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Abstract— Soft robots have great potential in surgical applica-
tions due to their compliance and adaptability to their environment.
However, their flexibility and nonlinearity bring challenges for
precise modeling, sensing, and control, especially in constrained
cavities. In this article, a simple, compact two-segment soft robot for
flexible laser ablation is proposed. The proximal hydraulic-driven
segment can offer omnidirectional bending so as to navigate toward
lesions. The distal segment driven by tendons enables precise, fast
steering of laser collimator for laser sweeping on lesion targets. The
dynamics of such mechanical steering motion can be enhanced with
a metal spring backbone integrated along the collimator, thus facil-
itating the control with certain linearity and responsiveness. A soft
robot modeling and control scheme based on Koopman operators
is proposed. We also design a disturbance observer so as to incorpo-
rate the controller feedback with real-time fiber optic shape sens-
ing. Experimental validation is conducted on simulated or ex-vivo
laser ablation tasks, thus evaluating our control strategies in laser
path following across various contours/patterns. As a result, such a
simple compact laser manipulation can perform up to 6 Hz sweep-
ing with precision of path following errors below 1 mm. Such model-
ing and control scheme could also be used on an endoscopic laser ab-
lation robot with unsymmetric mechanism driven by two tendons.

Index Terms—Fiber optic shape sensing, Koopman operator,
laser sweeping, soft robot modeling and control.
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I. INTRODUCTION

F LEXIBLE continuum robots have demonstrated numerous
advantages and wide applications in minimally invasive

surgery in recent years [1], [2], [3], [4]. Applied as instruments
such as endoscopes and cardiac catheters, they can perform large
and complex deformations through flexible actuation methods
including cables and pressurized fluid [5], [6], while being capa-
ble of meeting high requirements for size and control accuracy
[7], [8]. Among surgical applications, noncontact laser abla-
tion is a promising area that can leverage the enhanced access
and dexterity provided by continuum robots. Laser ablation is
performed by projecting a high-power laser beam onto tissue,
creating an incision or ablation effect [9], [10], [11]. It is asso-
ciated with reduced postoperative pain and shortened recovery
time [10]. However, to achieve precise treatment margin and
minimize damage to healthy tissue, the laser probes need to
be precisely and frequently steered during the ablation process.
Studies have shown that the speed of laser-fiber sweeping affects
tissue ablation efficiency [12], [13], which indicates a need for
not only precise motion, but also motion with adequate velocity.

In surgical applications, various laser manipulation instru-
ments or robotic platforms have been proposed [14], [15]. In a
conventional setup for transoral laser microsurgery, surgeons
manually manipulate a beam-splitter mirror that projects the
laser beam at the targeted lesions [16]. To improve the laser
aiming precision and efficiency, motorization of external ma-
nipulators was introduced [17]. Motorized laser scanners (e.g.,
Lumenis AcuBlade) that allow preprogrammed scan patterns
are commercially available, providing improved laser incision
quality [16]. However, these laser systems generally depend
on “line-of-sight” projection from an external manipulator to
the surgical site, often resulting in the patient being positioned
with significant neck extension. The long working distance also
causes a lever effect on the laser beam, which can amplify inac-
curacies in laser steering and require large external suspension
arms.

As an alternative, flexible optical fiber lasers allow delivery
of the laser directly to the target area without direct line of sight.
This presents the opportunity for flexible, yet dexterous surgical
robotic devices to control the laser fiber within the body [9].
For example, Acemoglu et al. [18] proposed a flexible robotic
laser scanner, which used four electromagnetic (EM) coils and
a permanent magnet to manipulate a laser fiber, however, the
projection workspace of laser spot was restricted to a 5 × 5 mm
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square. Patel et al. [19] designed a laser scalpel using a Risley
prism beam steering mechanism, which could be mounted on a
modified laryngoscope for noncontact laser surgery. However,
the 5-cm long rigid design at the distal tip limited its application
in narrow and confined anatomical spaces. Fang et al. [20] pro-
posed a magnetic resonance safe endoscopic robot system that
provided dexterous and flexible access to lesions in the confined
oral cavities within the magnetic resonance imaging bore. How-
ever, the laser steering speed was limited as the soft chambers
and cylinders were driven via 10-m long tubes. There were few
prior arts of gimbal mechanism, e.g., Hu et al. [21] proposed
for the pan-tilt movement in endoscopic settings, somehow as
known as universal joint, such a mechanism was usually used
to actuate or manipulate an entire robot segment/link containing
an endoscopic camera unit. The gimbal design would usually
encounter challenges in further miniaturization (e.g., Ø<9 mm).
Overall, there remains a need for flexible and compact robotic
laser steering systems which enable both accurate and fast laser
ablation.

The inherent compliance and flexibility of soft robotics
presents an interesting proposition for its application in surgery,
particular in narrow natural orifices. However, a persistent chal-
lenge with flexible robotic systems in general is how to bal-
ance the tradeoff between precision and structural flexibility. To
achieve reliable control, similarly flexible sensing technology
should be incorporated to obtain real-time feedback. However,
due to the deformable nature of soft robots, accurately sensing
their morphology still remains a challenge [22], [23]. EM track-
ing systems with discrete positional sensors are widely used
to localize and track continuum robot configurations within
the human body, accredited to small size and high sensing
accuracy of the tracking markers [24]. However, the sensing
volume of the EM-based devices can be limited and the sensing
error is also highly sensitive to ferromagnetic objects [25], [26].
Optoelectronic sensing technology has emerged as a category
of flexible sensor in which strain/force is measured through
detecting optical signals [27], [28]. For example, strain sensing
using optical fiber Bragg gratings (FBG) has drawn attention in
the surgical field because of its thin size, high sensitivity, and
biocompatibility. Compared to EM sensors, FBG-based sensors
have several advantages, such as being inherently deformable
and easily providing multiple sensors along one fiber [29],
[30]. FBG fibers with single cores have been integrated with
instruments and soft manipulators in a variety of ways, such as
through multiple fibers aligned in parallel along a instrument’s
center axis [31], [32], or by a single helically wound fiber
[33], [34]. A preferable alternative is FBG fiber with multiple
cores built directly into a single strand, allowing for simplified
integration and the ability to directly measure the fiber’s shape.
This is achievable through optical frequency-domain reflectom-
etry (OFDR) technology, which also enables pseudocontinuous
strain sensing along each of the fiber cores [35], [36].

Alongside challenges in sensing, the modeling and control of
flexible continuum robots poses problems due to the inherent
nonlinearity of their actuation [37]. Compared with analytical
models, data-driven methods are a powerful tool for soft robots
as they rely on observing the system behavior rather than on

simplified assumptions of geometric structure or component
material properties [38]. Wang et al. [39] presented an example
of an endoscopic soft robot prototype that was helically wrapped
with an FBG fiber and leverages learning-based motion estima-
tion. The learning method alleviated the demanding of assembly
accuracy and could provide accurate control when fused with
visual-strain sensing feedback. However, the update frequency
of these learning-based solutions is usually limited due to higher
computational demand, thus hampering the capability of fast
dynamic motion compensation. Besides, these learning-based
approaches are difficult to be cooperated with existing control
strategies, as they could only provide “black-box” mappings
rather than analytical solutions [40]. To this end, Koopman
operator theory is a type of data-driven approaches, which
could circumvent simplified physical assumptions and com-
plex numerical analysis with data-driven identification meth-
ods [40], [41]. The analytical solutions can be initialized and
approximated for a nonlinear system with equivalent linear
representation [42]. Therefore, it could yield explicit numerical
models [43], and be cooperated with many existing model-based
control strategies. Besides, disturbance rejection is important
in controller design, especially for surgical applications [44].
For measurable disturbances, feed-forward strategies can be
used to reduce or eliminate the influence. However, in most
situations, the internal or external disturbances cannot be directly
measured. A promising solution to this problem is to estimate the
disturbance based on measurable variables, followed by control
strategies that can reduce the influence of disturbance [45].

In this article, we develop a modeling and control scheme with
the aim at achieving fast, precise laser steering implemented
by a flexible, compact continuum robot structure. Precise robot
control is achieved through real-time multicore FBG shape
sensing, Koopman-based robot modeling, and a disturbance-
observer-based controller. Lab-based laser ablation tasks are also
conducted to evaluate the robotic system. The motivation of this
article is to propose a compact soft robot with high compliance
and fast laser sweeping capability, which can be implemented
in narrow orifices for laser surgery, such as transoral laser
microsurgery. The key work contributions are listed as follows.

1) Design of a compact two-segment soft robot with fast
laser sweeping capability. A proximal hydraulic-driven
segment can provide omnidirectional endoscopic naviga-
tion of the distal segment that is actuated by tendons for
precise and fast laser sweeping.

2) Development of Koopman-based data-driven models,
which could provide linear presentations of the nonlinear
property for both the hydraulic-driven and tendon-driven
mechanisms.

3) Design of a disturbance-observer-based controller, where
the control loop can be closed by real-time shape sensing
feedback of a multiple-core FBG passing through the two
robot segments.

II. METHOD

In this article, the design of the two-segment soft robotic sys-
tem is presented. To enable accurate and reliable laser ablation in
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Fig. 1. Diagram showing the architecture of the robotic laser ablation system.
The proximal segment is driven by three hydraulic cylinders which are connected
to a step motor, respectively. The distal segment is driven by three tendons which
are wrapped on rollers and controlled by three Dynamixel motors. The multicore
FBG fiber and laser fiber are both inserted into the central channel of the robot,
connected to an interrogator and laser source, respectively.

a narrow and constrained environment, the robot should have a
compact design without sacrificing its manipulation capabilities.
The design, modeling, and control of the soft robotic system
is detailed in this section. The overall hardware configura-
tion is shown in Fig. 1, including the tendon-driven unit, the
hydraulic-driven unit, the shape sensing unit, the laser source
for ablation, and the two-segment robot. Three servo motors
(Dynamixel MX-64 AT) were used to adjust the tendon length,
thus steering the laser lens in the distal segment. Three step
motors (57BYG250-80) driving linear motion of the cylinder
piston for hydraulic actuation of the three soft chambers. Be-
sides, a multicore FBG fiber was used and connected along
the central channel throughout the two robot segments to the
fiber optic interrogator device (Sensuron, RTS125+). The fiber
multiple cores were split into separate channels of the fanout box
(FBGS International). The patch cables were then connected to
the interrogator through broadband reflectors. The interrogator
could provide a laser source transferred to the optical FBGs and
process the spectral data in real time. The fiber together with
an outer sheath (PTFE, ID Ø0.3 mm, OD Ø0.6 mm) is inserted
in the central channel of the robot and fixed at the distal end.
Another optic fiber with gradient-index (GRIN) lens was used
for laser ablation powered by another external laser source (808
nm, 3 W).”

Fig. 2. Components of the two-segment continuum robot. (a) Conical design of
the distal tendon-driven segment. The manipulator is driven by three PE cables,
with a metal spring as the backbone. An outer shell could protect the bending
structure from external disturbances. (b) Proximal hydraulic-driven segment
for large deformation. The active bending segment is comprised of three soft
chambers with individual spring reinforcement constraints.

A. Robot Prototype

The robot’s two segments are both able to perform omnidi-
rectional bending, with the proximal hydraulic-driven segment
designed for large bending, and the distal tendon-driven segment
for fast laser scanning within a smaller angular range. The
relatively large bending range of the hydraulic-driven segment
is designed with the purpose of adjusting the laser orientation
roughly toward the target where fine, but fast laser steering
can then be performed by the tendon-driven segment. The laser
manipulator, namely the distal segment [Fig. 2(a)], incorporates
three tendons spaced circumferentially about a flexible backbone
with a total length of 12 mm, offering panning and tilting of the
laser collimator. Polyethylene (PE) tendons (Ø 0.5 mm) were
selected in this article due to their low stretchability and high
durability. Also, compared with metal wires, PE is softer with
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little shape memory effect, which would reduce the buckling
effect. The backbone is a metal spring fabricated from a nitinol
tube using laser cutting. The central channel of the segment is
reserved for a laser ablation fiber, which has a rigid collimator on
the tip as well as the multicore FBG fiber for shape reconstruc-
tion. A rigid outer shell (Ø 12 mm) is incorporated to prevent the
laser beam steering from external disturbances, such as contact
with tissue. Note that the outer shell would not affect the bending
of soft manipulator. To enable a large ablation region, a smaller
disc (Ø 6 mm) is used in the conical design for larger steering
angle (∼±30°) inside the outer shell (Fig. 2).

The workspace can be roughly estimated with an analytical
model using constant curvature (CC) theory [46]. This design
enables a scanning area of 20 × 20 mm2 at a 15 mm projection
distance. The usage of the nitinol spring as the backbone allows
the stiffness of the tendon-driven segment to be reduced in com-
parison to the hydraulic-driven segment. The stiffness difference
between the two segments can ensure that the tendon-driven seg-
ment could work independently, i.e., when the distal segment is
actuated, the hydraulic segment would not undergo deformation
or vibration.

In our application cases, the manipulator is expected to pro-
vide flexible laser steering in narrow orifices while maintaining
the camera pose/view stable or still. This requires an omnidi-
rectional bending mechanism that has to be sufficiently small to
accommodate inside a cap or shell. The proposed spring-tendon
mechanism can fulfill such small form factors required, and
also protect the fiber from any damage due to its sharp bending
as which would be occurred in gimbal setting. Furthermore, it
is very challenging to incorporate an elastic property into the
compact gimbal, which is of importance to reducing the draw-
back of any tendon slackness commonly found in tendon-driven
mechanisms. The introduced elasticity would help minimize
the mechanical transmission latency and backlash, enhancing
the overall dynamic response, hence the control performance.
Not applying any pretension/load on the tendons, in our tendon-
driven structure, multiple closed-coil spring partitions could be
just simply enclosed along the laser fiber, avoiding its sharp
bending to damage.

The mechanism of the hydraulic segment consists of three
independent elastic actuation chambers, which are located 120°
apart in a symmetric triangular configuration. The hydraulic seg-
ment is fabricated with three-dimensional (3-D) printing (Objet
350, Stratasys), which could provide hybrid printing of soft and
rigid materials. Reinforced springs made from stiff materials are
directly applied to each soft chamber through 3-D printing. With
the spring reinforcement constraint, the soft hydraulic cham-
bers could deform with lower hysteresis and higher stiffness
while improving resistance to rupturing during pressurization.
This long hydraulic-driven segment [Fig. 2(b)] comprises of
three spring reinforced chambers each with outer diameter of
2 mm and a total length of 56.4 mm, enabling coarse naviga-
tion toward the region of interest prior to more precise laser
steering provided by the distal tendon-driven segment. There
is a central channel reserved for laser fiber and shape sensing
fiber.

B. Shape Sensing With Multicore Optical Fiber

Fiber-optic shape sensing technologies using FBGs have
drawn attention for their ability to measure the configuration
of flexible instruments in a small package. FBG fibers have
excellent multiplexing capabilities within thin, submillimeter
diameters, where a series of sensing gratings can be written on
one fiber without changing the fiber diameter [33]. Also, the
high flexibility of the optical fiber allows it to be integrated with
delicate devices with minimal effect on the instrument stiffness.
These distinctive advantages of FBG fibers have prompted their
employment in many applications, including shape sensing of
steerable interventional needles [47], [48], navigation of medical
devices [49], and force sensing of surgical instruments [50],
[51]. Another advantage is that it can achieve real-time shape
reconstruction with high updating frequency (>100 Hz).

Fiber with multiple cores containing FBGs could further
improve the sensing density and enable 3-D shape sensing of
the fiber’s own configuration [52]. For multicore fibers, its own
configuration can be uniquely estimated by strains measured
along each core, where different cores will measure different
strains (tension or compression) under bending. The bending
direction and radius (curvature) can be uniquely determined by
comparing the amplitude and phase of each strain curve. For
multicore fiber, there are two types of 3-D curvature calculation
methods commonly used. One approach is utilizing the piece-
wise constant curvature (PCC) model with the assumption that
each small section between strain measurements is bent in CC.
The model works by calculating the discrete bending radius and
direction for each segment and sums them to obtain the 3-D
fiber shape [53]. Another method is utilizing the Frenet–Serret
formulas to define 3-D curves, taking the torsion effect into
account [54], [55]. In this article, the PCC method was selected in
consideration of its relative simplicity. Additionally, the length
of the fiber/robot (∼60 mm for the hydraulic-driven segment
and ∼16 mm for the tendon-driven segment) used in this article
is relatively short, reducing the need for torsion compensation.

An independent demonstration of shape reconstruction with
multicore OFDR FBG fiber is shown in Fig. 3, where the
fiber was manually deformed into various curves. A ∼300 mm
sensing length was used, with a PTFE sheath protecting it from
outer force disturbance and to reduce friction. The torsion of the
fiber may contribute to the reconstruction error, which would
induce strain response for each core and bring noise into the
reconstruction algorithm. This error is related to sensing length
and the fabrication accuracy. Once the fiber is tightly fixed with
small initial torsion, the reconstruction error can be substantially
reduced.

To validate the FBG shape sensing performance of the multi-
core fiber, a fixed curvature test was conducted on the bending
curvature templates, as shown in Fig. 4. The templates were 3-D
printed with fixed curvature grooves of 2.5 mm width, which
are approximately equal to the outer diameter of outer tube. The
tube was placed into the template grooves for measuring its 3-D
curvature. The bending angles of the curved section are from
0° to 120° on one side, and from 0° to 60° for the “S” shape.
The length of the CC arc section is 78.5 mm. The shape of the
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Fig. 3. Shape reconstruction for the multicore fiber in various curvature
configurations. The fiber length used in the test was about 300 mm and was
protected with a PTFE sheath. The fiber was deformed into different curves (left
column) with the corresponding shape reconstruction (right column).

tube was reconstructed by three cores in the fiber with each
core containing 25 FBG segments. For each measurement, the
location of first FBG segment was aligned to the start position
of the CC arcs. The reconstructed 3-D curvature was obtained
by taking average of 20 consecutive data captures for the entire
sensing section. In terms of the distal segment, a short length
of the fiber (∼12 mm) was used for shape sensing, where the
sensing error would be proportionally reduced and meet the
clinical requirements on laser spot targeting (<1 mm) [56].

C. Linear Modeling Built on Koopman Operator

Soft robots, unlike their rigid counterparts, usually have
infinite degrees of freedom due to their continuously bend-
ing structure. Their nonlinearity creates challenges when us-
ing traditional analytical methods, such as PCC or Cosserat
rod theory. Linearization of nonlinear systems is a useful way
to solve the modeling problem of soft robots. Among these
linearization techniques, the Koopman-based approach could
convert a nonlinear system into an equivalent linear system. The
linearization method makes it possible to linearize the system
globally, rather than just preserving the stability near equilibrium
points. However, like most data-driven methods, the accuracy

Fig. 4. Shape sensing accuracy test with curvature template. (a) Bending
curvature templates used to evaluate the shape sensing performance of the
multicore FBG fiber. Eight curvatures are included at each bending direction,
with an absolute value from 0° to 120°. (b) Reconstruction shapes compared
with the ground truth curves. The starting positions are all aligned at (0, 0).

of Koopman-based models highly depends on the data quality
and quantity. Due to their high compliance, soft robots tend to
have smaller physical impact on their surroundings than rigid
robots. This in turn allows safe and automatic collection of
large amounts of training data, further allowing a wide range
of operating conditions.

With the input–output datasets obtained, a linear representa-
tion of the nonlinear dynamic system could be identified with
the Koopman-based method [40]

ẋ(t) = F (x(t)) (1)

where x(t) ∈ X represents the system state (t > 0), with initial
condition x0 at time 0. F is a differentiable function, and φt is
denoted as the solution to (1) at time t.

The finite-dimensional system state x(t) can be lifted to
an infinite-dimensional space F which includes all continuous
real-valued functions (X ⊂ Rn). Functions in F are denoted
as observables, and the solution can be characterized by the
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Koopman operator Ωt. For any t ≥ 0, there is

Ωtf = f ◦ φt. (2)

The symbol ◦ means function composition and Ωt is a linear
operator, while the system (1) can be linear or nonlinear. There-
fore, the Koopman operator can provide a linear expression of a
nonlinear system with infinite-dimensional observables [32].

1) Linear Model Identification: In application, the Koopman
operator cannot be described by a finite-dimensional matrix due
to its infinite dimension. To solve this problem, a modified
extended dynamic mode decomposition algorithm is usually
utilized to reduce the dimension [57], [58], where a finite-
dimensional approximation can be identified by linearly regress-
ing the observed data.

AssumeF is the subspace ofF , which is spanned byN(> n)
independent basis functions {ψi : Rn → R}Ni=1. For conve-
nience, the first n basis functions are set as follows:

ψi(x) = xi (3)

where xi is the ith element of x, and the lifting function can be
expressed as follows:

ψ(x) := [x1 · · ·xnψn+1(x) · · ·ψN (x)]T . (4)

The best approximation of Ωt in the L2-norm sense is as
follows [59]:

Ω̄t =
(
ψT (x)

)†
(ψ ◦ φt (x))T (5)

where the superscript † indicates the Moore–Penrose pseudoin-
verse.

For real application in control systems, state measurements
are discretized in the form of input–output pairs (a[k], b[k]) for
k ∈ {1, . . . ,K}:

a [k] = x [k] (6)

b [k] = φTs
(x [k]) + σ [k] (7)

where x[k] is the kth measured state, σ[k] represents the noise,
and Ts indicates the sampling period. All the data pairs are lifted
with (4) and form into the following K ×N matrices:

Ψa :=

⎡
⎢⎣
ψ(a [1])T

...
ψ(a [K])T

⎤
⎥⎦ ,Ψb :=

⎡
⎢⎣
ψ(b [1])T

...
ψ(b [K])T

⎤
⎥⎦ . (8)

Following from (5), Ω̄Ts
is thus determined upon the least-

squares method to fit the observed data

Ω̄Ts
:= Ψ†

aΨb. (9)

For dynamic systems with inputs, the Koopman operator is
utilized to yield discrete linear models with the following form:

z [j + 1] = Az [j] +Bu [j]

x [j] = Cz [j] (10)

for each j ∈ N, where x[0] is the initial state, z[0] = ψ(x[0]) is
the corresponding lifted state, u[j] ∈ Rm is the system input at
step j, and C is a projection matrix from lifted state space onto
the robot state space.

A linear model in form of (10) can be obtained using the
system identification approach, with the following lifted data
pairs:

α [k] =

[
ψ (a [k])
u [k]

]
,β [k] =

[
ψ (b [k])
u [k]

]
(11)

for each k ∈ {1, . . .K}, the input u[k] is not lifted to ensure
that the resulting model has linear input. With these discrete
data pairs, the following K × (N +m) matrices are defined:

Γα =

⎡
⎢⎣
α[1]T

...
α[k]T

⎤
⎥⎦ ,Γβ =

⎡
⎢⎣
β[1]T

...
β[k]T

⎤
⎥⎦ (12)

and the Koopman operator could be calculated with (5)

Ω̄Ts
:= Γ†

αΓβ . (13)

Note that by (5) and (13), the optimal approximation of the
transition matrix could be obtained in the L2-norm sense

minΩ′

K∑
k=1

∥∥∥Ω′Tα (k)− β (k)
∥∥∥2
2

(14)

and the A ∈ RN×N and B ∈ RN×m matrices satisfy the fol-
lowing:

minA′,B′

K∑
k=1

‖A′ψ (a [k]) +B′u [k]−ψ (b [k])‖22. (15)

And the best A and B matrices of (10) can be obtained by
partitioning Ω̄T

Ts
as follows:

Ω̄T
Ts

=

[
AN×N BN×m

Om×N Im×m

]
(16)

where Im×m is an identity matrix,Om×N denotes a zero matrix,
and the C matrix is defined as

C =
[
In×n On×(N−n)

]
. (17)

Thereby, a linear predictor has been determined with the
discrete model form in (10).

2) Training Data Acquisition: The configuration parameters
of the hydraulic-driven segment are defined as its bending di-
rection and angle, with the inner pressures of three chamber
adjusted by motor positions. The distal tendon-driven segment
is controlled by altering tendon lengths, thus manipulating the
bending directionϕ and angle θ [Fig. 5(a)] of the laser lens. Data
for identifying the linear model were collected by the random-
ized motion of the laser manipulator. For the tendon-driven seg-
ment, the tendon length could not be directly randomly adjusted
due to the inherent structural constraint. Therefore, the training
data were generated by randomly changing the parameters in
the configuration space rather than that in the actuation space, as
shown in Fig. 5(a). The bending angle θ and bending direction
ϕ are randomly generated in the configuration space, with a
predefined threshold to constraint the magnitude. In this article,
we intend NOT to apply any pretension/load on the tendons,
but propose to use spring as the backbone of tenson-driven
mechanism, which store potential energy while bending. The
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Fig. 5. Data collection and model validation for the Koopman-based model.
(a) Data collection for model identification. The bending angle θ and bending
direction ϕ were randomly initialized with a predefined threshold in the config-
uration space. (b) Validation of the data-driven model using Koopman theory.
The predicted 2-D projection (in blue) are compared with the ground-truth (in
red). The distance error is shown in the corresponding X- and Y-axis.

spring elasticity could restore the backbone to its natural shape
rapidly, not requiring additional actuation to tense the slacked
tendon, thus it could reduce the influence of slackness. Also,
the data-driven method could resolve the remaining backlash
issue by incorporating the nonlinear property into the model,
as the training data would also cover the actuation status with
slackness.

After collecting the data for the data-driven modeling ap-
proach, a Koopman-based linear model can be obtained, map-
ping from the tendon lengths to the 2-D projection position.
The projection plane is perpendicular to the central axis of the
robot. The 2-D projection position is calculated using the tip
position and orientation, which are obtained by the real-time
shape sensing feedback. A total of 15 000 pairs of data were
used to identify the model, and another group of 1000 pairs (not
involved in the training dataset) were utilized for validation.
For the lift functions, fourth-order polynomials were chosen
for its high prediction accuracy and low regression time, after
comparing with other kinds of lift functions such as Gaussian
and Fourier.

The accuracy of the data-driven model was validated by
comparing with ground truth, as shown in Fig. 5(b). It is obvious
that the predicted results match the true value well on both X

and Y dimensions, with small root mean square error (RMSE)
of 1.1233 mm for the X direction and 0.9569 mm for the Y
direction. These prediction results are promising compared with
the motion range of the projection point (∼±23 mm). Small
errors were observed from the prediction results, which suggests
that the data-driven model could approximate the real physical
model accurately.

D. Disturbance-Observer for Closed-Loop Control

Disturbances and uncertainties are unavoidable in almost
all robotic systems and bring negative effects on the control
performance [44]. Therefore, rejecting or reducing disturbance
and uncertainty are important in control system design, espe-
cially for surgical applications. For measurable disturbances,
feed-forward strategies can be used to reduce or eliminate the
influence. However, in most situations, the internal or external
disturbances cannot be directly measured. A promising method
to solve this problem is estimating the disturbance from mea-
surable variables, followed by control strategies to reduce or
eliminate the influence of disturbance. A similar strategy can
be applied to deal with system uncertainties, by considering
uncertainties or even unmodeled dynamics as a part of the
disturbance.

In this article, a disturbance observer was designed to evaluate
the model and sensing uncertainty, then used for compensation.
The disturbance estimation d̂ is obtained by passing the modified
output estimated error d̃ through a low-pass filter Qfilter, i.e.,

d̂ = Qfilterd̃. (18)

The modified estimation error of the output can be calculated
with the least-squares solution given by the following equation:

d̃ = B+L (x− x̂) + d̂. (19)

With B+ = (BTB)
−1
BT , and the gain L to be designed.

When a low-pass filter is chosen for Qfilter as suggested in [60],
it is as follows:

Tq
˙̂d+ d̂ = d̃. (20)

After involving (19), the equation can be rearranged as fol-
lows:

˙̂d =
1

Tq
B+L (x− x̂) . (21)

The estimated disturbance d̂ is determined by the difference
between the measured output and its estimated value.

For the proposed robotic system, the controller design aims
to find appropriate input tendon lengths which enable the laser
projection point to follow a reference path. An overview of the
control method is illustrated in Fig. 6. The multicore FBG fiber
is utilized to provide real-time shape sensing for the continuum
robot. The data-driven model uncertainty, the fiber shape sensing
noise, and other uncertainty caused by tendon slackening, etc.
are all treated as system uncertainty. A first-order low-pass filter
is applied before the compensator is added into the main loop.
The observer is designed by comparing the actual input and the
estimated input via inverse kinematics. As a linear kinematic
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Fig. 6. Control schematic applied to the tendon-driven robot segment. Fiber
optic shape sensing feeds back the pose of manipulator tip to both observer and
controller. Disturbance-observer-based compensator is used to reduce the effect
of model uncertainty and external disturbances, and the PI controller is to reduce
tracking errors.

model has been identified in form of (10), the inverse kinematic
can be obtained by direct inverse operation. In the proposed
disturbance-observer-based controller, the PI component was
selected to process the feedback and incorporate with the data-
driven model. We implement it because of its wide applicability
and simple tuning procedure. In this article, we prefer to use
PI, skipping the derivative, D, under the PID control. The D
(derivate) part usually works to counteract the rate of the state
change, generally implemented in analog controllers. However,
for our digital controller, the D part often results in oscillation
because of the excessive settling time and rapid chattering along
the desired path. With the D part as one of the feedback com-
ponents, the slope of the control output relative to time would
approach infinity and produce excessive volatile control signals.

The source of disturbance can come from external force
and internal tendon friction, damping, and slackness during the
tendon actuation. The external force applied when the robot
segments is in contact with the lumen during the endoscopic
navigation, the soft hydraulic-driven actuation could comply and
adapt with the contacts with its lumen surrounding, and avoid
damage to the soft tissues. As in our preliminary test [20] on
the cadaver subject, the distal part of such a hydraulic-driven
segment is usually rather free from the contacts, which can
be steered toward the target laser ablation site by the use of
close-loop controller with real-time sensing feedback. Further-
more, the tendon-driven mechanism is protected by outer shell
from any external contact with soft tissue. To our observation,
the disturbance to the tendon-driven mechanism mainly comes
from the tendon slackness. Apart from the elasticity/spring
property introduced to the mechanism, our proposed data-driven
method also takes an important role to resolve the tendon-pulling
backlash issue by incorporating the non-linear property into the
model, as the training data would also include actuation status
involving tendon slackness.

External force which is larger than the load capability
(>0.4 N) would spoil the controller performance of the
hydraulic-driven segment. Also, the controller cannot deal with
high-frequency disturbance, i.e., beyond the bandwidth of the
system (>1 Hz for the hydraulic-driven segment, and>10 Hz for

Fig. 7. Repeatability test of the tendon-driven segment. (a) Open-loop repeated
scanning following an “�” path over 100 cycles, with the colormap indicating
the error. (b) Deviation distribution of the projection points, where most of the
errors were less than 0.3 mm.

the tendon-drive segment). Increasing the robot stiffness could
improve its dynamic response, thus enhancing the capability to
deal with strong and high-frequency disturbance.

III. EXPERIMENT

A. Repeatability and Frequency Response

Aside from the controller design and performance, the actua-
tor mechanical reliability is also of our concern. Despite the pos-
sibility for being used as a single-use device due to its low-cost
3-D printed design, adequate performance should be sufficiently
maintained over its usage. The tendon-driven segment was first
tested independently and controlled to follow an “�” shape path
with open-loop control repeatedly for 100 cycles [Fig. 7(a)]. The
total operating time lasted approximately 1 h. The projection
point moved following the path step-by-step, with the color
indicating the deviation. The deviation distribution (compared
with the mean value) is shown in Fig. 7(b), which shows that
most of the errors (98%) were lower than 0.3 mm. This, to some
degree, can reflect the repeatability of the manipulator.

The dynamic response of hydraulic soft manipulator and
tendon-driven segment were both tested. For the long hydraulic
segment, the soft chambers were pressured/released through hy-
draulic cylinders actuated by step motors. The robot tip position
was captured with an EM tracking coil under periodic sinusoidal
input with frequency ranging from 0.1 to 3 Hz. As shown
in Fig. 8, the bandwidth of the hydraulic segment was about
0.75 Hz, at which frequency the magnitude decreased by 3 dB.
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Fig. 8. Frequency response of each robot segment. The bandwidth was
∼0.75 Hz for the hydraulic-driven segment and ∼6 Hz for the tendon-driven
segment. The cutoff frequencies were obtained where the magnitude response
decreased by 3 dB.

This means that the adjusting frequency of the input commands
should be less than 0.75 Hz, otherwise, they would be filtered
by the soft robotic system. The same test was performed for the
short tendon-driven segment, resulting in a measured bandwidth
of approximately 6 Hz, which is much higher than that of the
hydraulic segment. These results align with the original design
that intends the hydraulic segment to be used for larger, slower
bending, and the tendon-driven segment is for fast laser steering.

The hydraulic-driven segment comprises three reinforced soft
chambers, where its dynamic response has great correlation with
the density of spring partitions. In our previous article [20],
finite-element analysis was used to analyze the bending stiffness
of the spring reinforcements. Integrating multiple partitions of
spring would help balance between the soft chamber dynamic
response and durability. The distal segment is designed with
a spring-tendon structure, where its dynamic characteristics
are mainly determined by its spring backbone. In this article,
closed-coil spring was chosen as the backbone of the tendon-
driven segment. Either the mechanical parameters or material
property would affect its dynamic response. As studies in our
previous article, the increase in spring wire diameter has a quartic
correlation with the bending stiffness [5]. Also, the spring made
of stainless steel has a higher stiffness than nitinol. With the
presence of a stiffer spring backbone, the tendon-driven mech-
anism could achieve higher operational frequencies. However,
for the two-segment robot, there is a tradeoff to find a proper
spring stiffness and ignore the coupling effect between the two
segments.

B. Control Performance

With a kinematic model obtained with the Koopman-based
method, the manipulator can be controlled to follow a reference

Fig. 9. Comparison of path following performance using (a) open-loop and
(b) closed-loop control strategies demonstrated with a single path following
cycle of a four-leaf pattern. The closed-loop controller could compensate for the
modeling uncertainty, giving rise to the precision at RMSE = 0.93° only.

path. The control performance was evaluated by comparing
open-loop and closed-loop control via a path following task
performed over one tracking cycle. The control accuracies in
Fig. 9 were initially measured as angular error of the laser lens
with the colormap indicating the degree of error. For clarity, the
errors could be interpreted as positional errors when projected
onto the “ablation” plane. As shown in Fig. 9(a), the open-loop
control method could roughly follow the path with large tracking
errors with angular error of RMSE = 4.48° (RMSE: 2.53 mm
with max. error: 5.13 mm). A bias toward the positive Y-axis
could be seen, which could be accounted for by the data-driven
model uncertainty and shape sensing noise. In comparison,
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Fig. 10. Performance of the proximal segment. (a) Bending direction and
angle determined by the pressure of three soft chambers. (b) Validation of the
data-driven model for the hydraulic segment using Koopman theory. (c) Control
performance validation via path following with most of the errors <1.2 mm.

the closed-loop control method was able to follow the path
more accurately with angular error of RMSE = 0.93° (RMSE:
0.634 mm with max. error: 1.65 mm), demonstrating substantial
improvement.

Experiment has been performed to estimate the performance
of the proximal segment, following a circular reference path.
Fig. 10 shows the working performance of the hydraulic-driven
segment, where the bending direction and angle are controlled
by the liquid pressure of the three soft chambers. Fig. 10(b)
shows the evaluation of the data-driven model compared with
ground truth. Fig. 10(c) demonstrates the control performance
by following the reference path, where >80% of the tracking
errors were less than 1.2 mm.

C. Lab-Based Laser Ablation

As the aforementioned results and analysis were dependent
on the calculated value obtained from optical fiber sensing data,
some lab-based ablation experiments are performed to test the
overall performance of the robotic system [Fig. 11(a)]. A GRIN
lens [Fig. 11(b)] was inserted in the central channel of the robot
with its tip fixed onto the distal end of the tendon-driven segment.
The GRIN lens could emit a parallel-beam spot on the target and
in combination with the robot’s actuation, and can provide the
ability to dexterously ablate tissue. For the ablation tests detailed
below, the projection/target plane was positioned approximately

Fig. 11. (a) Laser ablation configuration with collimator located ∼20 mm
above the target ablation plane. (b) GRIN collimator integrated into the robot
tip for laser ablation. (c) 3-D schematics of segment steering the collimator with
three tendons. (d) Actual laser ablation on a foam board. Closed-loop control
was applied to track the four-leaf pattern.

20 mm from the laser collimator tip, as shown in Fig. 11(a). A
black foam board was used as the ablation surface to record the
laser spot path, as shown in Fig. 11(d).

The laser ablation system was evaluated with the developed
control strategy in further path following (Fig. 12). Three differ-
ent patterns, i.e., a rectangle, spiral, and bat symbol, were used in
the evaluation. The choice of the patterns aimed to cover various
core components of complex paths, such as lines and right-angle
turns in the rectangle, curved/circular paths in the spiral, and
acute turns in bat-symbol pattern. For the rectangular pattern
[Fig. 12(a) and (b)], larger errors occurred at the bottom and
top corners, which are likely due to overshoot of PI controller,
combined with the coupling effect of three tendons and their
pretension status. Overall, the laser steerer demonstrated suitable
precision for all three trajectories, with errors remaining<1 mm
even for the more complex bat-symbol pattern.

D. Ex-Vivo Laser Ablation Test

The laser manipulation system and control strategy were also
validated by a laser ablation test on ex-vivo pig tongue tissue
[Fig. 13(b)]. A 1550 nm laser source was selected due to its
high absorption rate in water. As seen from the Fig. 13, the
laser ablation spot could accurately follow the predefined path,
filling the desired boundary shape with RMSE = 0.384 mm.
The “fish” ablation region could also be observed on the tissue
surface, where the whole region was heated to a lighter color.

Thermal data (captured via a Fotric 222 s thermal camera)
were also recorded to compare the open-loop control and closed-
loop control with different sweeping speeds. A 1550 nm laser
source (2.5 W) was chosen to project the laser on pig skin.
Three types of ablation operation were performed and compared
with fast scanning (7 s/cycle) and slow scanning (21 s/cycle)
speeds. The three types of operations are: fast scanning with
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Fig. 12. Laser beam steering along three reference paths: a square, spiral, and bat symbol. (a) Tracking performed by the proposed control strategy. The colored
lines indicate the actual path followed and the color temperature indicates the error compared to the reference path (dashed black line). (b) Corresponding laser
“footprint” on the foam board in black.

Fig. 13. Path following of a zig-zag pattern. (a) Laser spot steered to
fill into a fish-shape contour. Warmer the color, higher the tracking error.
(b) Corresponding ablation applied on ex-vivo pig tongue tissue.

Fig. 14. Thermal camera image of laser ablation on pigskin. Open- (first row)
and closed-loop control (second/third row) are compared. Faster scanning mode
with closed-loop control enables even distribution of heat. This would reduce
the risk of excessive coagulation necrosis on in-vivo tissues.
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Fig. 15. Tremor compensation carried out in (a) hand-held setting. Only
tendon-driven segment is actuated, pointing the laser (red dot) toward a target
point (yellow dot). (b) Control performance comparison without/with tremor
compensation. (c) Corresponding angular error plots with control accuracy
improved from 3.84° to 1.21° RMSE.

Fig. 16. Endoscopic application of the laser steering manipulator with two
tendons. (a) Prototype of the unsymmetric spring-tendon structure, with a camera
for visual feedback. (b) Laser beam steering along a triangle reference path driven
by only two tendons, and the resultant ablation footprint on foam board.

open-loop control, slow scanning with closed-loop control, and
fast scanning with closed-loop control. As shown in Fig. 14,
the open-loop control (first row) could not follow the reference
scanning path (a predefined circle) effectively, where obvious
distortion was observed alongside uneven temperature distribu-
tion. With the closed-loop controller, both ablation trajectories
in the slow and fast speeds could accurately follow the reference
path. While the slow closed-loop scanning could reduce the local
overheating compared with open-loop control, the fast closed-
loop scanning could further improve the heating distribution,
reducing hotspots caused by the natural bias of the robot and its
modeling.

E. Tremor Compensation for Hand-Held Ablation

The fast-steering ability of the tendon-driven segment can
also be used to compensate the hand tremor when used as a
handheld device [61]. As shown in Fig. 15(a), the tendon-driven
segment was used independently as part of a hand-held laser
ablation device. The device was used to project the laser spot
on the target, during which the physiological tremor may cause
deviation. An EM coil was attached to the central channel of
the device to measure its position and orientation, and was
used to register the device to the EM field generator coordinate
frame. Knowing the device’s pointing direction, the deviation
between the corresponding projected point on the ablation plane
and the target spot could thus be measured. In combination
with the optical fiber shape sensing feedback, the tendon-driven
segment could compensate the error induced by hand tremor
in real time. The EM tracking system (NDI, Aurora) has 40
Hz measurement rate, which is significantly higher than the
tremor frequency 8–12 Hz as quoted. An EM positional marker
capable of six-DoF pose measurement was integrated on the
backend of handle (as shown in the picture below), and also
coaxial with the FBG central channel. The hand-tremor ampli-
tude could be around 50–100 μm peak to peak. Although this
amplitude would be leveraged along the moment arm (∼50 mm)
of the hand-held device, by placing the EM marker at the
backend, this translational amplitude would still be undetectable
due to the limited EM 3-D-positional tracking resolution of
0.48 mm. However, this tremor-induced vibration, in terms
of its angular amplitude, could be sufficiently large to be de-
tected by the EM 3-D-orientational tracking with resolution of
0.30°. Fig. 15(b) and (c) shows the tendon-driven controller
can substantially compensate the detectable tremor-induced
vibration.

Results showing the effects of hand tremor without active
robot compensation is shown in Fig. 15(b). The user’s hand
tremor would lead to large angular error of RMSE = 3.84° and
max. error = 6.93° when focusing the laser spot (red) on the
target point (yellow). With the compensation control strategy,
the tracking error could be greatly improved, with RMSE 1.21°
and maximum angular error around 3.79°. This corresponds to
a positional error decrease from RMSE = 2.35 mm to 0.74 mm,
allowing the laser to remain mostly within the target Ø 2 mm
spot.
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F. Endoscopic Laser Ablation With Unsymmetric Mechanism

In the previous sections, the data-driven method has been
implemented on a hydraulic-driven segment and a tendon-driven
segment, both of which has a symmetric mechanism. To fur-
ther evaluate applicability of the Koopman-based method, an
unsymmetric tendon-driven manipulator has been designed and
tested. As shown in Fig. 16(a), an endoscopic tendon-driven
prototype has been designed, with a unsymmetric structure using
just two tendons. The camera fixed on the outer shell can provide
the visual feedback for the ablation in real-time. Fig. 16(b)
demonstrates the path following performance of the endoscopic
laser ablation system and the real ablation effect on black foam
board.

V. CONCLUSION

A two-segment compact robot is designed for flexible laser
ablation. The long (56.4 mm) hydraulic-driven segment is com-
posed of three spring reinforced chambers, enabling larger
(∼70°) and slower (∼0.75 Hz) omnidirectional bending, relative
to the steering motion of noncontact laser collimator centered at
the short distal cap. The steering is actuated by three tendons with
enhanced dynamics accredited to the designed spring backbone,
as a result in fast and responsive (∼6 Hz) laser steering. Such
a two-segment prototype is compact (Ø12 mm) mostly for
transoral endoscopic laser ablation. The design can be further
downscaled as in our future article. However, our major work is
to develop a data-driven control framework for a soft robotic
laser manipulation system. Provided with the integration of
OFDR-based FBG sensing, giving out high-frequency feedback
of the robot shape and laser collimator pose in real time, our pre-
sented manipulation system becomes generic platform capable
of incorporating with various control strategies.

Moreover, Koopman-operator-based modeling approach has
been introduced, acting as a linear representation of the pre-
sented dynamic system. Uncertainty of the presented data-driven
model can be compensated with the use of our disturbance
observer. Together with the proposed controller, we have demon-
strated rather precise laser path following across a variety of
tests. For various scanning patterns, such as a four-leaf clover,
spiral, bat symbol, as well as an irregular region filled with a
zig-zag path, the tracking errors could be maintained below
1 mm even with proximity projection distance of ∼20 mm.
The experiment results demonstrate the control performance of
closed-loop control with PI control unit involved. The gains in
the PI controller were fine-tuned based on any overshoot magni-
tude during the path following task. However, the drawback does
exits. It can be observed that small deviation at the sharp path
corners can still be found mostly due to the control overshoot,
which is also considered as the limitation of such PI controller.
To this end, investigation of variety of controllers (including
model predictive control) will be a subject of our future article.
Taking advantage of the tendon-driven mechanism, the manipu-
lator can perform high velocity laser steering at around five times
the speed of the hydraulic-driven manipulator presented in our
previous article [20]. Applied in a hand-held setting, such high

tendon-driven steering speed is also sufficient to compensate
hand tremor, and also to distribute thermal dose evenly, as results
in less chance of coagulation necrosis formed on the in-vivo
tissues. In this article, the backbone of the robot is a metal spring
fabricated from a nitinol tube using laser cutting. The robot has
showed stable sweeping performance after over 20 h ablation
tasks with coverage of most of its workspace, which is attributed
to the great repeatability and durability of the nitinol spring.

By far, only FBG-based shape sensing is utilized as feedback
to close the control loop. Visual camera could be also another
self-contained sensing add-on providing additional real-time
feedback by visually tracking the laser spot in the camera view.
Visible light could be emitted through the same laser fiber to
project a visible laser spot which can be tracked with feature
detection algorithms. The vision-based laser spot measurement,
along with the FBG-based shape sensing, can be fused to further
improve the control performance. Again, it will avoid reliance on
the use of external positional tracking devices, such as EM track-
ing. Potential applications include ablative laser resurfacing or
tattoo removal, where the laser targeting needs to be rapid and
automatic for effective laser sweeping on skin, even in hand-held
operation setting.
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