
 

 

 

 Abstract—Supernumerary robotic limbs (SRLs) provide 

additional wearable limbs to enhance the user’s physical 

abilities. Most SRLs employ rigid structures, resulting in 

uncomfortable wearing experience and insufficient flexible 

manipulation. As a new type of SRL, soft SRLs offer 

operational flexibility, lightweight structure, and wearing 

safety, compensating for the shortcomings of rigid SRLs. 

However, due to the complex actuation mechanisms, soft SRLs 

pose challenges in multiple deformations and accurate 

controlling. In this paper, a soft SRL actuated by fiber-

reinforced actuators (FRAs) is proposed. A kinematic model is 

established to capture the posture of the SRL. A control system 

is proposed to adjust the SRL posture precisely by 

configuration of the FRAs. Finally, the accuracy of the 

proposed control strategy is verified through experiments, and 

the SRL prototype exhibits flexibility and adaptability to 

various scenarios, effectively assisting users in accomplishing 

complex tasks. 

I. INTRODUCTION 

As a type of wearable robot, supernumerary robotic limbs 
(SRLs) significantly extend users' capabilities and assist them 
in completing tasks by providing extra limbs and mimicking 
the movements of users [1, 7]. In recent years, SRL has been 
applied to various aspects of industrial production and daily 
life. These include serving as an additional arm to hold parts 
for users during assembly processes [2], providing support to 
users in a comfortable posture in tasks requiring proximity to 
the ground [3], carrying items when both hands are occupied 
[4], and assisting users in tasks such as harvesting and 
cleaning through remote operation [5, 6]. While the benefits 
of SRL are evident, current SRL research generally adopts 
rigid structures with motors or artificial tendons as the 
driving units, exhibiting heavy weights, low flexibility, and 
safety risks, which imposes several limitations. 

With the deepening research on soft materials, a new type 
of SRL called soft SRL has been proposed. Soft SRLs can 
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actively modify their structures and stiffness to adapt to 
complex environments [9]. Their lightweight structures 
provide greater flexibility, and the compliant driving 
mechanism makes them safer [8, 1011], representing a 
potential solution to address the existing issues. 

Soft SRLs typically consist of multiple soft actuators 
whose collective deformations contribute to the overall 
deformation of the whole SRLs. The current research on soft 
SRLs includes a biomimetic flipper-like soft finger worn on 
the user's wrist to assist in grasping operations [12], a soft-
poly limb capable of performing various tasks [13], and a 
fabric-based SRL with high flexibility and load-bearing 
capacity [14] and so on. Soft actuators primarily comprise 
materials such as silicone rubber or polyethylene, whose 
properties exhibit hyper-elastic deformation, contrasting with 
rigid materials. Furthermore, with the increase in soft 
actuators, the motion complexity of soft SRL also increases, 
leading to greater control difficulty. Current research relies 
mainly on finite element methods or constant curvature 
methods [25] to estimate soft SRL’s posture, which is 
inefficient and inaccurate. Therefore, finding an effective 
model to estimate the posture of the soft SRL and designing 
corresponding control methods for its operation is essential. 

In this paper, a soft SRL actuated by FRA is proposed. 
Inspired by octopus arms, the SRL is composed of multiple 
parallel FRA segments connected in series, enabling it to 
perform in various postures. Furthermore, the kinematic 
model for the SRL is established, along with the control 
system, to control the SRL posture precisely. Finally, 
experiments are conducted to verify the SRL's control 
accuracy, and the motion performance of SRL’s prototype is 
carried out, exhibiting its flexibility and adaptability to 
various scenarios. The main contributions are as follows: 

• An SRL adopting a fiber-reinforced strategy is proposed, 

which achieves posture changes by varying air pressure. 

• A kinematic model for the SRL is established, capable of 

predicting the state of each FRA within the SRL, and 

designed a control strategy to accurately achieve complex 

postures of the SRL. 

• Experimentally validated the accuracy of the kinematic 

model, demonstrating that the SRL can collaborate with 

users to complete tasks and adapt to various scenarios. 

II. STRUCTURE DESIGN AND FABRICATION OF THE SRL 

A. Analysis of Fiber-Reinforced Actuators 

Octopuses give great inspiration about the structure of 
SRL. The muscular tissue of octopus arms consists of three 
main types of muscle fibers in different orientations. By 
selectively activating specific muscle fibers, octopus arms 
can perform a variety of complex movements [15, 16]. 
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Inspired by the octopus arm, a fiber-reinforced 
mechanism is employed to mimic the functionality of muscle 
fibers in octopus arm. Fiber-reinforced actuator (FRA) is a 
hollow cylindrical silicone body with fibers wound around 
the skin, as shown in Fig. 1(a). The FRA will undergo 
deformation when pressurized air is injected into the core. By 
combining multiple FRAs and inflating them with different 
air pressures individually, a variety of postures different from 
those of individual FRAs can be achieved. Therefore, FRA is 
chosen as the actuator for SRLs to mimic muscles in the 
octopus arm. 

 

(a) 

 

(b) 

Figure 1.  Structure of FRA and SRL. (a) FRA is composed of 3 parts: core 

fiber and skin, and the structure parameter is shown; (b) SRL’s structure 
design and layout, SRL is composed of multiple segments connected in 

series, with each segment made up of parallel FRAs of the same radius. 

The mechanical properties of hyper-elastic materials are 
determined using the ASTM D412 standard testing method. 
The data is then fitted to hyper-elastic models using a 
nonlinear least squares method to obtain the most accurate 
material property coefficients [17]. The primary material for 
SRLs is Dragon Skin 30 (Smooth-On, Inc., Macungie, PA), 
with a Shore hardness of 30A. Additionally, to enhance the 
overall stiffness of the SRL, SmoothSil-950 (Smooth-On, 
Inc., Macungie, PA) with a Shore hardness of 50A is chosen 
as the outer shell for proximal FRAs. 

Hyper-elastic materials require using hyper-elastic 

models to describe the relationship between strain and stress. 

Among them, Dragon Skin 30 is better suited for the Yeoh 

model, while SmoothSil-950 is more suitable for the Neo-

Hooke model [18]. By employing the finite element method, 

a simulation model for FRA can be established through 

ABAQUS, facilitating preliminary deformation analysis of 

the FRA. The material of the FRA’s elastic body is modeled 

as tetrahedral quadratic hybrid elements (element type 

C3D10H), and the fibers use Kevlar material, with Young's 

modulus 𝐸𝑓  of 31,067 MPa and Poisson's ratio 𝜆𝑓  of 0.36, 

modeled as quadratic beam elements (element type B32) [19, 

20]. The coefficients for both materials can be obtained using 

the method in reference [21]: 𝑐10 = 0.0861, 𝑐20 =  0.0136 

for Dragon Skin 30 and 𝑐30 =  0.34 for SmoothSil-950. 

B. Structure Design and Fabrication of SRL 

The structure of SRL, as shown in Fig. 1(b), consists of 
multiple segments connected in series, each comprising three 
parallel FRAs. The length of the SRL is comparable to that of 
a human upper limb to provide better assistance. Applying 
different pressures to the parallel FRAs enables the SRL to 
achieve various postures. The SRL's segments employ a 
gradual reduction in radius design for each parallel segment. 
Preliminary analysis through finite element method shows 
that when the reduction ratio (𝑟𝑎𝑡𝑖𝑜 = 𝑟𝑑𝑖𝑠𝑡𝑎𝑙/𝑟𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙) is 

0.5, both the load-bearing capacity and flexibility of the SRL 
achieve optimal performance.  

The fabrication of the SRL involves several steps below.  
First, the inner core of the actuator is molded using 3D-
printed molds. After assembling the molds, liquid silicone 
rubber is poured into them and left to solidify for 12 hours 
until fully cured, completing the production of the inner core, 
as shown in Fig. 2(a). Second, Kevlar fibers are uniformly 
wound around the core surface, as shown in Fig. 2(b). Third, 
a set of larger-sized molds is used to create the outer skin of 
the FRA, as shown in Fig. 2(c). The outer skin of the 
proximal FRAs is used SmoothSil-950 to enhance the 
proximal segment stiffness. In the fourth step, the fabricated 
FRAs are bonded with the 3D-printed connecting parts in 
parallel to form parallel segments, as shown in Fig. 2(d). The 
final step involves using bolts to connect the three parallel 
segments, thus completing the assembly of the SRL, as 
shown in Fig. 2(e). The FRA is made of soft material, which 
is prone to damage, therefore, the connecting parts are 
designed as modular components. When an FRA is damaged, 
it can be easily removed for repair or replacement, 
significantly reducing costs. Sil-Poxy (Smooth-On, Inc.) is 
used to bond the FRAs to the connecting parts. 

 

Figure 2.  Fabrication processing of the SRL. (a) The fabrication of FRA’s 

core; (b) Kevlar fibers are wrapped around the core surface; (c) The 
fabrication of FRA’s skin; (d) FRA’s ends are bonded with connecting parts; 

(e) Connecting three segments to complete the assembly of the SRL. 

III. MODELING OF THE SRL 

A. Analytic Model of FRA 

The properties of the FRA determine its behavior. The 
fiber angle and the number of fibers influence the behavior of 
the FRA. The FRA can be divided into two layers: the 
isotropic inner layer with silicone rubber and the anisotropic 
outer layer with fiber wound around silicone rubber, and the 
deformation between the two layers is continuous. 
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The FRA has an initial inner radius 𝑅𝑖  and outer radius 

𝑅𝑜, and the boundary radius between the two layers is 𝑅𝑚 , as 

shown in Fig. 1(a) ①-⑤. The fibers are wound with the 

angle of 𝛼1 , 𝛼2 , and the initial orientations are 𝑆𝑖 =
[0 𝑐𝑜𝑠𝛼𝑖 𝑠𝑖𝑛𝛼𝑖]

𝑇 . Establish a coordinate system for the 

FRA using cylindrical coordinates, and assuming the 

coordinates of a point on it is (𝑅 Θ 𝑍)𝑇. When the FRA is 

pressured, its coordinates become (𝑟 𝜃 𝑧)𝑇  with FRA’s 

length changes from 𝐿 to 𝑙 , and the radius change 

 to 𝑟𝑖 , 𝑟𝑚 , 𝑟0 . The deformation gradient 𝐹  is used to 

demonstrate the coordinate transformation: 

 𝐹 =

[
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𝜙

𝐿

0 0 𝜆𝑧 ]
 
 
 

 () 

where 𝜆𝑧 =
𝑧

𝑍
  and  𝜆𝜃 =

𝑟

𝑅
  denote the axial elongation and 

the radial expansion, and the circumferential rotation angle is 

defined as 𝜙. The left Cauchy–Green deformation tensor 𝐵 =
𝐹𝐹𝑇 , and the tensor invariants 𝐼𝑚 = 𝑡𝑟(𝐵)  are calculated, 

𝐼𝑖 = 𝐹 ∙ 𝑆𝑖 ∙ 𝐹 ∙ 𝑆𝑖 have the same meaning as 𝐼1, representing 

the tensor invariants of fibers. 

The two layers have different strain energy expressions. 

Let 𝑊𝑖𝑛 ,𝑊𝑜𝑢𝑡 be the strain energy of inner and outer layers. 

The strain energy of inner layer is 𝑊𝐷𝑆30 = ∑ 𝑐𝑖0(𝐼𝑚 −2
𝑖=1

3)𝑖  or 𝑊950 = 𝑐30(𝐼𝑚 − 3)  for the two materials. For the 

outer layer, the strain energy of fibers is considered: 𝑊𝑜𝑢𝑡 =

𝑐1𝑊
𝐷𝑆30/950 + 𝑐2 (𝐸𝑓(√𝐼i − 1)

2
/2) , where 𝑐1 = 𝑉𝑠𝑖𝑙 ∕

(𝑉𝑠𝑖𝑙 + 𝑉𝑓𝑖𝑏𝑒𝑟)  and  𝑐2 = 𝑉𝑓𝑖𝑏𝑒𝑟 ∕ (𝑉𝑠𝑖𝑙 + 𝑉𝑓𝑖𝑏𝑒𝑟)  are the 

volume ratio of silicone materials and fibers in the outer 

layer, 𝐸𝑓 represents Young’s modulus of fibers. 

 

Figure 3.  Stress distribution of FRA microelements. 

The strain energy equations can be used to calculate the 
Cauchy stress: 

 𝜎𝑖𝑛 = [

𝜎𝑟𝑟
𝑖𝑛 𝜎𝑟𝜃

𝑖𝑛 𝜎𝑟𝑧
𝑖𝑛

𝜎𝜃𝑟
𝑖𝑛 𝜎𝜃𝜃

𝑖𝑛 𝜎𝜃𝑧
𝑖𝑛

𝜎𝑧𝑟
𝑖𝑛 𝜎𝑧𝜃

𝑖𝑛 𝜎𝑧𝑧
𝑖𝑛

] = 2𝑊1
𝑖𝑛𝐵 − 𝑝𝐼    

 𝜎𝑜𝑢𝑡 = 2𝑊1
𝑜𝑢𝑡𝐵 + 2𝑊4

𝑜𝑢𝑡𝑠1⨂𝑠1 + 2𝑊6
𝑜𝑢𝑡𝑠2⨂𝑠2 − 𝑝𝐼 () 

where 𝑊𝑖 =
𝛿𝑊

𝛿𝐼𝑖
. p represents the hydrostatic pressure in the 

material which must be removed [24], and 𝐼 is the identity 

matrix. ⨂ represents the Kronecker's product operation of the 

matrix (𝐴⨂𝐵 = [
𝑎11𝐵 ⋯ 𝑎1𝑛𝐵
⋮ ⋱ ⋮

𝑎𝑚1𝐵 ⋯ 𝑎𝑚𝑛𝐵
] ). An element of the 

FRA and associated stress are shown in Fig. 3. The 

relationship between the inner pressure 𝑃𝐹  and the deformed 

FRA radius is shown: 

 𝑃𝐹 = ∫
𝜎𝜃𝜃
𝑖𝑛−𝜎𝑟𝑟

𝑖𝑛

𝑟
𝑑𝑟

𝑟𝑚
𝑟𝑖

+ ∫
𝜎𝜃𝜃
𝑜𝑢𝑡−𝜎𝑟𝑟

𝑜𝑢𝑡

𝑟
𝑑𝑟

𝑟𝑜
𝑟𝑚

 () 

By calculating (3),  𝜆𝑧  as a function of 𝑃𝐹  can be 

obtained. The FRA is equipped with symmetric dual fibers, 

limiting its radial expansion and torsion (𝜆𝜃 , 𝜙 ≈ 0). 

B. Kinematic Model of the Parallel Segment 

In this section, the modeling for parallel segments is 
extended based on the Cosserat rod theory, which represents 
a linear object as a set of continuous points. When using the 
theory, it is assumed that the radial deformation generated by 
the linear model is approximated to be zero, which is similar 
to the deformation characteristics of the FRA introduced in 
the section above, leading to the neutral axis and the center 
axis approximately coincide.  

The position of the FRA in a segment is defined by its 

neutral axis 𝑝𝑖(𝑠𝑖), which is a function of length. 𝑠𝑖 ∈ [0 𝑙𝑖] 
represents the points on the neutral axis of the i-th FRA, and 

𝑅𝑖(𝑠𝑖) represents the orientation of the cross-section on the 

neutral axis of the FRA in the form of an orthonormal matrix. 

Assuming that the neutral axis of is along the z-axis direction, 

two vectors, then 𝑢𝑖(𝑠𝑖) = [𝑢1 𝑢2 𝑢3]𝑇  and 𝑣𝑖(𝑠𝑖) =
[𝑣1 𝑣2 𝑣3]𝑇  are defined. 𝑢1 and 𝑢2 represent the level of 

bending in two orientations perpendicular to each other 

within the cross-section along the neutral axis, while 𝑢3 

represents torsion perpendicular to the cross-section. 𝑣1 and 

𝑣2  represent shearing and 𝑣3  represents elongation. The 

change of bending and elongation of the neutral axis in the 

local coordinate system of a FRA is demonstrated as: 

 
𝑑𝑝𝑖(𝑠𝑖)

𝑑𝑠𝑖
= 𝑅𝑖(𝑠𝑖)𝑣𝑖(𝑠𝑖) 

𝑑𝑅𝑖(𝑠𝑖)

𝑑𝑠𝑖
= 𝑅𝑖(𝑠𝑖)𝑢̂𝑖(𝑠𝑖)  () 

where 𝑢̂𝑖  denotes as 𝑢̂𝑖 = [

0 −𝑢3 𝑢2
𝑢3 0 −𝑢1
−𝑢2 𝑢1 0

]. If the initial 

coordinates 𝑝𝑖(0) and 𝑅𝑖(0), along with 𝑢𝑖(𝑠𝑖) and 𝑣𝑖(𝑠𝑖) are 

known, the coordinates of the neutral axis can be obtained. 

Therefore, additional solving for 𝑢𝑖(𝑠𝑖) and 𝑣𝑖(𝑠𝑖)  are 

performed. 

The deformation of the neutral axis be influenced by 

internal forces 𝑛𝑖(𝑠𝑖) = [𝑛𝑖𝑥 𝑛𝑖𝑦 𝑛𝑖𝑧]𝑇 and moments 

𝑚𝑖(𝑠𝑖) = [𝑚𝑖𝑥 𝑚𝑖𝑦 𝑚𝑖𝑧]𝑇  as well. By using the 

differential equations of static equilibrium for a Cosserat rod, 

the trends of change of both 𝑛𝑖(𝑠𝑖)  and 𝑚𝑖(𝑠𝑖) can be 

expressed as follows: 

𝑑𝑛𝑖(𝑠𝑖)

𝑑𝑠𝑖
= −𝑓𝑖(𝑠𝑖) 

𝑑𝑚𝑖(𝑠𝑖)

𝑑𝑠𝑖
= −

𝑑𝑝𝑖(𝑠𝑖)

𝑑𝑠𝑖
× 𝑛𝑖(𝑠𝑖) − 𝑙𝑖(𝑠𝑖) () 

𝜎𝜃𝜃

𝜎𝜃𝜃

𝜎𝑧𝑧

𝜎𝑧𝑧

𝜎𝑟𝑟𝜎𝜃𝑧

𝑟

𝜃

𝑧
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where 𝑓𝑖(𝑠𝑖)  and 𝑙𝑖(𝑠𝑖)  are external forces and moments 
distribute on the FRA, containing gravity and interaction 
loads, as shown in Fig. 4.  

The shearing (s) and elongation (e) in local system of the 

point 𝑠𝑖  are related to the forces and stiffness 𝐾𝑠𝑒 =
diag(𝐺𝐴 𝐺𝐴 𝐸𝐴). Similarly, bending (b) and twisting (t) 

strains are related to moments and the stiffness 𝐾𝑏𝑡 =
diag(𝐸𝐼𝑥 𝐸𝐼𝑦 𝐺𝐼𝑧) . 𝐸, 𝐺  represent elastic modulus and 

shear modulus [22]. 𝐴 = 𝜋(𝑅𝑜
2 − 𝑅𝑖

2) represents the area of 

the cross-section.  𝐼𝑥 = 𝐼𝑦 =
𝜋(𝑅0

4−𝑅𝑖
4)

4
 are the second area 

moment about the local x- and y-axis direction. 𝐼𝑧 = 𝐼𝑥 + 𝐼𝑦  

is the polar area moment about the local z-axis direction. 

According to the laws of elasticity, appropriate constitutive 

relationships can be established between 𝑛𝑖(𝑠𝑖) , 𝑚𝑖(𝑠𝑖) , 

𝑢𝑖(𝑠𝑖), and 𝑣𝑖(𝑠𝑖) through dynamic equations: 

 𝑛𝑖(𝑠𝑖) = 𝑅𝑖(𝑠𝑖)𝐾𝑠𝑒(𝑣𝑖(𝑠𝑖) − 𝑣𝑖
∗)    

 𝑚𝑖(𝑠𝑖) = 𝑅𝑖(𝑠𝑖)𝐾𝑏𝑡(𝑢𝑖(𝑠𝑖) − 𝑢𝑖
∗)  () 

where 𝑢𝑖
∗  and 𝑣𝑖

∗  are initial configurations. Since the above 

assumption is that the neutral axis is along the z-axes, 𝑢𝑖
∗ =

[0 0 0]𝑇  , 𝑣𝑖
∗ = [0 0 1]𝑇  are applied for calculation. 

Thus, a differential equations system describing  𝑝𝑖(𝑠𝑖) , 

𝑅𝑖(𝑠𝑖), 𝑛𝑖(𝑠𝑖) and 𝑚𝑖(𝑠𝑖) is obtained by integrate (4) - (6).  

 

Figure 4.  The distribution of internal and external forces and moments on 

the SRL. 

To solve the postures of the parallel segment through 
integration, it is necessary to determine the boundary 
conditions. The boundary condition at the proximal end of 
the parallel segment serves as the initial value. In contrast, at 
the distal end, it is used for verifying the integration results. 

The FRA and the connecting parts are combined in a 
fixed form, preventing relative motion. Consequently, the 
entire FRA can resist forces and moments from any direction, 
causing 6 unknowns about the internal forces and moments. 
Additionally, the length of the neutral axis after elongation is 
unknown. Therefore, there are 21 unknowns within a 
segment (3FRAs in total), serving as the proximal boundary 
condition. 

According to the static equilibrium of the parallel 
segment, the relationship between the internal and external 
forces and moments at the distal end (𝑠𝑖 = 𝑙𝑖) is as follows: 

∑ [𝑛𝑖(𝑙𝑖)]
3
𝑖=1 − 𝐹 = 0   

 ∑ [𝑝𝑖(𝑙𝑖) × 𝑛𝑖(𝑙𝑖) + 𝑚𝑖(𝑙𝑖)]
3
𝑖=1 − 𝑝𝑑 × 𝐹 −𝑀 = 0  () 

where 𝐹 and 𝑀 are external forces and moments applied on 
the center point of the parallel segment’s distal end 𝑝𝑑, and 
𝑅𝑑 is the orientation of 𝑝𝑑. For each FRA within a parallel 
segment, the end of the neutral axis is in a specific positional 
relationship with 𝑝𝑑, and the orientation of the neutral axis at 
the distal end closely approximates 𝑅𝑑, expressed as follows:  

𝑝𝑑 + 𝑅𝑑𝑟𝑖 − 𝑝𝑖 = 0 for 𝑖 = 1…3  

 [𝑙𝑜𝑔(𝑅𝑖(𝑙𝑖)
𝑇𝑅𝑑)]

∨ = 0 for 𝑖 = 1…3  () 

where 𝑟𝑖 is a constant representing the distance between  𝑝𝑑 

and the FRA distal end. 𝑙𝑜𝑔()  represents the natural 

logarithm of a matrix, and ∨ is contrast with of ∧. There are 6 

constraints in (7) (the error of 𝑛𝑖(𝑙𝑖)  and 𝑚𝑖(𝑙𝑖)), and (8) 

demonstrate 6 constraints for each FRA (the error of 𝑝𝑖(𝑙𝑖) 
and 𝑅𝑖(𝑙𝑖)), resulting in 24 constraints in total, thus allowing 

for the complete constraint of unknowns and the solving of 

the differential equation system. 

C. Kinematic Model of the SRL 

The SRL can be considered as a composition of three 
variable cross-section FRAs in parallel (combination of the 
FRAs in 3 segments). Thus, the kinematic model of the SRL 
differs from that of the parallel segment, requiring a 
segmented integration strategy. The FRAs in different 
segments have different dimensional parameters, leading to 
variations in properties such as 𝐾𝑠𝑒  and 𝐾𝑏𝑡. The solution of 
the kinematic model of the SRL begins from the proximal 
segment, which is similar to section B. However, the middle 
and distal segments use the integration results from the distal 
end of the previous segment as proximal boundary conditions 
which is indicated as: 𝑛𝑗,𝑖(0) = 𝑛𝑗−1,𝑖(𝑙𝑖),   𝑚𝑗,𝑖(0) =
𝑚𝑗−1,𝑖(𝑙𝑖) for 𝑖 = 1…3 and  𝑗 = 2,3. There are a total of 63 

unknowns for the 9 FRAs including internal forces and 
moments, and the length of the FRA. 

For the distal boundary conditions, the equality between 
internal forces and external loads at the distal end of the 
variable cross-section FRAs provides 6 constraints, and the 
constraints about positions and orientations provides 18 
constraints, which have the same principles to (7) and (8). 

Extra constraints about the SRL are required to integrate 
the posture. Using  𝑗 = 1,2,3 to represent the index from the 
proximal segment to distal segment, and i as the FRAs order 
within a segment. The first condition is the balance of 
internal forces and moments at the at the connecting parts 
between segments in series: 

 ∑ 𝑛𝑗,𝑖(0) − 𝑛𝑗−1,𝑖(𝑙𝑖)
3
𝑖=1 = 0    

 ∑ 𝑚𝑗−1,𝑖(0) − 𝑚𝑗,𝑖(𝑙𝑖)
3
𝑖=1 = 0, for 𝑗 = 2,3.  () 

which provides 6 constraints in total. Additionally, for the 
FRAs in proximal and middle segment, there are still position 
and orientation constraints causing by connecting parts:  

|𝑝𝑗,𝑖(𝑙i) − 𝑝𝑗,𝑘(𝑙𝑘)| = 𝑟𝑛, [𝑙𝑜𝑔 (𝑅𝑗,𝑖(𝑙𝑖)
𝑇𝑅𝑗,𝑘(𝑙𝑘))]

∨

= 0  

  

  (  )

  (  )

    ,     ,

x

y

z
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  for 𝑖 = 1,2,3, 𝑗 = 1,2,   𝑘 = 2,3,1.  () 

where 𝑟𝑛 represents the distance between the neutral axes of 
the FRAs in a segment. The distal end of the FRA in each 
segment maintains a fixed distance 𝑟𝑛 and equal orientations. 
Thus, a total of 6 sets of equation systems are generated by 
the 2 parallel segments through (10), resulting in 36 
constraints. By summarizing the above equations, a total of 
72 constraints are obtained, so that the kinematic model of 
the SRL can be solved. 

D. Algorithmic Approach of the Kinematic Model 

To solve the kinematic model of the SRL, initial 
conditions about the starting point should be given first. The 
differential equations system is then solved based on the 
known conditions to obtain the corresponding results, then 
comparing with the constraints at the distal end. By adjusting 
the initial value through iteration step, the results will be 
gradually approached. Thus, as the first step, the 63 
unknowns are combined into a vector 𝑢𝑘 as an initial value: 
[𝑛1𝑥(0) 𝑛1𝑦(0) 𝑛1𝑧(0) 𝑚1𝑥(0) 𝑚1𝑦(0) 𝑚1𝑧(0) 𝑙1… ]

𝑇.  

Additionally, the residuals of (7) - (10) are combined as: 

𝑅𝑒𝑠 =

[
 
 
 
 
 
 
 
 
 
 
 

∑ 𝑛3,𝑖(𝑙𝑖)
3
𝑖=1 − 𝐹

∑
[𝑚3,𝑖(𝑙𝑖) + 𝑝3,𝑖(𝑙𝑖) × 𝑛3,𝑖(𝑙𝑖)]

−𝑝𝑑 × 𝐹 −𝑀
3
𝑖=1

𝑝𝑑 + 𝑅𝑑𝑟𝑖 − 𝑝3,𝑖

[𝑙𝑜𝑔(𝑅3,𝑖(𝑙𝑖)
𝑇𝑅𝑒𝑅𝛼𝑖)]

⋁

∑ 𝑛𝑗,𝑖(0) − 𝑛𝑗−1,𝑖(𝑙𝑖)
3
𝑖=1

∑ 𝑚𝑗−1,𝑖(0) − 𝑚𝑗,𝑖(𝑙𝑖)
3
𝑖=1

|𝑝𝑗,i(𝑙i) − 𝑝𝑗,𝑘(𝑙𝑘)| − 𝑟𝑛

[𝑙𝑜𝑔 (𝑅𝑗,i(𝑙i)
𝑇𝑅𝑗,𝑘(𝑙𝑘))]

∨

]
 
 
 
 
 
 
 
 
 
 
 

, which 

represents the residual error of the iteration step. 

Algorithm 1 The SRL kinematics derivation process  
Input: position 𝒑𝒅 and orientation 𝑹𝒅 of the SRL, initial 
guess uk, Tolerance=1e-6, maximum iteration time=1e5 
Output: result of 3FRAs’ neutral axes coordinates 
1: while do 
2: for i = 1 to 3 do 
3:  using uk to integrate for the i-th variable cross- 
  section FRA’s posture through (4) - (6)  
4:  Res is obtained through (7) - (10) 
5: end for 
6: if (Res < Tolerance) then 
7:   output integration result as the SRL posture, break 
8: else  
9:  if (iteration time > maximum iteration number) 
10:   output the latest solution, break 
11:  else 
12:   calculate Jacobian matrix 𝑱 about Red and uk 
13:   using Levenberg-Marquardt algorithm to   
   update  initial guess:  

   𝒖𝒌𝒌+𝟏 = 𝒖𝒌𝒌 + (𝑱𝒌
𝑻𝑱𝒌 + 𝝀 )

−1
𝑱𝒌
𝑻𝑹𝒆𝒅𝒌 

14:  end if 
15:  end if 
16: end while 
17: calculating target pressure of FRAs through (1) - (3) 

To solve the differential equations system of SRL, a 

shooting strategy is adopted to primarily focus on the residual 

vector 𝑅𝑒𝑠 , and computing the Jacobian matrix 𝐽 =
𝛿𝑅𝑒𝑠

𝛿𝑢𝑘
 

concerning the unknowns. Finally, through iteration, the 𝑅𝑒𝑠 

will gradually approach to zero until it meets the specified 

tolerance range, leading to the solution [23]. To compute 𝑅𝑒𝑠, 

initial values for the unknowns at 𝑠𝑖 = 0  need to be provided. 

These guesses will be used to integrate from 𝑠𝑖 = 0 to 𝑠𝑖 = 𝑙𝑖, 
and the Levenberg-Marquardt algorithm is used to update the 

initial values continuously. The updating of the guess values 

is as: 𝑢𝑘𝑘+1 = 𝑢𝑘𝑘 + (𝐽𝑘
𝑇𝐽𝑘 + 𝜆𝐼)−1𝐽𝑘

𝑇𝑅𝑒𝑠𝑘 , where 𝑘  is the 

iteration times. 𝜆 is a damping metrics for one step of the 

iteration to find a smaller residual. This process will continue 

in a loop until the tolerance range is met, as shown in 

Algorithm 1. Once the kinematic model solves for the current 

posture of the SRL, the coordinates of the neutral axis allow 

for the calculation of the length of each FRA, and the target 

pressure is gained through equation (1) - (3). This kinematic 

model calculates the static posture of the SRL at a given 

moment in time. The calculation process of a parallel 

segment is like that of the SRL, with 𝑅𝑒𝑠 removing (9), (10). 

IV. CONTROL SYSTEM OF SRL  

To accurately accomplish SRL’s complex manipulations, 
a control system for SRL is designed and integrated with the 
kinematic model to achieve posture control of SRL. The 
control system of the SRL mainly consists of three parts: 
posture calculation, motion control, and motion data 
acquisition, as shown in Fig. 5. 

 

Figure 5.  The control system of SRL. 

During the posture calculation process, at regular 
intervals, the desired offset of the SRL's distal end, derived 
from the user's intent is obtained. This desired offset is then 
combined with the current posture data of the SRL, acquired 
from various sensors. Using the inverse kinematics model, 
the desired posture of the SRL at next intervals as well as the 
target pressure of each FRA are calculated. The process is 
mentioned in Algorithm 2. Finally, the target pressure of each 
FRA is transmitted to motion control system. 

The motion control section uses a neural network PID 
strategy to gain the proportional, integral, and differential 
coefficients. The state model of PID controller is: 

 𝑢𝑘 = 𝑘𝑝𝑒𝑘 + 𝑘𝑖𝑇 ∑ 𝑒𝑗
𝑘
𝑗=0 + 𝑘𝑑(𝑒𝑘 − 𝑒𝑘−1)  () 

9170



 

 

where 𝑒𝑘 = 𝜅 − 𝜅𝑡 , 𝜅  is the current pressure and 𝜅𝑡  is the 

target pressure calculated by the analytic model, 𝑢𝑘  is the 

output pressure. The 𝑘𝑝 , 𝑘𝑖and 𝑘𝑑are proportional, integral, 

and differential coefficients. Transforming 𝑢𝑘  into the 

expression of neural network PID strategy:  

𝑢𝑘 = ∑ 𝜔𝑖𝑘𝑥𝑖𝑘
3
𝑖=1   

 𝜔𝑖𝑘 = 𝜔𝑖𝑘−1 + 𝜂𝑒𝑘𝑥𝑖𝑘(𝜕𝜅𝑘+1/𝜕𝑢𝑘) () 

where 𝜔𝑖𝑘  represents the weighting coefficients of 𝑥𝑖𝑘 , 𝜂 

represents the learning rate, and 𝜕𝜅𝑘+1/𝜕𝑢𝑘  represents the 

adjustment direction of the weighting coefficient. 𝑥1𝑘 =
𝑒𝑘,𝑥2𝑘 = 𝑇∑ 𝑒𝑗

𝑘
𝑗=0 ,𝑥3𝑘 = (𝑒𝑘 − 𝑒𝑘−1) are input equations. 

 The control system is implemented through a 
microcontroller (Mega2560, Arduino). A micro air pump 
(KZP-PF, Kamoer) is used to provide stable air pressure to 
FRAs. The adjustment of air pressure is achieved through 
proportional valves (ITV1030-212L, SMC), and the detection 
of pressures upon FRAs are performed using pressure sensors 
(XGZP6857A, dspsence). The motion data acquisition 
section collects the position and orientation of the SRL using 
cameras (Realsence D435i, Intel) and IMUs (N100-Mini, 
wheeltec), which is then transmitted back to the computer. 
Besides, the force and moment applied on the distal end of 
the SRL is capture by the ATi-gamma six-axial force sensor. 

V. EXPERIMENT 

A. Motion Performance of the SRL’s Prototype 

 

Figure 6.  The prototype of SRL and motion performance. (a,) The 
construction of the SRL; (b) The structure of the control platform in the bag; 

(c) SRL adjusts its posture to approach the item, then uses the end effector 

to pick up the item; (d) SRL carries the item to a range accessible to the user; 
(e) SRL has high flexibility and a large workspace, capable of picking up 

items from different directions; (f) Combining with varying end effectors, 

SRL can effectively adapt to various items. 

The prototype of the SRL and the control platform is 
shown in Fig. 6(a, b). The platform is integrated and placed 
inside the bag. The motion performance of the SRL is 
verified through experiments: The SRL starts from an initial 
static state and, by adjusting the internal pressure of the FRAs, 
continuously modifies its posture. The SRL carries the end 
effector along a trajectory calculated by the kinematic model 
to grasp the item outside the user's reachable range, as shown 
in Fig. 6(c). After completing the grasping action, the SRL 
changes its posture and transports the item to the position 
accessible to the user. Finally, it releases the object, thereby 
completing the task of assisting the user, as shown in Fig. 
6(d), a vacuum suction cup is employed as the end effector to 
facilitate item grasping. A depth camera is used to recognize 
the user’s 3D skeleton and obtain the coordinates of the user's 
hands. The SRL takes the user’s hand coordinates as the 
endpoint of its movement to complete the delivery of objects. 

The total weight of the SRL soft limb is 1.08 kg, and the 
payload of the SRL can reach 3.73 N. The SRL has a large 
workspace (0.52m×0.74m×0.66m), enabling user to adopt 
objects from different orientations, as shown in Fig. 6(e), 
effectively expanding the capabilities of users. SRL can adapt 
to various scenarios with the change of the end effector, as 
shown in Fig. 6(f). 

B. Verification of the SRL Control Accuracy Performance  

There are mainly two modes of motion for a parallel 
segment: elongation generated by equal air pressure applied 
to three FRAs and bending motion generated by different air 
pressures applied to three FRAs. 

For the elongation experiment, pressure from 0 to 55kPa 
is applied to the FRA in proximal segment, and the 
corresponding elongation of the segment is recorded. Then, 
the kinematic and the finite element models are used to fit the 
corresponding elongation and record the pressure required for 
each FRA, the results are in Fig. 7(a, b).  

For the bending motion, the focus is on the differences in 
the bending angles of the parallel segment. The bending 
experiment includes two experiments, the first applies 0 - 60 
kPa pressure to two of the three FRAs in the proximal 
segment, while the remaining FRA is not pressurized, as 
shown in Fig. 7(c). In the second experiment, focusing on the 
middle segment, the three FRAs are pressurized separately 
from 0, reaching 20, 40, and 60 kPa, as shown in Fig. 7(e). 

The Mean Absolute Error (𝑀𝐴𝐸(𝑋, ℎ) =
1

𝑚
∑ |ℎ(𝑥𝑖) − 𝑦𝑖|
𝑚
𝑖=1 ,where ℎ(𝑥𝑖)and𝑦𝑖  are estimated values 

and actual values) is used to evaluate the error of the model. 
The result of the first bending experiment is shown in Fig. 
7(d), and the second bending experiment set is shown in Fig. 
7(f, g, h). The calculated results are shown in TABLE 
I. ,demonstrating that the kinematic model can accurately fit 
the parallel segment posture.  

TABLE I.  THE CALCULATED MAE OF THREE EXPERIMENT 

Motion type Mean Absolute Error 

Elongation 0.4440kPa 
Bend1 0.7252kPa 

Bend2 

20kPa 0.8331kPa 
40kPa 0.6646 kPa 
60kPa 0.8300 kPa 

(c) (d)

(e) (f)

Three 

Segments

Connecting

Part

Bag

Proportional Valve

Valve

Pressure Sensor

Microcontroller

(a) (b)
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Figure 7.  Verification of the accuracy of the kinematic Model of parallel segments. (a) The axial elongation of the proximal segment under elongation 
motion, the three FRAs are under pressure from 0 to 55kPa; (b) The results of two models fitting experiment result of elongation motion;(c) The bending 

angle of the proximal segment under bending motion, the two of three FRAs are under pressure from 0 to 60kPa;(d) The results of two models fitting 

experiment result of 60kPa under bending motion; (e) The bending angle of the middle segment under bending motion, with three FRAs under pressure from 

0 to 20,40 and 60kPa; (f, g, h) The results of two models fitting experiment result of 20,40 and 60 kPa under bending motion. 

To further evaluate the effectiveness of the kinematic 

model in estimating SRL postures, the SRL is under pressure 

to take on a complex posture: the FRAs in the proximal 

segment are pressurized at 90, 60, and 30 kPa; in the middle 

segment at 60, 40, and 20 kPa, and in the distal segment at 50 

kPa equally. Eventually, by identifying the neutral axis of the 

SRL, the change trend of the posture curve of the SRL is 

obtained, and the kinematic and finite element models are fit 

the posture separately and obtain the corresponding posture 

curve, as shown in Fig. 8(a). 

TABLE II.  COMPARISON WITH CURRENT SOFT SRLS 

 Workspace Weight Payload 

Capacity 

Control 

Error 

Proposed 

SRL 
0.52×0.74×0.66m 1.08kg 3.73N 2.02% 

Soft Poly-

Limb [13] 
0.55×0.69×0.72m 1.6kg 3.43N 4.69% 

Fabric 

SPL [14] 
0.63×0.69×0.28m 1.1kg 14.72N 3.90% 

Soft 

flippers [12] 
0.23m× 150° 0.46kg 113N Not 

mention 

The deformation results of the SRL experiment and the 

two models are shown in Fig. 8(b, c, d). The R-square (R-

square= 1 −
∑ (𝑦̂𝑖−𝑦𝑖)

2𝑛
𝑖=1

∑ (𝑦𝑖−𝑦̅)
2𝑛

𝑖=1

, where 𝑦𝑖  and 𝑦̂𝑖  are the actual 

value and calculated value, 𝑦̅ denotes the mean of 𝑦𝑖) is used 

to represent the fit of the results. The R-square of the 

kinematic model is 0.882, while the finite element model is 

0.869. Compared to the experiment results, the Euclidean 

displacement error at the end for the kinematic model is 

13.45mm with an error of 2.02% to the whole length. For the 

finite element model, it is 17.96mm with an error of 2.43%. 

Therefore, the kinematic model demonstrates a good effect in 

capturing of the SRL posture. 

Compared to the current representative soft SRL in 
TABLE II. , SRL proposed in this paper performs larger 
workspaces, lighter weight, and higher control accuracy. The 
load-bearing capacity of the SRL is primarily limited by the 
micro air pump. However, if the use of the SRL is restricted 
to a small range of indoor environments, an additional large 
air source can be employed to further enhance the load-
bearing capacity of the SRL. 

VI. CONCLUSION 

In this paper, inspired by the octopus’s arm, a soft SRL 
based on FRA is proposed. Furthermore, the kinematic model 
for the SRL is established, along with the control system to 
control the SRL posture precisely. Finally, the accuracy of the 
proposed kinematic model is verified through experiments, 
and the motion performance of SRL’s prototype is carried out, 
exhibiting its flexibility and adaptability to various scenarios. 

Future work will focus on developing human-robot 
interaction strategy, combining multiple sensory data to 
improve the efficiency of interaction. Additionally, 
advancing human-machine collaboration with the SRL 

(a) (b)

  ia  Elongation

(c) (d)

Bending Angle

(e) (f) (g) (h)

Bending Angle
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through sensor feedback [11] or using imitation learning 
methods [26] also holds significant research value. Besides, 
SRL can adapt to different application scenarios by varying 

its size and wear position. Therefore, it is necessary to 
construct a human-robot coupling model to achieve the 
optimal wearing experience. 
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