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Abstract— This study introduces a novel robotic module that 

integrates three spring-reinforced soft actuators for positioning 

the module in 3D space. This is achieved by utilizing a ball joint 

as the rotation center and leveraging the spring elements not 

only as reinforcement structures but also as inductive sensors. 

Additionally, soft pads are strategically placed around the ball 

joint to adjust the module stiffness irrespective of its position. 

Both actuation and stiffening mechanisms are independently 

controlled by pressure. Design, experimental characterization, 

and closed-loop control of the module are reported. In addition, 

a multifunctional manipulator that is built by integrating three 

modules in a series is demonstrated. A specific architecture has 

been pursued to reduce the overall number of fluidic tubes 

required when adding a new module. It resulted in a 

manipulator with continuum soft actuators, but independent 

variable stiffness joints, which are the key feature for 

guaranteeing different bending angles of each segment. Results 

show that a single module can bend up to 30° omnidirectionally, 

its stiffness can increase up to 95% in a controllable way, and 

the output voltage change of the springs can be employed for 

position sensing. This design offers a highly compact, 

lightweight, and low-cost solution exploitable in a wide range of 

applications, from medical to rescue missions, where actions 

behind obstacles in highly confined areas are needed. 

I. INTRODUCTION 

Soft robotic manipulators are compliant structures that 

deform continuously, allowing for hyper-redundant degrees 

of freedom and high back-drivability [1]. These systems have 

attracted the interest of a lot of research groups [2]. The 

inherent compliance of soft matter allows for safer physical 

interactions with the surroundings and higher adaptability 

even in unpredictable environments [3]. However, softness 

brings along small load-bearing capability and low 

positioning accuracy. Therefore, effective stiffness control 

strategies and rigid structural elements are usually needed to 

meet the requirements of real-world applications.  

In this scenario, crustaceans pincers featured a rigid 

exoskeleton with inner soft muscles [4], and articulated 

human fingers with a rigid endoskeleton and external soft 

muscles [5] have offered two main inspiring biological 

references to design novel efficient manipulators which 

combine soft actuators with rigid structural components [5], 

[6]. Then, a soft pneumatic actuator within a continuum rigid 

exoskeleton [7], and two pneumatic soft actuators with a 
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metallic hinge belt in the middle have been developed [8]. The 

rigid components act as reinforced elements of the 

pressurized soft actuators, enabling stiffness changes 

depending on the system configuration and bending motion in 

only one direction. For stiffness tuning without position 

dependency, active or semi-active solutions have been 

exploited [9]. Harsono et al. [10] combined pneumatic and 

cable-driven actuation antagonistically in a soft continuum 

manipulator with a rigid backbone structure based on 

spherical joints. The cables and rigid constraints allowed for 

bending the manipulator in any direction, while pneumatic 

soft artificial muscles were responsible for independent 

stiffness tuning. However, the exploitation of the same 

actuation technology for both functions (i.e., bending and 

stiffening) can allow for more compact and simple designs.  

In this context, pneumatic actuation is one of the most 

widespread technologies for positioning and material 

stiffening in soft robotics [9], [11]. Vacuum-driven soft 

actuators have successfully demonstrated good capabilities in 

terms of force and displacement [12]. In addition, the 

jamming approach allows for switching from a very soft to a 

40-fold stiffer body (e.g., from 0.2 to 7.8 N/mm [13]) by 

applying negative pressure within soft bags filled with 

granular, layer, and/or fiber materials [3], [9]. The main 

limitation is related to the achievable maximum stiffness 

depending on the applied negative pressure that cannot be less 

than 0.1 MPa [11], [14]. Therefore, recent works proposed a 

novel jamming concept based on positive pressurization to 

overcome this limit and potentially enable a wider stiffness 

range [14]–[16]. This approach exploits a pressurized soft 

actuator to compress and jam the granular, layer, and/or fiber 

materials contained in the soft jamming bag and increase the 

system stiffness. Hence, the main limitation has been shifted 

from the achievable pressure value to the material strength of 

the pneumatic soft actuator, allowing for more room for 

improvement. In particular, rigid structural elements [14] or 

inextensible fabrics [15] have been employed to constrain the 

soft actuator expansion in specific directions, decreasing the 

busting risk and focusing the generated compression force 

toward the jamming chamber. Similarly, the integration of a 

soft actuator within a rigid mechanical structure allows for 
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stiffness tuning and locking mechanisms. In particular, the 

stiffness change is  achieved through positive pressurization 

of the soft actuator that pushes on the rigid constraints and 

increases the friction at the soft-rigid interface, hindering the 

motion ability. This friction-based approach has been 

exploited to design variable stiffness hinges [17], [18], and 

continuum tubular mechanisms [19] with highly promising 

results, especially for applications that require high load 

capabilities in stiff configurations.  

In this context, we propose a novel pneumatic-driven 

module that combines spring-reinforced soft actuators with 

proprioceptive sensing and a central rigid spherical joint that 

is able to change in stiffness without position dependency. 

The soft actuation in the 3D space ensures compliance and 

adaptability. At the same time, this hybrid soft-rigid design 

opens up new avenues for overcoming the challenges of fully 

soft robots in reaching high stiffness when necessary. 

Experimental characterization and closed-loop control of a 

module, as well as the demonstration of three serially 

integrated modules that enable a continuum manipulator with 

three independent variable stiffness joints are reported. The 

proposed technology can be exploited in various applications 

which require operating in very limited spaces for 

manipulation, exploration, search, and rescue, pushing the 

boundaries of robot abilities in different fields.   

II. MATERIALS AND METHODS 

A. Design Overview 

The design and prototype of the proposed module are 

shown in Fig. 1a (Supplementary Video). The module is 

composed of a rigid structure, metallic but compliant springs, 

and soft chambers and pads (Fig. 1b). The final design is 35 

mm in length and 17 mm in outer diameter with a 3 mm 

working channel at the center. The weight is 7 g and the 

material cost is less than 3 €. The rigid structure is 

characterized by a passive spherical joint obtained by 

constraining a ball with an arm into a dedicated slot (Fig. 1c). 

Three caps are mechanically attached to the bottom part of the 

rigid structure, thus decreasing the circumference of the slot 

with the ball in the center. The top part of the rigid structure 

is coupled with the arm of the ball through a lateral extrusion 

and fixed on it. The final spherical joint can be bent between 

0° and 30°, omnidirectionally. Three soft pads are integrated 

into equally spaced slots in the bottom rigid part, in a 

triangular configuration (Fig. 1c). Upon pressurization, the 

top membrane of the soft pads expands toward the ball joint 

and reduces its motion ability, resulting in stiffness 

enhancement. Only one pneumatic tube is required for 

controlling joint stiffness. Indeed, an inner open channel with 

one inlet and three outlets (yellow part in Fig. 1c) is designed 

into the bottom rigid part for distributing the input pressure 

from a single tube to the three pads, simultaneously.    

Three soft actuators are obtained integrating a soft 

chamber into a helical axial extension spring and equally 

placed around the spherical joint in a triangular configuration 

(Fig. 1a). When a soft chamber is pressurized, the spring 

limits the radial expansion but allows for elongation which 

results in omnidirectional bending thanks to the ball joint as 

rotation center (Fig. 1d). In particular, only one or two soft 

actuators can be pressurized simultaneously to bend the 

module. Indeed, the ball joint cannot elongate due to 

mechanical constraints preventing the ball from popping out 

of its slot. Three caps of the bottom part of the rigid structure 

ensure mechanical constraints on the center ball (Fig. 1c). 

In this design, the bending angle is limited between 0° and 

30° by the rigid joint. However, the total bending angle can 

be increased by integrating multiple modules serially, as 

demonstrated later on (e.g., see Fig. 10). The springs are 

installed with a 10 mm pre-elongation when the module is at 

0° initial position. It allows for the compression of the springs 

when the module is bent up to 30°, but avoids the short circuit 

between spring turns, which would compromise the sensing 

function. Indeed, the springs do not only limit the radial 

expansion of the pressurized soft chambers, but also behave 

as inductive sensors [20]. Indeed, elongation and compression 

of the springs cause a change in their inductance (𝐿). 

 
Fig. 1. (a) Prototype (left) and CAD (middle) of the module and (right) notation used: A1 = Actuator 1 with Sensor 1, A2 = Actuator 2 with Sensor 2, A3 = 

Actuator 3 with Sensor 3; (b) rigid, rigid but compliant, and soft components of the module; (c) variable stiffness and (d) actuation mechanisms.
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The output voltage (𝑉𝑜) across the spring is inversely 

correlated to the spring length (𝑙) when it is connected to a 

resistor (𝑅) and an AC sinusoidal input voltage source of 

amplitude (𝑉𝑖) in series. The voltage across the spring can be 

derived as follows: 

𝑉𝑜 =  
𝜔𝐿

√𝑅2 + 𝜔2𝐿2
× 𝑉𝑖 (1) 

where 𝜔 is the angular frequency of the input supply. 

Substituting 𝐿 =
𝜇0𝑛2𝐴

𝑙
 in Eq. (1) and simplifying, we obtain: 

𝑉𝑜 =  
𝑎

√𝑎2 + 𝑙2
×  𝑉𝑖 (2) 

where 𝑎 =  
𝜔𝜇0𝑛2𝐴

𝑅
. Since the permeability of free space 

(𝜇0), the number of turns (𝑛), the cross-sectional area (𝐴) of 

the spring, and the angular frequency are considered 

constants, the coefficient 𝑎 remains constant. Therefore, the 

output voltage decreases (increases) monotonically when the 

length of the spring increases (decreases). Thus, the bending 

angle of the module can be estimated by measuring the output 

voltage of the three sensors, allowing for closed-loop control. 

Different modules can be combined in a snake-like 

configuration to obtain a robotic manipulator. However, a 

main requirement for modular robots is minimizing the 

impact of the total number of modules (n) on both the central 

unit and single modules. As a result, a fundamental challenge 

in pneumatic systems is related to the number of tubes (Nt) 

that have to be integrated through the robot structure, from the 

central unit towards the modules [21]. In this design, each 

module needs 4 tubes: 3 for actuation in the 3D space (spring-

reinforced actuators), and 1 for stiffness tuning by inflating 

the three soft pads, simultaneously. Then, combining n 

modules requires the integration of Nt = 4n tubes. This highly 

affects the development of a modular solution and limits the 

number of modules that can be combined. To address this 

challenge, the pneumatic tubes of the spring-reinforced 

actuators of different modules can be serially integrated, 

obtaining a soft continuum manipulator with independent 

variable stiffness joints (Fig. 2). This allows for a reduction in 

the total number of tubes from Nt = 4n to Nt = n+3. Indeed, 

the final manipulator requires 3 tubes for the actuation, 

regardless of module number, and a new module brings along 

just 1 new tube into the overall system for its stiffness tuning. 

At the same time, the possibility to change the stiffness of 

each joint regardless of the position guarantees autonomous 

segments of the final system. Indeed, the motion freedom of 

each module can be controlled by tuning its stiffness. Thus, 

proper pressurization sequences of the actuators and variable 

stiffness mechanisms allow for different angles and directions 

of bending of each segment, despite the same bending 

actuators running along the entire manipulator. Finally, the 

bending motion of each segment can be re-adjusted on-line 

thanks to the integrated sensors of each module. Regarding 

the sensor cables coming from the springs, it has to be noted 

that they were selected as one-tenth in diameter with respect 

to fluidic tubes used in the design (i.e., 0.1 mm versus 1 mm) 

to minimize their effect on the more proximal modules.  

In order to prevent mechanical interferences in the current 

design, a maximum of seven modules can be mounted, in 

series, since a maximum of six tubes can be integrated into 

the most proximal module (see Fig. 1a right: the six tubes that 

can be integrated into a module are shown by yellow circles). 

Additional modules can be integrated with changes to the 

current design to incorporate additional tubes by exploiting 

the central working channel or increasing the module size.  

B. Manufacturing 

Each spring-reinforced actuator consists of a soft chamber 

and a compliant metallic spring as a reinforcement element. 

The soft chamber is 27 mm in length and 3.3 mm in outer 

diameter with a central opening for inflation that is 0.65 mm 

in diameter. For their manufacturing, Ecoflex 00-50 silicone 

rubber (Shore Hardness: 00-50, Smooth-On) was poured into 

a cylindrical mold with a rod in the center. Then, a pneumatic 

tube was fixed by using Sil-Poxy silicone glue (Smooth-On), 

and the soft chamber was placed into the spring (Fig. 3a). 

The spring (751-663, RS PRO, UK) is 4 mm in outer 

diameter, 0.36 mm in wire diameter, and 27 mm in length. It 

is made of steel (DIN17223 Class C), and its elastic constant 

for axial loads is given as 0.06 N/mm by the manufacturer.  

The soft pads are 5 mm in length, 2.7 mm in width, and 6 

mm in height with an opening of 1 mm in diameter and 4 mm 

in height at the center for inflation. They were manufactured 

by pouring Dragon Skin 10 silicone rubber (Shore Hardness: 

10A, Smooth-On) into a 3D printed mold (Fig. 3b).  

 
Fig. 2. System architecture of the soft continuum manipulator with variable stiffness joints. The figure is referred to n = 3 modules, which require 3 lines for 

independent stiffness and 3 lines for actuation. The maximum number of modules that can be integrated serially in the current design is n = 7, corresponding 

to 7 stiffening mechanisms. The tubes for actuators do not run along the manipulator, but they are attached at the bases of the most proximal module. 

    

    

    

                

                 

   

 
 
 
  
  
 

    

    

    

    

    

    

    

    

    

  

  

  

   
   

  

  

  

  

  

  

                                   

                                   

                                   

                        

                                          

                                          

                                          

          
              

                          

  

  

  

               

                  

                 

   

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2024, Yokohama, Japan. Cite as RA-L paper.

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2024, Yokohama, Japan. Cite as RA-L paper.



 

The rigid parts of the module and molds were 3D printed from 

UV-curable plastic material (VisiJet M3 Crystal, 3D Systems, 

USA). Subsequently, the spring-reinforced actuators and soft 

pads were integrated into the dedicated slots (Fig. 3c) and a 

tube for pressurizing the three soft pads simultaneously was 

glued to the inlet of the pneumatic channel (Fig. 1c) located 

in the bottom rigid part (Fig. 3d). 

 
Fig. 3. Manufacturing of (a) the spring-reinforced actuators and (b) soft pads; 

(c) assembly of the module by integrating the spring-reinforced actuators and 

soft pads into the rigid structure; (d) final module. 

C. Experimental Setup 

A pressure control setup that can control up to three serially 

integrated modules was developed (Fig. 4a). Due to the 

selected architecture, the system has to control six pneumatic 

lines (Nt = n+3, where n = 3 modules), three for the soft 

continuum actuators and three for the variable stiffness joints 

(Fig. 2). The setup includes six proportional valves (Series 

K8P, Camozzi, Italy), and six pressure sensors 

(MPX5500DP, NXP Semiconductors). A DAQ Card (USB-

6363, National Instruments) was controlled in LabVIEW to 

generate command signals for pressurizing actuators and 

pads, and to acquire signals from spring and pressure sensors.  

III. RESULTS AND DISCUSSION 

A. Actuation of the Module 

The workspace and the relationship between the input 

pressure and bending angle of the module were characterized 

by using an Aurora magnetic tracking system (Fig. 4a).  

The module prototype was fixed under the magnetic field 

generator at 0° initial position, and one actuator at a time was 

pressurized up to 200 kPa with a 1 kPa interval. A magnetic 

tracking probe was positioned on the module tip for recording 

its position. Fig. 4b and c show the workspace and pressure-

bending angle results, respectively. Each curve in Fig. 4c 

reports the mean (solid line) and standard deviation (shaded 

area) of 5 trials. The maximum standard deviations were 

found as ±4.4°, ±4.3°, and ±4° for A1, A2, and A3, 

respectively. The maximum bending angle (i.e., 30°) was 

achieved by A1 at 120 kPa input pressure. On the contrary, 

A2 and A3 reached a bending angle of 27° at 130 kPa and 

maintained it, although the pressure was increased up to 200 

kPa. This may be due to manufacturing inaccuracies. 

The second actuation test investigated the output force in 

different directions at 0° and 30° configurations by using a 

Nano 43 load cell (ATI Industrial Automation, USA) (Fig. 5). 

The load cell was placed next to the module tip, opposed to 

the movement direction, and then one and two actuator(s) 

were pressurized up to 200 kPa with a 1 kPa interval, in the 

following order: A1, A2, A3, A1-A2, A1-A3, and A2-A3. The 

results measured at 0° and 30° are reported in Fig. 5a–f and 

Fig. 5g–l, respectively. Each graph consists of the mean (solid 

line) and standard deviation (shaded area) of 5 trials. 

Experimental results showed that the pressurized actuator(s) 

generated similar forces with slight variations. The mean and 

standard deviation of the maximum force resulted equal to 

0.52 ± 0.07 N and 0.54 ± 0.04 N for the 0° and 30° initial 

positions at 200 kPa input pressure, respectively. The 

maximum standard deviation of tests was found as 0.07 N. 

B. Proprioceptive Sensing of the Module 

Experimental tests were carried out to define a relationship 

between bending angle and output voltage across the three 

sensors. The sensor outputs were investigated by connecting 

each spring to an 82 Ω resistor and an AC sinusoidal voltage 

source in series (Fig. 6a). A function generator (33220A, 

Agilent Technologies, USA) was used to supply an AC 

sinusoidal waveform with a 5 V peak-to-peak voltage at 4.5 

MHz. The peak-to-peak output voltage across the sensors was 

acquired at a sampling rate of 2 Giga Samples/s by an 

oscilloscope (MSO7034B, Agilent Technologies, USA). 

 
Fig. 4. (a) Setup for tracking the module tip; (b) module tip workspace in the 3D space; (c) mean (solid line) and standard deviation (shaded area) of bending 

angle with respect to the input pressure (5 trials for each test). The arrows represent the bending directions.  
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Fig. 5. Experimental results of the output force while the joint was at 0° (a-f) and 30° (g-l) initial positions. The mean (solid line) and standard deviation 

(shaded area) of 5 trials are reported. The arrows show the direction of force generation.  

The tests started with the joint at 0° initial position. Then, 

one actuator at once was pressurized to bend the module up 

to 30°. In particular, A1, A2, and A3 were pressurized up to 

120 kPa, 130 kPa, and 130 kPa, respectively, due to the 

previous experimental results obtained by the tracking set-up 

(Fig. 4). A pressure interval of 1 kPa was used during tests. 

This was repeated 5 times for each actuator. The bending 

angle from Aurora, the output voltage of the springs from the 

oscilloscope, and the input pressure were recorded by 

LabVIEW, synchronously. 

Fig. 6c–e show the outputs of the sensors S1, S2, and S3 

while A1, A2, or A3 were pressurized up to 120 kPa, 130 kPa, 

and 130 kPa, respectively. A power curve was fitted on the 

results of the 5 trials, thus defining the correlation between 

the bending angle and the output voltage of the sensors. 

Sensor output results showed that the initial voltage of each 

spring at the initial position shows some differences. At 0°, 

the mean and standard deviation of the voltage of S1, S2, and 

S3 were 3107 ± 7 mV, 3089 ± 7 mV, and 3152 ± 2 mV, 

respectively. The difference could be a result of inaccuracies 

in the manual fabrication of the spring-reinforced actuators. 

When the module is at 30°, experimental results showed that 

the output voltage of a sensor decreases by 3.1% on average 

in elongation (~ 95 mV) and increases by 2.2% on average in 

compression (~ 68 mV). This change is sufficient to be 

correlated with the bending angle of the module. 

C. Closed-Loop Control of the Module 

A PI controller (KP = 0.1 and KI = 0.01) was designed for 

closed-loop control of the module position. As a preliminary 

demonstration, the closed-loop control was verified in the xz 

plane (Fig. 4b) by using the calibration curve of S1 sensor 

(blue curve in Fig. 6c). A1 actuator was pressurized to bend 

the joint toward +x direction, and A2 and A3 actuators were 

pressurized together to bend it toward -x direction. A step 

reference signal was set in LabVIEW from 0° to 30° back and 

forth with a 5° interval, each step for 10 seconds (Step 

Reference in Fig. 7).  

The angle estimated by S1 (Sensor Response in Fig. 7) was 

compared to the angle measured by image-based ground truth 

data (Ground Truth in Fig. 7) (Supplementary Video). In the 

video, the response of the module following random step 

references is demonstrated also against external disturbances 

(applied by the pen in the video). In Fig. 7, it can be observed 

that the module was able to reach the desired bending angle 

by only performing oscillations thanks to the information 

coming from S1 sensor. It was also observed from 0 to 60 s 

that the closed-loop control response of the module matched 

the reference signal with a mean rise and settling time of 0.63 

s and 2.56 s, respectively. The maximum and mean difference 

between ground truth and angle estimated from S1 were found 

less than 2° and 0.44°, respectively. In future, this error could 

be reduced by a more sophisticated control system design. 

 
Fig. 6. (a) Circuit diagram and (b) experimental setup for measuring the sensor outputs, bending angle, and input pressure simultaneously. Sensor outputs 

when (c) A1, (d) A2, and (e) A3 actuators were pressurized one by one. The tests were repeated 5 times and the results are given together with the fitted curve 

and R2 value. In (a) FR: Function Generator; R: Resistor; L: Inductor (Spring); OSC: Oscilloscope; MTP: Magnetic Tracking Probe. 
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Fig. 7. Step reference signal (black) compared with the angles estimated by 

S1 (yellow) and by an image-based ground truth (dashed red line). 

D. Variable Stiffness of the Module 

The proposed variable stiffness method relies on reducing 

the motion ability of the ball joint by pressurizing the soft 

pads and filling the cavities of the rigid structure around the 

central ball. Therefore, two different ball geometries were 

tested to investigate how the stiffness may be affected by the 

design of the contact area between the soft (i.e., soft pads of 

Dragon Skin 10 silicone rubber, shore hardness: 10A, 

Smooth-On, USA) and rigid (i.e., 3D printed ball joint of UV 

curable plastic material VisiJet M3 Crystal, 3D Systems, 

USA) materials. The first ball joint had a flat geometry with 

a surface area of 173 mm2, while the second one had dents 

that increase the surface area to 255 mm2 (Fig. 8).  

 
Fig. 8. (a) Design of the flat surface ball joint and (b) design of the same ball 

joint with dents that allow for an increment in the surface area. Φ: diameter. 

A Nano 43 load cell was attached to an RV-3SB robot arm 

(Mitsubishi Industrial Robot, Japan), and it was placed next 

to the tip of the module that is positioned at 0° straight 

configuration. Then, the soft pads were pressurized, and the 

force sensor was pushed 3 mm at 5 mm/s speed. It was 

repeated 5 times for both the ball joints with the flat surface 

and the one with dents. For the input pressure of the soft pads, 

the range was set between 0 and 500 kPa to avoid the 

breakdown of the plastic rigid structure [17]. However, during 

these tests, the stiffness was measured only at 300 kPa, since 

they aimed at investigating the best design of the ball joint. 

Further pressure values were analyzed in the final design. 

The force data were divided by the displacement (i.e., 3 

mm) to calculate the stiffness, which resulted in 0.142 ± 0.005 

N/mm for the ball joint with the flat surface and 0.195 ± 0.007 

N/mm for the ball joint with dents. Since the results showed 

that the stiffness was 38% higher for the ball joint with dents, 

it was selected for the final design, and further tests were 

carried out to characterize the variable stiffness properties of 

the final module. Then, the soft pads were pressurized up to 

500 kPa with a 100 kPa interval. A force sensor was placed 

next to the module tip and pushed 3 mm at 5 mm/s speed (the 

directions for each configuration are shown with white arrows 

in Fig. 9) while the soft pads were pressurized. This process 

was carried out in different configurations: (i) when the 

module was at 0° (Fig. 9a), (ii) when the module was at 30° 

with A1 actuator pressurized (Fig. 9b), and (iii) when the 

module was at 30° with A2 and A3 pressurized 

simultaneously (Fig. 9c). Each configuration was tested 5 

times. The collected force data were divided by the 

displacement (i.e., 3 mm). The mean and standard deviation 

are given in Fig. 9a–c. As expected, at 0 kPa input pressure of 

the soft pads, the stiffness of the module was higher when 

spring-reinforced actuators were pressurized (i.e., 0.12 N/mm 

when no actuator was pressurized, 0.14 N/mm when A1 was 

actuated, 0.31 N/mm when A2 and A3 were actuated 

simultaneously). Indeed, the pressurized actuators increase 

the module stiffness, as well.  

When the soft pads were pressurized at 500 kPa, the 

stiffness of the module increased by 95%, 81%, and 79% at 

the initial positions of 0°, 30° with A1 pressurized, and 30° 

with A2 and A3 pressurized simultaneously, respectively. 

The maximum standard deviation was calculated as ± 0.03 

N/mm. 

 
Fig. 9. Stiffness results at different input pressures of the soft pads while the 

module was at: (a) 0° initial position (no pressure at the spring-reinforced 

actuators); (b) 30° initial position by pressurizing the A1 actuator; (c) 30° 

initial position by pressurizing the A2 and A3 actuators, simultaneously. 

Each configuration was tested 5 times. The white arrows show the direction 

of the force sensor moved by a robot arm. 

E. Integration of Multiple Modules 

As described in Section II-A, a soft continuum manipulator 

with an articulated variable stiffness structure can be obtained 

by integrating n modules in a snake-like configuration, 

reducing the number of the required pneumatic tubes from 4n 

to n + 3 (i.e., three for the actuation and one for the stiffness 

modulation of each joint). The tubes of the spring-reinforced 

actuators of each module (A1, A2, and A3 in Fig. 2) are 

serially integrated. As a consequence, the modules are 
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dependent on each other. On the other hand, the variable 

stiffness mechanism is the key feature to make each module 

independent. Thus, each module has its own stiffness tube 

(VS1, VS2, and VS3 in Fig. 2 where n = 3). This allows for 

controlling the motion freedom of each segment upon 

pressurization. For example, when the Module 2 stiffness is 

increased by pressurizing VS2, and then one of the actuators 

(e.g., A1, A2, or A3) is pressurized, the bending of Module 2 

would be less than the bending of Module 1 and Module 3.  

As a demonstration, three modules were integrated by using 

a total of six pneumatic tubes (Fig. 10 and Supplementary 

Video). Two spacer disks were used to allow for pressure 

transmission among the spring-reinforced actuators. Since 

each joint was designed to bend up to 30° omnidirectionally, 

the multifunctional manipulator can bend up to 90° 

omnidirectionally (Fig. 10b-e). However, using the variable 

stiffness mechanism, it is possible to achieve also double 

curvature configurations by a proper pressurization sequence 

of actuators and variable stiffness mechanisms (Fig. 10f-g).  

The proposed concept allows for a reduction in the overall 

number of fluidic tubes required by adding a new module. 

Indeed, only one new tube per module is required for the 

variable stiffness joint. This represents an improvement with 

respect to some previous state-of-the-art solutions [2], [22]–

[24]. In the future, a fully modular system could be achieved 

by using on board miniature valves and wireless sensor data 

transmission [12] [21]. In this scenario, the main challenge is 

related to the current mechatronic components available on 

the market for pneumatic actuation, which are heavy, bulky, 

and expensive. However, a promising solution for fully 

integrated modular systems is the use of soft valves that can 

control airflow by acting as switches for automated functions 

in soft pneumatic circuits [25], [26].  

 
Fig. 10. Manipulator with three modules: (a) 0° initial position (no pressure 

at the actuators); (b) A1, (c) A2, and (d) A3 was pressurized, respectively; (e) 

A2 and A3 were pressurized simultaneously. To achieve the shape in (f): i) 

A2 and A3 were pressurized, ii) the soft pads of Module 1 were pressurized, 

iii) A2 and A3 were depressurized, iv) A1 was pressurized. To reach the 

shape in (g): i) A1 was pressurized, ii) the soft pads of Module 1 and 2 were 

pressurized, iii) A1 was depressurized, iv) A2 and A3 were pressurized. 

The module is presented as a general-purpose technology. 

Indeed, it can be adapted to a wide range of applications from 

medical to aerospace [27]. To assess the capability of the 

module to operate in potential application scenarios, we 

exploited a manipulator made of three modules for 

performing standard medical tasks. Indeed, given the (1) 

working channel at the center, (2) the capability to perform 

complex movements in the 3D space, and (3) to increase the 

stiffness up to 95%, this solution might be advantageously 

used for a set of medical tasks. For instance, a needle for 

biopsy or a gripper can be steered by the manipulator (see Fig. 

11 and Supplementary Video).  

 
Fig. 11. In silico surgical procedure task by using the proposed manipulator. 

Different surgical instruments, such as grippers or needles, can be steered by 

the manipulator exploiting the central working channel.  

IV. CONCLUSION 

This study presents a compact and lightweight module with 

a hybrid soft-rigid structure that combines actuation, 

proprioceptive sensing, and variable stiffness. It is composed 

of a rigid mechanical structure, compliant metallic springs, 

and soft actuators. Three pressure-controlled spring-

reinforced soft actuators were used to control the position of 

the module in the 3D space. Upon pressurization, the 

inductance of each spring changes, allowing for module 

position sensing. Finally, pressure-controlled soft pads, 

equally distributed around a central rigid ball joint, allow for 

controlling the module stiffness regardless of its position.  

The characterization of a single module was carried out by 

investigating: i) the tip position and force output at different 

input pressures of the actuators; ii) sensor outputs at different 

bending angles; iii) variable stiffness capability at different 

input pressures of the soft pads. Then, a demonstration of the 

feasibility of a closed-loop position control was reported. 

Finally, three modules were integrated serially to develop 

a continuum soft manipulator with an articulated variable 

stiffness structure. The proposed architecture allows for a 

reduction in the number of pneumatic tubes required by 

adding a new module from Nt = 4n to Nt = 3 + n.  

In terms of workspace, when each spring-reinforced 

actuator was pressurized one by one at the same pressure, the 

bending angle of the module showed differences (i.e., 30°, 

27°, and 27°, at 130 kPa, Fig. 4). This could be due to some 

differences during the manufacturing and the installment of 

the soft actuators. The integration of multiple modules allows 

for enlarging the workspace, as shown in Fig. 10 and 

Supplementary Video. 

As usual in soft actuators [28], hysteresis phenomena were 
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observed in the bending angle of the module after different 

cycles of pressurizations and depressurizations (see 

Supplementary Video). This is mainly due to the inherent 

behavior of soft materials like silicone and to the frictional 

forces between the rigid parts of the spherical joint. However, 

in the proposed solution, the final module position can be 

controlled by regulating the inlet pressure of the three 

actuators, based on the spring sensors signals, thus reducing 

the issue of hysteresis in the system control. For example, in 

case the module is not able to recover the initial position 

during depressurization, the spring sensors allow for pointing 

out the wrong position and the antagonistic actuators can be 

activated to reach the desired position [20].  

Regarding the output force, the actuators generated similar 

values with slight differences, which could be due to hand-

made fabrication as well (Fig. 5). The initial positions (0° and 

30°) did not show a major effect on output forces.   

The proposed variable stiffness mechanism demonstrated 

promising results, allowing for an increment of the stiffness 

up to 95% (Fig. 9). Further optimization in the material of the 

soft pads and geometry of the ball joint dents could allow for 

achieving a full position locking. In addition, the variable 

stiffness mechanism is the key feature to make each module 

autonomous from the others in the final manipulator. This 

allows for the control of the motion freedom of each joint, 

thus enabling more complex movements in the 3D space and 

reducing the number of pneumatic tubes. 

The employed plastic material of the rigid parts (VisiJet 

M3 Crystal, 3D Systems, USA) was selected as a low-cost 

solution and it demonstrated to support up to 5 bar inlet 

pressure of the soft pads. However, a stiffer metallic material 

instead of a plastic one could be used in case higher stiffness 

is required, allowing further increment of the input pressure 

of the soft pads or the integration of stronger actuators. In 

addition, this material can suffer from long-term fatigue 

issues. Then, a more durable material can be selected. 

For the sensing part, the output voltage change of the spring 

sensors was characterized at different positions of the module 

(Fig. 6). For each sensor, the change in output voltage was 

large enough to detect the bending angle. By using these data, 

a closed-loop control was carried out in-plane. As shown in 

Fig. 7, a relatively higher error was found for small angles 

(i.e., 0° - 10°), probably due to friction phenomena.  
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