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Abstract: Conventional bone surgery leads to unwanted
damage to the surrounding tissues and a slowhealing pro-
cess for the patients. Additionally, physicians are not able
to perform free cutting shapes due to the limitations of
available systems. These issues can be overcome by robot-
assisted contactless laser surgery since it provides lessme-
chanical stress, allows precise functional cuts, and leads
to faster healing. The remaining drawback of laser surgery
is the low ablation rate that is not yet competitive with
conventionalmechanical piezo-osteotomes. Therefore, we
aim at maximizing the efficiency in hard tissue laser abla-
tion by optimizing the lateral movement speed for differ-
ent irrigation conditions.

The results of this study show a non-linear relation-
shipbetweencutting rates, speeds, anddepths that should
be critically considered for integration in robotic laser
surgery.
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Zusammenfassung: Konventionelle chirurgische Eingrif-
fe am Knochen führen zu ungewollten Schäden im um-
liegenden Gewebe. Außerdem ziehen diese Eingriffe am
Knochen einen langsamen Heilungsprozess für den Pati-
enten nach sich. Auch erlauben es herkömmliche chirurgi-
sche Systeme den Ärzten nicht freie Schnittformen zu er-
zielen. Mit robotergestützter kontaktfreier Laserchirurgie
können diese Limitierungen jedoch überwunden werden;
Laserchirurgie führt zu geringeren mechanischen Span-
nungen im Gewebe, erlaubt präzise funktionelle Schnit-
te und lässt den Knochen schneller heilen. Bleibt allein,
dass die Schnittgeschwindigkeit in der Laserchirurgie (La-
serosteotomie) bis jetzt nicht mit jener von konventionel-
len Piezoosteotomen mithalten kann. Aus diesem Grund
arbeitenwir daran die Effizienz von Laserosteotomie zu er-
höhen indemdie laterale Laserbewegung für verschiedene
Befeuchtungsparameter optimiert wird.

DieResultate der vorliegendenStudie zeigeneinnicht-
lineares Verhältnis von Schnittraten, lateraler Laserbewe-
gung und Schnitttiefe. Diese Erkenntnisse sollten unbe-
dingt berücksichtigt werden,wenn Laserchirurgie in robo-
tergestützten Chirurgiesystemen eingesetzt wird.

Schlagwörter: Laserosteotomie, Knochenschneiden mit
Laser, Automatisierung, Laserparameter, Wasserparame-
ter, Schnittgeschwindigkeit

1 Introduction

Laser ablation is an accurate, contactless method for cut-
ting hard tissue in the body. It has been shown that
laser osteotomy reduces the healing time of the remain-
ing bone compared to conventional bone cutting with
piezoosteotomes. The reason for accelerated healing is
that the spongy structure remains intact [1]. Until today,
highest ablation rates could be reached usingmid-IR laser
pulses, such as the erbium-doped yttrium aluminum gar-
net (Er:YAG) laser, with a wavelength of 2.94 μm. Hereby,
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Figure 1: Scheme of the test setup for investigating relative motion between bone and laser on osteotomy performance.

the underlying physical principle of laser ablation is based
on thermo-mechanical effects produced by the interaction
between the microsecond pulses of the Er:YAG laser work-
ing close to one of the highest absorption peaks of water
(around 3 μm). Namely, ablation is performed by the rapid
evaporation of the water content in hard tissue due to the
heat transfer from the microsecond laser to the area of in-
teraction, and consequently the clean removal of the target
tissue without significant heat transfer to the surrounding
bone [2]. Thermo-mechanical ablation, however, reduces
the water content of the bone and in order to rehydrate the
tissue and consequently prevent carbonization, the lased
area has to be irrigated with water [3]. The standard so-
lution for this problem is continuous spraying of the cut-
ting area with water spray [4]. However, since continuous
spraying will not only irrigate the bone, but create a layer
ofwater on its surface, the Er:YAG laser cannot be expected
to ablate bone efficiently. Thus, a continuous spraywill act
as a protection against ablation.

Toovercome the limitations of laser ablation efficiency
in bone due to continuous spraying, we investigated the
effect of different discontinuous/pulsed irrigation condi-
tions on ablation efficiency in a previous study [5]. The fo-
cus of this paper is to optimize controlled laser cutting of
hard tissue (bone) by varying lateral cutting speeds for dif-
ferent irrigation conditions while the laser parameters re-
main untouched.

To enable controlled optimized laser ablation for min-
imal invasive surgery, we are developing an automated
closed-loop controlled robotic endoscope for laser abla-
tion of bone (laser osteotome) with a microfluidic system
for irrigation. In the current development state, the laser
is not yet integrated in the robotic endoscope [6, 7, 8, 9]
and therefore experiments are carried out in our optics and
laser lab [10, 11, 5]. To investigate the influence of different

velocities on the cutting performance, we have developed
a test setupmounted on an optical table. This setup allows
creating controlled conditions for irrigation, laser, and rel-
ative motion between laser and bone (Figure 1). From re-
search of other groups in the field, it is already known that
coordinated alternating provision of laser light and irriga-
tion increases the ablation efficiency while carbonization
of the hard tissue could be prevented [12]. However, the
long waiting time in between the pulses (repetition rate
was 0.2Hz) was not suitable for a real intervention. More-
over, the cutting conditions might change as soon as the
laser moves across the bone to create not only single holes
in the bone, but also cutting lines. The necessity of opti-
mized parameter settings for laser and irrigation can even
be used in an inverted way. Instead of increasing the ab-
lation efficiency, also a desired reduction of the ablation
rate can be desirable when the laser cuts get close to del-
icate tissue such as nerves [13]. However, in this paper,
we intend to optimize the lateral cutting speeds for dif-
ferent irrigation settings [5] in order to maximize the abla-
tion efficiencywithout carbonization of the tissue.We also
want to ensure that the ablation has high quality, which
means that the bottom of the ablation crater along the lat-
eral cutting direction is smooth and does not consist of
single holes leading to perforation rather than continuous
cuts.

The achieved cutting depth wasmeasuredwith an op-
tical coherence tomography (OCT) system,whichaddition-
ally allowed a visualization of the top and cross-section
views of the obtained laser cuts. Using OCT for the eval-
uation of the ablation crater after performing laser abla-
tion in bone is a very promising approach, since OCT sys-
tems can acquire 3-dimensional scans of the light that is
reflected and scattered at thebone surface. Typically, these
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Figure 2: Experimental setup for the laser
osteotome.

3-dimensional volumes are in the size of a few millime-
ters and have a resolution of a few micrometers. That is
why, OCT was already used in different studies for mea-
suring laser ablation craters in bone [14, 15, 13, 16]. The
non-invasive character of an OCT measurement as well as
the possibility to measure the ablated surface in situ and
in real-time, makes OCT a smart and promising feedback
technique in laser ablation-based osteotomy as other ap-
plications in surgery show [17].

2 Methods

Our laser osteotome consists of an Er:YAG laser system
(LITETOUCH by Syneron) working at a wavelength of
2.94 μm, a laser spot diameter of 0.5mma repetition rate of
10Hz, an energy per pulse of 940mJ, and a pulse duration
of 400 μs. The laser is controlled by a mechanical shutter
operated by an AM8111 motor in TwinCAT3 (Beckhoff Au-
tomation AG, Germany) at an update rate of 1 kHz. Sim-
ilarly, a precision stage for microscopes (Prior Scientific,
Germany)was equippedwith twoAM8111 for actuating the
bone in the horizontal plane (X and Y-direction). The abso-
lute position resolution of all motors was set to 20 bit

revolution
and the stages had a spindle steepness of 0.002 m

revolution .
For actuation of the Z-direction (vertical axis), a lifting ta-
ble with scissor kinematics was used (L490/M Thorlabs
GmbH, Germany) in combination with another AM8111.
A bovine femur bone was rigidly connected with a holder
to the XYZ-actuationmechanism. For controlled irrigation,
a microfluidic control system, OB1 (Elvesys, France) with
two channels was installed; a liquid channel and an air-
flow channel that can be controlled individually. The air-
flow, Q2 and water flow Qf are guided to the focal spot of
the laser on the bone surface. Hereby, the air jet can deflect
the water jet to allow laser ablation under dry conditions

when the laser pulse is present, and irrigation through a
jet of deionized water, when the laser is off (Figure 1).

The experimental setup (Figure 2) operates in the fol-
lowing way: A command computer controls the Er:YAG
laser (1) and the pressure source (2). The laser beam is
switched on/off by the mechanical shutter (3) and shaped
by the optical components (4). The pressure source (2) reg-
ulates two airflows, (5) and (6). (5) is guided directly to a
nozzle (7). The airflow of (6) is guided into a water reser-
voir (8) where it is converted into a water flow. The laser,
water jet, and air jet are dispensed from the nozzle (7)
and focus on the bovine femur bone (9). During the sta-
tionary operation of the laser (1) and the pulsed irrigation
system (2,5,6,7), the bone can be moved in X-direction at
a constant speed with the 3D precision stage (10). After
each linear movement in X-direction, the bone can be low-
ered in Z-position to start a new laser line with a differ-
ent condition, e. g., different speed in X-direction. In total,
the automation system (TwinCAT3, Beckhoff Automation
AG, Germany) (11) is set up to realize five different lateral
speeds (velocities in X-direction): v1 = 0.5 mm

s , v2 = 1 mm
s ,

v3 = 2 mm
s , v4 = 4 mm

s , v5 = 8 mm
s . Higher lateral speeds

werenot of interest in this study, since the laserwould start
creating single holes only instead of a continuous line.
Also, high tool speeds should be avoided in minimal in-
vasive surgeries for safety reasons, e. g., to allow enough
reaction time for the surgeon to stop a process.

Based on this experimental setup of laser, XYZ-stage,
and irrigation, we performed two different experiments.
The goal was to find the optimal lateral speed that results
in the highest ablation efficiency for different irrigation
settings and a constant set of laser parameters for single
and repeated cuts. Therefore, the first experiment was in-
tended to select the best irrigation conditions out of the
two best ones from a previous experiment, where single
hole cutting was performed [5]. In the second experiment,
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single and repeated cuts were performed at different lat-
eral speeds at fixed irrigation settings to investigate the ef-
fectiveness of laser ablation also in deeper cuts.

2.1 Experiment 1

In the first experiment, the bonewas actuated at 5 different
lateral speeds in X-direction, and therefore, line shapes
were ablated. Moreover, we used 2 different irrigation set-
tings that summed up to a total of 10 line cuts. The follow-
ing irrigation settings were employed:

Table 1: Table of irrigation conditions. Sequences used for the
pulsed water jet used in experiment 1. For irrigation condition 1, the
duration of one irrigation period was 0.9 s and 1.15 s for irrigation
condition 2.

Experiment 1 Water ON
duration

Water OFF
duration

Water pulse
speed

Water volume
per pulse

Irrigation
condition 1

0.15 s 0.75 s 1 m
s 30.4 μl

Irrigation
condition 2

0.25 s 0.9 s 1 m
s 50.7 μl

These irrigation conditions were chosen based on the
water jet conditions used in aprevious study [5], inwhich a
bovine bone was ablated only in Y-direction, creating sin-
gle holes. In that study, several irrigation configurations
were evaluated in terms of ablated depth and ablated vol-
ume in time. Back then when only ablating a hole, the ir-
rigation conditions 1 and 2 provided an ablation rate (ab-
lated bone in depth over time) of 0.37 mm

s and 0.4 mm
s , re-

spectively.

2.2 Experiment 2

Based on the results of the first experiment, we chose the
irrigation condition that led to highest ablation rates over-
all: irrigation condition 2. The irrigation settingswere then
kept the same throughout the entire second experiment.
Consequently, line cuts were performed with the same 5
different lateral speeds in X-direction as in the first experi-
ment. In particular, we were interested to understand how
the lateral cutting velocities impact cutting efficiency for
deeper cuts. To do so, the laser moved over the same lines
in a repeated way (1 to 5 times). Additionally, the experi-
ment was performed for all five velocity conditions (v1 to
v5). Thus, the experiment led to a total of 25 different line
cuts in 25 Z-positions.

2.3 Setup for measurement of cutting
performance

The cross-sections of the line cut profiles were obtained
with a custom-made OCT system, based on an Axsun
swept laser source (λ0 = 1060nm, Δλ = 100nm, sweep
rate 100 kHz). The system enables acquiring volumes with
a size of up to 7.5 × 1.6 × 7.5mm3 at a volume rate of
0.37 volumes

s and preview them at the monitor in real-time.
This system has an axial and a lateral resolution of 12 μm.
A general description of these parameters can be found
in [18].

For analyzing the depth of each line cut, we ac-
quired OCT B-scans with an extent of 1.6mm in depth and
2.2mm lateral extension at the middle of each line cut and
perpendicular to the cutting direction (see Figure 3 and
Figure 7).

Figure 3: OCT setup: (a) and (b) show how the OCT measurements of
the line cuts were set up. The last lens of OCT system (1) focused the
beam on the bone surface and scanned a line on the surface. The
IR detection card (2) visualized the line scan of the OCT beam (a).
The alignment of the bone sample in the focus plane of the OCT
system was achieved by using three translation stages (X,Y,Z) and
one kinematic mount as indicated with arrows (b).

2.4 Depth measurement

The measurement of the ablation depths of the OCT scans
was performed inmanual segmentation using ImageJ (see
Figure 4). The distance between the deepest point of the
cut and the surface of the bone was measured (blue verti-
cal line in Figure 4). We assumed a flat initial bone surface
that was the linear connecting surface of the surrounding
non-ablated bone regions (yellow horizontal line in Fig-
ure 4).
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Figure 4: The OCT interface shows an example of the manual depth
measurement using ImageJ. In this example, the cutting depth (in-
dicated by the blue vertical line) was measured to be 174 pixels in
length that equals to 252 μm.

3 Results

3.1 Experiment 1

The study in [5] evaluated different water jet cooling con-
ditions for ablating bone by creating single holes. In our
study, we used two of those conditions in experiment 1 to
create continuous ablations of straight lines. The influence
of these two irrigation conditions are evaluated by mea-
suring the ablated depth for the velocities v1 to v5. Figure 5
shows a photograph of the laser cuts for the five different
velocities and Figure 6 shows the OCT cross-section and
top view images of those ablated areas.

Figure 5: Picture of the resulting laser cuts at 5 different lateral
speeds between laser and bone in experiment 1. Each cut line in Z-
direction was generated with another constant speed in X-direction
(decreasing velocities from left to right). In experiment 2 (not visu-
alized here), new cutting lines were made for the different cutting
iterations (1 to 5) at different velocities (v1 to v5), therefore, 25 cuts
were made in total.

Figure 6: OCT images of the five laser cuts from Figure 5 with differ-
ent lateral movement speeds (decreasing speed from left to right).
Cross section (left image) and top view (right image).

In Table 2, the achieved ablated depths are summa-
rized for the two irrigation conditions and the five speed
conditions. The ratios between the ablated depths provide
the relative influence of the irrigation conditions on the ab-
lation process. This ratio was calculated by dividing the
depth of irrigation condition 2 at a respective velocity (D2)
by the corresponding depth value of the irrigation con-
dition 1 (D1). The ratio reports the advantage of ablation
depth for irrigation condition 2 for values larger than 1 (and
vice versa for values smaller than 1). This ratio was calcu-
lated for each lateral speed, as well as an overall perfor-
mance (average of the depth ratio).

Table 2: Table for comparison of irrigation conditions.

Velocity
condition
[mms ]

Cutting depth
irrigation condition 1

[μm]

Cutting depth
irrigation condition 2

[μm]

Depth
ratio
[1]

v1 = 0.5 640 637 0.99
v2 = 1 388 372 0.96
v3 = 2 146 252 1.72
v4 = 4 58 90 1.55
v5 = 8 38 72 1.90
Average of depth ratio 1.43
3.2 Experiment 2

Figure 7 compares the B-scans (cross-sections) perpendic-
ular to the cutting direction for the four most different ab-
lation settings (1 cutting iteration at v1, 5 iterations at v1,
1 iteration at v5, and 5 iterations at v5). Additionally, we
acquired B-scans of the same size at the middle of each
line cut showing the bottom of the cut profile along the
cutting direction. These B-scans are presented in Figure 7
(e-h) and show that the surface of the cut profile along the
cutting direction has some regular unevenness in height
(ripples).
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Figure 7: The OCT image shows the comparison of the cut profiles
of the four most different ablation settings. Fig. (a-d) show the cut
profiles at the middle of each line cut and perpendicular to the lat-
eral cutting direction (YZ-plane). Based on these cross-sections,
the cutting depth was determined. Due to the limited depth range
of the OCT system, we needed to use both sides of the zero delay
to acquire the profile of the deepest cut. As a consequence, the cut
profile appears “folded“ in the cross-section view (b). However,
this has no negative effect on the evaluation of the cutting depth.
Fig. (e-h) show the bottom of the ablation crater in the OCT cross-
sections at the middle of each line cut along the lateral cutting di-
rection (XY-plane).

In order to obtain comparable measurements for the
following evaluation of the cutting depths, we chose the
cross-sections (B-scans) perpendicular to the lateral cut-
ting direction containing the deepest ripple.

The crater depths created with the laser system and
thenmeasuredwith OCT are depicted in Figure 8. For each
lateral speed, the ablation efficiency changes as the laser
is ablating deeper layers (line cut iterations) of the bone.

The ablation area rate is ameasure of how efficient the
ablation is over time and is given by

ablation area rate = ablation depth ∗ lateral speed
number of line cut iterations

. (1)

This formula calculates the size of the area that was
ablated in 1 second. This area is located in the XY-plane
along the lateral cutting direction in the middle of the cut.
Figure 9 shows a 3-dimensional contour color map of the
ablation area rate for different lateral speeds and up to five
line cut iterations.

Figure 8: The ablation vs. iteration relation shows the final ablation
depths achieved by using different lateral speeds and different
number of repetitive line cuts at the same location.

Figure 9: The color-map shows the ablated area in the cross-section
perpendicular to the cutting direction over time.

4 Discussion

4.1 Experiment 1

In thefirst experiment of our study,weaimed to investigate
the influence of two different irrigation conditions (shown
inTable 1) on the ablation rate of our laser systemwhenab-
latingbovine femurbone. In aprevious study [5], irrigation
condition 2 already enabled the best cutting depth (abla-
tion rate) when creating only single holes. In our study on
line cutting, we compared two of the irrigation conditions
that were used in the previous study amongwhich the best
conditionwas employed again (condition 2). For irrigation
condition 1, we achieved the fastest depth increase at the
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lateral speed of v2 = 1 mm
s , which led to an ablation area

rate of 23.28 mm2

min (see equation 1). In comparison, for irri-
gation condition 2, we achieved the fastest depth increase
at the lateral speed of v5 = 8 mm

s , which corresponds to
an ablation area rate of 34.73 mm2

min . From these results and
the ones presented in Table 2, we concluded that irrigation
condition 2 provides in total a higher ablation depth than
irrigation condition 1. Therefore, we used irrigation condi-
tion 2 in experiment 2.

4.2 Experiment 2

The goal of experiment 2 was to investigate the ablation ef-
ficiency for deeper cuts and also to observe the quality of
the surface after ablation that will result when the laser is
moved several times over the same cutting line at differ-
ent speeds. To limit the number of possible combinations,
the best irrigation condition of experiment 1was employed
throughout experiment 2: irrigation condition 2. A max-
imum of up to 5 repetitions per line cut at the 5 lateral
speeds v1 to v5 were performed. To ensure a line cut and
not several holes separated along the cutting line, we had
to limit our lateral speeds to a maximum of v5 = 8 mm

s for
the current laser settings (see Figure 7g and 7h). Figure 8
shows, as already demonstrated before for single hole ab-
lation [14], that the ablation depth increases non-linearly
as the number of line cuts increases at the same Z-position.
This nonlinear behavior is observed for all lateral speeds.

Figure 9 shows that the highest ablation efficiency
was obtained with the highest lateral speed and a sin-
gle line cut; in this case, the achieved ablation area rate
was 34.73 mm2

min (calculated by equation 1). Furthermore,
Figure 9 illustrates that, within the scope of our experi-
ment, it was most efficient to perform a single line cut and
to increase the lateral speed until the maximum lateral
speed of 8 mm

s . As soon as the maximum lateral speed was
reached, we could increase the number of line cut itera-
tions while preserving a high ablation area rate.

Figure 8 shows directly which lateral speed and num-
ber of line cut iterations need to be set in order to achieve
the desired ablation depth. In the next step, the found
pair of values can be compared using Figure 9 to ascertain
which combination enables the highest ablation area rate.
Thus, these figures can be used as a kind of look-up table
for finding the best parameter settings in terms of high ab-
lation rate, which is especially useful in feed-forward con-
trol, but also for model-based feedback control.

Besides the efficiency and the ablation depth, there
might also be other performance criteria that are impor-

tant for the user such as the smoothness of the surface.
Imagine we want to obtain a line cut with a depth around
380 μm. Figure 8 shows that this cutting depth can be
achieved with two different settings; either we perform a
single line cut at lateral speed v2 = 1 mm

s or three cutting
iterations using scan velocity v3 = 2 mm

s . Focusing on the
ablation efficiencyonly (see Figure 9), one single line cut at
v2 = 1 mm

s is faster and thereby better setting for this task.
Additionally, aiming for a smooth residual cutting surface,
Figures 7a and 7g show that using only a single cut itera-
tion leads to a rippled cutting surface for all evaluated lat-
eral speeds v1–v5. Therefore, more than one cutting itera-
tion is necessary for a smoother surface and this implies
that three cutting iterations at the lateral speed v3 = 2 mm

s
are the best setting in this case. In short, if a smooth cut-
ting surface is desired, then it is not only the ablation effi-
ciency that matters.

In the depth measurement process, we assumed a flat
initial bone surface that was the linear connecting sur-
face between the surrounding non-ablated bone regions.
However, the bone surface of every femur is always curved
to some extent and has surface irregularities (e. g., little
bumps). Thus, if the laser ablation is performed at the val-
ley of a little bump, then the depth of this valley will add
up to the cutting depth caused by the laser ablation and
in total result in a deeper cut than expected. Moreover,
the bone was not well realigned to every new line cut.
Thus, the curviness of the bone might cause that the bone
surface is not always mounted perpendicularly to the in-
coming ablation beam. In these cases, it is difficult to de-
fine the correct depth offset position of the initial surface,
which might cause an inaccuracy in the depth measure-
ment. These reasons could have caused the clearly higher
depth (of 719 μm)measured for the line cut created in four
cutting iterations with a lateral speed of v3 = 2 mm

s .

4.3 Limitations of the system

To increase the reliability of our results, the experiments
should be repeated many times using different bones
to enable strict statistical analysis. Additionally, in our
study, we controlled the laser ablation in feed-forward
mode, laser and irrigation system were not yet synchro-
nized. Measurement outliers as described above might be
avoided by using real-time feedback from the OCT sys-
tem for a closed-loop control of the laser ablation process.
However, the implementation of a real-time feedback is a
challenging task, since the OCT data processing needs to
be speeded-up (usually using the highprocessing power of
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graphics processing units and reducing the region of inter-
est). As an additional constraint for enabling a closed-loop
control of the laser ablation system, the data packages and
data rates transferred to and in the control loopmust allow
sufficiently high data rates [19]. Although we are working
on the synchronization of the ablation laser, the irrigation
system, the OCT system, and the lateral movement of the
bone, this synchronization process is not completed yet.
Besides the OCT system, additional feedback should be in-
tegrated to our system to ensure the proper performance
of the complete laser ablation system. This will be partic-
ularly important to control the cutting depth online since
bones have complex geometric shapes thatwill require dif-
ferent cutting depths for each spot, e. g., to completely cut
through bone.

In a surgery, there are additional parameters that
should be taken into consideration. For example, blood is
an opaque medium and can absorb the energy of OCT and
ablation beams. In order to overcome this issue, bleeding
can be removed by an irrigation and suction system. We
plan to optimize the timing of the ablation pulse, the ir-
rigation and suction system, as well as the OCT measure-
ment, so that the OCT system measures at the time we ex-
pect the least blood content in the cutting area. Moreover,
to prevent carbonization of the tissues, the body tempera-
ture should bemonitored by feedbackmechanisms like in-
frared cameras and the structure of the bone can be mon-
itored by the OCT system.

5 Outlook

In future, we plan to combine the laser ablation beamwith
the probing beam of the OCT system by a coaxial setup. An
important improvement of this combination will be that
the location of the bone surface can be measured before
any ablation is performed and can be tracked during the
ablation process. Measuring the bone surface not only af-
ter but also before an ablation will make the estimation of
the initial bone surface unnecessary. Thereby, the depth
measurement errors arousing fromcurvy andunevenbone
surfaces will be eliminated. Additionally, we are currently
working on an algorithm for an automatic depth measure-
ment from the cross-sections of the cut profile (as shown in
Figure 7). Furthermore, the coordination and synchroniza-
tion of the different devices involved in laser osteotomy is
a challenging task and will be an important part of our fu-
ture work.

To provide an outlook on our complete system (within
the scope of the MIRACLE project) for minimally invasive
robot-assisted computer guided laser osteotomy, a control
chart is provided that depicts the different system compo-
nents andalso indicateshowweplan to close control loops
(Figure 10). To find out more about the different system
components and their state of development please refer to:
[6, 7, 8] for the robotic endoscope tip, [9] for the robotic
endoscope, [20] for angle sensors, [21] for shape sensing,
and [22, 23, 24] for force sensing of the robotic endoscope,

Figure 10: Scheme of the future closed-loop setup for in minimally invasive osteotomy.
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[25, 26] laser-induced break down spectroscopy or [27, 28]
Mach-Zehnder Interferometry for feedbackon tissue types.

6 Conclusion

The current test setup allows a controlled and coordinated
testing of different parameters (laser, 3D precision stage,
irrigation) for generating continuous cuts in free space ex-
periments. The resulting cutting depth strongly depends
on several parameters: the setting of the irrigation system,
the lateral speed between the laser and the bone, and the
number of line cut iterations at the same location. In ex-
periments, we investigated two irrigation conditions and
five different relative speeds betweenbone and laser (rang-
ing from 0.5 mm

s to 8 mm
s ). We performed additional line

cuts on top of the previous one (in total up to five line
cuts) at the same Z-position. We could confirm previous
work that showed non-linear behaviour of repeated laser
cuts at the same spot and expanded this knowledge also
to cutting of lines. With the best conditions for the irri-
gation parameters and constant laser parameters, we ob-
tained the highest ablation area rate of 34.73 mm2

min with a
lateral speedof 8 mm

s anda single line cut. Additionally,we
obtained a mapping of parameter settings for desired ab-
lation depths, cutting speeds, and repetitions that can be
used in feed-forward and closed-loop control of laser abla-
tion. Furthermore, we could give a qualitative impression
of what influence these parameters have on the residual
surface smoothness.
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