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Abstract—The design of mechanically clutched cranial
perforators, used in craniotomy procedures, limits their per-
formance under certain clinical conditions and can, in some
cases, impose the risk of severe brain injury on patients
undergoing the procedure. An additional safety mechanism
could help in mitigating these risks. In this work, we ex-
amine the use of diffuse reflectance spectroscopy as a
potential fallback mechanism for near real-time detection
of the bone-brain boundary. Monte Carlo simulation of a
two layer model with optical properties of bone and brain at
530 and 850 nm resulted in a detectable change in diffuse
reflectance signal when approaching the boundary. The
simulated results were used to guide the development of
an experimental drill control system, which was tested on
10 sheep craniums and yielded 88.1% success rate in the
detection of the approaching bone-brain boundary.

Index Terms—Diffuse reflectance spectroscopy, surgical
guidance, cranial perforator, tissue boundary detection.

I. INTRODUCTION

CRANIOTOMY is a neuro-surgical procedure used to tem-
porarily remove a section of the cranium, called the bone

flap, in order to provide access to the brain for clinical assess-
ment or treatment of brain lesions, traumatic brain injury or
epilepsy[1], [2]. This procedure involves drilling a number of
holes in the skull using a specialized drill. The burr, termed the
cranial perforator (CP) and described for the first time in 1950
[3], was designed to reduce the risk of plunging into the cranial
cavity during neurosurgery and causing injury or death. This
instrument is a clever, mechanically clutched cutting tool which
prevents the surgeon from boring into the dura or the brain by
automatically disconnecting the CP from the drill motor once the
inner surface of the cranium is breached. Despite the 70 years
of tool refinement, relatively recent hospital investigations have
shown that modern, clutched perforators can still fail to stop
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under certain clinical conditions [4]–[7]. For the mechanical
decoupling to be successful, the inner surface of the cranium
must be perpendicular to the drilling axis, making this tool
inadvisable for use in scenarios where the cranium is uneven or
fractured. In addition, tool geometry, clutch mechanism design,
the choice of the drilling site and the experience level of the
surgeon have been noted to play a major role in plunging [8], [9].
To date, attempts to reduce the rate of plunging can be separated
into two categories. The first category involves working around
the shortcomings of the CP by modifying the surgical protocol
to limit its use in scenarios where the risk of plunging is higher
[4]. The second category employs advancements in the imaging,
tracking and robotic technologies to improve the precision and
outcome of neurosurgical procedures. Intraoperative tracking
systems including magnetic tracking, optical tracking and real-
time image acquisition can be used to superimpose the 3D
position and orientation of surgical tools on the pre-operative
CT, MRI or ultrasound images [10], [11]. These techniques,
while proven successful, employ bulky, expensive equipment as
well as influencing the operation procedure flow. In addition to
tracking, a number of studies have used ultrasound to perform a
direct bone thickness measurement with a tolerance of 1.2mm
on in vitro samples [12], [13].

Diffuse reflectance spectroscopy (DRS) is a powerful tool
used in the study of wavelength-dependent absorption and scat-
tering properties of biological tissues. DRS has proved very use-
ful in quantifying important information related to physiological
properties of the tissue such as chromophore concentration or
microstructure and has thus helped in the identification of tissue
type [14], [15]. Recently, it has also been demonstrated that
DRS can be used for controlling the drilling depth in orthopedic
procedures [16]. In this biophotonics approach, differences in
the optical properties of bone and blood-filled muscle were uti-
lized to detect the boundary between the two tissue types in real
time, while drilling through the bone. The boundary detection
was achieved by comparing the intensity of diffusely reflected
signals at 470 nm and 780 nm and relied on increased absorption
of 470 nm relative to 780 nm as the thickness of the bone was
reduced. The underlying concept behind this study relies heavily
on the difference in blood content between the bone and the
surrounding muscle, which served as a natural contrast agent. In
combination with X-ray image guidance, broadband DRS has
also been used to detect breaches of cortical bone in the human
cadaver vertebrae during spinal screw placement [17], [18].
These studies have shown that an optically-enhanced pedicle
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probe was capable of distinguishing between cancelous and
cortical bone types on the basis of fat and blood concentration
in the tissue. However, the application of DRS to dynamic
boundary detection between cranial bone, dura matter or cerebral
cortex, has not yet been demonstrated.

In this work, the feasibility of employing a two-wavelength
DRS in craniotomy applications is examined. It is envisioned
that such optical system could be integrated into a cranial perfo-
rator that retains the mechanical clutch systems as an additional
method for boundary detection. In order to test whether cranial
bone and brain can be optically differentiated, a Monte-Carlo
(MC) simulation was performed to assess the effect of changing
optical properties on the DRS signal. Guided by the results of
the MC simulation, DRS modality was integrated into a custom
CP drill bit and tested in craniotomy procedures on ex vivo sheep
models in a controlled environment. Based on the MC simulation
and the experimental findings of this study, we have shown that
the bone-brain boundary can be successfully detected and thus
DRS could be used in a smart clinical instrument for surgical
guidance.

II. METHODS

A. Monte-Carlo Simulation

A simplified two layer MC simulations were performed using
parallel computing, GPU based code called CUDAMCML [19],
[20], based on a previously developed MCML code [21]. The
meninges overlying the brain has been excluded from the model
as these structures do not significantly affect light penetration
into the brain[22]. Hence, two layer models are normally suf-
ficient to accurately model the light propagation in the brain.
The purpose for MC simulations was to examine the behaviour
of 530 nm and 850 nm wavelengths as the bone thickness was
decreased in order to predict the boundary position. The wave-
lengths have been selected in order to provide optical contrast
between the brain and bone tissue. The 530 nm wavelength
targets high hemoglobin absorption in the brain, while 850 nm
wavelength provides reference signal and deeper penetration
depth. Simulations were run with bone thicknesses ranging
from 6mm to 0 mm in steps of 0.25 mm to mimic drilling
through cranium. The MC model consisted of one source and one
detector fiber 600 µm in diameter coupling light in and out of a
two layer model of scattering media (bone and brain). The source
beam was convolved with a guassian profile using techniques
from [23]. The input powers were weighted according to the
LEDs in the probe (6.8 mW for 530 nm and 10.5 mW for 850
nm). The output reflectance was integrated over the detector
area. The distance between source and detector was set to
1.3mm. The optical properties used in the simulation were
previously described in [24], [25] and are listed here in Table I.
In the simulations, the anisotropy factor was set to g = 0.9 and
1× 106 photon packages were injected from the source fiber.

B. Samples

The CP experiments were performed on n = 10 sheep heads
sourced from a local butcher. The sheep were slaughtered on the

TABLE I
ABSORPTION COEFFICIENT, REDUCED SCATTERING COEFFICIENT (µa, µ′

s,
RESPECTIVELY, BOTH EXPRESSED IN cm−1) AND REFRACTIVE INDEX (N) OF

BONE AND BRAIN LAYERS AT SELECTED WAVELENGTHS OF 530 AND
850 NM USED FOR MC SIMULATION

day preceding the measurements. The skin was removed imme-
diately and heads were then kept in a fridge at 4◦C overnight
prior to the commencement of the experiment. During the mea-
surements the heads were secured in a head clamp (Mayfield,
USA). A number of different locations on the skull, ranging
from 4 to 14 per head, were chosen for drilling to allow for
the CP performance to be tested for varying bone thicknesses.
Any thick connective tissue or muscle overlying the drilling
location were cut away using a scalpel prior to drilling. Prior
to the commencement of the experiment, an initial opening in
the skull was made to ensure that measurements would began in
pure cortical bone. The forward drilling was accomplished by
manually applying axial pressure to the drill. Maximum possible
RPM of the drill was used during each measurement. This was
achieved by simply pressing the trigger fully. The experiments
were performed by researchers not having prior experience in a
surgical setting and hence the forward drilling was not influenced
by any tactile or auditory feedback which an experience surgeon
would use to prevent plunging.

C. DRS-Drill Integration

In a similar manner to that previously described in [16],
the DRS sensing was integrated into a modified version of a
commercial surgical drill (CD4, Stryker, USA) presented in
Fig. 1a. The most critical modifications of the drill involved
the integration of 18 photodiodes (PDs) into the drill’s chuck
and optical fibers inside the CP burr. The PDs (S-4V, OSI
Optoelectronics, USA) were mounted onto a flex-PCB, with
output signals electrically connected in parallel with one another
and operated in photovoltaic mode. The flexible, conductive
substrate allowed the PD array to be formed into a barrel and in
order to maintain the shape, the array was glued into a custom,
3D printed cartridge. The whole assembly was then installed
into the drill’s chuck where each PD faced the rotational axis
of the CP. This arrangement allowed the array to measure the
intensity of collected light through the entire 360◦ CP rotation.

To deliver and collect light to and from the surface of the
bone, a custom CP burr was machined and integrated with two
silica optical fibers (600 µm core diameter, NA 0.51, ThorLabs,
UK). Both fibers terminated on the same relief surface of the
CP, 1.3mm apart to match the MC simulation Fig. 1b). The
illumination scheme included two LEDs, 530 nm and 850 nm
(M530F2, M850F2, ThorLabs, UK), guided by a custom-made
bifurcated Y-bundle which consisted of two 400 µm (NA 0.51,
ThorLabs, UK) silica fibers, coupled to the LEDs via SMA905
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Fig. 1. Surgical drill with integrated DRS sensing modality. (a) Commercial surgical drill used in this study. The inset shows the relative location of
source (green) and detector (red) optical fibers to CP cutting geometry. (b) An image illustrating the custom-designed CP with dedicated detection
system. The source and detector fibers are running along a machined channel inside of the shaft and the CP body, terminated at the tip of the
drill bit with two separate openings with 1.3 mm inter-fiber distance. The detector fiber delivers the light to the PD array, which is mounted inside a
3D-printed cartridge using the Flex-PCB. The inset shows the method of PD illumination. The light collected by the detector fiber is patched to the
45◦ mirror, mounted inside the CP shaft. In turn, the mirror reflects the light onto the PD array as the CP rotates.

connectors. At the other end, the fiber bundle was merged into a
single 1 mm (NA 0.51, ThorLabs. UK) silica fiber, sealed inside
a cylindrical holder and terminated with a 2 mm sapphire ball
lens (Swiss Jewel Company, USA) using UV adhesive (Norland
68, Norland, USA). The cylindrical holder was designed to
fit into the cannula port at the back of the surgical hand drill
and allowed secure attachment of the illuminating fiber bundle
to the drill body. The light from the illumination bundle was
subsequently coupled to the source fiber of the CP via a second
sapphire ball lens. The CP’s collection fiber was terminated at
a mirror, positioned within the CP shaft at 45◦ relative to the
longitudinal axis. High reflection efficiency was achieved by
using high-performance specular reflector film with nominal
reflectance greater than 98.5% within wavelength range used
in this study (ESR, 3M, USA). Once the CP was installed in the
drill, the position of the mirror was adjusted in order to align it
with the PD array located within the drill chuck.

D. Data Acquisition

The full schematic of the experimental setup including light
delivery, collection and data acquisition is presented in Fig. 2.
During the experiment, user-developed LabView software was
used to manage the data acquisition device (DAQ, USB-6003,
National Instruments, USA). In order to perform the two-
wavelength DRS measurements, the 530nm and 850nm LEDs
were pulsed 180◦ out of phase at 400Hz and 50% duty cycle via

the analog output channel of the DAQ. The duration of a full LED
cycle was therefore 2.5 ms. The integrated signal from the PD
array produced an electrical current proportional to the intensity
of the diffuse light. The current signal was converted to analog
voltage and amplified using a one channel trans-impedance
amplifier (TIA, SR570, Stanford Research Systems). To reject
high frequency noise and integrate the signal over an appropriate
time period, a low pass filter (3 kHz, 12 dB) was applied. The
filtered, amplified signal was then sampled at 20kHz. The data
acquisition and LED pulses were hardware synchronized and
triggered from the computer by a TTL pulse fed to the PIO and
PIF inputs of the DAQ. Using this method of synchronization,
the collected data points were referenced with 1.25ms pulses
of the 530 nm and 850 nm LEDs. For a given modulation and
sampling frequency (400 Hz, 20 kHz, respectively) each full
measurement cycle corresponded to 50 data points. With a 50%
duty cycle this equates to 25 measurements while each LED
is on.

E. Boundary Detection and Triggering Condition

The signal processing flowchart is presented in the Fig. 3.
The data processing scheme can be divided into three building
blocks: (1) initialisation, (2) drilling in the bone and (3) boundary
detection. During the initialisation phase, the raw experimental
data is collected at a sampling rate of 20 kHz (Fig. 3a). This
allows for the determination of the average response of the
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Fig. 2. Schematic of integrated CP system showing the key compo-
nents used for LED control and data acquisition. Computer-controlled
DAQ module was used to trigger the LEDs. The intensity of diffusely
reflected light was collected by the PD array, filtered and amplified using
TIA and then sampled by DAQ.

system in pure cortical bone for normalisation purposes. To
account for the switching times of the LEDs and the low pass
filter, only the middle 15 points of the 25 measurement points
per LED are used for calculating the average voltage signal
at each given illumination wavelength. These averaged data
points, corresponding to each LED, are acquired for 200 ms
(corresponding to 80 full measurement cycles) and subsequently
subtracted from one another to calculate an initial averaged
differential signal (Fig. 3b). The differential voltage value then
is used to normalise the data while drilling in the bone (Fig. 3c).
In order to further reduce measurement noise arising from the
movement of opto-mechanical parts, a running average over
300 ms corresponding to 120 measurement cycles is applied
to the differential signal (Fig. 3d). The approaching bone-brain
boundary can be detected via two different algorithms which can
be run simultaneously: threshold and slope. The condition values
for both detection schemes were found empirically by drilling
through three additional sheep heads (not taken into account
in the final results of this study) and monitoring the diffuse
reflectance signal while intentionally plunging. The threshold
scheme relies on monitoring the normalised level of the dif-
ferential signal over the period of 100ms and was found to be
75% of the nominal signal. When the signal drops below this
threshold value, the software records this event as a boundary

detection and triggers the drill to stop as shown in Fig. 3e. The
slope scheme relies on changes in the gradient of the normalised
differential signal. It involves performing a linear fit over a period
of 200ms with the slope trigger condition set to −0.8. When the
slope of the signal reaches −0.8, the software records the event
as boundary detection and triggers the drill to stop as shown
in Fig. 3f. The two algorithms probe the differential signal in
parallel, while the software sends an electrical signal via the
DAQ to a relay, mounted inside the drill battery, which stops the
motor of the drill when either of the two conditions is first met

III. RESULTS

A. Monte-Carlo Simulations

As a result of MC simulation in the two layer model (bone
and brain) for different thicknesses of the bone layer, a photon
hitting density map was created (Fig. 4). Based on these color
maps the intensity of both wavelengths collected by the detector
fiber at a distance of 1.3 mm from the source were extracted and
showed as a function of the bone layer thickness in Fig. 5a). The
reflectance of 530 nm remained constant in the bone layer for
thicknesses larger than 2 mm and was then observed to decrease
until the layer thickness was reduced to 0mm. The behaviour of
850 nm was different and was observed to decrease slowly until
the bone layer thickness was approximately 2 mm. Below 2 mm,
the reflectance decreased at a higher rate. The unique behaviour
of both wavelengths is highlighted by the difference plot and
suggests that, theoretically, the boundary starts influencing the
DRS measurement when the bone layer is less than 4mm thick.
Interestingly, the ratio plots are less sensitive to the approaching
boundary and only highlight an approaching boundary at bone
thicknesses below 1 mm.

B. DRS-Assisted Drilling

Fig. 5b presents an example of experimental diffuse re-
flectance intensity data for 530 nm (green) and 850 nm (red)
wavelengths when drilling through cranial bone. In addition,
difference and ratio plots for the two wavelengths are shown for
comparison. The experimental data mimics the situation con-
sidered in the MC simulation, except for well defined thickness
of cranial bone. As the rate of drilling was also unknown, the
data was thus plotted with respect to time, rather than distance as
shown in the simulation plot. As described above, the triggering
conditions for both slope and threshold have been set to -0.8
and 75%, respectively. The graphs indicate that the magnitude
of diffuse reflectance for both wavelengths remains relatively
constant for the period of 0–6s. During this time, the CP was
cutting through the bulk of the cranial bone. Between 6s and
8.5 s, the magnitude of 850 nm signal was observed to decrease at
a higher rate relative to 530 nm. The distinct behaviour of 850 nm
is also highlighted by the differential curve and, to a lesser
extent, by the ratio graph. The decreasing reflectance intensities
indicate that the CP was approaching the boundary between the
cranium and the brain. A sharp drop in intensity of the difference
between 850 nm and 530 nm was observed at 8.5s suggesting
that the CP is either close to the bone-brain boundary or has
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Fig. 3. Flow chart describing the signal processing used to detect bone-brain boundary in near real-time: a) Example of a raw signal of two LED
cycles at 400 Hz, sampled at 20 kHz, b) Signal calculated as difference between averaged intensity at 850 nm and 530 nm of each LED cycle, c)
Differential signal normalized to 1 and integrated over 300 ms, d) Monitoring threshold and slope condition simultaneously in real time, e) Threshold
condition reached, trigger signal sent to the drill, f) Slope condition reached, trigger sent to the drill.

Fig. 4. MC simulated photon hitting density map for 530nm (left) and
850nm (right) wavelengths as well as bone thickness of 5mm (top), 1mm
(middle) and 0mm (bottom). The red dashed lines indicate the position
of bone-brain boundary.

broken through the boundary and stopped without plunging. The
approaching boundary was detected by the threshold algorithm
at 8.4s when the intensity of the differential signal decreased
below 75% of its normalized value. The trigger signal was sent
to the drill, which was successfully stopped just before reaching
the bone-brain boundary. The decrease in the signal following
the trigger timestamp is related to the fact that even after stopping

the drill, the data acquisition continues and undergoes processing
of 300 ms moving average. After that the signal reaches stable
level when the drill has stopped and data acquisition is manually
terminated. Overall, the experimentally obtained data presented
in this figure agree with the simulation and show that the DRS
can be used to detect the bone-brain interface prior to the breach.

In total, the DRS-enhanced CP was used to perform n = 84
measurements in 10 sheep craniums on both sides of saggital
sutures. The duration of the drilling ranged between 5 and 40s
and was influenced by the thickness of the skull at the drilling
site in addition to the speed of the drill. The outcomes of the
experiments were split into five categories, listed in Table II.

The “Perfect Stop” (51.2%) outcome was observed when the
CP stopped just prior to plunging, leaving a thin, less than
1mm thick, bone membrane as shown in Fig. 6a (i) and (ii).
In this figure, the holes were illuminated from behind using a
850nm LED to highlight the thinnest parts of the bone shelf with
intense blue hue. The black areas display the areas where the
bone shelf was pierced with a scalpel to examine its remaining
thickness. In all examples of Perfect Stop, the dura remained
intact (result not shown). The “Color Change” (19%) outcome
was observed when CP stopped automatically in response to
bone pigmentation as shown in Fig. 6b (iii). In such cases, the
thickness of remaining bone was still exceeding 1mm and the
measurement was continued afterwards. The “Plunge Stop” (
17.8%) was observed when the CP stopped after it plunged
through the bone-brain boundary, damaging the dura and the
brain tissue. The “Perfect Stop”, “Color Change” and “Plunge
Stop” outcomes comprised 88.1% of all experiments and were
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Fig. 5. a) MC simulation showing the behaviour of 530nm and 850nm wavelengths in a layer of bone at a distance of 0-6mm from bone-brain
interface. b) Experimental measurements showing the response at 850nm and 530nm wavelengths to the approaching bone-brain interface. Both
figures also show the difference and ratio plots (in blue) which highlight the effects of changing optical properties on each wavelengths.

TABLE II
RESULTS SUMMARY

considered as positive results. While a “Plunge Stop” result
would not be acceptable in a clinical setting, for the purpose of
the optical experiments it was deemed successful as the system
did respond to a change in optical properties once the CP had
broken through the cranial bone. The delayed response in this
case could be related to data integration period during processing
or reaction of the battery relay, both of which could be improved
in the future experiments.

The “False Positive” (FP, 8.3%) and “Plunge” (3.6%) made
up the remaining 11.9% of experiments. These tests were con-
sidered as negative outcomes. In the case of FP, the CP automat-
ically stopped in bone of uniform color, as shown in Fig. 6b (iv),
indicating that the stop was not triggered by a change in optical
properties. Lastly, in the experiments classified as plunge, the CP
did not detect the approaching boundary, plunged and continued
rotating until the button on the drill was released.

IV. DISCUSSION

A. Diffuse Reflectance

This study illustrates the potential of integrating DRS-based
optical guidance into a surgical tool. More specifically, this first

attempt employed two wavelengths, 530 nm and 850 nm, to de-
tect the boundary between cranial bone and the underlying brain
by dynamically measuring the changes in diffuse reflectance as
suggested by the previous, related study [16]. To date, there has
been a limited number of studies investigating optical integration
into surgical tools for direct measurements and surgical guidance
[17], [18], [26]. Instead, a large number of investigations have
concentrated on indirectly controlling the surgical instruments
by using complicated motion tracking systems in combination
with potentially harmful, pre-operative imaging [10], [27]. The
implementation of motion tracking in the operating theater
significantly increases cost because it requires additional equip-
ment such as multiple cameras as well as computers for real
time image processing. In addition, camera based systems are
susceptible to line-of-sight occlusions by medical staff while the
pre-operative images may not accurately represent the biological
structures due to anatomical changes that may occur prior to
surgery. Both of these factors reduce the accuracy of motion
tracking-based surgical guidance systems. In this respect, an op-
tical system with direct measurement capability is advantageous
because it does not require additional referencing information
and potentially can be miniaturized for easier integration into
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Fig. 6. a) (i) and (ii) Images of remaining bone shelf after CP detected the approaching bone-brain boundary and stopped automatically. both
drilling sites were illuminated with 850nm LED (blue hue) from the back to highlight the variation of the bone shelf thickness. The intense white
and blue areas indicate the thinnest parts of the shelf while the black areas indicate where the bone shelf was pierced with a scalpel to probe its
thickness. b) (iii) A thick bone shelf showing dark red areas caused by the presence of blood vessels that triggered the CP to stop. (iv) A thick bone
shelf without any obvious color defects presenting the FP case where the CP stopped automatically.

existing surgical tools. The direct optical sensing of cranial
perforator has the potential to allow the surgeons to perform
craniotomy on areas of the skull that are fractured or have
uneven thickness. Furthermore, DRS in combination with the
existing clutched mechanisms could further mitigate the risks
of brain damage or death associated with cranial perforator
plunge.

This study successfully demonstrated that the dynamic DRS
measurements can be used to control the depth of the CP and
prevent the plunge. Specifically, the tests performed on sheep
heads have shown that the difference between bone and brain
optical properties can be used to prevent the CP from plunging
and damaging the dura during a craniotomy procedure. Further-
more, in a number of experiments the CP was able to detect blood
vessels as well as pigmentation of the cranial bone. To improve
further the discrimination between bone and brain layers as
well as avoiding the detection of blood vessels in the cortical
bone, additional contrast agents present in different spectral
regions, such as water and lipid, could be used. Implementation
of infrared light sources (in the 1200nm-2000nm region) and
employment of suitable detectors have the potential to take
advantage of these absorption peaks [28].

B. Mechanics and Packaging

In this study, a number of difficult mechanical challenges
associated with coupling light from stationary LEDs into a
rotating assembly and back into stationary detectors were ad-
dressed. First, utilizing silica optical fibers ensured that the light
transmission in and out of the CP did not degrade with every
consecutive test. It was possible to use the same cutting head
to perform multiple tests. This was a critical achievement as
assembly of a single CP took a considerable amount of time
and effort. It is important to note that the 600 µm silica optical
fibers have a relatively large bending radius and thus in order
to package them inside the CP, the cutting geometry had to be
modified. As a consequence, the new cutting geometry was noted
to be less efficient in terms of chip clearing and led to packing

of the flutes when drilling through particularly thick portion of
the cranium. In such cases, the CP had to be retracted out of the
cranium to clean the flutes and the packed bone material had to be
removed. It was also attempted to maintain the original cutting
geometry and instead reduce the fiber size to 400 µm to allow
for more fiber flexibility. Unfortunately, the smaller diameter
fiber delivered and collected very little light, resulting in very
low detectability. This technical issue can be compensated for in
the future by more powerful and coupled with higher efficiency
light sources.

Second, as compared to previous versions, the detection of
diffuse light was improved by using a custom 3D printed cas-
sette as the foundation for the PDs. The cassette insured that
the Flex-PCB maintained a barrel shape, preventing it from
collapsing into the center. The collapse of the Flex-PCB has
been previously noticed in the preceding prototype and its effect
was the cyclic modulation of PD array output caused by unequal
distances between the PDs and the mirror. Furthermore, the
cassette ensured that the entire PD array was better aligned with
the mirror.

Third, the effects of opto-mechanical misalignment were
addressed by using two-wavelength illumination where both
wavelengths recorded the same cyclic signal fluctuations, which
were then removed as discussed in the following section. The
challenge of optical misalignment primarily stemmed from the
fact that the setup used in this research was not designed for
cranial perforation nor optical integration. Rather, the particular
hardware was identified as a suitable donor platform for DRS
integration and demonstration of the technology. Although, the
drill and the chuck have been engineered and manufactured to the
tightest mechanical tolerances, a certain level of flexibility must
be incorporated into the coupling mechanisms to allow the chuck
to be easily attached and detached from the drill. During this
project, it was observed how this flexibility, while suitable for
mechanical coupling, causes challenges with optical alignment
and mechanical noise. Future work could be focused on devel-
oping coupling mechanisms with enhanced optical alignment
while maintaining coupling flexibility.
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C. Data Processing

In addition to detection of bone-brain boundary, the use of two
wavelength illumination also helped with reducing the effects
of opto-mechanical misalignment and cyclic signal fluctuation.
The LED modulation frequency of 400 Hz resulted in approx-
imately 30 pulses per rotation of the CP for both light sources.
At this rate, both LEDs pulsed once within 12◦ of CP rotation
and experienced a similar level of attenuation due to optical
misalignment. The intensity difference between each pair of
illuminating pulses remained constant, making it possible to
partially remove the cyclic noise by subtracting first intensity
measurement from the following one. Additional integration of
the subtracted signal reduced the misalignment noise further.
Although effective, this data processing method impacted the
response time of the drill to the approaching boundary. This lag
may be the reason behind the plunging of the CP into the brain
prior to the automated stop in 17.9% of tests. Hence, to improve
response time of the drill, the opto-mechanical noise must be
dealt with at the hardware level as discussed below.

D. Future Integration

The potential area where improvements to performance could
be made is reducing the number of optical coupling stages as well
as removing any mechanical movement between optical com-
ponents. This may be achieved by integrating the illumination
and detection capability into the cutting tool itself. Micro-LEDs
may be a suitable for such integration due to their relatively
small size and high irradiance power in range of 250 mW/mm2

[29]. Coupling these types of devices to a short silica fiber using
micro-optics would ensure minimal illumination losses [29],
[30]. Similarly, a short collecting fiber could be coupled to a
micro PD, positioned within the rotating CP. The integration of
illumination and detection into the rotating CP in theory should
enhance detectability, remove some of the challenges associated
with coupling light from stationary assemblies into moving parts
and most importantly, remove the mechanical noise associated
with dynamic, optical misalignment. Although, it is important
to acknowledge that integration of optics into the CP will result
in a different set of challenges. Primarily, the electronic control
of the LEDs and data collection from the PD during high speed
rotation will need to be addressed.

Ultimately, the DRS capability will need to be integrated into
the clutched CP to provide an additional mechanism that stops
the perforator when drilling through uneven or compromised
areas of the cranium. Such integration presents additional set of
challenges in terms of packaging the optics and electronics due
to the fact that most of the space inside the CP is occupied by
the mechanical clutch mechanism.

V. CONCLUSION

This study has successfully showcased the potential of DRS-
integrated cranial perforator. The drilling experiments per-
formed on sheep craniums showed that the bone-brain boundary
can be optically detected when drilling through the cranial bone.
In addition, these tests strongly indicated that optical detection

can be used to trigger the drill motor to stop automatically
before the CP plunges into the cranial cavity. This study has
also addressed a number of difficult opto-mechanical challenges
and as a result produced a robust, optically-enhanced cutting
tool capable of drilling multiple holes without any observable
degradation.
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