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ABSTRACT 

This work presents a novel silicone-based millimetre scale bending fluidic 

actuator. Two designs of the bending fluidic actuator are studied: a planer 

actuator that bends about one axis; and a spatial actuator able to bend about two 

orthogonal axes. The unique parallel micro-channel design of the fluidic actuators 

enables operation at low working pressures, while at the same time having a very 

limited thickness expansion during pressurization. The fluidic actuators can be 

easily scaled to desired dimensions to adapt to applications in restricted space. 

The implemented moulding fabrication procedures are discussed and the quasi-

static performances of the developed prototypes are experimentally investigated. 

An analytical model for the planer actuator is derived and a regression model for 

the spatial actuator is proposed. A position controller is implemented and 

applications of the actuator are discussed. 

 
Keywords:  Fluidic actuator; flexible fluidic actuator; polymer; biomedical; 
compliant mechanism; bending 
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1: INTRODUCTION 

1.1 Motivation 

Flexible fluidic actuators (FFA) can be used in a large variety of 

applications. This section presents three different areas of motivation including 

minimally invasive surgery, tuneable antennas and video laryngoscopy. 

1.1.1 Minimally Invasive Surgery (MIS) 

In recent years, as the methods of MIS have advanced, the demand for 

new instrumentation has also grown extensively. Today MIS procedures, when 

compared to traditional open surgical procedures, hold many advantages 

including reduced chance of infection, reduced recovery time and hospital stay, 

reduced pain and use of pain medication, and reduced haemorrhaging [1, 2]. The 

above-mentioned advantages all result from the reduced incision size (usually 5 

to 15mm) needed for an MIS operation. However, small incisions lead to limited 

working space which leads to other difficulties. Since the surgical tools are 

miniaturized and extended in length, the tools only allow for a limited range of 

motion within the limited working space. Another major difficulty of MIS comes 

from the doctor’s inability to judge the force being applied, thus increasing the 

chance of damaging tissue [3]. In [4], a surgeon proposed that the development 

of a flexible instrument would reduce many of the shortcomings of using the 

traditional rigid rods-based MIS surgical tools. Furthermore, in [5] surgeons and 
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engineers reviewed the shortcomings of existing surgical tools and outlined a 

need for instruments with higher mobility.  

As the methodologies of MIS improve, the demand for flexible medical 

instruments also increases. Among these new lines of medical instruments, the 

FFA is one that presents many advantageous qualities and holds high potential 

[6]. FFAs are defined as compliant systems with deformation driven by fluidic 

pressure. As a thoroughly compliant device, an FFA is capable of large 

deformation and high mobility. More importantly, thanks to their inherent 

compliance, the use of FFAs would reduce the risk of damaging delicate human 

tissues. Since FFAs consist of many fewer parts than traditional rigid 

instruments, they are less susceptible to wear and tear. Often, FFAs can be 

driven by harmless fluids such as air, water or saline (rather than electrical 

current), thus a breakdown of the system is not harmful to the human body. 

Furthermore, the configuration of a FFA system can be determined by measuring 

the internal pressure of the device rather than integrating sensors at the tip of the 

end-effector. This is advantageous when working in a confined space.  

1.1.2 Tuneable Antenna 

Another area of application providing impetus toward the development of 

Bending Fluidic Actuators (BFAs) is tuneable antennas. By placing an array of 

steerable parasitic elements around a radiating element, the directive antenna 

radiation pattern can be dramatically steered [7, 8]. Configuring the antenna in 

this fashion can reduce the total cost and complexity of the system by cutting out 

the requirement for multiple complex front-ends in diverse systems. In cases 
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where a bending action of the parasitic elements is desired, BFAs would be able 

to provide such an action.  

1.1.3 Laryngoscopy 

During the process of laryngoscopy, a laryngoscope blade is inserted into 

the throat of the patient to allow for successful intubation. Although protocols and 

methodologies for this process have already been well developed and 

implemented, there is still on-going research and development in this area. The 

recent development of video laryngoscopes is one such example [9]. The 

innovative GlideScope® video laryngoscopy system is able to reduce the time 

needed to perform a laryngoscopy by one third [9]. However, there is still room 

for improvement; the force exerted onto the patient during the laryngoscopy 

process could potentially damage the patient [10]. Using a compliant mechanism 

would naturally result in a more evenly distributed normal force acting on the 

patient, and FFAs are potentially a good candidate for such an application. 

1.2 Objectives  

A BFA has been developed in the Simon Fraser University (SFU) 

MENRVA lab [11, 12]. Since this actuator meets the needs discussed in the 

section Minimally Invasive Surgery, it has a high potential for use as an active 

catheter guide and in MIS. Based on the preliminary results presented in [6, 12], 

the objectives of this thesis are to: 

1. Develop an analytical model and investigate the quasi-static behaviour 

of a planer bending fluidic actuator (PBFA) 
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2. Propose and develop a spatial bending fluidic actuator (SBFA) 

3. Develop an empirical model and investigate the quasi-static behaviour 

of a SBFA 

4. Design and implement a control for the SBFA 

1.3 Thesis Layout  

This manuscript begins with Chapter 2 giving a literature review of the 

current state of the art flexible fluidic actuators and functional polymers. Chapter 

3 discusses the configuration and fabrication process of a PBFA followed by an 

introduction of the most relevant applications of PBFAs. Chapter 4 presents an 

analytical model of PBFAs validated by experimental results. Mechanical 

characteristics of PBFAs are also discussed in Chapter 4 to draw comparisons 

with other bending fluidic actuators. 

Chapter 5 of this work discusses the configuration and fabrication of an 

SBFA. Chapter 6 begins by presenting an experimental procedure to 

characterize the quasi-static behaviour of the SBFA followed by a short step 

dynamic response investigation. Machine learning methods to model the SBFA 

are also presented at the end of Chapter 6. Chapter 7 discusses a simplified 

control method for the actuator. Conclusions are drawn and future work is 

outlined at the end of the thesis in Chapter 8. 
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2: LITERATURE REVIEW 

2.1 Flexible Micro-actuators (FMAs) 

One of the earliest developed FFA s was the 1991 FMA [13-16]. The FMA 

consisted of three lumens that could be pressurized separately and 

independently to expand in volume as shown in Figure 2-1. A rubber sheet 

embedded with parallel nylon fibres was wrapped around the body of the FMA to 

constrain its expansion in the radial direction thus allowing for a large elongation 

of the FMA chambers. Pressurizing the chambers differently caused anisotropic 

elongation between the three chambers of the FMA and allowed it to bend 

towards the desired direction. In [16] K. Suzumori et al. have described many 

successful inexpensive and reliable compliant robot designs based on FMAs, 

thus proving the potential that FFAs hold.  

 

Figure 2-1 Structure of an FMA (Note: Adapted from [14]) 
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There were some shortcomings to the FMA proposed in [13-16]. The 

fibres wrapped around the FMA caused this design to be difficult to fabricate; a 

large driving pressure was required to actuate the FMA (up to 400kPa was 

required to achieve a bending of 100deg tangent to the tip). 

To allow for a simpler fabrication process, two simplified versions of the 

FMAs were subsequently proposed [17, 18]. In [17]restraint beams running 

parallel to the chambers (rather than nylon strings wrapped around the FMA) 

were designed to overcome excessive radial expansion. In [18], FMAs were built 

without nylon strings or restraint beams, but instead were optimized by the finite 

element method (FEM) to achieve dimensions that minimized radial expansion 

and maximized bending. While good overall bending performance was displayed,  

both versions suffered from large radial expansions of more than 30%, and still 

operated in a pressure range of a few hundred kPa [17, 18]. 

2.2 Hydraulic Forceps with Feedback Control 

Another important advancement in the development of fluidic actuators 

was marked by the development of hydraulic forceps with feedback control [19]. 

The hydraulic forceps were flexible tubes with small incisions along one side of 

the structure. As the internal pressure increased, the incisions caused the 

hydraulic forceps to elongate anisotropically and resulted in a bending action as 

illustrated in Figure 2-2.  
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Figure 2-2 Structure of Hydraulic Forceps (Note: Adapted from [19]) 

 

The hydraulic forceps allowed the use of a wrap-around gripping method 

for MIS to reduce the chance of damaging human tissue [19]. As illustrated by 

Figure 2-3, wrap-around gripping mimicked the gripping of bowel tissue with a 

human finger in open surgery, evenly distributing the gripping force on a large 

area; whereas the conventional MIS method of gripping focuses the gripping 

force on the two contact points of the gripper. A teleoperation system with force 

feedback was also developed for the hydraulic forceps. This work [19] 

demonstrated that FFAs possess high potential in the field of MIS. 
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Figure 2-3 (a) Wrap-around gripping (b) Conventional MIS gripping 

 

2.3 Pneumatic Balloon Actuators (PBAs) 

In [20], a PBA was developed to be applied as a thin flexible robotic end-

effector. The PBA consisted of a balloon attached to a series of silicon ribs. 

When the balloon swelled with pressurization, the PBA bent toward the balloon 

Figure 2-4. 

 

Figure 2-4 (a)PBA in its relaxed state (b)PBA when pressurized (Note: Adapted from [20]) 

 

The advent of biocompatible elastomers such as Polydimethylsiloxane 

(PDMS) also enhanced the development of FFAs. In [21], the All PDMS PBA was 

proposed. This work showed that a simple FFA consisting of very few 

components could produce controllable bending movements [21]. With so few 
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components, wear and tear was minimized. The PDMS PBA consisted of a small 

balloon on a PDMS substrate. Inflating the balloon to a relatively low pressure 

caused the PDMS PBA to bend toward the balloon; inflating the balloon above a 

certain threshold pressure causes the PDMS PBA to bend away from the 

balloon. This bidirectional movement of the All PDMS PBA is illustrated in Figure 

2-5. 

 

Figure 2-5 Schematic drawing of bidirectional movement of the All PDMS PBA. (a) 
Bending toward the balloon. (b) Bending away from the balloon. 

 

In [22], a PBA based miniature robotic hand was investigated. The robotic 

hand had five digits, each consisting of a PBA integrated with a fluid-resistive 

bending sensor. The system demonstrated high dexterity and was able to follow 

the movement of a master hand wearing a data glove. 

2.4 Ionic Polymer-metal Composite Actuators (IPMCs) 

IPMCs are another group of emerging flexible bending actuators [23-25]. 

IPMCs are a type of electroactive polymer (EAP) and are synthetic materials 

composed of an ionic polymer with surfaces coated with conductors. In [26] 

nafion, the ionic polymer, was coated with a gold electrode on the surface. When 
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a voltage was applied to an IPMC soaked with a liquid containing ions, the 

electrophoretic migration of ions inside the structure caused the structure to bend 

into the anode side. IPMCs may have thickness in the mm or μm range, and are 

able to exhibit large deformation at a small voltage of around 3 volts. IPMCs were 

typically capable of exerting a maximum force of 10-30 MPa [27].  

2.5 Dielectric Elastomer Actuators (DEAs) 

Another class of interesting flexible bending actuators is DEA bending 

actuators. DEAs are typically a thin sheet of elastomer with electrodes painted on 

two sides. When a large voltage (typically in the kilovolts range) is applied, the 

electric filed between the two electrodes squeezes the elastomer and deforms it. 

More commonly, DEAs are used in applications requiring linear actuation. 

However, in [28], a DEA design with anisotropic Young’s modulus sucessfully 

created a bending action. The bending DEA proposed in [28] consisted of VHB 

tape as the elastomer material coated with electroless deposited silver as the 

electrodes. A PDMS layer was then bonded to one side of the DEA to act as the 

stiffer material. When activated, the bending DEA bent toward the PDMS layer. 

At 4 kV, the bending DEA was capable of bending up to 74 deg. 
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3: CONFIGURATION/FABRICATION OF PBFAS  

Section 3.1and 3.2 serves as a review of the work done by previous 

students in MENRVA research group at Simon Fraser University. The physical 

design of PBFAs was first proposed by previous students John Berring and Manu 

Venkataram. The fabrication process of a PBFA was also devised by John 

Berring with the exception of the selection of the stiffer material.  

3.1 PBFA Configuration 

The actuation path of the PBFA was dictated by the relative Young’s 

modulus ( ) of two materials. A soft deformable silicone material was embedded 

with sub-millimetre scale channels and attached to a comparatively thinner and 

stiffer material. Figure 3-1(a) shows the conceptual design of the PBFA. With 

increased pressure inside the channels, the softer material elongated and, due to 

the presence of the stiffer material, the PBFA deflected, as depicted in Figure 

3-1(b).  
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Figure 3-1 Schematic representation of the actuator. (a) PBFA in a relaxed state and (b) 
cross section of a PBFA deflected due to positive pressure.  

 

The longitudinal cross section of the actuator represented in Figure 3-1(b) 

shows that the actuator was embedded with microchannels whose walls are 

parallel. This innovative parallel micro-channel design was of primary relevance, 

as it limited undesired thickness expansion while enabling the PBFA to bend at a 

low pressure of working fluid.  

Looking at only one channel cross-section opening as in Figure 3-2(a), it 

can be seen that pressurizing the PBFA would result in a force acting on all the 

internal surfaces of the PBFA. The force pushing on the channel causes the 

channel to swell up and the PBFA deflects due to the constraint of the 

inextensible stiffer material. During this expansion, the parallel channel walls hold 

the PBFA together and reduce expansion in the radial direction, as shown in 



 

 13 

Figure 3-2(b). A PBFA without the channel design would exhibit a large radial 

expansion as shown in Figure 3-2(c) and (d). 

 

Figure 3-2 (a)Force pushing on the internal walls of a PBFA hydraulic channel 
(b)Deformation of the hydraulic channel inside the PBFA (c) Schematic for the 
behaviour of a pressurized PBFA without a winding channel (d) Photograph of 
a pressurized PBFA without a winding channel 

 

Figure 3-3 shows a single winding channel that was implemented to obtain 

parallel walls in the middle cross sections of the actuator. Figure 3-4(a) is a 

picture of a PBFA sample—the embedded winding channel is visible from this 

top view of the actuator. Figure 3-4(b) presents a cross section of the sample, 

and Figure 3-4(c) shows the parallel channels in a zoomed-in view. 
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Figure 3-3 Two-dimensional drawing of the winding channel.  

 

 

Figure 3-4 Photo of the PBFA in a relaxed state. (a) Top view; (b) cross section and (c) 
zoomed-in for cross section as indicated by the circled area in (b). 
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3.2 Fabrication 

Prototypes were fabricated to demonstrate the feasibility and performance 

of the proposed PBFA. A negative mould was created on a Poly(methyl 

methacrylate) (PMMA) substrate by using a CO2 laser engraving system 

(VersaLASER® VLS3.60, 60W Laser Cartridge). PMMA was selected as the 

substrate because of its high glass transition temperature, which limits warping 

during the mould fabrication step. The design of the winding channel was drawn 

using CorelDRAW and is shown in Figure 3-3, the blue-coloured area being the 

area to be engraved by the laser engraving system. While producing the mould, 

the laser power was set at 30W to obtain a cut depth of 3mm. Channels parallel 

to the z-axis had a 9mm length and 0.5mm width. A picture of the PMMA mould 

is shown in Figure 3-5. 

 

Figure 3-5 PMMA mould and polymer structure de-moulded from the mould 

 

To create the actuator structure, a liquid silicone prepolymer was poured 

into the mould. We chose TC-5005 (BJB Enterprises, Inc.) as our silicone 
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material. TC-5005 exhibited excellent tear resistance, elongation and tensile 

strength [29]. TC-5005 was prepared starting from two solutions, A and B, and a 

softener, labelled C. Two sets of actuators of different stiffnesses were 

fabricated. For the first set of actuators, the ratio of TC-5005 silicone was 10 

parts of A to 1 part of B by weight. Parts A and B were mixed together using a 

glass rod for 5 minutes at room temperature followed by 3 minutes of mixing in 

an ultrasonic cleaner. The mixture was poured into the PMMA mould and placed 

in a vacuum chamber. The chamber was vacuumed to approximately -80kPa for 

10 minutes before releasing the vacuum. This vacuum process, often referred to 

as degassing, removed any gas bubbles formed during polymerization. The filled 

mould was left at room temperature for 18 hours before de-moulding. We were 

able to de-mould the polymer structures easily without any visible residue as 

shown in Figure 3-5. 

For the second set of actuators, 10 parts of A, 1 part of B, and 5.5 parts of 

C were used. The same procedure was followed to produce a series of joints with 

a considerably lower Young’s modulus compared to the first set.  

A fine cotton mesh was used as the stiffer material for our proposed PBFA 

– cotton mesh was chosen due to its high   relative to the TC-5005 silicone and 

its low cost1. A cotton mesh was laid flat on a levelled flat surface. Uncured TC-

5005 was poured onto the flat cotton mesh and scraped flat to remove any 

excess. The PBFA was then placed flat onto the TC-5005 soaked cotton mesh to 

                                            
1
 Previous design of PBFA inhibited the use of Polyurethane sheet as the stiffer material. 

However bonding polyurethane to silicone was difficult.  
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hermetically seal the micro-fluidic channel. The TC-5005 acted as glue between 

the cotton mesh and the cured silicone structure. 

Finally, a polyethylene tubing was inserted to allow access to the channel 

and the connection was reinforced with a small amount of uncured TC-5005. The 

structure was allowed to cure for 18 hours before functional tests were 

performed. The final step of the manufacturing process is illustrated in Figure 

3-6. 

 

Figure 3-6 Final step of the PBFA manufacturing, assembly. 

 

Figure 3-7 shows the photographs of a PBFA prototype actuated to 

various angular displacements (Θ). Different prototypes were manufactured 

having lengths of 15.0–19.0 mm, widths of 9.0–12.0 mm and thicknesses of 2.0–

3.0 mm. When there was only atmospheric pressure inside the channels and no 

load was fixed to the PBFA tip, the actuator had no noticeable deflection. An 

increment of  pressure inside the channels, applied by either using a 

compressible or an incompressible working fluid, caused the PBFA to deflect. 

The actuator shown in Figure 3-7  was fixed to a horizontal table using a clamp 
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(metal component in Figure 3-7). This actuator was able to reliably deflect up to 

about 135deg at about 70 kPa of applied pressure (see Figure 3-7(f)). 

 

Figure 3-7 Snapshots of a PBFA prototype bending due to an increase in internal 
pressure. Starting from 0 pressure in (a) to maximum pressure in (f). 

 

Using the same fabrication process, PBFAs of various customized sizes 

and shapes could be fabricated. Further discussions regarding PBFAs 

customized for different applications are given in Appendix A. 
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4: PBFA CHARACTERIZATION  

Chapter 4 discusses the characterization and modelling of the PBFA. An 

analytical model of the PBFA is presented and verified by experimental results. 

The physical characteristics of a PBFA with dimensions of approximately 

17mmx10.5mmx3mm are investigated. The work presented in Chapter 4 was 

also presented in [12] by the author of this thesis.  

4.1 Analytic Model  

A simplified two-dimensional (2D) pseudo rigid body (PRB) model [30] of 

one channel wall (i.e. half of a channel) was developed in order to describe the 

behaviour of the actuator as a function of input values and the PBFA dimensions. 

Figure 4-1 schematically shows a side view in the x–y plane (reference frame 

presented in Figure 3-1) of a PBFA wall. The vertical (y-direction) walls of the 

channel were modelled as rigid elements. The TC-5005 horizontal (x-direction) 

layer was represented as a linear spring, as its elongation was noticeable during 

deflection; as shown in Figure 4-1,     represents the elastic coefficient of the 

spring. The polyurethane horizontal (x-direction) layer was modelled as a torsion 

spring, as its elongation during PBFA deflection was negligible, but its rotation 

was noticeable (its position, in fact, approximately coincided with the position of 

the PBFA neutral axis); as shown in Figure 4-1,      represents the torsional 

elastic coefficient.  
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Figure 4-1 PRB model of a channel wall with polyurethane modelled as a torsion spring 
and the TC-5005 ceiling layer modelled as a linear spring. (a) Relaxed channel. 
(b) Actuated channel. 

 

From Figure 4-1,   was the rotational joint radius. The parameter   was 

the characteristic radius factor indirectly defined by the fractional distance   , 

which represents the radius of the circular deflection path traversed by the tip of 

the PRB link [30]; in other words, the trajectory of the polyurethane layer was 

modelled by a PRB link with a characteristic radius equal to    [30]. At a low 

level of deflection, the radius of deflection approximates  , however, throughout 

the range of deflection of the PBFA, introducing the characteristic radius    

allowed for a more accurate approximation. The static equilibrium of the 

moments of the PRB model, graphically presented in figure 6, yields: 

 
  

                             

       
 

 

(4-1) 
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where P was the internal pressure acting on the wall area    and    was the 

approximated angle of rotation (see Figure 4-1). The value of   can be 

determined geometrically from the parameters a and b displayed in Figure 

4-1.The parameters a and b were defined as: 

  
                  

 

(4-2) 

and 

  
          

 

(4-3) 

The spring coefficients     of the two different sets of PBFA prototypes 

were calculated from the different   of the materials, which were experimentally 

obtained through tensile tests performed by using an Instron stress–strain 

analysis instrument. Specifically, five samples of TC-5005 AB and five samples 

of TC-5005 AB/C were tested2. On average, the maximum   of each TC- 5005 

AB sample was seven times higher than the maximum   of the TC-5005 AB/C 

samples. The results of these tests are summarized in Table 4-1. 

Table 4-1. TC-5005 constant Young’s modulus. 

Material 

Average 
Young’s 

Modulus(kPa) 

Standard 
Deviation 

(kPa) 

TC 5005 AB 208.2 41.2 
TC 5005 AB/C 44.5 11.7 

 

                                            
2
 The determination Young’s Modulus was performed by Berring J. 
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Due to the large deformations imposed on the samples, the TC-5005 

displayed a nonlinear stress–strain relationship, as shown in Figure 4-2 for a TC-

5005 AB sample and Figure 4-3 for a TC-5005 AB/C sample. In this figure, the 

stress–strain data points were displayed as red dots, a polynomial fitting function 

as a solid blue line, and its derivative, the material’s  , as a dashed green line. 

From the average of five stress–strain tests per TC-5005 composition, the 

parameters   for the two sets of prototypes were computed as a function of the 

deformation  . The parameter      was approximated with the following 

polynomial function: 

  
        

     
     

     
         

 

(4-4) 

whose coefficients    are summarized in Table 4-2. The elastic coefficient     

was computed from (4-4) as: 

  
    

       

   
 

 

(4-5) 

where     and     are respectively the cross section area and the length of the 

TC-5005 layer of the prototypes. 

The strain   of the TC-5005 layer was expressed as: 

  
  

   

 
 

 

(4-6) 

Equations (4-4) to (4-6) enabled the computation of the coefficient         

needed in equation (4-1). The torsion spring coefficient      was empirically 
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determined3. Four sheets of stiffer material 15 mm wide and having different 

lengths ranging from 2 to 12 mm were cut out and secured in a vice. Masses 

ranging from 0.2 to 0.8 g were hung from the tips of the sheets and the resulting 

angular deflections   were measured with a high resolution digital camera and 

post processed using ImageJ. The average applied torque per unit radius of 

displacement was then calculated and an estimate for the torsion spring constant 

of a 0.7 mm sheet was calculated using extrapolation. 

Table 4-2. Coefficients to compute     . 

Coefficients 
TC 5005 AB 

(Pa) 
TC 5005 AB/C 

(Pa) 

c5 -278948.1 -9865.7 
c4 1282652.0 64824.0 
c3 -2371129.5 -168047.2 
c2 2325285.0 234355.6 
c1 -994451.4 -160435.2 
c0 323764.8 70711.5 

 

 

 

                                            
3
 Determination of      was performed by Berring J. 
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Figure 4-2 TC-5005 AB Stress as a function of extension (circular points: data; solid line: 
fit function) and Young’s modulus as a function of extension (dashed line: 
derivative of fit function). 

 

 

Figure 4-3 TC-5005 AB/C Stress as a function of extension (circular points: data; solid 
line: fit function) and Young’s modulus as a function of extension (dashed 
line: derivative of fit function). 

 

As equation (4-1) described only a single channel, the deflection angle  , 

as defined in Figure 4-2, must be adjusted to reflect the rotation of the entire 

joint. Assuming that all eight channels contributed equally to the BFA deflection 
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and that, within the channel, each channel wall (half channel) deflected by the 

same amount, the PBFA angular displacement, (as illustrated in Figure 4-4), may 

be described as Θ=16  .  

 

Figure 4-4 Screenshot of an analysed image (the PBFA is represented in white and is 
located at the lower left corner); the two dashed lines on the left correspond to 
the radius computed for the specific curvature of the depicted PBFA 
deformation; the lines marked by diamond markers correspond to the 
trajectories computed over different pictures for five tracked points (Pi); 
angular displacement is marked as Θ. 

 

Experimental data was taken to verify the analytical model and the 

physical characteristics of the actuators that were modeled are listed in Table 

4-4. 
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Table 4-3. TC-5005 AB characteristics 

Constant Value Unit Description 

h 2 mm Channel Height 
d 0.35 mm Half Channel Width 
La 9 mm Channel Length 
h2 1.2 mm Channel Ceiling Thickness 
EAB/EABC 0.388/0.0563 MPa Young's Modulus 
ATC 10.8 mm2 TC-5005 layer Cross Section Area 
lTC 9 mm TC-5005 layer Length 
krot 1.4E-06 N m rad-1 Torsional Spring Constant 

 

4.2 Experimental Setup  

Each fabricated PBFA was held steady in a vice on a horizontal table. The 

PBFA was driven by a syringe (Becton Dickinson plastic syringe) connected in 

series to an analogue pressure gauge using a T-joint as shown in Figure 4-5. 

The tubing used to connect the T-joint to the hypodermic needle syringe was a 

Nalgene 180 Polyvinyl Chloride (PVC) tube with a diameter of 3/16”. The 

pressure was increased in steps of 1.7 Pa. During the experiment, the PBFA was 

photographed using a high resolution digital camera (Canon EOS Rebel T1i). 

10–15 data points were collected over four cycles for each joint and the 

corresponding photographs were post-processed using National Instrument (NI) 

Vision Builder software to obtain the deflection of the actuator. Each image was 

converted to grayscale, shifted into black and white with an automatically defined 

threshold and searched for edges. Figure 4-4 shows a screenshot of an analysed 

image (the BFA is represented in white); the two red solid segments correspond 

to the radius computed for the specific curvature of the depicted BFA 

deformation; the two orange solid segments correspond to the deflection angle; 

the green lines correspond to the trajectories computed over different pictures for 
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five tracked points (Pi), represented in blue colour. Tests were carried out on four 

separate TC-5005 AB and three TC-5005 AB/C actuators; the results were 

analysed for consistency. 

 

Figure 4-5 Connection between PBFA, syringe and pressure transducer 

 

4.3 Characterization 

The effect of a load attached to the tip of the actuator was investigated. 

Masses ranging from 0 to 30 g were attached at 12 mm from the joint base of a 

TC-5005 AB actuator to generate a torque in the range of 0–3.4 mNm. Pressure 

was applied to the actuator gently in order to simulate a quasi-static behaviour; 
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the joint was allowed to completely settle such that the static response of the 

device could be obtained. Figure 4-6 showed the relationship between   and 

torque for different values of pressure. It can be seen that data at constant 

pressure could be conveniently interpolated by lines having a constant negative 

slope of approximately -0.08 mNm/deg. 

 

 

Figure 4-6 TC-5005 AB Actuator. Θ versus torque for different applied pressures. 

 

Maximum force was then measured by securing a newton/fishing scale at 

12 mm from the joint base of the PBFA and increasing the PBFA actuating 

pressure to the point where the PBFA sample broke. The maximum force 

registered was 0.468 Newtons which corresponds to 5.61mNm of torque at Θ 

equal to zero. Assuming   to torque slope to be 0.08 mNm/deg,   to torque curve 

can be extrapolated, thus allowing the generation of energy to torque curve 
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shown in Figure 4-7. Furthermore, from Figure 4-7, it was possible to obtain the 

maximum energy provided by the PBFA to be 0.794 Joules. 

 

Figure 4-7 TC-5005 AB Actuator. Energy to torque curve extrapolated using maximum 
torque of 5.61mNm and Θ to torque slope of 0.08 mNm/deg. 

 

Experimental data for the two sets of unloaded actuators (four TC-5005 

AB and three TC-5005 AB/C actuators) is presented in Figure 4-8. As expected, 

the use of a material having a lower   resulted in greater deformation at a lower 

pressure. 
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Figure 4-8 Unloaded TC-5005 AB (circle data points) and TC-5005 AB/C (triangle data 
points) comparative paths of motion. T1–T4 refer to the sample number. 

 

In Figure 4-9, measured data for the TC-5005 AB actuators is plotted with 

predicted results from the constant-  PRB model (dashed line). The constant-  

used was 208.2 kPa. The normalized root mean square error (NRMSE) achieved 

by the PRB model was 13.69%. Results of the PRB model based on nonlinear-

  , obtained by combining (4-1), (4-4) and (4-6), are shown as a solid line in 

Figure 4-9. The nonlinear model predicted the behaviour of the actuator with a 

NRMSE of 8.49%, and therefore predicted the experimental results better than 

the linear model. In Figure 4-10, the experimental measurement for the TC- 5005 

AB/C is plotted against the linear-  PRB model as a dashed line, and the 

nonlinear-  PRB model as a solid line. 
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Figure 4-9 Unloaded TC-5005 AB angular displacement with pressure, no load, overlaid 
by the linear and nonlinear Young’s modulus fitting function. 

 

 

Figure 4-10 Unloaded TC-5005 AB/C angular displacement with pressure, no load, overlaid 
by two varying Young’s modulus fitting functions. 
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The NRMSE of the models with respect to the experimental 

measurements is summarized in Table 4-4. Also in this case the nonlinear-   

model outperformed the linear-   model by 1.44% NRMSE. 

Table 4-4 NRMSE of linear and non-linear PRB models for both TC5005 AB and AB/C 
actuator samples. 

NRMSE 
TC 5005 
AB (%) 

TC 5005 
AB/C (%) 

Linear PRB Model 13.69 17.08 
Non-Linear PRB Model 8.49 15.64 

 

4.4 Comparison with other bending fluidic actuators 

In order to appreciate the performance of our device, a comparison with 

other recently developed bending fluidic actuators was compiled. Table 4-5 

reports dimensions, mass, maximum angular displacement ( ), driving pressure, 

specific energy density, maximum torque, and other properties of four actuators 

developed for miniaturized robotic or biomedical applications. This table shows 

that the driving pressure and the thickness expansion of our device are much 

smaller than the pressure and expansion of respectively the FMAs and the PBA. 

Therefore, our actuator is the first BFA working at low pressure and exhibiting a 

small thickness expansion at the same time. The specific energy density of our 

actuator, which was defined as dividing maximum energy by actuator volume 

[20], was also orders of magnitude higher than the others (to be noted that data 

for the FMAs are not available for comparison). Most importantly, our actuator 

had both the highest ratios of   to length and torque to volume, which are often 

the most important features for a BFA. The proposed approach of implementing 
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parallel walls through a winding channel was therefore proven to be highly 

advantageous. It should be noted that even higher performance could potentially 

be achieved by optimizing the geometry and material properties of the actuator—

future work will address this optimization problem, while quantitatively identifying 

the limits of the proposed design approach. 

Table 4-5 Similar hydraulic and pneumatic actuators compared with our flexible fluid 
driven actuator 

Actuator 

FMA 
Reinforced 
With Fibres 
[14] 

FMA With 
Restraint 
Beams [17] 

Optimized 
Fibreless 
FMA [18] 

Thin-Flexible 
Pneumatic 
Balloon 
Actuator [20] 

Bending 
Fluidic 
Actuator Units 

Source 

National 
University 
of 
Yokohama 

National 
University 
of 
Yokohama 

National 
University 
of 
Yokohama 

Ritsumeikan 
University SFU  

Length 50 15 48 16 17 mm 
Width NA NA NA 16 10.5 mm 
Thickness NA NA NA 0.25 3 mm 
Radius 6 2.4 8 NA NA mm 
Max Angular 
Displacement 97.6 ~55 90 ~77 100-135

a
 deg 

Max Angular 
Displacement 
/ Length 2 4 1.88 4.8 5.3-7.9

a
 

Deg 
/mm 

Working 
Pressure 400 300 400 20 70-120

a
 kPa 

Max Angular 
Displacement 
/ Pressure 0.25 0.2 0.225 3.85 0.75-1.93

a
 

deg 
/kPa 

 Max Energy - - - 1.13E-4 0.794 J 
Specific 
Energy 
Density - - - 0.0018 1.48 J/ mm

3
 

Max Force 1 - - 0.05 0.468 N 

Max Torque 50 - - 0.8 5.61 mNm 
Torque 
/Volume 0.00884 - - 0.0125 0.0149 

mNm 
/mm

3
 

Thickness 
Expansion 13 ~30 41 >100 25 % 
a
 The range represents the different performance that can be obtained by varying the 

percentage of the part C in the TC-5005 silicone. 
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5: SBFA CONFIGURATION AND FABRICATION 

In the previous chapter, the structure, characterization and applications of 

PBFAs were discussed in detail. However, there are applications that require 

bending actuators to bend in all directions. The remaining parts of this thesis 

discuss the design of an SBFA. Much of the content of the succeeding chapter 

was also discussed in [31] by the author of this thesis. 

5.1 Configuration 

Similar to the FMAs presented in [13-16], SBFAs consists of three 

independent chambers that can be pressurized individually to elongate. Each of 

the three chambers of an SBFA consists of a PBFA with a 120deg isosceles 

triangle (rather than a rectangular) cross section. Figure 5-1 illustrates the 

structure of the SBFA, where the three obtuse angles of each of the PBFAs join 

together to cover the full 360deg. It should be noted that the chambers in the 

SBFA are numbered from 1 to 3 in Figure 5-1. When the three internal chambers 

are pressurized differently, the SBFA bends due to the presence of anisotropic 

elongation. As illustrated in Figure 5-2, if one or two chambers are pressurized to 

elongate, the SBFA bends away from the elongated chambers. Since the 

structure of the SBFA was inherited from the PBFA, the SBFA also takes 

advantage of the design of the winding channel. Similar to the PBFA, the winding 

channel walls in the SBFA result in the presence of multiple channel walls which 
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limit the radial expansion while allowing for large deformation at a low working 

pressure. 

 

Figure 5-1  Full structure of the SBFA. 

 

 

Figure 5-2  Bending principle of the SBFA. 

 

5.2 Fabrication 

Prototypes were fabricated to demonstrate the feasibility and assess the 

performance of the proposed SBFA. Firstly, each chamber was moulded 
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separately. The moulds were built by using an InVision 3-D printer. The negative 

mould and mould cover were drawn using the commercial software SolidWorks, 

and the drawings are shown in Figure 5-3.  

 

Figure 5-3 SolidWorks drawings of the mould and mould cover for one SBFA chamber. 
The coordinate axis here is oriented to align with chamber 1. 

 

Similar to the PBFA, the body of the SBFA was made out of TC-5005. 

Before filling the mould, a releasing agent consisting of a mixture of mineral oil 

and white petroleum jelly was applied to the mould and mould cover to allow for 

easy de-moulding of the cast silicone structure. Compressed air was used to 

blow away any excess release agent. A mixture of the TC-5005 pre-polymer with 

10 parts A and 1 part B was prepared (following the same process as in the 

fabrication of the PBFA). The mixture was poured onto a flat surface to create a 

thin flat sheet of silicone elastomer. The TC-5005 mixture was poured into the 

mould and degassed in a vacuum chamber to remove any gas bubbles formed 

during polymerization. After degassing, the mould cover was secured onto the 
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mould and left at room temperature for 18 hours before de-moulding. The de-

moulded silicone structure was washed thoroughly with soap and warm water to 

remove any presence of the release agent. The winding channel structure was 

hermetically sealed with a thin sheet of silicone elastomer smeared with uncured 

TC-5005. This process resulted in the fabrication of a single SBFA chamber. 

 

 

Figure 5-4 Illustration of parts to be assembled together to form a complete SBFA. All 
parts shown here are bonded together with TC-5005 silicone elastomer. 

 

All three SBFA chambers were fabricated following the procedure 

presented above and subsequently joined with a polyester string placed in the 

centre and bonded with TC-5005. Polyethylene tubing was inserted and secured 

into each chamber to complete the SBFA assembly as illustrated in Figure 5-4. 

To ensure a leak-free and well-bonded assembly, the SBFA was dipped into 

uncured TC-5005 and was hung upside down for 18 hours to cure as shown in 

Figure 5-5. The manufactured SBFA prototypes had a length equal to 78.4mm 
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and an equilateral triangular cross-section whose side was equal to 9.6mm. The 

total mass of the prototype was 3.85g. The channels within the SBFA had widths 

of 0.5mm. The channel wall was 0.5mm thick. 

 

Figure 5-5 Assembled SBFA samples hanging on a Styrofoam rack. A cut was made on 
the Styrofoam rack to allow the tubing to be secured to the rack. 
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6: SBFA TESTING AND CHARACTERIZATION 

6.1 Experimental Setup 

In order to study the quasi-static performance of the SBFA, an experiment 

was set up to obtain the position of the SBFA at different input pressures. The 

root of the SBFA (see Figure 6-1) was secured to a PMMA post with Dow 

Corning® 732 Room Temperature Vulcanizing (RTV) sealant and secured on a 

lab stand.  

 

Figure 6-1 Coordinate system used to define the position of the SBFA. ΦY and ΦX 

correspond to the projections of the angle Φ onto the X’-Z’ and Y’-Z’ planes. 

Φtip corresponds to the angle tangent to the tip of the SBFA. 

 

Each chamber of the SBFA was connected to a separate syringe (Becton 

Dickinson 10mL plastic syringe) and a pressure transducer (Omega PX-209) 

using T-joints. The pressure transducer was read by a NI DAQ device, and a 
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LabVIEW Virtual Instrument was developed to convert the reading into a 

pressure reading. Each syringe was pressurized by a separate syringe pump 

(Harvard Pump11_elite) to drive the SBFA. The connection to the SBFA was 

established by a hypodermic needle. Nalgene 180 PVC tubing with a 3/16” 

diameter was used as the connection between the T-joints and the hypodermic 

needle and syringe. The hydraulic system connected to one chamber of the 

SBFA is shown in Figure 6-2. 

 

 

Figure 6-2 Hydraulic system connected to one SBFA chamber including syringe-pump 
for driving the SBFA, pressure transducer to monitor the pressure of the 
SBFA and NI DAQ to acquire the pressure reading from the pressure 
transducer. 
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The coordinate system used to define the orientation of the SBFA in space 

is shown in Figure 6-1. In this figure, X’, Y’ and Z’ define an absolute coordinate 

system fixed to the lab stand. ΦY and ΦX correspond to the projection of the angle 

Φ respectively onto the X’-Z’  and Y’-Z’ planes. Φtip corresponds to the angle 

tangent to the tip of the SBFA. To capture the orientation of the SBFA in 3 

dimensional space, a camera along the X’-axis and a camera along the Y’-axis 

were set up as illustrated in Figure 6-3. The two views captured by the 2 cameras 

correspond to the orientation of the SBFA projected on the X’-Z’ and Y’-Z’ planes. 

  

 

Figure 6-3  Illustration of the two-camera setup used to obtain the 3-D coordinates of 
SBFA. The coordinate system used in this figure is the same as in Figure 6-1. 

 

Figure 6-4 shows a photograph of the SBFA prototype captured by the Y’-

Z’ camera. A pin with a small red bead was fixed to the SBFA tip to easily track 

the SBFA displacements. The pin was essential because it would otherwise not 
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have been possible to accurately capture the position of SBFA tip when it bent 

away from the camera as illustrated in Figure 6-5(d) and (e). ΦY corresponds to 

the projection of the angle Φ onto the Y’-Z’ plane; ΦY-tip corresponds to the 

projection of the angle of the pin onto the Y’-Z’ plane. Images taken by the two 

cameras were post-processed in batch by using a commercial software (NI 

Vision Builder), which permitted the determination of the positions of the root of 

the SBFA, the tip of the SBFA, and the angle formed by the pin (see Φtip in Figure 

6-1). To allow for easy pattern recognition in Vision Builder, the SBFA root was 

marked by a black cross with a red background, the SBFA tip was marked by 

blue Play-Doh©, and the pin tip was identified by a red bead.  

 

Figure 6-4 Image captured by the Y’-Z’ plane camera. Φy corresponds to the projection of 

the angle Φ onto the Y’-Z’ plane; Φy-tip corresponds to the projection of the 

angle of the pin onto the Y’-Z’ plane. 
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Figure 6-5 shows six snapshots of the SBFA actuated at different driving 

pressures. This figure shows that the SBFA was able to move in three-

dimensional space.  

 

Figure 6-5 Snapshots of a SBFA prototype bending upon pressurization of its three 
chambers. (a) SBFA in a relaxed position; (b) SBFA bending at θ equal to 
260deg; (c) SBFA bending at θ equal to 180deg; (d) SBFA bending at θ equal 
to 90deg; (e) SBFA bending at θ equal to 20deg; (f) SBFA bending at θ equal to 
300deg. 

 

6.2 Characterization 

Tests were performed to characterize the SBFA performance. Pressure 

ranging from 0 to 110.3 kPa was supplied to one or two SBFA chambers. To 

simulate a quasi-static behaviour, pressure was gently applied to the actuator, 

and the SBFA was allowed to completely settle before taking measurements. 

Figure 6-6 plots the position of the SBFA tip projected onto the X’-Y’ plane. This 
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figure shows that the motion of the SBFA can cover the full 360deg range of the 

angle θ. The data presented in Figure 6-6 can be divided into three regions, 

namely data obtained by pressurizing the chambers 1 and 2 (red squares in 

Figure 6-6), chambers 2 and 3 (green triangles), and chambers 1 and 3 (blue 

dots). While it would be expected that these three regions divide the space in 

three symmetric parts occupying 120deg each, they overlap instead at θ equal to 

94deg, 197deg and 319deg. This discrepancy was mainly due to the low 

precision of the manual procedure used to assemble the three SBFA chambers. 

This could potentially be improved by automating the fabrication process.  

 

Figure 6-6 Projection of the motion of the SBFA tip onto the X’-Y’ plane. The legend 
indicates the pressurized chambers. 

 

Figure 6-7 shows the relationship between the driving pressure and the 

angle Φ for the case in which only chamber 1 was pressurized. This case 

corresponds to the line at θ equal to 94deg shown in Figure 6-6.  
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Figure 6-7 Angular displacement versus pressure for chamber 1. 

 

To study the torque provided by the SBFA, weights were attached to the 

tip of the SBFA with a polyester string and photographs were taken. The photo to 

be analysed by NI Vision Builder was taken only for the plane orthogonal to the 

actuation path of the SBFA as shown in Figure 6-8. Figure 6-9 and Figure 6-10 

show the relationship between Φ and torque for different values of the driving 

pressure. Specifically, Figure 6-9 reports data related to the pressurization of 

chamber 1 alone, and Figure 6-10 reports data related to the simultaneous 

pressurization of chambers 1 and 2. It can be seen that torques produced by 

constant pressure can be interpolated by lines having a constant slope of -

0.08403 mNm/deg for a single chamber and -0.0723 mNm/deg for dual 

chambers. As expected, deformation and torque output for a fixed value of 

pressure were higher in the case in which two chambers were pressurized 

simultaneously. 
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Figure 6-8 Torque measurement image to be analysed by NI Vision Builder. A safety pin 
and nuts hung by a polyester thread were used as weights. 

 

 

Figure 6-9 Φ versus torque for different driving pressures of chamber 1. 
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Figure 6-10 Values of Φ versus torque when chambers 1 and 2 had the same pressure. 

 

6.3 Step Dynamic Response 

The dynamic response of the SBFA to a step input was investigated. 

Pressurizing chamber 1 of the SBFA sample with 1 ml of water resulted in an 

actuation of Φ equal to 58.82deg at steady state. A syringe was filled with 1mL of 

water and connected to chamber 1 of the SBFA. Rapidly infusing the full contents 

of the syringe manually approximated a step input to the SBFA system. The 

response was video recorded using a high-resolution camera and the video was 

analysed frame by frame using NI Vision Builder. Figure 6-11 plots the step 

response of SBFA when chamber 1 was pressurized; the black solid line 

indicates the step input, and the blue diamonds indicate the deflection obtained 

by the SBFA. From Figure 6-11 the time constant Ts of the SBFA was graphically 

determined to be 0.83sec. The time constant was defined as the time required for 

the SBFA to reach 63.2% of the final position when subject to a step input. 
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Figure 6-11 Step response of the SBFA when chamber 1 is pressurized. The black solid 
line indicates the step input generated by injecting 1 ml of water into chamber 
1 of SBFA, and the blue diamonds indicate the deflection obtained by the 
SBFA. 

 

Using the MATLAB System Identification tool box, 1st and 2nd order 

transfer functions of the SBFA could be identified. Notice that the pole of the 1st 

order transfer function matched that of the graphically determined time constant 

Ts. The 1st order transfer function identified by MATLAB was, 

  
      

      

          
 

 

(6-1) 

and the 2nd order transfer function was determined to be, 
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(6-2) 

Figure 6-12 plots the unit step response generated by the transfer 

functions against the experimental data. From Figure 6-12, it can be seen that 

the 2nd order transfer function is able to closely model the response of the SBFA. 

 

Figure 6-12 Step response of the SBFA. Blue crosses mark the experimental data, the 
dashed red line plots the response generated by the 1

st
 order transfer function 

model and the black line plots the response generated by 2
nd

 order transfer 
function model. 

 

6.4 Empirical SBFA modelling 

Being able to determine the state of the SBFA by simply monitoring the 

internal pressure of the system was an advantage of the hydraulic systems. In 

this work, a simplified position control system was designed to take advantage of 
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this property. Since the behaviour of the SBFA is inherently highly non-linear, 

machine learning and pattern recognition methods were considered for 

estimating the response of the SBFA to variations of the driving pressure. The 

machine learning method studied here includes: linear regression with non-linear 

basis; support vector machine regression and neural network regression [32].  

Learning methods were investigated for the case of two input features (Φ 

and θ) and three output features (driving pressures P1, P2 and P3). Unless 

otherwise specified, all data were linearly normalized to the range of 0 to 1 before 

running any machine learning regression algorithm. In an attempt to improve the 

quality of the regression fitting, a data pre-processing operation (whitening 

technique) can be combined with the all three regression methods [33]. 

Whitening is a standard principal component analysis normalization method that 

gives a set of data zero mean and unit covariance so that different variables 

become uncorrelated [34]. 

6.4.1 Linear regression with non-linear basis 

As discussed in [32] the concept of linear regression with a non-linear 

basis was used to obtain a regression function        such that, 

                 

   

   

         
(6-3) 

where   was the input vector containing the input features;        is the basis 

function.  And in the case where a polynomial function was chosen to be the 

basis, the basis function would be defined as, 
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(6-4) 

and    were the weights to be determined to minimize the sum of squared errors, 

  
     

 

 
            

  

 

(6-5) 

The weights   were found by computing the Moore-Penrose pseudo-

inverse [35], 

  
             

 

(6-6) 

where 

  

  

 

 
 
              

              
 

       

       
   

                       

 
 

 

 

(6-7) 

First, linear regression with polynomial basis of various degrees were 

attempted. For each degree of polynomial, different regularization constants (λ) 

were tested. The results showed that a 3rd degree polynomial was able to 

achieve the least error. A plot of root mean square error (RMSE) versus λ is 

shown in Figure 6-13. 
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Figure 6-13 Root mean square error versus λ graph for a 3
rd

 degree polynomial  

 

Since the SBFA was constructed from a hyperelastic silicone-based 

material whose strain-stress behaviour was often modelled by the Ogden and 

Neo-Hookean model [36], it could be beneficial to modify the polynomial basis to 

a form that was similar to that of the Ogden or Neo-Hookean model. The Neo-

Hookean inspired basis had the form, 

         
      

 
 

 

(6-8) 

while the Ogden inspired basis had the form, 

  
            

  
    

 

(6-9) 
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Following the same procedure as the polynomial basis regression, it was 

determined that for both Ogden and Neo-Hookean inspired basis, 3rd degree of 

order was optimal. However, the performance of the three basis mentioned here 

had no substantial differences. One interesting observation was that the Ogden 

inspired basis performed better when the input pressure data was not 

regularized. In addition, linear regression with a Gaussian basis with 30 random 

means was also investigated.  

6.4.2 Support Vector Machine 

Support vector machine for regression (SVR) was another method 

investigated in this work. LIBSVM toolbox [37] provides epsilon-SVR and nu-

SVR. By varying the cost parameter for each of the two SVR methods, a well-

fitted regression can be determined. Another parameter that could be changed 

was the basis of the SVR method. All discussions here were based on the results 

of the radial basis since it provided the best regression for the data. Figure 3 

plots root mean square error (RMSE) versus cost for epsilon-SVR. 
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Figure 6-14 RMSE versus cost for Epsilon-SVR 

 

6.4.3 Neural Network 

A feed forward network with a sigmoid hidden layer and a linear output 

layer network were trained in the MATLAB neural network regression toolbox. 

The structure of the network is shown in Figure 6-15, where the weight 

parameters W and the bias parameters b are to be trained. The training was 

done with a 70% training set, a 15% cross validation set and a 15% testing set. 

The Levenberg-Marquardt back propagation method [38] was used to train the 

network. Hidden node numbers ranging from 5 to 100 were tested and the 

number that provided a regression fit with the least error was selected.  
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Figure 6-15 Feed forward network with a sigmoid hidden layer and a linear output layer 
network. W refers to the weight parameters and b refers to the bias 
parameters. (Note: Adapted from MATLAB) 

 

6.4.4 Results 

The results for the various investigated regression methods are 

summarized in Table 6-1. 

Table 6-1. Regression Results 

Regression Method 
RMSE Cross 

Validation 
RMSE 
Testing 

Polynomial 0.1422 0.1160 
Whitened Polynomial 0.2556 0.2746 

Neo-Hookean Inspired 0.1455 0.1158 
Whitened Neo-Hookean 
Inspired (unregularized) 

0.1559 0.1308 

Ogden Inspired (unregularized) 0.1218 0.0996 
Whitened Ogden Inspired 

(Unregularized) 
0.1885 0.0852 

Gaussian 0.0.916 0.0813 
Whitened Gaussian 0.0996 0.1045 

Epsilon-SVR 0.1107 0.0878 
Whitened Epsilon-SVR 0.0895 0.0738 

Nu-SVR 0.0992 0.0591 
Whitened Nu-SVR 0.0789 0.0520 

Neural Network - 0.0176 
Whitened Neural Network - 0.0268 
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From Table 6-1 it can be seen that the neural network yields the best 

results. The process of whitening did not always yield a better result in all cases. 

Therefore, the neural network was chosen to be the method used to interpolate 

the response of the SBFA. Furthermore, since the three chambers in the SBFA 

corresponded to three independent inputs, the training data was separated into 

three independent data sets for piecewise regression fitting. Figure 6-6 suggests 

that the three piecewise regressions were separated by the three boundaries 

defined by θ respectively equal to 94deg, 197deg and 319deg Φ. 
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7: LABVIEW CONTROL OF PBFA/SBFA 

7.1 PID Pressure Control 

Since the orientation of a BFA (PBFA and SBFA) could be determined by 

measuring the internal pressure of the BFA, a pressure control algorithm was an 

essential building block for BFA movement control. A Harvard Pump11_elite 

syringe pump was used to supply hydraulic pressure to the BFA. The connection 

to the BFA was established by a hypodermic needle. A PX-209 pressure 

transducer was connected to the hydraulic system of the BFA with a T-joint to 

provide pressure feedback. This hydraulic system is illustrated in Figure 6-2. The 

reading generated by the pressure transducer was connected to a NI DAQ card. 

A NI LabVIEW VI was developed to read the pressure of the BFA and control the 

syringe pump through a Proportional–Integral–Derivative (PID) control algorithm. 

The front end of the VI is shown in Figure 7-1. 
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Figure 7-1 LabVIEW VI of PID pressure control for BFA. The “Reference Pressure” knob 
can be used to set the target pressure, and the “Pressure” indicator indicates 
the pressure in the system. 

  

7.2 SBFA Open-loop Position Control 

A minimalist controller was designed based on the developed neural 

network regression model. The internal pressure of the system, which was 

supplied by the syringe pumps, was monitored by the pressure transducers to 

form a closed-loop PID pressure control system (previously mentioned in Section 

7.1). No feedback was used for the SBFA tip position. The controller was 

developed in the NI LabVIEW environment. The flowchart of the implemented 
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control system is shown in Figure 7-2 and the LabVIEW VI is shown in Figure 

7-3. 

Neural Network 
Regression Model

PID 
Control

Syringe 
Pump

Pressure 
Transducer

-

+
P1

P2

P3

Error 
term

Output
(Θ, Φ) 

SBFAReference
(Θ, Φ) 

 

Figure 7-2 Control Diagram for open loop position control. 

 

 

Figure 7-3 LabVIEW VI for open loop position control.  
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Experiments were carried out to determine the accuracy of the developed 

control system. Testing data was taken with input θ ranging from 0deg to 360deg 

in steps of 10deg and Φ ranging from 0deg to 30deg in steps of 5deg. The 

maximum value of the pressure was set at 110.3kPa to minimize the risk of 

potential SBFA mechanical failures. In other words, the algorithm did not allow 

the syringe pump to infuse once the driving pressure of the SBFA reached 

110.3kPa. Limitations on the maximum infusion/diffusion speed (25.99ml/min) of 

the pumping system did not allow for a quick time response, which resulted in 

over-damped SBFA behaviour.  

Figure 7-4 and Figure 7-5 plot the steady-state errors respectively 

associated with and normalized to the full scale of θ and Φ. The steady-state 

errors were mainly caused by small air bubbles trapped within the system, which 

unpredictably prevented the SBFA pressurization. The steady-state NRMSE was 

5.1% and 17.8% respectively for θ and Φ. This result was very promising, as it 

proved that position control could be achieved without the need of integrating 

sensors (directly on the actuator) to monitor the position of the SBFA. 

Furthermore, this feature was of particular interest for future implementations of 

active catheters and other biomedical devices. 
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Figure 7-4 Steady state normalized error of θ. The legend indicates the pressurized 
chambers. 

 

 

Figure 7-5 Steady state normalized error of Φ. The legend indicates the pressurized 
chambers. 
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8: CONCLUSION 

A class of novel bending fluidic actuators (BFAs) was developed for 

potential use in biomedical and miniaturized robotic applications. The static 

response of the device was investigated under a series of loads. The 

performance of two sets of planer bending fluidic actuators (PBFAs), constructed 

using polymers of distinctly different stiffnesses were manufactured and 

compared. A design of a spatial bending fluidic actuator (SBFA) was also 

proposed and studied. The BFA fabrication processes also allowed for 

customized BFA sizes and shapes. 

The PBFAs investigated in Section 6: had lengths of 15.0–19.0 mm, 

widths of 9.0–12.0 mm and thicknesses of 2.9–3.0 mm. Channels had a cross 

section of 0.4×2.0 mm and a transversal length equal to 9.0 mm. The mass of the 

average, empty, unconnected actuator was 0.7 g. By anchoring one side, a 

single degree of freedom actuator with a range of motion extending up to 135◦ 

with a torque to volume ratio equal to 0.0149 mN m mm−3 was manufactured 

and tested. A Pseudo-rigid-body (PRB) model was developed to describe the 

motion of the BFA by correlating its deflection and pressure input. In the PRB 

model, it was determined that a nonlinear Young’s modulus model is more 

accurate than a constant Young’s modulus model. When compared to the 

experimental measurement, a normalized root mean square error (NRMSE) of 

8.49% was achieved for TC-5005 AB BFA and 15.6% for TC-5005 AB/C PBFA. 
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The investigated SBFA had an equilateral triangular cross-section, the 

sides of which equalled 9.6mm. The SBFA length was 78.4mm and its mass was 

3.85grams. The SBFA was able to exert a maximum torque equal to 26.39mNm; 

the torque to mass ratio of the manufactured prototypes was 6.86mNm/g. The 

angle tangent to the tip of the SBFA was able to bend up to 125deg with about 

130kPa of driving pressure. Its radial expansion did not exceed 17%. The time 

constant for the SBFA when subjected to a step input was 2.5sec. A regression 

neural network was trained to model the quasi-static behaviour of the SBFA. A 

position open-loop controller was designed based on such a model. Normalized 

root mean square steady-state errors of 17.8% and 5.1% were respectively 

obtained for Φ and θ. 

8.1 Future Work 

With the successful development of a PBFA and an SBFA, optimization of 

these devices is an important future work. The finite element method (FEM) can 

be a valuable tool to perform a structural optimization of the PBFA and SBFA. 

Furthermore, the development of a finite element method model may be valuable 

in further validating the analytical model developed for the PBFA.  

The physical design of the BFA may be investigated to possibly allow for 

faster response time. Micro- or nano-fabrication methods may be investigated to 

allow for more delicate BFA structures. A more automated method of fabrication 

is also needed to allow for more consistent quality of the BFA produced. 

 



 

 64 

9:  

Appendix A: Variations of PBFA 

PBFAs could be scaled to different dimensions as required by the 

application. In Figure 9-1, PBFAs with sizes ranging from 40mm × 3mm × 3mm 

to 105mm × 20mm × 3mm are displayed. These PBFAs were custom developed 

for different applications. In the remainder of this section, three such applications 

are discussed. 

 

Figure 9-1 Different PBFAs customized for different applications. 

 

A.1 PBFAs for Active Catheter Guides and MIS 

As mentioned in section 1.1.1, BFAs have a high potential to be used in 

the implementation of minimally invasive surgery and active catheters. 

Miniaturized PBFAs with a small 3mm × 3mm cross section and SBFAs with a 
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diameter of less than 10mm were successfully manufactured. These compact 

BFAs were developed mainly as active catheter guides and for MIS. 

An example of a PBFA used as an active catheter guide was discussed in 

[39]. In this work, a miniaturized planar snake catheter guiding system was 

developed to aid in laryngoscopy intubation. To allow for the complex workspace 

required for such an application, the snake catheter consisted of multiple 

miniaturized PBFAs connected in series as illustrated in Figure 9-2.  

 

Figure 9-2 Illustration of Miniaturized Planer Snake Catheter described in [39]. The blue 
and red segments marks represents the two separate segments of PBFA 
connected in series. 

 

A.2 PBFA for Tuneable Antennas 

As introduced in Section 1.1.2, tuneable antennas are another interesting 

area where BFAs can potentially be applied. In [40], a beam steering antenna 

was proposed. An array of PBFAs was used as a means to provide structural 

deformation to steer parasitic elements around a radiating element. By bending 
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the parasitic elements at different magnitudes, the directive antenna radiation 

pattern could be steered.  

Using the mould shown in Figure 9-3 and following the same PBFA 

fabrication process from Section 3.2, PBFA used for constructing parasitic 

elements in [40] can be fabricated. A flexible steel strip was cut into a shovel- 

shape as shown in Figure 9-4. To allow adhesion with TC-5005 (PBFA structure), 

a polyester string was wrapped tightly around the thin stem of the steel parasitic 

element. 732 Dow Corning RTV Sealant was used to attach the steel strip to the 

PBFA as shown in Figure 9-5. To allow for easy attachment to the ground plane, 

the base of the steel parasitic element was attached to a piece of conductive 

copper tape. By pressurizing the PBFA, the parasitic element deflects, thus 

allowing the directive antenna radiation pattern to be steered. 

 

Figure 9-3 PBFA mould  and demoulded polymer structure for configurable antennas  
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Figure 9-4 Steel strip for parasitic element 

 

 

Figure 9-5 (a) Parasitic element at relaxed state, (b) Actuated parasitic element 

 

A.3 PBFAs for Laryngoscopy 

As stated in Section 1.1.3, a potential application for the PBFA is in the 

field of laryngoscopy. However, in this case, a higher force or torque output is 
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desired. For applications that required a higher force or torque output, a method 

of wrapping string around the PBFA was developed. Wrapping polyester string in 

parallel with the channels and soaking the wrapped PBFA in uncured TC-5005 

resulted in a PBFA that was capable of exerting more than 2 Newtons of force  

(or 70mNm of torque) at the tip (left most PBFA In Figure 9-1) [41]. As shown in 

Figure 9-6 this PBFA was designed to be integrated at the tip of a GlideScope® 

video laryngoscope blade. Integration of the PBFA allowed the laryngoscopy 

process to exert a more evenly distributed force on the tissues around the 

opening of the airway [41].  

 

Figure 9-6 GlideScope
®
 Video Laryngoscope blade integrated with a PBFA tip. 

Pressurized by a Becton-Dickinson 10mL plastic syringe. 
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