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Abstract— Tactile sensing is pivotal for enabling effective
human-robot interaction, especially in unstructured environ-
ments. This work introduces an innovative bioinspired soft
robotic finger endowed with shape-adaptive and multi-modal
tactile perception capabilities, drawing inspiration from diverse
biological tactile sensing modalities. Through an advanced Fin
Ray structure, the soft finger features tactile whiskers on
its fingertips, facilitating perception of obstacle orientation,
fingertip pressure, surface roughness, and grasping ball size.
Leveraging distributed optical fiber sensing technology, we de-
velop a sophisticated multi-point, multi-modal tactile perception
neural network tailored for the soft finger. Meticulous integra-
tion via advanced 3D printing and silicone coating techniques
seamlessly embeds optical fiber sensors within the soft robotic
finger, creating an intelligent perception-capable bioinspired
mechanical system. Experimental validation confirms the soft
robotic finger’s sensitive and precise force perception and curva-
ture recognition abilities, achieving accuracies of up to 100%.
In summary, our bioinspired robotic finger holds significant
promise for applications in intelligent sensing, non-destructive
grasping, and fruit classification within unstructured environ-
ments, thus advancing the field of robotics and human-robot
interaction.

I. INTRODUCTION

Soft grippers endowed with tactile sensing capabilities
hold profound promise in the realm of human-robot inter-
action [1]–[3]. Tactile sensors distributed throughout soft
grippers facilitate the acquisition of multi-modal sensory
data within unstructured environments [4], [5], encompassing
diverse parameters such as contact states, surface attributes,
and physical properties. This tactile information plays a piv-
otal role in enhancing the dexterity of robotic operations. In
recent year, a plethora of researchers, both domestically and
internationally, have embarked on extensive investigations
within the realm of tactile sensing technology applied to soft
grippers [6].

However, the prevailing approach adopted by most re-
searchers involves the utilization of either singular sensors
or arrays of multiple sensors to realize the tactile perception
functionality of soft robotic manipulators [7], [8]. However,
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Figure 1: A bionic tactile soft finger(BTSF) with whiskers and hair. (a) 
Mouse whiskers. (b) Human finger skin hair. (c) BTSF whiskers touch an 
obstacle. (d) BTSF strokes a surface. (f) Grasping a ball with  BTSFs.

Fig. 1. (a) Mouse whiskers make contact with an obstacle. (b) Finger
hairs perceive the descent of the feather. (c) The bionic finger touches an
obstacle. (d) The bionic finger glides across a sandpaper. (f) Grasping a
ball.

such methodologies are beset by two primary challenges:
(1) Singular tactile sensors yield limited tactile perception
information, thereby impeding the comprehensive acquisition
of tactile information and imposing operational constraints
during human-machine interactions; (2) While the utilization
of multi-sensor arrays facilitates the acquisition of a broader
spectrum of tactile perception data, it often entails the
deployment of intricate and redundant electronic circuits,
leading to issues related to system complexity, low integra-
tion levels, and compromised reliability. Consequently, the
development of a tactile sensing system capable of acquiring
multi-modal tactile perception data while maintaining high
integration and reliability emerges as a formidable challenge
in the current landscape.

To tackle the aforementioned challenges, as depicted in
Figure 1, we have seamlessly fused the tactile perception
mechanisms of rat vibrissae and human fingertip hairs into a
soft robotic finger, introducing a novel soft structure that
amalgamates various biological tactile sensing principles.
The finger not only simulates the rat’s whiskers to perceive
the surrounding environment and detect obstacles but also
mimics the human skin and hairs to perceive tactile informa-
tion about the surface of touched objects. To address the chal-
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lenges posed by complex, non-integrable, and low-precision
sensing systems, we have adeptly adopted fiber Bragg grat-
ings (FBGs) tactile sensors to construct a distributed sensing
tactile perception system. Fiber Bragg grating sensors offer
numerous advantages [9] over conventional mechanical and
electronic sensors, including high sensitivity, immunity to
electromagnetic interference, corrosion resistance, and so on.
Particularly noteworthy is their distributed sensing capability
[10], [11], which allows the integration of multiple sensors
within a single optical pathway, contrasting sharply with
traditional single-point monitoring methods that suffer from
both economic inefficiency and inadequate performance.
These attributes collectively offer a robust solution for the
highly integrated and multimodal sensing system required for
the tactile perception system of the soft finger. In summary,
the highlights of this study are outlined as follows:

(1) Drawing inspiration from a variety of biological tactile
perception models found in nature, we have conceived and
designed a novel configuration for a multi-modal tactile per-
ception mechanical finger, integrating biomimetic vibrissae,
skin, and hairs.

(2) Diverging from conventional robotic fingers with
single-mode tactile perception, our proposed finger system
achieves a high degree of integration with multi-modal tactile
perception capabilities. It can effectively sense multimodal
information, including the direction of beard touch, fingertip
force, roughness, and object grasping size. This augmenta-
tion significantly enhances the convenience and reliability of
human-machine interactions.

The subsequent sections of the paper are organized as
follows: Section II presents a review of related research
work. Section III details the design and fabrication process of
the bionic finger. Section IV encompasses the experimental
validation, confirming the soft robotic finger’s proficiency in
sensing multimodal information. Finally, Section V offers a
comprehensive summary and discussion of the findings of
this work.

II. RELATED WORKS

Recently, there has been significant progress in tactile
sensing technology applied to soft robotics. It plays pivotal
roles in fruit picking, non-destructive handling, medical
rehabilitation, and underwater exploration. For instance, Li et
al. employed a vision-tactile approach in a universal jamming
gripper to achieve high-quality tactile sensing [12]. Xie et al.
embedded EGaIn-based soft sensors in a soft tentacle gripper
to provide sensory feedback on elongation and expansion
induced by pneumatic inflation [13]. Luo et al. proposed
the digital fabrication of pneumatic actuators with integrated
sensing through machine weaving, enabling automatic pro-
gramming of actuator bend during inflation [14]. Sun et
al. utilized hydrogel sensors to identify thermal stimuli and
mechanical deformation of soft actuators through machine
learning methods [15]. Dilibal et al. developed a monoblock
soft robotic gripper with three geometrically gradient fingers
equipped with soft force sensors [16]. Shen et al. presented a
soft gripper integrated with a hydrogel strain sensor capable
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Fig. 2. (a) The construction and principle of the fiber Bragg grating sensing
System. (b) The layout of FBGs embedded in the soft finger.

of autonomously sensing bending angles and discriminat-
ing object sizes [17]. Moreover, to accurately detect force
under unstructured environments, FBGs have been widely
employed in robotic grippers [18], [19]. Park et al. developed
an exoskeletal force-sensing robot finger by embedding FBG
sensors into a polymer-based structure [20]. Similarly, Park
et al. described a two-fingered dexterous hand incorporating
optical fibers for accurate force sensing and estimation of
contact locations [21]. Kim et al. proposed a robotic end-
effector with force sensing through FBG sensors [22]. Feng
et al. introduced a roughness recognition sensor for robotic
fingertips based on FBGs [23], while Massari developed a
robotic gripper utilizing FBGs for tactile feedback [24].

In contrast to previous studies, we propose a highly inte-
grated fiber optic sensing system that leverages distributed
sensing technology and amalgamates various tactile percep-
tion biological models. This novel robotic finger is capable
of discerning multiple tactile information cues.

III. DESIGN AND FABRICATION

A. Fiber Bragg grating sensing mechanism

Fiber Bragg grating is a type of optical passive component
renowned for its wavelength modulation capability. The core
sensing mechanism of FBG is illustrated in Figure 2(a).
Generally, a fiber-optic sensing setup typically includes a
circulator, interrogator, light source, and optical fibers. In
this study, we utilized a commercially available integrated
fiber demodulator (X152, Micronor) to establish the sensing
system. FBG fabrication involves exposing a small section of
photosensitive fiber to an optical wave with a periodic inten-
sity distribution, achieved through holographic interference
or phase mask techniques. The fiber comprises three primary
components: the core, cladding, and buffer coating. The
cladding serves to reflect stray optical waves back into the
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core, minimizing transmission loss. FBG sensors represent
one of the most extensively used and versatile types of
fiber optic sensors, capable of modulating the wavelength
of reflected light waves in response to variations in ambient
temperature or strain.

The reflected signal is called center wavelength λB that
can be given as

λB = 2neff · Λ (1)

Where neff is the effective refraction index of the optical
fiber, and Λ is the grating spatial period. The relationship
between the wavelength shift and the strain is given as [25]

∆λB

λB
= (1− Pe) ε+ (αA + αn)∆T (2)

Pe =
n2
eff

2
[P12 − v (P11 + P12)] (3)

where Pe is the strain optic coefficient which is a fixed value
for a the specific types of fiber, αA is the thermal expansion
coefficient, αn is the thermo-optic coefficient, v is Poisson’s
coefficient, and P11 and P12 are Pockel’s coefficients of the
strain optical tensor. Strain (ε) and temperature (∆T ) are
variables that are independent of each other. Thus, there is a
linear relationship between λB and ε. Ignoring the tempera-
ture effect, the relationship between the FBG wavelength and
strain. Similarly, there is also a linear relationship between
λB and temperature if only the strain is considered. In this
work, the demodulator incorporates an internally integrated
temperature-compensated FBG with a central wavelength of
805 nm, along with an automated compensation algorithm.
All experiments are conducted in a temperature-controlled
environment, eliminating the need for additional temperature
compensation measures.

B. Bionic finger design

Drawing inspiration from studies on fish fin bone struc-
ture and shapes [26], the Fin Ray effect stands out as a
quintessential example of a passive adaptive soft gripper [27].
To endow the biomimetic soft robotic finger with passive
adaptability, we employ the Fin Ray structure as its primary
framework. As illustrated in Figure 3, the primary structure
of the bionic finger is predicated on the optimized design
proposed by Elgeneidy [28]. Through iterative improvements
in design [29], the soft finger (Figure 1(e)) demonstrates
remarkable proficiency in detecting variations in curvature
when grasping objects of varying sizes.

To enable the biomimetic finger with multimodal tactile
perception capabilities, as depicted in Figure 2b, we integrate
two optical fibers spaced 10 mm apart into the soft finger to
replicate the intricate tactile sensing mechanisms observed
in human fingers. Each fiber hosts 6 distributed FBG sen-
sors. The central wavelengths of the FBGs numbered 1-12
are about 861.7nm, 858.7nm, 855.6nm, 852.7nm, 844.1nm,
841.0nm, 838.1nm, 835.0nm, 832.0nm, 829.0nm, 825.9nm,
and 822.8nm. Drawing inspiration from the tactile perception
mechanism of rat whiskers, we incorporate two biomimetic
whiskers at the fingertip to emulate the acute environmental
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Figure 3: Fabrication of the soft finger 
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Fig. 3. Manufacturing process flow of the bionic soft finger

perception and obstacle detection observed in rat whiskers.
Two 10 mm optical fibers extension from the fingertip
are uniformly coated with a silicone layer to mimic this
biological modal. Similar to the cantilever force model, when
the whiskers encounter an object, their base experiences the
greatest force. Hence, we position two FBGs at the base of
each whisker.

Moreover, biomimetic fingertip hairs are added to the
fingertip to replicate the tactile perception abilities of human
skin and hairs. These hairs not only increase frictional force
by enlarging the contact area for better surface roughness
perception but also allow for the sense of frictional force
direction through bending. To maintain basic rigidity and
strength while avoiding excessive hardness, we opt for a
hardness of 60A, with a length half that of the whisker and
a diameter of 1mm. In addition, to maximize hair density,
a total of 42 biomimetic hairs are arranged in a triangular
pattern at the fingertip. The biomimetic skin surface is
textured with numerous protrusions, primarily enhancing
finger grip friction. To balance soft finger flexibility with
tactile sensitivity beneath the skin surface, the biomimetic
skin thickness is set at 1mm [30], with a low hardness of
20A.

C. Fabrication

The fabrication process of the bionic soft finger involves
four main steps: silicone molding, demolding, testing and
confirmation, and parts bonding. Utilizing Ecoflex silicone
sourced (Smooth-On, USA) as the primary raw material, the
bionic soft finger is crafted with distinct hardness levels for
its main structure, bionic skin, and bionic hairs, set at 50A,
20A, and 60A, respectively.
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Initially, the AB silica gel is mixed and poured into a
measuring cup, maintaining an equal ratio of 1:1, before
being thoroughly stirred. Following this, the homogenously
mixed silica gel undergoes a vacuuming process to expel any
trapped air bubbles. Once the vacuum treatment is completed,
the prepared silicone is carefully loaded into a specialized
glue gun. With precision, the silicone is slowly extruded
into the intricately designed 3D printing mold via the glue
gun. The fabrication process proceeds through a series of
steps. Firstly, the silicone-filled mold is subjected to curing
in a 65 ◦C oven for an hour, ensuring optimal material
cohesion and structure formation. Upon natural cooling, the
crafted soft finger undergoes a precise demolding process,
meticulously removing any excess silicone. Subsequently,
the demolded parts are subjected to a careful inspection,
scrutinizing for any potential defects.

In the final phase, meticulous assembly of the finger,
bionic skin, bionic whiskers, and optical fiber is achieved
using a specialized silicone adhesive. These executed sequen-
tial procedures culminate in the fabrication of the bionic soft
finger, ensuring precision, reliability, and functionality.

IV. RESULTS AND DISCUSSIONS

To evaluate the tactile sensing capabilities of the bionic
robotic finger, we have conducted three systematic experi-
ments: (1) Directional sensing of bionic whiskers, (2) Tactile
sensing assessment of bionic hairs, and (3) Performance of
tactile sensing using a soft gripper based on the bionic finger.

A. Direction sensing of the whiskers

To validate the directional sensing capability of the bionic
whiskers, we initially constructed an optic-fiber sensing
system (Figure 2) with a demodulation frequency of 200 Hz
and subsequently employed LABVIEW for data acquisition.
As depicted in Figure 4(a), the bionic whiskers exhibit three
distinct states: State 1 (S1) represents the natural state where
the tentacle remains untouched; State 2 (S2) and State 3 (S3)
depict the bending states occurring in opposite directions
when the whiskers encounter an obstacle or undergo stress.

Examining Figure 4(b), prior to 2.5 s, it is evident that
the wavelengths of FBG1 and FBG2 remain relatively stable
when whisker 1 (W1) and whisker 2 (W2) are in State 1 (S1).
Upon W1 suddenly making contact with an obstacle and
transitioning to State 3, the wavelength of FBG1 contracts,
resulting in a negative change value. Conversely, when W2
unexpectedly encounters an obstacle and turns to State 2,
the wavelength of FBG1 elongates, leading to a positive
change value. Analogously, W2 demonstrates comparable
tactile performance. Consequently, considering the interfer-
ence threshold (0.004 nm), the directional states of the
whiskers can be discerned through wavelength shifts.

The directional sensing of W1 and W2 operates indepen-
dently without mutual interference, enabling simultaneous
perception of different directions (e.g., 18s-20s). Further-
more, the response speed of the tentacles’ directional sensing
is rapid, transitioning from State 1 to either State 2 or
State 3 within 0.5s. However, it is worth noting that the

response speed is inherently constrained to some extent by
the elasticity effect of the silicone material.

Figure 4: (a) The orientation 
states of whiskers. (b) 
Orientation perception of the 
whisker 1(W1) and whisker 
2(W2).

为了验证仿生触须的方向感知能力，我们首先
搭建了基于光纤感知的触觉传感系统（图2所
示），光纤解调频率为200Hz，然后利用
LABVIEW进行数据采集。如图4(a)所示，仿生
触须有三个状态，状态1是触须没有触碰到物
体或者没有受力的自然状态，状态2和状态3分
别是触须遇到障碍物或者受力时发生相反方向
的弯曲状态。从图4（b）可以看出，2.5s前，
触须1和触须2处于S1时，FBG1和FBG2的波长
几乎没有变化。当触须1突然触碰到障碍物，
处于状态2时，FBG1波长变短，变化值为负值。
当触须2突然触碰到障碍物，处于状态3时，
FBG1波长变长，变化值为正正值。触须2同样
如此。因此在考虑干扰阈值（比如0.004nm）
情况下，可以通过波长的变化来判断触须的方
向感知状态。W1和W2的触碰方向感知互不干
扰，可以同时感知不同的方向（18s~20s）。
除此之外，触须的方向感知响应速度快，从状
态1到状态2或者3能在0.5s内完成，当然，响
应速度在一定程度上受限于硅胶材料的弹性效
应。
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To verify the orientation sensing ability of the bionic whiskers, we first built an optic-fiber sensing system (Fig. 
2) with a demodulation frequency of 200 Hz and then used LABVIEW for data acquisition. As shown in Fig. 
4(a), the bionic whiskers have three states. State 1(S1) is the natural state in which the tentacle does not 
touch anything. State 2(S2) and state 3(S3) are the bending states in the opposite direction when the 
whiskers encounter an obstacle or are stressed. From Fig. 4(b), before 2.5 s, it can be seen that the 
wavelengths of FBG1 and FBG2 are almost unchanged when whisker 1(W1) and whisker 2(W2) are in S1. 
When W1 suddenly touches the obstacle and turns to state 2, the wavelength of FBG1 becomes shorter and 
the change value is negative. When tentacle 2 suddenly touches the obstacle and turns to state 3, the 
wavelength of FBG1 becomes longer and the change value is positive. Similarly, W2 has the same tactile 
performance. Therefore, under the consideration of the interference threshold (e.g., 0.004 nm), the 
direction perception state of the whiskers can be judged by the change of the wavelength. The touch 
direction perception of W1 and W2 do not interfere with each other, and they can perceive different 
directions at the same time (e.g. 18s~20s). In addition, the response speed of the direction perception of the 
tentacles is fast, from state 1 to state 2 or 3 can be completed within 0.5s. Of course, the response speed is 
limited by the elasticity effect of the silicone material to a certain extent.

W1

W2

Fig. 4. (a) The schematic of the whisker direction sensing state. (b)
Direction sensing of the whisker 1(W1) and whisker 2(W2).

B. The characteristics of fingertip tactile perception

1) Sense of pressure: Pressure sensing serves as the
fundamental aspect of tactile perception. To assess the pres-
sure sensing capabilities of the bionic finger’s fingertip, as
depicted in Figure 5(a), a force measurement system was
established. The force measurement device utilized possesses
a resolution of 0.005 N. In Figure 5(b), positive pressure was
incrementally applied to the fingertip, starting from 0 up to 3
N, with a step size of 0.5 N and a duration of approximately
10 s for each step. Experimental observations indicate that
the wavelength shift remains consistent when the positive
pressure remains constant, indicating a high level of stability
in fingertip force sensing. The relationship between fingertip
pressure and wavelength shift is illustrated in Figure 5(c).
The experiment demonstrates a linear correlation between
fingertip pressure and the wavelength shifts of FBG1-FBG4.
Notably, FBG1 exhibits the highest sensitivity, with a slope
of 24.41, whereas FBG3 displays the lowest sensitivity, with
a slope of 8.87.

2) Sense of roughness: The roughness test experiment of
the bionic finger is depicted in Figure 6(a). The sandpaper
is affixed to the moving table of the screw slide, while
the base of the finger is securely attached to the holder.
The bionic hairs make light contact with the sandpaper.
Initially, 320-grit sandpaper is secured onto the moving
table at varying speeds (0mm/s, 1mm/s, 2mm/s, 3mm/s). As
illustrated in Figure 6(b) (FBG 1), there exists no discernible
relationship between the speed and the wavelength drifts
when the fingertip pressure remains constant. Consequently,
the wavelength drift of FBG1 remains nearly unchanged.
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Figure 5: (a) Pressure 
measuring system. (b) 
Variation of wavelength shift 
with time under different 
pressures. (c) Relationship 
between  pressure and 
wavelength shift.
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力感知是最常见的触觉感知模量，为了测试仿
生手指指尖力感知，搭建了如图5（a）所示的
测力系统，测力装置的分辨率伟0.005N。如图
5（b）所示，实验过程中，我们缓慢的从0开
始在指尖施加正压力，施力步长为0.5N，直到
3N为止，每步持续时间大概10s。实验结果表
明，当之间正压力保持稳定时，波长偏移量保
持不变，具有较高的力感知稳定性。指尖正压
力和波长偏移的关系如图5（c）所示，实验表
明，指尖正压力与FBG1-FBG2的波长漂移都呈
线性关系，其中FBG1的灵敏度最高，斜率为
24.41，FBG3的灵敏度最低，斜率为8.87。

Pressure is the basic tactile perception.  To test the bionic finger fingertip pressure 
perception,  as shown in Fig. 5(a), a force measuring system is built. The resolution of the 
force measurement device is 0.005 N. From Fig. 5(b), during the experiment, we slowly 
applied the positive pressure on the fingertip starting from 0 to 3 N. The step size of the 
applied force was 0.5 N and the duration of each step is about 10 s. The experimental result 
shows that the wavelength shift remains constant if the positive pressure remains stable. 
Thus, the fingertip has a high force perception stability. The relationship between fingertip 
pressure and wavelength shift is shown in Fig. 5(c). The experiment shows that the fingertip 
pressure keeps a linear relationship with the wavelength shifts of   FBG1-FBG2. The highest 
sensitivity is FBG1 with a slope of 24.41 and the lowest sensitivity is FBG3 with a slope of 
8.87.

Fig. 5. (a) Pressure measuring system. (b) Variation of wavelength shifts
under different pressure. (c) Relationship between normal pressure and
wavelength shifts.

Furthermore, the positive and negative values of the wave-
length drift can serve to identify the direction of fingertip
touch. Experimental findings (Figure 6(c)) indicate that, with
constant fingertip pressure, the wavelength drifts of FBGs
(e.g., FBG 3) vary across different surface roughnesses. Upon
the fingertip sequentially making contact with 320-grit, 150-
grit, and 80-grit sandpaper, the corresponding wavelength
drifts for FBG 3 are recorded as 0.09 nm, 0.1 nm, and 0.12
nm, respectively.

C. A soft robotic gripper with tactile sensing

1) Integration of sensing and control: As depicted in Fig-
ure 7(a), the parallel two-finger grasping system comprises

-0.05/0.06
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Forward
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仿生手指的粗糙度实验如图6（a）所示，不同
粗糙的砂子固定到丝杆滑台移动桌面上，手指
根部固定在支架上。仿生毛发与砂纸刚好接触。
如图5(b)所示，砂纸为320目，以不同的速度
（0mm/s, 1mm/s,2mm/s,3mm/s）前后划过指
尖时FBGs(FBG1为例）的波长漂移变化。实验
表明，当指尖压力不变时，划过指尖的速度与
波长漂移没有关系，即FBG1的漂移几乎没有
变化。除此之外，可以通过波长漂移的正负值
来判断指尖的触摸方向。图3实验数据表明，
当指尖压力保持不变，不同的表面粗糙度，
FBG（FBG3为例）的波长漂移不同。在320目
砂纸，150目砂纸，80目砂纸的指尖触摸下，
FBG3分别对应的波长漂移为0.09nm,0.1nm和
0.12nm。

The roughness test experiment of the bionic finger is shown in Fig. 
6(a). The sandpaper is fixed to the moving table of the screw slide 
and the root of the finger is fixed to the holder. The bionic hairs are 
just in contact with the sandpaper. Firstly, the 320-grit sandpaper is 
fixed on the moving table with different speeds (0mm/s, 1mm/s, 
2mm/s, 3mm/s). As Fig.6 (b) shows (FBG 1),  there is no relationship 
between the speed and the wavelength drifts when the fingertip 
pressure is constant. Therefore, the wavelength drift of FBG1 is 
almost unchanged. In addition, the positive and negative values of 
the wavelength drift can be used to judge the direction of fingertip 
touch. The experimental data (Fig. 6(c))shows that as the fingertip 
pressure is kept constant, the wavelength drifts of FBGs (FBG3 for 
example) are diverse for different surface roughness. Under the 
fingertip touch of 320-grit sandpaper, 150-grit sandpaper, and 80-grit 
sandpaper, the wavelength drifts corresponding to FBG3 are 0.09 nm, 
0.1 nm, and 0.12 nm, respectively.

Fig. 6. (a) The Construction of a roughness testing platform. (b) The
relationship beweent different speed and the wavelength shift of FBG 1.
(c) The relationship beweent different rougness and the wavelength shift of
FBG 3.

two bionic fingers. This experiment primarily showcases
the seamless integration of sensing and control within this
system. The grasping system is powered by a stepper motor
and meticulously governed by a computer operating at a
baud rate of 11520. From Figure 7(b), the wavelength drift
of FBG 7 acts as the pivotal signal for the motor’s start-
stop control, governed by two distinct thresholds (-0.15 nm
and -0.19 nm). Threshold 1 discerns whether the gripper has
effectively grasped the object, while threshold 2 determines
the requisite firmness of the grip. FBG 1, representing the
wavelength drift of W1, regulates the motor’s function, with
a threshold set at 0.01 nm.

Initially, the motor is set a initial position 850 step at
a controlled speed of 10 steps/s. Subsequently, the grip-
per gradually approaches a transparent hollow sphere (30
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如图7(a)所示, 平行二指抓取系统由两个仿生手
指组成，这个实验主要展示仿生抓手系统的感
知控制一体化功能。抓取系统由步进电机驱动，
数据采集系统和控制系统集成在PC端。如图7
（b）所示，FBG 7的波长漂移作为电机启停控
制信号，具有两个阈值（-0.15nm和-0.19nm）,
阈值1判断是否抓住物体，阈值2判断是否抓牢
物体。W1（FBG 1的波长漂移）控制电机的旋
转速度，其阈值为0.01nm。首先驱动电机（初
始位置为900），速度为10步/秒。抓手慢慢合
拢抓住直径为30mm亚克力透明空心小球，当
FBG 7的波长漂移超过阈值1时，表明抓手抓住
物体，电机停止。触碰W1(135s)，FBG 1的波
长漂移大于0.01，电机启动。抓手抓住小球抓
得更牢固，FBG 7的波长漂移超过阈值2时，电
机停止。再次触碰W1（156s），FBG 1的波长
漂移大于0.01，电机启动，速度为-10步/秒，
抓手松开物体。

As shown in Fig. 7(a), the parallel two-finger grasping system consists of two bionic fingers. This experiment mainly shows the 
integration of perception and control of this system. The grasping system is driven by a step motor and controlled by a computer 
with a baud rate of 11520. From Fig. 7(b), the wavelength drift of FBG 7 is used as the motor start-stop control signal with two 
thresholds (-0.15 nm and -0.19 nm). Threshold 1 is used to judge whether the gripper grasps the object or not. Threshold 2 is used to 
judge whether to grasp the object firmly or not. W1 (the wavelength drift of FBG 1) controls the motor, and the threshold is 0.01 nm. 
Firstly, the motor is driven (the initial position is 850) with a speed of 10 steps/s. Then the gripper slowly closes to grasp a 30 mm 
diameter acrylic transparent hollow sphere. When the wavelength drift of FBG 7 exceeds threshold 1, it indicates that the gripper 
grasps the ball and the motor stops. Touching W1 (135s) to make the wavelength drift of FBG 1 exceed 0.01,  the motor starts again. 
So the gripper grasps the ball more firmly and the motor stops when the wavelength drift of FBG 7 exceeds threshold 2. Touching W1 
twice (156s), if the wavelength drift of FBG 1 is greater than 0.01, the motor starts with a speed of -10 steps/s  and the gripper 
releases the ball.

Effectively
grasp

Firmly
grasp

Fig. 7. (a)The parallel two-finger grasping system. (b) The process of
sensing and control.

mm in diameter) to initiate the grasping action. Upon the
wavelength drift of FBG 7 surpassing threshold 1 (at 135s),
signifying successful ball grasping, the motor promptly halts.
Concurrently, engagement of W1 (at 135s) and the subse-
quent exceeding of the 0.01 nm threshold in the wavelength
drift of FBG 1 triggers the motor to resume operation,
ensuring a more secure grip. Once the wavelength drift of
FBG 7 surpasses threshold 2, indicating a firm hold on the
ball, the motor ceases operation. Subsequent engagement of
W1 (at 156s) initiates the release process. If the wavelength
drift of FBG 1 exceeds 0.01 nm, the motor commences
operation at a speed of -10 steps/s, allowing the gripper to
gently release the ball.

2) Size recognition: This experiment aims to validate the
soft gripper’s ability to discern object size. FBG 5 - FBG 12,
distributed within the bionic finger, serve as tactile sensors
for grasping (Fig. 8(a)). Using a two-finger parallel gripper,
acrylic hollow balls with diameters of 20mm, 30mm, 40mm,
and 50mm are grasped. The threshold for FBG 7 is set at
0.15nm. Under stable grasping conditions, the wavelength
drifts of each FBG sensor are recorded, and the average
wavelength shift of each FBG is calculated. Consequently,
eight average wavelength drifts serve as features to determine
the size of the balls. Each ball is grasped 10 times, resulting
in a total of 40 data sets.

A Convolutional Neural Network (CNN) model is con-
structed to classify the different balls. The CNN algorithm
offer significant advantages in the recognition and classifi-
cation of nonlinear problems. As depicted in Figure 8(b),
the confusion matrix demonstrates that the accuracy of ball
recognition using CNN reaches 100%.

(b)

最后一个实验是验证仿生抓手系统具有物体大
小（曲率）识别的功能。分布在仿生手指的
FBG 5~ FBG12作为抓取触觉感知sensors（图8
（a））。二指平行抓手分别抓取直径为
20mm,30mm,40mm,50mm的亚克力空心小球。
FBG 7的阈值设置为0.15nm。在稳定抓取状态
下，采集波长漂移（30个点）并求每个FBG的
平均变化波长，8个FBGs的波长漂移作为特征
值共同决定小球大小。每个小球抓取10次，一
共有40组数据。我们借助MATLAB分类学习器
工具箱，采用K邻近算法（KNN）来分类识别
小球的大小。KNN算法简单有效并且无需估计
参数。如图8（b）所示，混淆矩阵表明，基于
KNN的小球大小分类识别精度达到100%。

Stable 
grasped

D=30m
m

The final experiment is to verify that the soft gripper can object size (curvature) recognition. FBG 5~ FBG 12 
distributed in the bionic finger are used as grasping tactile sensors (Fig. 8(a)). The two-finger parallel gripper grasped 
acrylic hollow spheres with diameters of 20mm, 30mm, 40mm, and 50mm, respectively. The threshold of FBG 7 is set 
to 0.15nm. Under the stable grasping state, the wavelength drifts(30 points) of each FBG sensor are collected. Then 
the average wavelength shift of each FBG is calculated. Therefore, there are eight average wavelength drifts are used 
as the eigenvalue to determine the size of the spheres. Each ball is grasped 10 times. Thus there are 40 sets of data in 
total. We use the K-Nearst Neighbor (KNN) algorithm to classify different balls through the MATLAB Classification 
Learner Toolbox. The KNN algorithm is simple and effective. In addition, the estimation of parameters is not required. 
As shown in Fig. 8(b), the confusion matrix indicates that the accuracy of ball recognition based on KNN reaches 
100%.

Accuracy

(a)

Fig. 8. (a) The wavelength shifts of FBG 5 - FBG 12. (b) The confusion
matrix of ball recognition based on a CNN model.

V. CONCLUSION

In this study, inspired by various biological tactile mech-
anisms, we introduce a novel soft robotic finger design with
biomimetic rat whiskers and hairs. Employing 3D printing
and silicone coating techniques, we embedded distributed
optical fiber sensors as tactile neurons within the biomimetic
finger, forming a robust and compact multimodal sensing
system. This tactile sensing system offers multimodal per-
ception and high integration and reliability. This innovative
finger can detect obstacles and their touch directions, mea-
sure fingertip forces, assess object surface roughness, and
identify different curvatures(achieving up to 100% accuracy).
Such advancements hold promise for diverse applications,
including human-robot interaction in unstructured environ-
ments, precise manipulations, and tasks such as fruit sorting.

However, our study remains somewhat limited. Future
research could focus on collecting additional data to enhance
the precision of tactile roughness recognition. Furthermore,
exploring the capacity of finger sensors to discern object slip-
page and stiffness during manipulation presents a promising
avenue for further scholarly inquiry.
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