
  

 

Abstract— Liver cancer is the second leading cause of cancer 

deaths worldwide. Without treatment, the five-year survival rate 

is less than 5%. Liver tumors are often detected using MRI. MRI 

is preferable over other imaging modalities include absence of 

ionizing radiation, superior soft tissue contrast resolution, and 

multiplanar imaging capabilities. Needle interventions are then 

needed for further diagnosis (biopsy) and treatment (ablation). 

Respiratory motion is the main cause of inaccurate needle 

placement leading to misdiagnosis and insufficient treatment. In 

order to train clinicians to compensate for the liver respiratory 

motion during intervention, and also test needle insertion 

robotics technologies, a realistic liver motion simulator is of 

great interest which can be used inside MRI scanner. In this 

study, an MR-compatible soft robotic platform is developed to 

simulate liver respiratory motion. Pneumatically actuated soft 

robotic actuators were developed and validated using finite 

element simulations. A feedforward controller was developed to 

control the input air pressures of the pneumatic actuators to 

simulate the respiratory motion. The evaluative experiments 

indicated that the developed soft robotics diaphragm could 

acceptably simulate liver respiratory motion in the two 

directions of motion: superior-inferior and anterior-posterior 

directions. 

 

I. INTRODUCTION 

Liver cancer is the second leading cause of cancer deaths 

worldwide [1], [2]. In order to increase the success rate in 

diagnosis (i.e. biopsy) and treatment (e.g. ablation) of liver 

cancer, surgeon needs to accurately target the lesion. Being 

located right below the diaphragm, liver undergoes 

considerable motion during respiration [3]. The outcomes of 

the surgery highly depend on the compensation for the 

respiratory motion of the liver during the operation and the 

expertise of the surgeon [4], [5]. 

A robotic system that simulates the respiratory motion of the 

liver can help testing and improving surgical techniques for 

accurate targeting of the lesion. Besides, the system can be 

used for training clinicians on imaging-guided percutaneous 

interventions such as biopsy and ablation. Among the imaging 

techniques, magnetic resonance imaging (MRI) offers the 

highest tissue contrast, and this helps in detection of small 

tumors at early stage. However, MRI its environment is the 

most demanding among all imaging modalities as 

conventional ferromagnetic/metallic tools are not allowed 

because they cause image artefacts and failures in the MRI-

environment. Particularly, MR imaging is of high interest 

among other imaging modalities for navigation purposes 
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during the surgery, thanks to its noninvasiveness and high soft 

tissue contrast images. 

Previously, only static phantoms were studied with MRI 

and CT [6], [7]. Only a few dynamic simulators for liver 

respiratory motions have been developed. Maier-Hein et al. 

(2008) used a phantom in CT scanner which was pushed by 

two artificial lungs in superior-inferior (SI) direction [8]. Li 

et al. (2014), also developed a servomotor actuated simulator 

to replicate liver respiratory motion which was meant to be 

used with ultrasound [9]. Abayazid et al. (2017) could 

simulate the respiratory motion of a liver phantom in a 

simplified set-up actuated by stepper motors [10]. All three 

designs, however, could only simulate the respiratory motion 

in SI direction, whereas, it is known that the major motion of 

the liver caused by respiration occurs mainly in both SI and 

anterior-posterior (AP) directions [11], [12]. Moreover, none 

of the developed phantoms could be used with MRI which, 

comparing with other imaging modalities (i.e., CT and 

ultrasound), can noninvasively (compared with CT) provide 

the surgeon with more details (compared with ultrasound) on 

soft tissues. 

An MR-compatible robotic phantom was recently 

developed to simulate the liver respiratory motion in two 

directions using two directional pneumatic actuators 

corresponding for SI and AP motions [13]. Despite the 

promising outcomes, it could only introduce the translational 

motions, whereas the liver deformation caused by the 

surrounding tissues during respiration was not considered 

[14]. Respiratory-induced motion due to applied 

displacement on liver by surrounding tissue can help in better 

understanding of the tumor and liver motion/deformation. A 

bio-inspired robotic simulator can beneficially provide a 

platform to realize realistic features during respiration (i.e. 

liver deformation) while inputting measurable motions (from 

real cases) to the phantom (i.e. diaphragm motion [15]). 

The aim of the current study, therefore, was to develop a 

bio-inspired MR-compatible simulator to realistically 

simulate the liver respiratory motion. Soft robotics 

technologies were implemented in order to achieve a dynamic 

continuous respiratory pattern produced by diaphragm motion 

similar to in-vivo. 
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II. BACKGROUND 

A. Human diaphragm 

Diaphragm separates the pleural cavity from the abdomen. 

Two muscle groups can be identified in the diaphragm, the 

costal muscles that are on the sides attached to the ribcage (the 

zone of apposition) and the crural muscles that are around the 

esophagus. For respiration they work synchronously together. 

By contracting the costal muscles, the diaphragm can move 

downward. Relaxing those muscles again will cause the 

diaphragm to move upward as a result of the elasticity of the 

lungs. 

 

B. Soft Robotics 

It has been identified that the human diaphragm is in a dome 

shape when it is in a relaxed state while the diaphragm is in a 

more flattened shape when contracted. These two states 

(inhalation and exhalation) need to be realized with the 

robotic system. Since the system also needs to be MR 

compatible, actuators without metal are preferred. Soft 

robotics, with particularly pneumatic actuation mechanism, 

are ideal for simulating the smooth motion of diaphragm. 

After a survey into different soft robotic actuators, several 

pneumatic actuators with beneficial features for the purpose 

of this study were selected as described in the following (Fig. 

1). 

 

- Pneunet bending actuator: It is a soft stretchable material 

with compartments to be filled with air (or some other fluid). 

By controlling the input fluidic pressure, it is possible to 

extend and bend these actuators in different directions. 

- Vacuum actuated muscle inspired pneumatic structures 

(VAMPS): The actuation of VAMPS is based on the principle 

of mechanical instability and contract with a vacuum applied 

to them because of buckling of their internal structure. Their 

internal structure is also key in the way they buckle. 

- Mckibben actuators or pneumatic artificial muscles: 

These actuators are built up out of an expanding tube 

surrounded by braided cords. When the tube expands by 

applying pressure, it pushes against the braided cords/mesh, 

which cannot expand. This causes the whole ’muscle’ to 

contract. 

 

 
 

(a) 

 

(b) 

 

(c) 
Figure 1. Three soft robotics actuators selected for designing robotics 

diaphragm, pneunet bending actuator (a), vacuum actuated muscle inspired 

pneumatic structure (b), and, Mckibben actuator (c). 

 

 

 
Figure 2. The design concept of the diaphragm developed in the current 

study. 

 

III. MATERIALS AND METHODS 

A. Design Concepts 

Several combinations of soft actuators were assessed to 

design the soft robotic diaphragm amongst which the use of 

bending actuators for simulating exhalation, combined with 

vacuum actuators (VAMPS) and superelastic wires for 

inhalation simulation was selected to be further developed. 

Fig. 2 schematically illustrates the concept of the design with 

total dimensions. In order to generate motions in AP direction, 

a pair of artificial muscles were integrated into the system to 

change the orientation of the diaphragm, which mimics Crura 

tendons in human diaphragm. 

 

B. Soft Actuator Designs 

 

B.1. Vacuum actuator 

 

The exerted tensile force from VAMPS (T) depends on the air 

cell area perpendicular to the direction of actuation (A) and 

vacuum pressure (P): 

𝑇 = 𝑃𝐴                                                 (1) 

Therefore, to increase the VAMPS force the cell 

corresponding area can be enlarged. Moreover, the projection 

of the cell area in the actuation direction should not be less 

than the projected cell area in the other two directions; 

otherwise, the direction of actuation will be switched to the 

one with the largest cell area. In order to optimize the function 

of VAMPS for the soft diaphragm, a finite element (FE) 

model of VAMPS was developed and validated against 

experimental measurement. Subsequently, the VAMPS 

design was optimized based on the validated FE model, in 

terms of cell shape, material and dimensions. 

An FE model of a fabricated generic VAMPS was developed 

in Abaqus v2018 (Simulia, Providence, RI, USA), as 

illustrated in Fig. 3. Mooney-Rivlin hyperelastic material was 

assigned to the VAMPS model to be representative for Eco-

flex050 with the coefficients calculated by Steck et al. (2018) 

[16]. 
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(a) 

 
(b) 

Figure 3. The FE model and physical model of vacuum actuator (a), and 

bending actuator (b) before and after actuation. 

Several VAMPS with different pneumatic cell shapes were 

modeled to assess the influence of cell shape on the 

performance of VAMPS. Four cell shapes were, therefore, 

modeled including angled, diamond, ellipse and rectangular 

profiles (Fig. 4). In different cell profiles the outer VAMPS 

dimensions and total cell volume remained constant to ensure 

similar air flow in different designs. The lower face of the 

VAMPS was fully constrained and an incremental vacuum 

(negative) pressure was applied to the cell walls. The 

displacement of the top surface of actuator with respect to 

applied vacuum pressure was extracted and compared for 

different cases to assess the performance of each VAMPS. 

 

B.2. Bending actuator 

 

Similar to VAMPS, an FE model of bending actuator was 

developed in Abaqus (Fig. 3). The bending actuator consists 

of three air chambers along with the width of the diaphragm. 

The air chamber dimensions, chamber wall thickness and the 

gap distance between air chambers were optimized using the 

FE model to achieve larger bending with lower pressure. The 

optimized model was fabricated using molding techniques 

with Ecoflex030. The fabricated bending actuator was 

characterized, and the results were compared with the FE 

model to ensure the validity of FE outcomes. 

 

 

Figure 4. The VAMPS assessed in the current study with different cell 

shapes as angled, diamond, ellipse and cube shapes. 

 

Figure 5. An example of the assessments on the boundary and attachment 

conditions of the assembled diaphragm: the vacuum actuators were glued to 
bending actuators and also to the mat (left column), and only glued to 

bending actuators (right). 

 

C. Soft-robotics Diaphragm 

 

After developing vacuum actuators (VAMPS) and 

bending actuators, they were attached to a rectangular mat 

(ecoflex030) supported by longitudinal channels for inserting 

superelastic wires. In order to achieve the intended 

performance of the bending and vacuum actuators in the 

diaphragm, the attachment conditions between the actuators 

and also between the actuators and the diaphragm mat were 

simulated (e.g. Fig. 5). After assembling the diaphragm, the 

connections and attachments were also tested for the 

distribution of contraction along with the diaphragm (Fig. 6). 

D. Soft-robotic Phantom 

The developed diaphragm mimics the contraction and 

expansion of human diaphragm during respiration in SI 

direction. However, a major cause of AP motion of liver is the 

contraction of two muscles attached at the back of human 

diaphragm. Therefore, to realize AP motion, the soft robotic 

diaphragm was attached to a plastic frame whose orientation 

could be changed using two pneumatic artificial muscles 

attached to either sides of the diaphragm (Fig. 7). A liver 

phantom was also molded with a weight of 1.2kg which 

resembles an averaged liver weight [17]. 
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Figure 6. The assembly of the soft robotics diaphragm before adding the 

vacuum actuators to illustrate the tubes to embed superelastic wires (top), 

and after adding the vacuum actuators (bottom). 

E. Control Systems 

In order to control the liver motion induced by diaphragm, the 

input pressure to the diaphragm including vacuum, bending 

actuators and artificial muscles need to be controlled. Three 

pressure supply lines were regulated with three digital 

pressure regulators (Festo, Germany) to control the input 

pressure to: 1) three bending actuators embedded in 

diaphragm, 2) two embedded vacuum actuators, and 3) two 

artificial muscles at the sides. A microcontroller unit (Arduino 

UNO, Arduino, Italy) was utilized to control the actuator 

input pressure at digital pressure regulators. 

The motion of liver phantom during respiratory simulation 

was measured using an electromagnetic tracker (4NDI 

medical Aurora, Northern Digital Inc., Canada) which was 

attached on anterior surface of the liver. A feedforward 

control system was developed based on system 

characterization. 

- Characterization of the phantom 

Considering the weight of the liver, the liver motion (SI and 

AP) exerted by diaphragm (bending and vacuum actuators) 

could vary in different angular orientation (actuated by 

artificial muscles). Consequently, the system was 

characterized in order to determine the liver motion (SI and 

AP) versus applied input pressure to the robotic diaphragm 

(bending and vacuum actuators) for different discrete angular 

orientations.  

 

Figure 7. The developed soft robotic diaphragm. 

- Control model 

A control model was developed in 20-sim v.4.7 (Controllab 

Products, The Netherlands) to calculate the inputs for Arduino 

microcontroller to simulate a desired respiratory motion 

profile based on the system characterization (Fig. 8). 

- Phantom control system 

A feedforward controller was developed for the robotics 

phantom based on characterization data, to control the 

actuators input pressure for a desired motion. Input 

constraints were applied to prevent damage to the hardware 

and failure of actuators as: maximum feeding 

pressure/vacuum to the regulators (+2/-2 bar), maximum 

supply voltage to the regulators by Arduino (10V), maximum 

input pressure to bending actuator, vacuum actuator and 

artificial muscles (0.14 bar, -1 bar and 0.6 bar, respectively). 

Sine-wave input was used as motion profile for both SI and 

AP motions in inhalation (AP(+), SI(-)) and exhalation (AP(-

), SI(+)). 

D. System Verification 

In order to verify the performance of the developed soft 

robotic diaphragm and the controller, realistic respiratory 

motion of human liver was simulated with two different 

respiration speed: fast (2.5s/cycle) and normal (5s/cycle). The 

SI and AP motions of liver simulated by model (ground truth) 

and simulated by the physical soft robotic diaphragm were 

extracted and compared to assess the performance of the 

developed robotic phantom. 

IV. RESULTS AND DISCUSSION 

A. Actuator designs 

The results of FE analysis of vacuum actuator with different 

cell shape (Fig. 9) revealed a better performance of the angled 

cell shape for vacuum pressure up to 0.35bar. However, larger 

vacuum pressure resulted in an earlier out-of-plane buckling 
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(lateral instability). As illustrated in Fig. 9, cubic cell shape 

showed the best lateral stability, while performing better than 

ellipse and diamond cell shapes in terms of actuation. 

Fig. 10 illustrates the performance of the bending actuator 

as predicted by FE model and also the physical model 

fabricated accordingly. As inferred from the figure, the FE 

results could reliably simulate the bending actuator behavior. 

 

Figure 8. Control model layout for the soft robotics diaphragm. 

 

Figure 9. The performance of vacuum actuators with different cell shapes, 

simulated in FE. 

 

Figure 10. The performances of the optimized bending actuator in FE, and 

the fabricated physical model with similar dimensions. 

 

 

 

B. System characterization 

Fig. 11 illustrates the outcomes of phantom characterization 

experiment to correlate the liver motion (in both SI and AP 

directions) to bending and vacuum actuators input pressure, 

in different discrete angles (as a result of artificial muscle 

activation). As predicted, when the diaphragm is at zero angle 

(fully vertical), the largest SI motion could be simulated. By 

increasing the angle, the diaphragm actuator activation 

resulted in less SI motion, until 45º of orientation where the 

AP motion was increased. 

C. System verification  

The results of simulated respiration with normal speed 

revealed an acceptable agreement with the intended motion 

profile in both SI and AP directions (Fig. 12). For fast 

respiration, however, a fluctuation was measured around the 

peak regions in SI direction (Fig. 13). This fluctuation can be 

due to the inertia force caused by the mass of the liver. 

 
(a) 

 
(b) 

Figure 11. The characterization results of the soft robotics diaphragm for 

both SI (a) and AP (b) motions. 
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Figure 12. System verification results for normal breathing simulation; the 

SI and AP motions from the control model (ground truth) and simulated by 

the physical soft robotics diaphragm. 

 

Figure 13. System verification results for fast breathing simulation; the SI 
and AP motions from the control model (ground truth) and simulated by the 

physical soft robotics diaphragm. 

V.  CONCLUSION 

 

In this study an MR-compatible soft-robotics diaphragm was 

developed in order to simulate liver respiratory motions. 

Pneumatic soft bending and vacuum actuators were optimized 

using validated FE models. An open-loop feedforward 

controller was developed to control the motions of the liver in 

two main directions (SI and AP). To be able to compensate 

for the influence of any intervention in clinical practice, a 

closed loop controller can be implemented using the target 

position data from MRI. 

Since all the actuators for the soft robotic diaphragm were 

developed using non-metallic components, the diaphragm can 

be used inside MRI bore, and the actuators can be supplied 

through long tubes (7-10m) by a compressor and electrical 

controllers placed outside the MRI room. We tested the 

system using 10m feeding tubes and could simulate the 

respiratory motion with similar profiles. The long tubes, 

however, introduced a consistent delay into the system which 

needs to be considered before the actual clinical 

implementation. 

Nevertheless, the performance of the developed soft robotics 

diaphragm was assessed in two normal and fast respirations 

and the outcomes confirmed that the simulator could reliably 

simulate the intended liver motions in both SI and AP 

directions. 
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