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Abstract— The absence of force feedback remains a major
bottleneck in the development of robotic laparoendoscopic
single-site (R-LESS) surgery, reducing the control precision of
surgical instruments and increasing the risk of tissue damage.
To address this challenge, we propose a miniature triaxial force
sensor based on Fiber Bragg Grating (FBG), featuring high
precision, nonlinear decoupling capability, and seamless inte-
gration with the tool tip of a continuum manipulator for single-
port access surgery. The sensor features a monolithic elastic
body with a dumbbell-shaped groove, where four FBGs are
symmetrically arranged at 90◦ intervals around the circumfer-
ence to form a redundant measurement unit, thereby enhancing
sensing accuracy. A novel Whale Migration Algorithm Based
Kernel Extreme Learning Machine (WMA-KELM) is intro-
duced to address the nonlinear coupling influences arising from
manipulator integration, demonstrating superior accuracy and
robustness compared to conventional methods. Experimental
results show that within the ranges of axial force [0 N, 5 N]
and radial force [-2.5 N, 2.5 N], the maximum full-scale (FS)
error is less than 1% in all dimensions, the maximum RMSE
is 0.0308 N, and the maximum repeatability error is within
±0.24%. These results validate the force sensor integrated with
the continuum manipulator, and the proposed algorithm is
effective and reliable.

I. INTRODUCTION

With the advancement of minimally invasive surgical
techniques, robotic laparoendoscopic single-site (R-LESS),
which integrates with robotic arms and high-definition imag-
ing systems, has emerged in a master-slave control mode
and reshaped the operational paradigm for complex sur-
gical procedures[1], [2]. These systems typically deploy
specialized laparoscopic instruments and endoscopic cam-
eras through a single miniature incision (2–3 cm), enabling
accessible diagnostics or intricate therapeutic interventions
within the abdominal, thoracic, or pelvic cavities[3]. These
systems successfully address the limitations in open surgery,
such as low precision and dexterity, unclear visualization,
and high surgeon fatigue[4], [5]. R-LESS has rapidly evolved
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and gained incremental clinical adoption. However, the ab-
sence of force feedback remains a critical challenge in R-
LESS surgery. The statistical analysis of surgical trainees’
procedures revealed that excessive or insufficient force ac-
counted for approximately 56% of surgical errors in la-
paroscopic cholecystectomies, because the forces perceived
at the tool–tissue interface are often amplified or distorted
due to internal friction within instruments and lever-induced
force amplification from surrounding tissues and organs[6],
[7]. The force feedback, delivered through physical tactile
sensations or auditory/visual cues, improves surgical accu-
racy and operational efficiency in R-LESS surgery, while
simultaneously facilitating skill acquisition and shortening
the learning curve for novice surgeons[8], [9]. Accurate and
robust force sensing technology is pivotal for enabling such
feedback[10], [11]. Therefore, this paper aims to develop
a miniaturized, high-precision, and reliable triaxial force
sensor specifically designed for the tool tip of a continuum
manipulator for single-port access surgery.

Piezoresistive force sensors have received significant at-
tention due to stability and sensitivity, but require com-
plex structural design and precise installation to achieve
optimal performance[8]. Capacitive force sensors effectively
eliminate hysteresis effects, maintaining high sensitivity and
stability even under varying temperature conditions[12].
However, they are constrained by the interference from
parasitic capacitance[13]. Piezoelectric force sensors are able
to measure dynamic forces through the piezoelectric effect,
but they cannot measure static forces and are susceptible to
external electromagnetic interference[14]. A notable emerg-
ing trend is to integrate fiber Bragg grating (FBG) force
sensors into surgical robots or instruments, enabling real-
time measurement of interactive forces between surgical
instruments and tissues, while offering the advantages over
other force-sensing technologies such as higher accuracy,
inherent biocompatibility, and compatible electromagnetic
interference[15], [16]. Gao et al.[17] and Ping et al.[18]
devised triaxial FBG force sensors which are capable of mea-
suring forces along arbitrary directions in gastric endoscopy
and catheter ablation, but the influence of temperature vari-
ations has not been examined. Li et al.[19] developed a
high-precision triaxial FBG force sensor with temperature
compensation and fault-tolerant strategies, enabling accurate
and reliable three-dimensional force measurement even under
sensor failure. However, the photocurable resin housing has
relatively low mechanical strength, which deteriorates its
performance under high loads. Gan et al. [20] proposed a
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TABLE I

SENSOR DESIGN REQUIREMENTS

Characteristics Specifications

Dimension Sensor Diameter = 6.0 mm
Force range 0 N ≤ Fz ≤ 5.0 N; |Fx|, |Fy | ≤ 2.5 N
Precision 1.0% FS
Repeatability ±0.5% FS

miniature triaxial FBG force–temperature sensor for catheter
ablation, featuring independent temperature sensing and non-
linear neural network-based force measurement, demonstrat-
ing high sensitivity and accuracy. However, the sensor does
not fully cover the temperature range, and limits its applica-
bility under certain thermal conditions. In our previous work,
we designed a miniature triaxial force sensor integrated at the
tip of a flexible ureteroscope [21], and developed a morpho-
logical wavelet-based method to extract force signals from
surgical instruments [22]. However, the differences in size
and functional requirements in the continuum manipulator
make it incapable for single-port access surgery.

Sensor accuracy can be affected by many factors including
structural design, machining precision, fiber optic splicing,
and internal stresses. Nonlinear coupling error is inevitable
and thus requires the decoupling of output signals[23]. Gao
et al.[17] proposed a structure of parallel and series flexible
hinges for self-decoupling in multi-axis sensors. However,
this structure causes assembly complicated and introduces
FBG at the sensor center, which is detrimental to system
integration. The least squares (LS) approach is widely used
for sensor signal decoupling, yet it is sensitive to ill-
conditioned matrices, which may undermine the reliability
of the decoupling results[24]. Oh et al. [25] introduced
a decoupling framework based on deep neural networks
(DNNs), and compares its performance with traditional LS-
based methods and single-hidden-layer networks. Although
their approach achieved a maximum error of 12.91% on Full-
Scale(FS), the high computation load associated with the
complex network limits its application in real-time scenarios.
Li et al.[19] made a comparison of LS, Back Propagation
Neural Networks (BPNN), and Extreme Learning Machines
(ELM). Results demonstrated that ELM exhibited significant
advantages, and its maximum mean squared error (MSE)
is less than 0.77 mN during training. However, ELM is
relatively sensitive to initial parameters.

This paper introduces a miniaturized triaxial FBG force
sensor at the tool tip of a continuum manipulator used in
single-port access surgery. The hollow nickel-titanium alloy
structure with dumbbell-shaped grooves enhances its sensi-
tivity while allowing seamless integration with the continuum
manipulator. A nonlinear decoupling method is proposed
based on the Whale Migration Algorithm Based Kernel
Extreme Learning Machine (WMA-KELM), which demon-
strates superior performance in both accuracy and prediction
time. The sensor has been integrated into the continuum
manipulator, and experiments verify its effectiveness and
reliability.

Fig. 1: The continuum manipulator arm (a) and the triaxial
force sensor (b).

Fig. 2: The schematic of the triaxial force sensor. (a) the
force sensing elastomer; (b) the dumbbell-shaped grooves.

II. TRIAXIAL FORCE SENSOR DEVELOPMENT

A. Sensor Design and Fabrication

A single-port surgery robot system typically employs a
single channel, through which the manipulator arm is in-
serted into the body via a single-port trocar [26]. The system
features three flexible manipulator arms and a vision arm,
enabling tissue retraction, dissection, and high-definition
imaging [27]. The force sensor is attached to the end of
a surgical instrument, with its drive wires routed through
the central channel of the sensor, as shown in Fig. 1, to
measure the interactive force between the instrument and
soft tissue. The design requirements of the force sensor, as
given in Table I, are primarily dictated by the flexibility and
dimensional constraints of the manipulator arm, in addition
to the force ranges. The diameter of the force sensor is same
as the manipulator arm. The maximum axial force Fz is set
at 5 N, while the radial forces Fx and Fy are limited to the
range -2.5 N to 2.5 N. They are given based on the clinical
patient data [28], [29]. The force accuracy and repeatability
must be controlled within ±1.0%FS and ±0.5%FS. Besides,
as a medical device, the force sensor must also meet the
requirements of biocompatibility, electromagnetic compati-
bility, and sterilization.

Figure 2 shows the miniature triaxial force sensor in-
tegrated into the continuum manipulator. It consists of a
hollow cylindrical nickel-titanium elastomer with dumbbell-
shaped grooves to balance axial and radial stiffness. Four
optical fibers, each etched with a single FBG (Beijing Dijing
Optoelectronic Technology Co., Ltd., reflectivity ≥ 85%),
are arranged at 90° intervals around the neutral axis and
fixed within two optical fiber fixtures. The fixtures contain
a central through-hole for the instrument drive cable and
four peripheral holes for the fibers, ensuring the FBGs are
suspended at the elastomer center without encapsulation.
Both of the fiber ends are secured with Loctite 4013 adhesive.
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Fig. 3: The equivalent models of the force sensor. (a) the
spring model in the axial direction; (b) the cantilever beam
model in the radial direction; (c) a cross section.

B. Sensing Principle

When the interactive force acts on the distal instrument, it
is transmitted to the sensor, causing the deformation in the
section of dumbbell-shaped grooves. As shown in Fig. 3,
a Cartesian coordinate system is first established at the
center of the fixed end of the flexture structure. The Z-
axis is along the centerline of the sensor, and the X- and
Y -axes are perpendicular to the Z-axis and are established
in complicance with the right-hand convention. Under axial
loading, Fig. 3 shows the equivalent spring model of the
sensor, and the overall axial stiffness Kz of the sensor,
formed by these components in series, can be computed by

Kz =
4Kf · (Ka1 +Ka2 +Ka3)

4Kf +Ka1 +Ka2 +Ka3
(1)

where Ka1 is the stiffness of the dumbbell-shaped hollow
cross-section in the flexture structure, Ka2 and Ka3 are
respectively the stiffness of the upper and lower portions
of the sensor, and Kf is the stiffness of one FBG.

Subsequently, under axial load, the strain on the ith FBG
(i = 1, 2, 3, 4) can be given by

εz1 = εz2 = εz3 = εz4 =
Fz

Kz(b− a)
(2)

where Fz is the axial load applied to the sensor, a and b are
the distances from the proximal and distal ends of FBG to
the origin of the Z-axis, as shown in Fig. 3(b).

As shown in Fig. 3(b), when a radial load is applied to
the sensor, the strain on FBG can be computed based on an
equivalent cantilever beam, yielding

εri =
Fldi
b− a

∫ b

a

h+ x

EI(x) + EfIf
dx (3)

where εri is the strain on the ith FBG i(i = 1, 2, 3, 4) as the
radial load Fl is applied, and bi denotes the distance of each
FBG to the force-neutral plane, as shown in Fig. 3(c). E and
Ef denote the elastic moduli of the structure material and
the optical fiber. I(x) and If are their moments of inertia,
and h is the length from of the optical fiber end to the load
surface.

The force sensor is grooved with hollow sections, allowing
it to be modeled equivalently with two cylinders of different

TABLE II

PHYSICAL PARAMETERS OF SENSOR COMPONENTS

Parts Material Young’s modulus (GPa) Poisson ratio Density (kg/m3)

Elastomer Nickel-titanium alloy 75 0.33 6450
Optical fiber Silica 72 0.17 2500
Glue Epoxy resin 3.3 0.33 1180

radii. Hence, its bending stiffness can be given by a piecewise
function:

EI(x) =


π
(
D4

1 − d41
)

64
, x ∈ [a, b]

π
(
D4

2 − d42
)

64
, x ∈ [0, a) ∪ (b, b+ h]

(4)

Where D1 and d1 are the equivalent outer and inner diame-
ters of the hollowed-out region, D2 and d2 are the outer and
inner diameters of the sensor.

When the applied radial load is parallel to the positive
direction of X axis, FBG2 and FBG4 are on the neutral
plane of the force, and d2 = d4 ≈ 0. Meanwhile, FBG1 is
compressed and FBG3 is stretched, and d1 = d3 ≈ r. r is
the radial distance of FBG to the sensor centerline. Then we
have {

εr3 = −εr1 = Flr
b−a

∫ b

a
h+x

EI(x)+Ef If
dx

εr2 = εr4 ≈ 0
(5)

Similarly, due to the symmetrical structure of the sensor,
when the radial load is along the positive direction of Y axis,
the following equation can be derived:{

εr2 = −εr4 = Flr
b−a

∫ b

a
h+x

EI(x)+Ef If
dx

εr1 = εr3 ≈ 0
(6)

In terms of (2), (5) and (6), the relationship between
axial/radial forces and the FBG wavelength drift is given
by 

∆1

∆2

∆3

∆4

 =
λB(1− pe)

b− a
S

Fx

Fy

Fz

 (7)

Where ∆i(i = 1, 2, 3, 4) denotes the wavelength drift of
FBG, λB represents the initial wavelength of FBG, pe
represents the effective photo-elastic coefficient. Fx, Fy and
Fz are the forces in the three axial directions. S is given by

S =



−r
∫ b

a
h+x

EI(x)+Ef If
dx 0

1

Kaz

0 r
∫ b

a
h+x

EI(x)+Ef If
dx

1

Kaz

r
∫ b

a
h+x

EI(x)+Ef If
dx 0

1

Kaz

0 −r
∫ b

a
h+x

EI(x)+Ef If
dx

1

Kaz


(8)

C. Finite Element Simulations

To design a force sensor that meets the requirements of
measurement range and sensitivity, the finite element anal-
ysis (FEA) has been done with the Ansys Workbench tool
(ANSYS Inc., Pennsylvania). To this end, we design various
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Fig. 4: The FEA results of the force sensor under axial and
radial forces. (a) the strain profiles; (b) The wavelength
drifts of FBGs.

grooves and adjust their structural parameters to decouple the
axial and radial forces on the sensor. The parallel dumbbell-
shaped grooves are used in this study because they are able
to ensure the structural stability while preserving the stiffness
symmetry in the radial direction. The force sensing elastomer
consists of three layers, and each layer has four dumbbell-
shaped grooves with an interval of 90°. Mechanically, this
configuration can be regarded as an assembly of multiple
triangular elements. The mechanical parameters of the force
sensor, used in the simulations, are given in Table II. Fig. 4
shows the FEA results under axial and radial forces. Fig. 4
(a) illustrates respectively the strain profiles on the sensor
elastomer in the directions of X-, Y -, and Z- axes, and (b)
illustrates the corresponding wavelength drifts of the four
FBGs. It can be seen that when a load is applied to the sensor
in the direction of the Z axis, the strain distributions on all
four FBGs are nearly identical. However, in the direction of
X- or Y -axis, a pair of FBGs shows a symmetrical response,
and the other pair remains virtually unchanged. As a result,
the structural design proposed can mitigate cross-sensitivity
between the axial and radial forces, but also facilitate the
adjustment of sensor stiffness through the parameters change
of the dumbbell-shaped grooves.

III. NON-LINEAR DECOUPLING ALGORITHM

A. Conventional decoupling Algorithms

Eq.(7) gives the relationship of the applied force and the
wavelength drift of the four FBGs. Inversely, we have Fx

Fy

Fz

 = γS−1


∆1

∆2

∆3

∆4

 (9)

where S−1 is the generalized inverse of sensitivity matrix S,
and γ is a structural constant.

To establish the above relationship directly, the sensor
calibration was done here. During calibration, the wavelength
shifts of four FBGs are collected under different known
loads, and the transformation matrix is computed by a
linear regularized LS fitting algorithm, due to its operation

simplicity. This algorithm is highly favored in engineering
practice, but its accuracy heavily depends on the quality
of the acquired calibration data. Moreover, the fabrication
errors of sensor machining and assembly are readily caused,
introducing a nonlinear relationship of the applied force
and the wavelength shifts. Hence, the model obtained from
the linear LS algorithm degrades the accuracy of force
calculation.

To improve and decouple multi-axis force computation,
a feedforward neural network, namely, BPNN, is studied
here. It utilizes backpropagation weight updates as a training
mechanism, and can realize nonlinear decoupling. Delib-
erately, we discuss a BPNN-based decoupling and fault-
tolerant model for the force sensor devised. Its topology
adopted is 4-400-3. To handle complex wavelength shift
data from FBGs, the BPNN model employs the advanced
Adam algorithm for parameter iteration and update, and
dropout layers and early stopping are applied to mitigate
the overfitting risks. In addition, this model utilizes the
parameterized rectified linear unit (PReLU) as its activation
function, which effectively addresses the issue of negative
dead zones.

B. Whale Migration Algorithm Based Kernel Extreme Learn-
ing Machine

Kernel extreme learning machine (KELM) is an extended
version of traditional extreme learning machine (ELM),
which ingeniously addresses the poor robustness of ELM
models through kernel function. It implicitly maps data to a
high-dimensional kernel function space. During its solution
process, the calculation of original hidden layer output matrix
is simplified and replaced by a kernel matrix. The KELM
topology used here is 4-200-3. To control overfitting, a
radial basis function (RBF) kernel is used by incorporating
a regularization term. Then, the KELM output function can
be given by [30]

f(x) = K(x)⊤
(
Ω+

I

C

)−1

T (10)

where Ω denotes the kernel matrix, C is the regularization
coefficient, T represents the training target matrix, and I
is the identity matrix. The kernel mapping vector K(x) is
defined as K(x) = [K(x, x1),K(x, x2), . . . ,K(x, xn)].

To mitigate the kernel parameter sensitivity and improve
the decoupling accuracy of KELM, the Whale migration
algorithm (WMA) [31] is utilized for hyperparameter opti-
mization, due to its robust dual-phase search mechanism. It is
a bio-inspired metaheuristic optimization method that mim-
ics humpback whales’ migration patterns, and can balance
global exploration and local exploitation to effectively avoid
local optima in high-dimensional search space. The WMA-
KELM method, shown in Fig. 5, can achieve nonlinear
decoupling of the multi-axis force data.

The KELM algorithm with WMA optimization is imple-
mented through the following steps:

Step 1: First, set the objective function as the RMSE for
the cross validation of the leave-one-out method, to enhance
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Fig. 5: Nonlinear decoupling with the WMA based KELM
algorithm.

the generalization capability of the algorithm. It is given by

fitness =

√√√√ 1

m

m∑
i=1

(yi − ŷi)
2 (11)

Step 2: An initial population of migrant whales is ran-
domly generated between the specified lower bound L and
upper bound U , to solve the optimization problem in the
searching space with given deterministic parameters.

Wi = L+ rand(1, D)⊙ (U − L), i = 1, 2, . . . , Npop (12)

where rand(1, D) generates the vector of random numbers
from the interval [0, 1] in the dimension D, ⊙ denotes the
Hadamard product of two vectors. It produces the elements of
a resulting vector by multiplying the corresponding elements
of the two original vectors.

Step 3: Within the migrating whale group, the experi-
enced individuals have higher objective function values and
responsibility to lead the group to the destination. To describe
the actual position of the entire population at any given
time,we use the weighted average position (WMean) of the
experienced individuals, yielding

WMean =
1

NL

NL∑
j=1

Wj (13)

where NL is the number of the experienced whales, and Wj

denotes the position of the jth experienced whale.
Step 4: All the population members are then sorted in

descending order in terms of their objective function values,
and we have

W1, . . . ,Wi−1,Wi,Wi+1, . . . ,WNpop (14)

where W1 is the best member and WNpop
is the worst

member.
Step 5: WMean is the current position of the entire

migrating whale population. If the distance of WMean to W1

is close, it means that the entire population is approaching

Fig. 6: The calibration platform. 1 laptop, 2 digital
electronic scale, 3 interrogator, 4 micrometer, 5 rotation
stage, 6 translation stage, 7 radial support.

an optimal value, and the less experienced individuals will
move toward the direction (1, D). The new positions of those
less experienced individuals are thus computed by

Wnew
i = WMean + rand(1, D)⊙ (Wi−1 −Wi)

+ rand(1, D)⊙ (WBest −WMean)

i = NL + 1, . . . , Npop

(15)

and the current position Wi is replaced by the new position
Wnew

i only if f(Wnew
i ) < f(Wi).

Step 6: In the migrating whale group, the more experi-
enced individuals are responsible for selecting the optimal
path to the destination. Using the above equation of motion,
the ith experienced whale will get the suitable path by

Wnew
i = Wi + r1 ⊙ L+ r1 ⊙ r2 ⊙ (U − L),

i = 1, . . . , NL

(16)

where r1 and r2 are the vectors of random numbers generated
from the interval [0, 1], each with dimension of D. L is a
position vector, and (U −L) is the relative direction vector.
Eventually, the migrating whale population is sorted from
best to worst. The topmost NL members are selected as the
leaders of a whale group.

Step 7: When the current iteration number equals the
maximum iteration limit, the best member is selected as the
optimal solution. If not, the algorithm continues the iteration
process.

IV. EXPERIMENTAL RESULTS

A. Force Sensor Calibration

To establish the relationship of the applied forces and
the wavelength drift of four FBGs, the devised sensor
was calibrated under laboratory conditions. The calibration
platform as shown in Fig. 6, comprises of a laptop, a
triaxial force sensor, an interrogator (TV-1600-04, Beijing
Tongwei Technology Co., Ltd.; 2500 Hz; 1 pm), a digital
electronic scale (B15001, Shanghai Liangping Instrument
Co., Ltd.; 10 Hz; 0.1 g), a 3DOF platform with micrometer,
translation and rotation stages, and a radial support. During
the axial (Z-axis) calibration, the sensor tip applies the force
perpendicular to the scale, in the range of 0 N to 5 N with
an increment of 0.25 N. The wavelength data were acquired
simultaneously by the interrogator, while the forces applied
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Fig. 7: The calibration results of the sensor under axial and radial forces. (a) Fx, (b) Fy and (c) Fz .

Fig. 8: The safety factor under the axial and radial forces
applied.

were recorded from the digital scale. During the radial (X/Y-
axis) calibration, the side of the sensor contacts the radial
support, and applies forces from -2.5 to 2.5 N with the same
increment as the axial direction. Each calibration repeats
three times, and the averaged forces and wavelength values
are used to reduce noise.

Figure 7 shows the calibration results under axial and
radial forces. When the axial force is applied to the devised
sensor, the wavelength shift of the four FBGs is basically
proportional to the force Fz , as shown in Fig. 7(c). Figs. 7 (a)
and (b) show the plots of the wavelength shifts to the axial
forces applied. We can see that the results are symmetric
and the wavelength shifts of the opposite FBGs are strong
correlation with the applied force, while the rest FBGs have
no responses nearly. This observation is in agreement with
the previous results of FE simulation.

B. Sensor Performance Analysis

The performance of the devised force sensor was eval-
uated with measurement range, accuracy, and repeatability.
Herein, the WMA-KELM model was trained first using the
calibration data, and then used to compute the force applied
to the sensor from the wavelength shifts of FBGs.

1) Measurement Range: The measurement range is the
working load the force sensor can stand without failure
or plastic deformation. To ensure sensor safety, the sensor
should meet not only the requirement that the working
load FWork does not exceed the ultimate load FMax, but
also within a margin of safety redundancy. This margin is
quantified by the safety factor n, which is defined as

n =
FMax

FWork
(17)

The safety factor n represents the operational safety of the
sensor within its specified range. n ≥ 1 is the threshold for

Fig. 9: The sensor accuracy. (a) the calculated vs actual
Forces, (b) the crosstalk errors.

a safe sensor. A higher value of n indicates better structural
stability. Fig. 8 shows the safety factors of the devised sensor
under various axial and radial loads. We can have from this
figure that the axial ultimate load is 26 N, and the radial
ultimate load 10 N. Hence, the force sensor is within the
measurement ranges of the R-LESS system (axial: [0 N,5 N];
radial: [-2.5 N, 2.5 N]). The axial and radial safety factors
are over 5.20 and 4.20, respectively. Therefore, the sensor is
safe to measure the force within the specified range while
maintaining a reasonable margin of structural strength.

2) Accuracy: It reflects the level of uncertainty within
the sensor’s measurement range. Here, RMSE is used to
quantify accuracy. Fig. 9 shows the relationship between the
calculated force and the applied force. The slopes of the
fitted lines of the triaxial forces are close to 1, with R2

values of 0.9987 for Fx, 0.9989 for Fy , and 0.9990 for Fz .
The corresponding RMSE are 0.0142 N (0.56% FS) in the
X axis, 0.0137 N (0.55% FS) in the Y axis, and 0.0308
N (0.62% FS) in the Z axis. Furthermore, it can be seen
in Fig. 9 that, when a unidirectional force is applied, the
crosstalk errors in the other directions are negligible.
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Fig. 10: The repeatability of the devised force sensor in the three different directions.

TABLE III

PERFORMANCE OF DECOUPLED MODELS AFTER
INTEGRATION

Algorithm Fx RMSE (N) Fy RMSE (N) Fz RMSE (N) Predict time (s)

LS 1.324 1.863 1.843 0.030
BPNN 0.258 0.473 2.344 0.471
KELM 0.242 0.364 0.537 0.040
WMA-KELM 0.021 0.019 0.045 0.039

3) Repeatability: It is the error of the multiple measure-
ments to same force, and indicates the consistency of the
calculated forces, and the reliability of the force sensor.
Fig. 10 shows the differences of the predicted forces in three
experimental trials, and gives the repeatability errors in the
directions of three axes, which are ±0.24% in the X axis,
±0.18% in the Y axis, and ±0.16% in the Z-axis.

C. On-site Tests

This devised sensor is attached to the continuum manip-
ulator end of a single-port surgical robot system (SR-ENS-
600, Beijing Shurui Robotics Co., Ltd, China), as shown
in Fig. 11, to measure the interactive force at the surgical
tool tip. The integration of the sensor with the continuum
manipulator gives rise to the mechanical property change of
the sensor, and thus it is needed to recalibrate in advance.
The calibration process is same as done previously. But
here the force applied to the digital scale or the support
is implemented by controlling the manipulator of the robot
system. With the force sensor re-calibrated, we made a
comparison study on the decoupling algorithms discussed
in Section III. Table III gives the measurement errors of the
forces applied in the direction of the X , Y or Z axis, with
the decoupling algorithms of LS, BPNN, KELM and WMA-
KELM. It can be seen that the RMSE values of WMA-
KELM are 0.021 N (0.84%FS), 0.019 N (0.76%FS), and
0.045 N (0.90%FS) in the X , Y , and Z axes, less than
the other three algorithms. Moreover, the time to compute
the force with WMA-KELM is less than the other three
algorithms. Further, we carried out extensive experiments to
mimic surgical scenarios, to validate the reliability of the
devised force sensor. As shown in Fig. 12, the single-port
surgical robot system is controlled to tap or slide on a tissue
phantom with the continuum manipulator. The forces of the
three axes, computed by WMA-KELM, are given in Fig. 13.

Fig. 11: The force sensor integrated with the continuum
manipulator.

Fig. 12: The force sensor tests on soft tissue phantom.

Fig. 13: The applied forces of the three axes to soft tissue
phantom, computed by WMA-KELM.
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V. CONCLUSIONS

In this paper, a miniature triaxial FBG force sensor is
devised with a dumbbell-shaped nickel-titanium alloy struc-
ture, and attached to the tool tip of a continuum manipulator
of a single-port surgical robot system. The proposed force
computation method based on WMA-KELM effectively
mitigates nonlinear coupling errors induced by the sensor
integration with the continuum manipulator. Experimental
results demonstrate that the sensor was successfully inte-
grated into the continuum manipulator, and is able to provide
real-time accurate force feedback during on-site tests while
maintaining high reliability and stability. Future work will
extend to six-axis force sensing and fault-tolerant strategies.
In addition, rigorous sensor assessment under clinical envi-
ronments will be done.
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