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maintained to a constant value within the range 402C to 509C, which is essentially arange
of interest for therapeutic treatment. For the afore-mentioned temperature range, it
was also shown that a porcine bone sample could be kept at a given temperature within
a fraction of a degree Celsius. This method relies on a real-time feedback computer-
control between a non-contact sensor and a CO, laser operating at a repetition rate of
20 kHz. Results are shown for domesticated porcine bones that are strongly absorbing

the CO, radiation at 4 = 10.6 um. Some results are also shown for Teflon and glass,

which are insulators that are moderately absorbing at the afore-mentioned wavelength.

48(2)-2023. BJSTR. MS.ID.007624.

A mathematical model is supporting the data that are presented in this report.

Keywords: COVID-19; Chemoprophylaxis; Aspirin; Atorvastatin; Arbs; Aceis;
Hypertension; Diabetes Mellitus; Iran

Introduction

Careful temperature control within a few degrees Celsius is very
important during therapeutic treatments of soft and hard tissues
[1,2]. Accurate control of hard dental tissue surrounding a decayed
region under laser ablation [3] within a tooth would also be very
useful in order to avoid superheating or moderate heating during
a selective process. Temperature control is very advantageous in
methods such as laser photothermal ablation, which has been used
to treat bone metastasis of breast cancer using multi-walled carbon
nanotubes assisted with near-infrared at a wavelength of 808nm
[4]. It can also be applied to low-level laser irradiation in knee
osteoarthritis [5], where small temperature changes of 0.5°C favor
significant improvement. It was also shown in soft tissue that the time
of healing is greatly reduced as temperature increases by only 1°C
[6]. Moderate power visible lasers were also shown to be successful
in treating glaucoma [7,8]. Temperature control by feedback would
also be applicable in laser-induced hyperthermia as the cellular
response is highly dependent upon temperature [9]. Moreover, in

tissue engineering, temperature control of the bone near the implant
surface is very important as devitalization of the overlaying tissue
may occur if the temperature exceeds 47°C [9-11].

In the above-mentioned medical treatments, temperature is not
monitored in feedback when the laser beam is exposing tissue in real
time. As the time-constant of non-contact IR thermal sensors is now
comparable to the heat diffusion time and more adapted to computer-
controlled applications, we are reporting a method that was
developed to monitor and control temperature accurately on porcine
bones, which can also be used in insulating materials. Methods to
control temperature efficiently in liquids and porcine bones by CO,
laser were shown to be adequate [12-14] with thermal sensors, but
no feedback control was applied to regulate the lasing power during
the procedures. A similar method to control temperature in porcine
bones by CO, laser feedback was introduced earlier [15], but the
mathematical and numerical simulations developed are confirmed by
more data.
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Methodology

A 10W CO, laser (Model#: 48-1KAL) from Synrad Inc. emitting at
4 =10.6 pym was used to investigate all the bone samples. The beam
from the CO, laser aperture was reflected by a pair of mirrors that
were introduced into a periscope assembly as shown in Figure 1a.
The pair of mirrors was adjusted so that the beam propagates in a
direction that is parallel to the plane of the optics table. Then the laser
beam was collimated by two ZnSe lenses L, and L, of focal lengths f,
(63.5mm) and f, (127mm), respectively. Within a region extending to
about 1 meter from lens L, the laser beam spot size was measured by
a knife-edge method to be roughly 3.5mm. Investigations on porcine
bone or insulating materials samples were done in the far-field region
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in the presence of a third lens L, placed 25 cm behind L, as depicted in
Figure 1. The focal length f, of lens L, was 127mm. For measurements
in the far-field region, the bone or insulating material samples were
positioned about 1.2m and 1.75m beyond lens L,. The beam is
strongly divergent in the far-field region beyond lens L,. (Figure 1b)
is showing how much the beam diverges after it is focused by lens
L,. The diameter of the CO, in Figure 1b was calculated by the ABCD
matrices as described in a previous investigation on glass [16]. The
advantage of investigating the specimens in the far-field is that a small
portion of the large CO, beam (roughly 100mm) is exposing a piece of
bone or insulating material that is 10 times smaller (10mm x 10mm).
This method is making sure that the power density is uniform over
each sample being investigated.

Collimated region Bone held in mounting

B

Figure 1:
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9

Experimental set-up used to heat domesticated porcine bone samples (bone not shown).
Divergence of the CO, beam after the focal point from the values of f, f, and f, given in the text.
Experimental set-up showing the He: Ne laser redirected by the crystal combiner. Lenses L, and L, are also shown with the IR thermal sensor

and the bone specimen inserted into a mounting piece. L, is not shown for the sake of clarity.

Another advantage is that a small increase in power translate into
a small power density incremental amount, which is improving the
resolution and reduce the variation of temperature around a desired
value. Thisimprovementin resolution will be shown in the experiment
section. Just before the pair of lenses L, and L,, a red beam of light
from a He: Ne laser was aimed in a direction that is perpendicular
to the CO, laser beam. This beam of red light was reflected on one
face of a crystal combiner (c.f. (Figurelb)) and was then taking the
same path as the transmitted CO, laser beam. The He: Ne laser beam
was used as a safety precaution during the manipulations and was
also used to identify the region that was irradiated on the porcine
bone specimen before each trial. Note that the thermal sensor is
not shown in Figure 1la. Porcine bones were chosen because laser

ablation produced in the animal bones is very similar to findings in
hard biological tissues such as human tooth [17]. Porcine bones were
cut into thin pieces having thicknesses between 1.5 and 2mm. The
bones were cleaned in a solution of hydrogen peroxide (3%) for an
hour and then left to dry in a well ventilated area for a few days. With
these bone thicknesses varying within 1.5 to 2mm, the time for each
specimen to reach a steady state in temperature was minimized. The
principle used to keep the temperature within a small temperature
range is relying in the communication between the CO, laser source
and the IR thermal sensor (Model: PMU201) from Calex Electronics
Ltd, which is measuring the temperature from the radiative heat loss.
When the laser irradiates the sample at a given power as shown in
Figure 2a, the radiative heat loss from the sample surface is increasing
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and the IR thermal sensor records the temperature. Let us say, that
one wishes to keep the sample surface at a temperature of 100°C
+1°C. If temperature T is increasing and reaches a value greater than

an upper limit, say 101°C, a command is sent to the laser to lower the
power so the temperature can drop below 1012C.

True
. 99:C < T<10IC
Lasing power Heatloss  Lower power T>101¢C
{- vercentage by 0.5% r'y True
T
Thermal \ Do not change power
Laser sensor percentage
Increase power
percentage by 0.5% T < 10780
True
a) b)
Figure 2:
a) Bone specimens being irradiated by a CO, laser source at A= 10.6 pm
b) Flow chart of the main programming step performed during a data acquisition.

If temperature T is decreasing to a value lower than 99°C, a
command is sent to the laser source to increase the power so the
temperature can increase in order to keep the sample surface at
100°C within +1°C. Figure 2b is showing a flow chart of the main steps
performed during the data acquisition, when the sample surface is
keptat 100°C within amargin of 1°C during a typical experimental trial.
The temperature that was targeted in this example was 100°C +1°C,
but any desired temperatures within 40 to 100°C were attempted in
our investigations. During our investigations with porcine bones, the
experimental set-up shown in Figure 1 was used to raise or lower the
temperature of the specimens. When the CO, laser is irradiating the
porcine bone specimens at a constant power without any correction
of power to compensate for a temperature change (without
feedback), it is not possible to keep the surface temperature constant
with time. Within 40°C and 100°C, heat conduction and convective
transfers are moderate, but sudden air draft can still cause variations
in temperature. As a result, the surface temperature kept increasing
slowly with time and takes a very long time to reach a temperature T,
which varies at a slow rate and never reaches a steady value when no
feedback correction is applied. It was found that temperature is rising
much more quickly to the desired value when a feedback method
is applied and the fluctuating temperature can be within a degree
Celsius in some conditions. This behavior of the material temperature
for the feedback method previously described will be explained in
more details in the next sections.

Mathematical Modelling

As bones have high absorption at the CO, wavelength, only a
very small layer confined near the bone surface will be heated. The
thickness t of this layer confined near the surface is attenuating the
laser beam irradiation by direct absorption according to Beer’s law
[18,19]. Therefore, in the case of a disk of material the laser irradiation

will decay exponentially from the surface as:

I(z)=1,exp(-az) 0
where « is the absorption coefficient, o is the laser irradiation
at the material surface and 3a™ is the distance from the surface. At
a distance 403«" from the material surface, Eq. (1) predicts that the
irradiation is roughly 5% of the initial value lIo. As a result, in our
investigations we may estimate the layer heated by the CO, laser as
d ~3a’. Bone material consists of roughly 15% water, about 25%
collagen and 60% hydroxyapatite and calcium phosphate [19,20].
According to values reported in the literature [20,21] from the
relative abundance of the constituents of a bone and the absorption
value for each of them, the averaged absorption coefficient « for
bone is roughly 2500 cm™, which means d ~13 um at 4 =10.6um . The
scattering coefficient reported in the literature for hard bones in the
mid-infrared from 2 pm to 10.6 um is on the order of 10 cm™ [22,23]
or is too small to be measured [24,25] at 2 =10.6um . As the scattering
coefficient reported for hard tissues is very small compared to the
absorption coefficient ¢, the scattering loss is neglected in Eq. (1).
The general heat conduction equation [26,27] will be applied to the
material when the bone is being irradiated by the CO, laser and when
the laser is momentarily turned off. The general heat conduction
equation is:
aT(z,t) _K 82T(z,t) . Q(z,t) 2)
o oz’ pc

where K =k/pc(cm’s™) is the thermal diffusivity, & is the thermal
conductivity, p is the material density, c is the heat capacity, 0(z.?)

oT,

is a heat source term (#/cn’), and “"/5 is the rate of change of the

material’s temperature. Before any laser pulses were applied, all the
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bone specimens used in this investigation were in equilibrium with
the laboratory temperature. When the laser is on, the irradiance at the
air-bone interface (z=0) is taken into account. No chemicals generating
heat such as exothermic reactions in the bone is being considered and
as a result, the heat source term Q (z,t) will be assumed to be equal to
zero. Therefore, when the specimens are being heated (c.f. Figure 2a),
the problem is formulated as follows:

1 &°T(z,t) 0T (z,t) (3)
K o o

or =q,-h(T-T,),z=0,t>0 (4)

kL
0z

T=1,,z—>»0,t>0 (5)
I'=1,,2>0,t=0 (6)

Laplace’s transforms can be used to solve the partial differential
Eq. (3) using the aforementioned boundary and initial conditions
[28,29]. The solution is given by:

T(z,t):TO+qferfc(\/jij7%exp(H2Kt+Hz)erfc(H\/E+ \/A%J (7)

In Eq. (7), H= h/k and h is the heat transfer coefficient which
has units of W/(cm?K). To is the temperature of the fluid or gas
surrounding the material surface, which is air in our investigations.
Because the laser power is modulated at frequencies of 20 kHz
during our investigations, we also take into account the temperature
drops when the laser is momentarily turned off. In the case of a
sample cooling, the boundary condition prescribed by Eq. (4) is
changed by setting g, equal to zero. Also, as the sample surface rises

its temperature to T, as a result of heating (just before the power is
turned off), the initial condition in equation 6 is changed to T (0,0) =
T. The solution in the cooling cycle portion is given by:

T(20)=T +(T1—To){erﬁf[ szj—exp(HZKHHZWC(HJEW:W H )

During our tests the increase in temperature is significant when
the laser is turned on compared to the drop in temperature when the
laser is momentarily turned off. Figure 3a is showing a simulation
using Eq. (7) and (8) of the temperature change at z= 3.5 um below
the bone sample surface for the typical CO, laser modulation cycle
shown in Figure 3b. Note that the change in temperature in Figure
4a is very sharp during the first 10 ps of the laser power cycle lasting
200 ps. The change in temperature during the time the laser power is
turned off (190 ps) is hardly noticeable and the change in temperature
is essentially looking like a staircase profile as shown in Figure 4a.
During the first 10 ps of the modulation cycle (not on scale) shown
in Figure 4b, the power delivered by the CO, is roughly 15W. For this
portion of the cycle when the power is on, Eq. (7) was used. During
the remaining part of the cycle, that is 190 ps, the power is turned
off momentarily and Eq. (8) was used to calculate the temperature
shown in Figure 4a. This method was used in our investigation
to ramp the temperature to a desired value. Temperature control
on porcine bones were obtained at 5 kHz and 20 kHz of frequency
modulations. In the case of a 5kHz modulation, the material is heated
for 10us and the power drops to zero for 190 ps as shown in Figure 4b
at 5% duty cycle. As the porcine bone absorb very much at A =10um,
temperature is expected to fluctuate around the desired temperature.
In the case of a feedback control at a frequency modulation of 20kHz
ataduty cycle of 5%, the laser is on for only 2.5 ps and then it is turned
off for 47.5 ps during the total period (repetition time) of 50 ps. As the
temperature is not decreasing much during the cooling period when
the laser is off (c.f. Figure 4a), the fluctuation in temperature around
the desired T should be much less.

1 T
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#ﬂ, T(Z } TU TIJ T{ 7 ) To
—
©
) z FA
>l i =
a) b)

Figure 3: Bone specimen approximated by a slab for a thickness t >> 6.
a) For a bone being irradiated at a power density qo
b) For a bone reaching a surface temperature Ti and the laser is suddenly turned off (qo =0). The bone is surrounded by the air at a temperature
To.
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Figure 4:
a) Temperature change in a bone sample using equations 7 and 8. In this theoretical prediction the following data were used: To = 22°C, qo =

1.2x106 W/m? p = 1180 kg/m3, k = 0.31/m. °C, ¢ = 2274 J/kg® C, h = 10W/m2 and z = 3.5 pm.
b) The repetition time of the modulation cycle (T = 200us) for a duty cycle of 5% that was used for the theoretical prediction. For the CO, laser
operating at a duty cycle of 5%, the laser power is on and delivers 15W for 10 us and then is turned off momentarily for 190 us. Note that the average

power over the complete cycle is 5 percent of 15W, that is 0.75W.

Experiment

The CO, beam starts diverging after it is focused at a distance
of 130 mm from lens L, (c.f. Figure 1b). This is so as the radius of
a Gaussian beam (at 1/e? points) is increasing with the propagation
distance after it is being focused. This means that a change of 0.5% in
the lasing power duty cycle should provide a much better resolution
in power density on the bone sample during our computer-controlled
procedure when using beam with a larger diameter. Figure 5a shows
how the temperature of a porcine bone sample is fluctuating within a
1°C temperature range when it is positioned at 1.2 m from L,. As beam
profilometer usually have aperture that are smaller than 25mm, the
beam spot size was calculated from a plot similar to the one shown in
Figure 1b to be 90mm in diameter at 1.2 m from L.. Note that the duty
cycle of the lasing power has to alternate successively between 2.5%
and 3% to keep the bone sample within the 1°C margin as shown in
Figure 5a.

Equations 7 and 8 were also used during heating and cooling
as discussed in the mathematical modelling in section 3. Instead of
reproducing all the percentage power in Figure 5a, from 6.5% to 3%,
we have assumed a percentage power to change alternatively from
3% to 2.5% every second for 9 second in the mathematical model.
The data for p, ¢, T, k and h were kept the same. As the experimental
results in Figure 5a were obtained at a modulation frequency of 20
kHz, the simulation was also done at 20 kHz. As the beam spot size
was calculated to be 90mm in Figure 5a, g, was calculated to 70.7 W/
m? and 59 W/m? at power percentages of 3% and 2.5%, respectively.
The simulation described in section 3 is shown in Figure 5b for

z=0. The simulation in Figure 5b shows that a larger temperature is
reached, but the amplitude of the ripple in both the experimental data
and the simulation are very comparable.

The higher temperature obtained from the simulation near the
steady state is about 5°C greater that the experimental data, which
is probably due to the radiative transfer loss that is not taken into
account in the mathematical modelling. It was also assumed that
the porcine bone absorbed all the optical energy delivered by the
laser, which is not necessarily the case. Some optical energy that is
scattered was not taken into account in the mathematical modelling.
As a result, the temperature calculated is expected to be lower. Note
that the power is fluctuating from 3% to 2.5% from 20s to 120s in
Figure 5a. It is possible to notice in Figure 5a that the cycling period of
the power percentage from 2.5% to 3% during feedback is sometimes
more that 1s depending on sudden change in the convective transfer
or minute change of the material properties such as specific heat c.
The bone samples were also positioned at a distance of 1.75m from
lens L,, where the irradiance is significantly smaller as the beam spot
size was calculated (c.f. Figure 1b) to be 139mm at that point.

The laser procedure was then repeated to keep the sample at a
temperature around 40°C. Note in Figure 5c that the percentage power
must be increased to 9% for temperature to rise to 40°C in order to
compensate for the power density, which decreases with the distance
from L.. As the temperature is reaching the desired value of 40°C, it
is fluctuating much less within 5s to 120s. In fact, the temperature
variation is less than 1°C and remains within the two dash lines
indicating 39°C and 40°C as shown in Figure 5c. In our simulation in
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Figure 5d, we have kept the power percentage at 9% during the first
9 seconds and we can notice that the temperature rises to 45°C in a
few seconds reaching a constant temperature of about 45°C without
any ripples in the graph. For the simulation in Figure 5d, all data used

to produce the graph in Figure 5b were kept the same, except g, =22.2
W/m? at the specimen position. The temperature was calculated at
z=0.

5
- 4
L]
H t Py
g-to | *
[
. £
3
30 I
VTPV VYT =
20 s " L " " 2 e 1
0 20 40 60 & 100 120 - Y 4 6 g
Time ¢ (=) Time (s
a b
- ) 9 )
2.8 m
55
> fa
%0 % 5.4 40
S
o oo 82
: g1,
40 s I =
4]
78 =
35 > "
g 7.6 %
F a0
7.4
25 72
20 i el g ; i
¢ 20 4 €& & 100 120 - — .
Time £ () et
<) d)
Figure 5:
a) Temperature as a function of time controlled at a modulation frequency of 20kHz. Temperature remains constant at 50°C within +1°C from
t= 20s to 120s. The power percentage (gray curve) can be read on the right hand side axis. The specimen position is 1.2m from L.
b) Simulation of the temperature for the power percentage shown in Figure 5a. Refer to the text for the data used to produce the curve.
) Temperature as a function of time controlled at a modulation frequency of 20 kHz. Temperature remains constant at 40°C within less than
1°C from t= 5s to 120s. The power percentage (gray curve) can be read on the right hand side axis. The specimen position is 1.75m from L.
d) Simulation of the temperature for the power percentage shown in Figure 5c. Refer to the text for the data used to produce the curve.

Other insulators such as Teflon and glass can also be maintained at
a steady temperature within 1°C. Teflon and glass have an absorption
coefficient @ of the order of 35 cm™ and 600 cm™?, respectively [30,31].
These absorption coefficients for the previously mentioned insulators
are much less than that of bone, which is 2500 cm™ as previously
mentioned in section 3. Teflon and glass having a thickness of 1mm
have been positioned in the collimated beam region at 1m from lens

L,, where the beam diameter is 10mm. As «a is smaller, the density
of power g must be higher to raise temperature in Teflon or glass.
(Figure 6) shows the temperature in both Teflon and glass near 100°C
for Teflon for a CO, laser delivering power at a frequency modulation
of 20 kHz. Note that the power percentage required to maintain
temperature at 100 £1°C is larger for Teflon as « is smaller for Teflon
compared to glass Figure 6.
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Figure 6:
a) Temperature (black curve) as a function of time in Teflon. The gray curve is showing the power percentage history during the control by
feedback described in section 2.
b) Temperature variation from 60s to 120s when temperature reaches a nearly steady value around 100°C.
<) Temperature (black curve) as a function of time in glass. The curve in shaded gray is showing the power percentage history during the

control by feedback described in section 2.

d) Temperature variation from 50s to 120s when temperature reaches a nearly steady value around 100°C.

Conclusion

It was shown that a CO, laser modulated at 20 kHz can be
used to keep the temperature within 1°C in porcine bone, which
corresponds to the thermal sensor uncertainty. It was also shown
that the temperature of some insulators such as Teflon and glass can
be maintained at temperatures within the uncertainty (+1°C) of the
thermal sensor. A mathematical modelling was also proposed and it

was shown that it describes very well the experimental data obtained.
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