateral thoracic cavity. Considering the
practical application of this design, the operation of LEDs
will generate the heat in the thoracic cavity. This heat will
not only reduce the optical efficiency of the LEDs [6], but
also have an effect on human tissue [7]. A high-efficiency
secondary optical element (SOE) is further included in the
design of our proposed illumination system to keep the
operating temperature of the illumination system at alevel
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acceptable for human tissue [7]. Moreover, in order not to
affect the surgeon in surgery, the illumination system
must not be too thick, so the compact size of the SOE be-
comes important. The SOE is composed of a Fresnel lens
and a total internal reflection (TIR) lens. The design can
improve the optical efficiency of each LED and reduce the
number of LEDs needed in the AWR. The designs of a
Fresnel lens and the TIR lens for improving the optical ef-
ficiency of LEDs are clarified below. The relationship be-
tween the number of LED, the power consumption, and
the temperature of the illumination system in the thoracic
cavity were also investigated.

Figure 1 shows a diagram of the thoracic cavity with an
incision opened by our designed illumination system. The
model of the thoracic cavity with a length of 300 mm was
built by using two kinds of software: AutoCAD and Light-
Tools [8]. The geometrical thoracic cavity was captured
from a random computer tomography (CT) image pro-
vided by ChiMei Hospital [9]. The illumination system
consisted of a set of LEDs with SOEs embedded in the
AWR. The diameter of the receiver was 150 mm. The dis-
tance between the illumination system and the receiver
was 100 mm, a distance arrived at based on human stat-
istical data [10]. Considering the width of the AWR’s
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Fig. 1. Configuration of a thoracic cavity with our designed
illumination system. The structure of the illumination system
is an AWR embedded with LED and SOE.
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interior ring and the condition of surgical operation as
shown in Table 1, the LED used in the AWR was a Nichia
NS2W157ART-H3 [11]. The luminous flux and size of the
LED are 50 Im and 3 mm x 1.4 mm x 0.52 mm, respec-
tively. The radiation pattern is Lambertian.

The number of LEDs for achieving the minimum illu-
minance in the thoracic cavity can be determined. The
minimum illuminace is 40000 lux, as shown in Table 1,
and the number of LEDs without SOEs, as obtained from
numerical calculation, is 25. The total power consump-
tion and the operating temperature of the illumination
system are 13 W and 120°C, respectively. The optical ef-
ficiency of the LED without the SOE is 33.6%. Obviously,
this would make the temperature of the designed illumi-
nation system too high to be acceptable to human tissue.
To reduce the temperature effect, the number of LEDs is
reduced by utilizing SOEs in the illumination system to
concentrate the rays and thus increase the optical effi-
ciency of each LED.

Owing to the characteristic of hemispherical radiation,
the radiation angle of the LED is too large for the rays to
be effectively collected by the receiver [13]. In our de-
sign, the SOE is composed of a Fresnel lens and TIR lens,
both of which are responsible for collimating the rays at
the given receiver [14]. Figure 2 shows the cross section
of illumination system. The yellow and green areas
indicate the Fresnel lens and TIR lens, respectively. The
Fresnel lens can cover the radiation angle (wgy,) range
between 0° and 60°. The TIR lenses are designed for rays
with radiation angles (o) range from 61° to 90°. The
SOE is also designed to be axis symmetrical with the pris-
matic facets facing toward the light source to avoid dam-
age to the thoracic cavity. Based on these mechanisms,
the design of SOE has two processes.

During the first process, the rays are collected by the
Fresnel lens and guided into the receiver. The value of d,
representing the distance between the LED and Fresnel
lens, is a crucial parameter for determining the size of the
Fresnel lens. In order to keep the volume of the SOE for
our designed illumination system small, the value of d
was set to be 2 mm. For the Fresnel lens design, the maxi-
mum radius (L) of the lens can be determined from
Eq. (1), and the ray’s exit angle f of the lens can be cal-
culated with Eq. (2):

L = d x tan wpy, (@Y)
45-L
tanﬂ—loo_d. 2

As the maximum angle of the radiation ray collected by
the Fresnel lens (wgryy) is 60°, the maximum radius L and
the exit angle § are approximately equal to 3.46 mm and

Table 1. Conditions of Illumination for

Surgical Operation [12]
Item Value

Color rendering index (CRI) >85
Color temperature 3000-6700 K
Mluminance >40 Kklux
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Fig. 2. Cross section of the illumination system. Red lines
indicate the propagation of refraction rays.

23°, respectively. Subsequently, as shown in Fig. 3, the
prism angle « defined as the angle between the incident
ray and the normal of the Fresnel lens’s facet [15] can be
derived from Eq. (3):

tan a =

nVRE+d®-d

where 71, and R are the refractive index of the Fresnel
lens and the distance between the incident ray and the
central axis of the Fresnel lens, respectively [16]. Consid-
ering the limitation of manufacturing the Fresnel lens and
Ny of 1.488, @ has a minimum value of 30°. As a result, the
minimum value of R, which can be regarded as the pitch
size of each facet in the Fresnel lens is 0.65 mm. On the
other hand, when R is equal to L, the maximum prism
angle oy, is 41.24° for the outermost ring of the Fresnel
lens.

Considering the second process, the rays with radia-
tion angle (wr) from 61° to 90° are collimated by the TIR
lens, based on the Snell’s law and the principles of TIR
shown in Fig. 3. According to Snell’s law, the relationship
between wrr and the refractive angles ¢ at the first re-
fractive facet can be described by

Tangent
/ Vector

Fig. 3. Structure and geometrical analysis of SOE. The red and
blue lines indicate the refractive and reflective lights, respec-
tively. The green line means the tangent vector on the reflective
surface.
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Fig. 4. Ray fan for the LED light source with SOE.

ny sin(90° — wyr) = Ny Sin(90° — @). (€))

The rays are reflected by the TIR surface at point A. 7 is
the TIR angle, and the critical angle is 42.22°. The angle ¢
represents the direction of the tangent vector at point A
with respect to the horizontal lines. Therefore we can ob-
tain the following relationship shown in Eq. (6) and
Eq. (6) [17,18]:

2+ 6+ ¢ = 180°, 5)

e+ @ +1=180° (6)

where 6 and y are the incident angle and the output angle
of the ray on the last surface, respectively. According to
Snell’s law, the relation between 6 and y is formulated as
in Eq. (7):

Ny sin § = ny sin y, )

where n; and n, are the refractive indices of air and poly-
methyl methacrylate (PMMA), respectively. The value of
n, is 1, and the value of ny is 1.488. From Egs. (4), (5), (6),
and (7), the value of the ¢ on the curve of the reflective
surface can be obtained. Thus the curve of TIR lens can
composed of the tangent vector slope [19]. In order to
reduce the rays without hitting the curve, each low point
of one curve and the high point of the next curve must be
on the same line.

After discussing the mechanisms involved in the de-
sign of the Fresnel lens and the TIR lens for collimating
the rays at the receiver, the propagation of light emitted
from the LED and the optical performance were simu-
lated by LightTools. In this simulation, the material of
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Fig. 5. Relative intensity distribution of a LED light source
without SOE and with SOE.
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Fig. 6. Relation among the number of LEDs, total power
consumption, and temperature after the illumination system
with SOE.

the SOE is PMMA [20]. The optimized thickness and
diameter of the SOE were 5.4 and 14.15 mm, respectively.
Figure 4 shows the ray fan for the designed SOE with an
LED light source. Clearly, most of rays are collected by
the receiver. The optical efficiency of the LED with SOE
increased from 33.6% to 82.9%. In further discussion of
the effect of the SOE on the intensity distribution of the
LED, we found that the radiation angle of the LED could
be reduced from 120° to 46° simply by incorporating the
SOE on the LED, as shown in Fig. 5. In addition to the
feature of collimating the rays, our proposed SOE design
is more compact in size than the currently available SOEs
[21] and will not cause injury to the thoracic cavity,
making it more feasible for MIS application.

Owing to increases in the optical efficiency per LED as
a consequence of incorporation of SOEs, the number of
LEDs fixed on the AWR can be reduced to 10. Consider-
ing the size of the SOEs and the AWR, the maximum
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Fig. 7. Iluminance distribution of the illumination system:
(a) without SOE and (b) with SOE.
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Fig. 8. Photograph of the SOE sample.

number of LEDs needed is 13. In order to find the appro-
priate value for improving the total power and tempera-
ture, we further optimized the number of LED. Figure 6
presents the changes of temperature and total power
consumption of the illumination system with SOEs as
a function of the number of LEDs. The total luminous flux
for the illumination system obtained with a different
number of LEDs is controlled by adjusting the current
of all LEDs. This result suggests that the temperature
and power consumption of the system are decreased
with increasing the number of LEDs. As a result, the total
power consumption and operating temperature of the
AWR embedded with 13 sets of LED and SOE are 4.41 W
and 68°C, respectively. With further discussion on the il-
luminance distribution, as shown in Fig. 7, it can be found
that the SOE illumination system is more concentrated
than of the illumination system without SOEs, implying
effective collection of the rays at the receiver. This result
also indicates an effective increased of the ray’s intensity
in the illumination system with SOE.

The finished SOE is shown in Fig. 8. In order to verify
the optical performance of the SOE with LED design, we
measured the intensity distribution of the LEDs. As can
be seen in Fig. 9, in the experiment the radiation angle is
49.6°. The resultant error is 7%.

In conclusion, we present a design of an AWR em-
bedded with LEDs and SOEs to form an illumination
system to improve intracorporeal illumination during sur-
gery. An SOE, consisting of a Fresnel lens and a TIR lens,
is used with each LED to collect the rays effectively at the
receiver. By optimizing the geometrical structure of the
Fresnel lens and the TIR lens, the optical efficiency of
each LED with SOE can be improved to 82.9%. As a re-
sult, the SOE illumination system enables the reduction
of total power consumption from 13 to 4 W and a drop in
operating temperature from 120°C to 68°C. Although 40°
C is the acceptable temperature for human thoracic cav-
ity, a water pipe circulation system is included in our il-
lumination system design to further reduce the operating
temperature as well as the power consumption. We be-
lieve that our proposed illumination system can make the
surgery easier.
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Fig. 9. Relative intensity distribution of a LED light source at
simulation and experiment.
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