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Abstract— Laryngeal cancer treatments, while curative, often
lead to voice impairment. Minimally invasive surgical methods
that facilitate greater preservation of healthy tissue have re-
cently emerged, but they are still limited in important ways. In
this work, we describe a device that combines the advantages
of the two primary minimally invasive approaches: the high
quality incision and reduced post-operative pain achievable with
transoral laser microsurgery and the superior visualization and
tissue manipulability afforded by transoral robotic surgery.
Our 11mm diameter scanning system connects to focusing
optics and a fiber optic laser source and can direct a laser
beam across a 18× 10mm plane with controllable trajectories
at speeds up to 7m/s. We describe its design and benchtop
validation and present avenues for further development within
a clinical environment. While oncological treatment is a natural
first application area for this technology, we anticipate that it
may also yield important benefits for the minimally invasive
treatment of benign laryngeal diseases.

I. INTRODUCTION

Over 30,000 people in the U.S. were diagnosed in 2018
with a cancer of the pharynx or larynx [1], resulting in
6,000 deaths. These cancers are notable for their deleterious
effect on quality of life; their symptoms, including dysphagia
and voice impairment, often lead to depression and social
isolation, and curative treatments often exacerbate these
functional maladies [2]. Incidence, historically driven by the
smoking of tobacco, is increasingly driven by human papillo-
mavirus, resulting in a historically young patient population
even more concerned with long-term functional outcomes
[3].

Thus, there is significant need for curative treatment
methods for these cancers that enable post-treatment organ
function. Partial or full organ removal via open surgery
represents one extreme: the near guarantee of excellent
oncological results at the expense of functional outcomes.
Nonoperative methods, including induction chemotherapy,
intensity modulated radiotherapy, and concurrent chemother-
apy with radiotherapy, offer better functional outcomes than
open surgery while achieving good oncological results. Such
techniques are currently recommended for most laryngeal
cancers [4]. However, within the last two decades, the
perceived long-term morbidity and functional impairment
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Fig. 1: (a) Laser scanning system for use in transoral robotic surgery. The
device receives a fiber input and steers a focused beam onto the surgical
plane. (b-c) Long exposure photographs demonstrating typical cut profiles
used in laser-based tissue resection.

associated with radiotherapy have led some otolaryngologists
to reexamine surgical techniques [5]. Minimally invasive
methods are of particular interest, with a view toward greater
preservation of healthy tissue and associated improvements
in post-operative organ function relative to open surgery.

Transoral laser microsurgery (TLM), first described in
1972 [6], is the most mature minimally invasive approach.
In TLM, a carbon dioxide laser is coupled to a surgical mi-
croscope and aimed through a laryngoscope, which provides
line-of-sight access to the upper airway. The surgeon uses
manual tools inserted through the laryngoscope to retract
the lesion and uses a micromanipulator on the microscope to
steer the laser beam to resect the diseased tissue. In advanced
systems, the micromanipulator is motorized, allowing the
surgeon to direct the laser along predetermined arcs and lines
at precisely controlled speeds, resulting in very high quality
incisions [7]. The most significant limitation of TLM is its
line-of-sight constraint, which restricts both visualization and
exposure. Moreover, the long, narrow laryngoscope makes
the manual manipulation of tools required for retraction and
suturing difficult.

To address these shortcomings, transoral robotic surgery
(TORS) was developed in the mid 2000s [8], [9]. In TORS,
flexible or wristed robotic manipulators are used in con-
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Fig. 2: (a) 3D drawing of the laser-scanning end effector defining the location of key subsystems. (b) Optical subsystem, which connects a fiber optic
source to the laser scanner. (c) Actuation subsystem, consisting of piezoelectric bending actuators and a rigid mechanical base that aligns the optics with
the rest of the device. (d) Mirror subsystem containing motion transmissions and flat mirrors.

junction with endoscopic vision systems, providing superior
visualization and tissue manipulability at the surgical site.
The da Vinci multi-port and da Vinci single port systems
(Intuitive Surgical Inc, Sunnyvale, CA) and the Flex Robotic
System (Medrobotics, Raynham, MA, USA) are currently in
clinical use [10].

However, TORS remains deficient to TLM in at least one
key respect: in TORS, electrocautery is primarily employed
for resection, which leads to greater post-operative pain and
longer recovery times than in similar procedures conducted
with TLM [11]. With the recent development of hollow core
fibers capable of delivering carbon dioxide lasers through
flexible instruments, the use of lasers in TORS is expected
to increase [12], which should mitigate this problem to
some degree. However, fiber-based lasers must be held
and manually manipulated by robotic tools, and thus lack
the spatial repeatability, precision, and speed of free-beam
scanning systems. This implies that incision quality suffers
relative to the free-beam systems used for TLM. Free-beam
systems have the additional benefit of leaving the surgical
site clear for exposure and visualization of margins.

Thus, there is an opportunity to capture the benefits of both
TLM and TORS, by creating a laser scanning system that
operates at the end of a robot manipulator. This configuration
would enable more precise incisions and tighter margins
than achievable with existing laser or electrocautery tools.
Moreover, by moving the laser fiber inside the robot manip-
ulator, it may be possible to relax some of the constraints
on the fiber’s design and use; currently available CO2-laser
fibers are expensive (around $1000) and single-use. In the
proceeding sections, we will describe a prototype device for
enabling this TLM/TORS hybrid paradigm.

II. DESIGN

Design requirements are derived from the prospective
surgical environment. We choose a target field of view of
10 × 20 mm, in accordance with the nominal size of the
vocal folds. In order to leave room for retraction tools,
visualization, and illumination, an upper bound of 11 mm
on device diameter was chosen. To balance the needs for
visualization and the manipulation of tissue while minimiz-
ing the angle of view of the scanning system, we chose a
standoff distance of 20 mm. Lastly, we chose a target spot
size of 250 µm and a target surface speed of 100 mm/s, both
in accordance with the scanning systems used in TLM [13].

A. State of the Art

A number of prototype endoscopic devices have been
developed for minimally invasive laser scanning tasks, each
with a different approach to the challenging design problem.
Patel used DC motor-driven Risley prisms as the beam steer-
ing method to achieve moderate scanning speeds (471 mm/s)
and a large field of view (75 mm diameter) at 75 mm work-
ing distance, but the device is quite bulky (17 mm diameter)
and uses rotary transmission components that are challenging
to further downscale [14]. Ferhanoglu, et al. used piezoelec-
tric actuators to directly bend an optical fiber, achieving a
high laser speed (500 mm/s at 3.5 mm working distance)
in a thin device profile (5 mm diameter), but the field of
view (250 × 250 µm) suffered as a result [15]. Acemoglu, et
al. used electromagnets to bend a fiber, which increased the
range of motion to 3 × 3 mm, but in doing so sacrificed laser
speed (94 mm/s at 30 mm working distance) [16]. Lastly,
the FEMTO-ST Institute developed a system that uses off-
the-shelf piezoelectric linear actuators to articulate a silicon
mirror held on a tip-tilt stage, which achieves a 20 × 20 mm

To appear at IROS 2019 -- not for release



d a

∆x

θ0
θ

d [mm] a [mm] θ0 [°]

Mirror 1 0.9 2 70
Mirror 2 0.6 2 75

Fig. 3: The crank-slider transmission motion schematically represented with
chosen design values shown in the table.

field of view but relies on an unwieldy external mirror to
reflect back on to the tip-tilt stage; also, the cutting speed is
not provided [17].

B. System Concept

In our approach, shown in Fig. 2, we leverage newly-
developed microfabrication techniques [18] to create minia-
ture mechanical transmissions that convert the quasi-linear
motions of high-bandwidth piezoelectric bending actuators
[19] into rotational motions that are used to orient mirrors.
Our device contains two such actuator-transmission-mirror
combinations, situated orthogonally, such that the two actu-
ation inputs correspond to ablation in orthogonal directions
on the target tissue. Light is transmitted to the laser scanner
using an optical fiber and then fed into a collimating and a
focusing lens assembly. The focused beam is then steered by
rotating the two mirrors using crank-slider transmissions to
convert the linear actuator movement to the desired rotational
mirror movement. The scanning base provides a mechanical
ground for the actuators and the transmissions and guarantees
precise alignment between the optical subsystem and the
mirror subsystem.

C. Optical Design

Many different lasers are used in laryngeal surgery, includ-
ing CO2, KTP, and diode [20], [21]. While CO2 lasers are the
preferred choice in many contexts, optical fibers transmitting
this wavelength at high power tend to have a large core
diameter, which implies a spot size that would exceed our
design requirements. We therefore designed our device to be
used with a diode laser that can be transmitted at high power
(60 W) through a 35 µm core fiber (Nufern PM780-HP). For
this prototype, however, we validated its mechanics with a
low-power fiber optic inspection laser and left integration
with the high-powered laser to future work.

We chose a 6.17 mm focal length collimator and a
38.1 mm focusing lens, which should yield a 210 µm spot
diameter when combined with an optical fiber of 35 µm
core diameter and a numerical aperture of 0.12. Both lenses
are aspherical plano-convex to reduce aberrations. We chose
mirror sizes of 2 × 2 mm and 2 × 5 mm with 40° initial
angles, which were chosen in accordance with the kinematic
analysis described below. We chose to use an off-the-shelf

(a) (b) (c)
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Fig. 4: Linkage manufacturing process. (a) Individual layers of rigid,
flexible, and adhesive materials are cut using laser micromachining. (b)
Layers are pin aligned and laminated using heat and pressure. (c) Further
laser micromachining reveals the structure of the linkage. (d) After assembly
tabs are released, the linkage structure is partially deployed. (e) A 3D-printed
assembly jig is used to bend the linkage arms to their desired positions. (f)
Final tabs are released and the linkages are ready to be integrated with the
rest of the device.

factory-aligned fiber-coupled collimator (Thorlabs’ F110 FC-
633) to simplify integration at the expense of increasing the
size of this prototype.

D. Transmission design

Actuator lengths of 10.6 mm and 12.1 mm were chosen
in order to achieve suitable displacement while not greatly
lengthening the device. We assumed that the transmission
stiffnesses would be approximately equal to the output
stiffness of the actuators, implying a 50 % decrease in
actuator deflection in situ versus free deflection. Under this
assumption, the deflections of the actuators at 200 V (the
upper limit on operating voltage to avoid damage to the
piezoceramic actuator materials) are ±200 µm and ±220 µm,
respectively.

Using the optical model described in Sec. IV and consid-
ering placement of the mirrors to minimize device diameter,
we determined the desired ranges of motion to be ±10° for
the first mirror and ±15° for the second. To generate these
motions, the crank slider link lengths shown in Fig. 3 were
chosen in accordance with the crank slider relation:

θ = cos−1

(
d2 − a2 + x2

2dx

)
− θ0

x = x0 + ∆x

(1)

where θ0 is the initial angle of the crank slider, ∆x is the
actuator deflection, and xo is the initial distance between
the slider and the pivot. Of the two links, the length of the
crank arm affects the output motion the most: the smaller it
is, the larger the output movement is. Also of note is that the
initial angle of the mechanism trades off symmetry for output
amplitude. We chose the linkage configuration that achieved
the desired range of motion while minimizing asymmetry.
The fabricated linkages are shown in Fig. 4f.

III. MANUFACTURING

The manufacturing process used for fabricating the link-
ages is based on the approach developed in [18] and is shown
in detail in Fig. 4. Individual layers of steel, polyimide, and
acrylic adheisve are cut using an 7 W, 355 nm DPSS laser
micromachining system (Oxford Lasers E Series) before
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Symbol Description

eij ∈ R3 The jth basis vector of the ith coordinate system.
v̂ijk ∈ R3 The unit vector directed from point pj to point pk ,

with respect to the ith frame.
Rij ∈ SO(3) The orientation of the jth coordinate system with

respect to the ith coordinate system.
Ri,θ∈ SO(3) Elementary rotation about the i axis by angle θ.
Hi
j Householder transformation about the jth basis vec-

tor of the ith coordinate system, expressed in local
coordinates.
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Fig. 5: Diagramatic representation of laser scanning system with key
symbols defined.

being aligned and set into a heated press to bond the layers
together. The bonded laminate is removed from the press,
and preliminary release cuts are made. The laminates are
then bent into their desired configurations; the first mirror
transmission requires an assembly jig to bend it to the correct
angles, while the second mirror makes use of the alignment
pins used for stacking. The laminates are then locked in their
aligned configuration using CA glue, and then final cuts
are performed to release the desired degrees of freedom.
Each linkage is set under a confocal microscope and its
functional dimensions are measured to validate the process.
The manufacturing of the linkages is very repeatable, with
a standard deviation less than 4% of the desired value in all
twelve linkages built, which corresponds to a 5% variation
in linkage transmission ratio.

The small link lengths of the crank sliders make their
assembly challenging, but by bending their physical arms
backwards to create virtual links (as seen in Fig. 4e), their
handling is made significantly easier. Moreover, by using this
approach, the flexures’ bending angles are zero at rest, which
makes it easier to ensure they stay inside the elastic regime
of deformation.

The linkages’ ground connections are attached to a 7075
aluminum alloy base structure manufactured using a five-axis
CNC machine (Bridgeport, Hardinge, Inc.). The mirrors are
made by laser cutting an aluminum-sputtered 100 µm thick
fused silica wafer. The aluminum deposition was conducted
in a desktop sputtering chamber (Denton Vacuum Desktop
Pro). A protective gel layer is added on the mirror to protect
the reflective coating during the assembly. The linkages
are then bonded to their respective actuators before being
inserted into the mechanical structure and held in place
with alignment pins and a press-fit plate. The actuator
base and transmission ground linkages are then bonded to
the mechanical structure with cyanoacrylate glue. Finally,
fabrication is completed by carefully removing the protective
gel layers from the mirrors.
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Fig. 6: Measurement of mirror angle as a function of actuator voltage. The
overall trend is captured well by the model, with mean absolute errors of
0.6° and 1.2° for the first and second mirrors, respectively.

IV. MODELING

Given the mirror angles determined by the crank-slider
relation (1), the laser spot location on the target plane can
be found using the vector formulation of specular reflection.
Symbols and geometric definitions used are given with the
system schematic shown in Fig. 5. The orientations of the
mirrors in 3D space are given by:

Rw1 = Rz,(θ1+θ1,0) (2)

Rw2 = Rz,(θ1,0−π)Ry,−π/2Rz,θ2 (3)

Where θ1,0 is a design variable denoting the initial orienta-
tion of the first mirror. Now, the ray reflected from the first
mirror has direction:

v̂112 = H1
2 (Rw1 )

−1
ew2 (4)

And it intersects the second mirror after a distance d12:

d12 = (o2 − o1)T e22
/ (
Rw1 v̂

1
12

)T
e22 (5)

Thus, the location of the laser on the second mirror is given
by:

pw2 =

[
Rw1 pw1
0 1

] [
d12v̂

1
12

1

]
(6)

Similarly, the reflected ray from the second mirror has
direction:

v̂22t = H2
2 (Rw2 )

−1
Rw1 v̂

1
12 (7)

And intersects the target plane after a distance d2t:

d2t = (ot − o2)T et3
/ (
Rw2 v̂

2
2t

)T
et3 (8)

Finally, pwt , the location of the laser spot on the target plane
is given by:

pwt =

[
Rw2 pw2
0 1

] [
d2tv̂

2
2t

1

]
(9)
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Fig. 7: Frequency response of the actuator-transmission-mirror subsystems.
Measurements were taken at the tips of the actuators.

V. RESULTS

To validate the crank slider kinematic model (1), mirror
angle and actuator displacement were measured as a function
of actuator voltage. Mirror angle was measured under static
voltage input using a high-zoom inspection camera (Pix-
eLINK PL-B741F) and actuator displacement was measured
under a 1 Hz quasi-static cyclic input using a laser Doppler
vibrometer (Polytec PSV-500). In Fig. 6, measured and
predicted mirror angles are plotted as a function of actuator
inputs, with the theoretical values drawn from the measured
actuator displacements at a given voltage. The results show
that the model captures the broad behavior of the linkages.
The measured data have mean absolute errors of 0.6° and
1.2° for the first and second mirrors, respectively.

In order to find safe bounds on input drive frequency,
we conducted frequency analyses on both motion actuator-
transmission-mirror subsystems. Data were collected under
low-voltage white noise input using the same laser Doppler
vibrometer. The results are shown in Fig. 7; as expected, both
subsystems closely resemble second-order linear systems.
The resonant frequencies of 850 Hz and 750 Hz accord with
physical intuition: the free-beam resonance of the actuators
(∼1.6 kHz) has been reduced due to the added mass of the
transmission.

To validate the beam steering capabilities of the device, we
created a benchtop scanning arena incorporating a calibrated
high-speed camera (Phantom v710) with a 200 mm macro
lens and two non-flicker flood lights, all mounted on an
optical table. The camera view is shown in Fig. 8 along with
the grid used for image registration. One pixel corresponds
to 50 µm in the image plane. We fixed our device on the
optical table at our determined stand-off distance of 20 mm
from the target.

We then calibrated the scanner by sweeping the voltage
space and tracking the laser spot position. The overall field of
view matches the model prediction well, as shown in Fig. 8.
However, unmodeled compliance in the system and assembly
misalignment created a slight scaling of the laser task space.
Rather than adding extra degrees of freedom to our model
and calibrating it, we chose to use a lookup-table approach
for controlling the laser spot position.

This approach yields reasonable results for task-space

10 mm30 mm

20 mm

Theoretical
Acheieved

Fig. 8: Laser spot position tracking setup, as viewed from the high speed
camera. Theoretical and achieved field of view from a 20mm standoff
distance are shown.

trajectory following, as shown in Fig. 9. Three shapes, an
“H”, a “star”, and a Lissajous figure, were drawn across
a range of speeds. Each shape is shown at a base speed
of 100 mm/s and at the highest speed that it could be
reproduced before oscillations in the transmissions erode the
device’s tracking performance. Such oscillations emerge at
2 m/s in the “H” trajectory. Of the three shapes, the “H” is
the most challenging due to the rapid, abrupt changes in the
trajectory. The Lissajous figure is simplest, because the drive
voltages on the actuators are smooth and nearly sinusoidal
and thus suffer little loss in performance up to 7 m/s.

VI. DISCUSSION

The prototype device satisfies the majority of the design
requirements: field of view (slightly less than 10 × 20 mm),
scanning speed (up to 7 m/s), and scanning device size
(11 mm). Spot size validation was left for future work,
in conjunction with integration of the high-powered diode
laser, though preliminary experiments suggest that spot-size
variation within the workspace is less than 10 %, which is
an important, albeit secondary metric to absolute spot size.

The most significant errors in the trajectory following
experiment occurred during vertical motions. Given the
orientation of the device during those experiments, these
motions were mostly generated by the second mirror. This
is consistent with the insight that the second linkage trans-
mission, as currently conceived, is slightly overconstrained
because the linkage joint axes are not orthogonal to the
plane in which the actuator tip displacement lies. Thus, the
configuration of the linkage is determined by kinetics rather
than kinematics. Future work will obviate this deficiency.

Another important next step is the integration of high-
powered optics. To that end, miniature dielectric mirrors will
need to be used to steer the high powered beam. Custom
lenses of smaller diameter might need to be manufactured to
decrease the diameter of the full device to 11 mm. Because
we used readily available off-the-shelf optical components,
the diameter of the optical subassembly of this device was
13 mm, though the scanning subsystem itself was 11 mm.

Before being ready for testing in clinical environments,
additional questions of packaging and integration will need
to be addressed. The somewhat fragile mechanical structure
of the mirrors and linkages will need to be enclosed, and
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Fig. 9: Shapes drawn at different speeds demonstrate the open-loop trajectory following capabilities of the laser scanner. The high-speed performance of
the system is shown through its repeatability across a range of commanded velocities.

the mirrors will need to be protected from fluid flow at
the surgical site. We expect that this device would be used
alongside existing transoral robotic tools for visualization
and tissue retraction, so investigating task coordination with
those tools will be an important component of future work.

VII. CONCLUSION

By combining the strengths of TORS and TLM, we
anticipate that this approach has promise to improve the
quality of care for pharyngeal and laryngeal cancers. It
should allow for better access and exposure than with TLM
alone, and higher incision quality than with TORS alone.
The result should be streamlined procedures for surgeons
and better functional outcomes for patients.
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