
ABSTRACT 

KIM, JEONG YONG. Development of a System-level Electrohydraulic Model and Recruitment 

State Transition Strategy for Improved Performance in Variable Recruitment Fluidic Artificial 

Muscle Tissues. (Under the direction of Dr. Matthew Bryant). 

 

Fluidic artificial muscles (FAMs), also referred to as McKibben actuators, have excellent 

power-to-weight ratios, are inherently compliant, and are simple in design, consisting of an inner 

elastic bladder and an outer braided mesh. The double-helix pattern of the braided mesh allows the 

actuator to expand radially and contract axially when pressure is applied to the bladder. When 

multiple FAMs are bundled together in parallel and selectively pressurized, they can act as a multi-

chambered actuator with bioinspired variable recruitment capability. 

During operation of a variable recruitment bundle, different pressures are applied to each 

MU which inevitably results in a strain difference between MUs. This strain difference causes 

MUs that are inactive or at low pressures to become compressed and buckle outward. While 

increasing the spatial envelope of the entire bundle, buckled FAMs also exert a resistive force that 

opposes the force generation of active high pressure MUs. To better understand the force-strain 

characteristics of a FAM bundle, a model that captures these resistive forces of FAMs was 

developed. An analysis of the force-strain space of a FAM bundle using the developed model 

reveals an overlapping region between consecutive recruitment states in which the same force and 

strain combination can be achieved by either state. The resistive force model also reveals that there 

exists a non-zero pressure at which a FAM is no longer buckled and exerts a resistive force. This 

force has been coined the de-slack pressure. 

Resistive forces and de-slack pressures are further investigated in terms of their 

implications on the electrohydraulic system level. A fully-coupled dynamic model of a variable 

recruitment FAM bundle system that includes the motor/pump, accumulator, and pressure control 



valves is used to analyze the efficiency and bandwidth limits of the system. The resistive 

interaction effects present in between FAMs within a bundle have the greatest impact during a 

recruitment transition. An inverse dynamics approach is taken to solve for the required pressures 

of FAMs for a variable recruitment bundle to track a sinusoidal motion given the rate limitations 

imposed by the electrohydraulic system model. Simulations were then performed for different 

hydraulic circuit topologies and operating conditions such as continuous motor operation, 

intermittent motor operation and the use of a variable pump displacement. Simulation results 

showed that by using a variable displacement pump under continuous motor operation has the 

potential to increase the system efficiency while increasing the bandwidth limit at low recruitment 

states.  

The system level analysis if taken a step further by applying the findings from system 

dynamics and the implications of resistive forces to develop and experimentally test a control 

scheme that is aimed to improve strain tracking performance during recruitment state transitions. 

The control of a variable recruitment bundle poses a hybrid control problem, one which requires 

the control of pressure as a continuous variable while simultaneously having to shift between 

discrete recruitment states. In practical applications, the recruitment of a new MU experiences a 

recruitment lag due to the limited flowrate and pressure dynamics of the system. An anticipatory 

method of estimating when a recruitment state shift must occur is used to take into account the 

recruitment lag and determine when the state transition timing. To mitigate the effects of resistive 

forces of newly-recruited MUs, a state-based compensation term is used to modify the pressure of 

previously-recruited MUs. The proposed control scheme is tested on the linear hydraulic actuator 

characterization device (LHACD) and used to track a sinusoidal trajectory with a hanging mass. 



When compared to a baseline control scheme that uses state shift pressure thresholds, the proposed 

control scheme showed significant improvement in both the average and maximum strain errors.  
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CHAPTER 1 

Introduction 

1.1 Motivation 

The invention of the McKibben actuator dates back to the 1950s when Joseph McKibben 

first devised the concept for an arm orthosis for his polio-stricken daughter [1]. These actuators, 

often referred to as fluidic artificial actuators (FAMs), have excellent power-to-weight ratios, are 

inherently compliant, and are simple in design, consisting of an inner elastic bladder and an outer 

braided mesh. The double-helix pattern of the braided mesh allows the actuator to expand radially 

and contract axially when pressure is applied to the bladder. Making use of this mechanism, FAMs 

are conventionally used as contractile actuators. However, the simple construction and the 

versatility in the mesh mechanism has led researchers to develop actuators with other modes of 

actuation. By altering the initial braid angle, extensile FAMs can be created [2]. By adding 

inextensible layers to the mesh, they can be made to produce bending or twisting motion [3], [4]. 

These FAMs themselves can be used as end-effectors, as in a gripper that uses bending FAMs as 

fingers, or as stand-alone soft robots, like a crawling inchworm robot [5], [6]. Other research 

groups have focused on the arrangement of multiple FAMs in different configurations. Inspired by 

natural muscle fiber topology, FAMs can be arranged in a bipennate configuration to increase the 

force or contraction output through variable gearing kinematics [7], [8].  

Another bio-inspired concept is the variable recruitment bundle actuator [9]–[11]. Our 

skeletal muscle tissues are made of smaller units of actuation called motor units (MUs) that are 

bundled together. In response to an increasing load, the MUs are not recruited simultaneously, but 

in a sequential manner in which they are activated in the order from smallest to largest, following 

Henneman’s Size principle [12]. This concept can be applied to build a variable recruitment bundle 
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with multiple FAMs in parallel with one or more grouped together as a single MU. Depending on 

the load requirement of the bundle actuator, different MUs are activated to meet that demand. By 

segmenting the actuator into smaller activation units, it is able to operate closer to the source 

pressure thus lowering the amount of energy loss due to throttling for force control [9]. In terms 

of energetics, the same amount of mechanical work output can be produced with a smaller amount 

of fluid energy input during lower recruitment states. Therefore, the average efficiency of a 

variable recruitment bundle is higher compared to a single equivalent cross-sectional area motor 

unit (SEMU). In addition to increased overall efficiency, the decrease in fluid volume required to 

activate lower recruitment state MUs decreases the force sensitivity to applied pressure, allowing 

more precise control [9].  

The performance of variable recruitment bundle actuators has been evaluated as an 

independent system under simplifying assumptions such as constant source pressure and in the 

absence of source flow rate dynamics. However, in reality, any hydraulic or pneumatic actuator 

and its control valve should be perceived as a subsystem that is part of a larger fluidic circuit 

system. This cannot be overlooked especially when the research direction is headed towards 

developing a variable-recruitment-actuated robotic system. A steady-state analysis of the 

electrohydraulic system has been done before for a rudimentary hydraulic architecture with 

different modes of pump operation [13]. However, other variations of architectures exist that can 

be hypothesized to further enhance the performance of a variable recruitment bundle system. 

Therefore, the purpose of this research is to perform a macro-level analysis of a robotic system 

that uses variable recruitment bundle actuators and explore the implication of different system 

architectures and develop recruitment state transition control strategies. This investigation begins 

with the modeling of the FAM subsystem and further expands its scope to include modeling on 
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the system level. Ultimately, the findings of this research will provide guidelines for designing any 

robotic system using variable recruitment FAM bundle actuators.  

 

1.2 Research aims 

1.2.1 Objective 1: Model the buckling behavior and resistive forces of FAMs in a variable 

recruitment bundle. 

The first objective of this research is to develop a model for FAMs that is applicable to 

variable recruitment bundles. Current models in the literature predict the force output of FAMs 

during tensile operation, which was conventionally the only force regime of interest [14]–[19]. 

However, for a variable recruitment bundle with only a subset of MUs active, the interaction 

between active and inactive/low-pressure MUs necessitates the FAM model to predict forces in 

the compressive region. Due to the pressure-dependent nature of free strain, active MUs and 

inactive/low-pressure MUs have different strain, resulting in the compression of the latter. This 

usually results in the outward buckling of the FAM which increases the volume envelope of the 

actuator [9]. A model of the resistive force and the buckling behavior is developed and used to 

analyze the implications on a variable recruitment bundle [20], [21]. 

 

1.2.2 Objective 2: Develop a system-level electrohydraulic model to understand the 

implications of resistive and de-slack effects and the use of a variable displacement pump 

on variable recruitment. 

The second objective expands the model scope from the downstream actuator to the entire 

electrohydraulic system. Conventional energetics analysis of variable recruitment bundles 

typically includes the FAM model and the assumption that the pressure applied to the FAMs are 
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controlled perfectly [13]. A system-level analysis using a holistic model including dynamic models 

of the hydraulic and electromechanical components such as the valve, pump and motor is the next 

step to understanding variable recruitment and its application to FAM-actuated robots. Chapman 

et al. developed an electrohydraulic model using the ideal FAM model and a fixed-displacement 

pump with continuous and intermittent operation [13]. This objective aims to expand this analysis 

to include the FAM model from the first objective and explore the implication of inter-FAM effects 

when system dynamics are considered. Furthermore, different hydraulic architectures and 

operating conditions such as the use of variable displacement pumps are explored. A variable 

displacement pump has the capability to vary the source pressure by changing the angle of its 

swashplate. As a large portion of the efficiency losses of a variable recruitment system comes from 

the throttling down of pressure, the use of a variable displacement pump is a potential method of 

increasing the overall performance of an electrohydraulic variable recruitment system.  

 

1.2.3 Objective 3: Develop and test a recruitment state control strategy that optimizes 

position tracking performance during state transitions, based on the understanding of 

resistive forces and hydraulic system dynamics. 

The third objective of this research is to build upon the understanding of resistive effects 

from the dynamic system analysis to develop and test a control scheme to improve the strain 

tracking performance of a variable recruitment bundle. Control of a variable recruitment bundle is 

a complex hybrid control problem in which the recruitment state must be determined as a discrete 

variable while simultaneously, the pressure is determined as a continuous variable [11], [22]. 

When considering a practical application in which pressure dynamics are present, the recruitment 

lag associated with transitioning to a new state must be considered. An anticipatory method of 
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estimating the amount of time required to make a state shift is proposed and used to determine the 

timing at which state shifts are made. The resistive forces of newly-recruited MUs are counteracted 

by increasing the pressure of previously-recruited MUs. The proposed control scheme is tested on 

the linear hydraulic actuator characterization device (LHACD) developed by Chipka et al. and its 

tracking performance is compared to a baseline control scheme of when state shift pressure 

thresholds are used [23]. 

Based on the understanding of resistive forces and hydraulic system dynamics gained from 

the previous aims, a recruitment state transition strategy can be devised to improve the tracking 

performance of a variable recruitment bundle during state transitions. Current evaluations of 

system performance neglect intricacies such as resistive and de-slack effects and the limitations in 

flowrate and pressure dynamics due to the system. In prior literature, the decision to shift between 

recruitment state have been made using pressure thresholds that are determined as a percentage of 

the nominal source pressure. The purpose of this study is to utilize the FAM and hydraulic system 

model developed from previous objectives to develop a model-based control scheme to inform 

when state transitions need to occur.  

 

1.3 Dissertation structure 

Chapter 2 focuses on the development of a FAM model that captures the resistive forces 

of FAMs in compression. The implications of inter-FAM resistive effects on a variable recruitment 

bundle such as the overlapping region between states in the bundle force-strain space and the free 

strain gradient reversal phenomenon is discussed. Chapter 3 focuses on using an electrohydraulic 

system model by incorporating the resistive force FAM model and investigating different circuit 

topologies. The resistive effects discussed in Chapter 2 are expanded to include dynamic effects 
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of a practical system. Three different case studies are presented: 1) continuous motor operation 

with constant pump displacement, 2) intermittent motor operation with constant pump 

displacement, and 3) continuous motor operation with variable pump displacement. Chapter 4 

focuses on the design and testing of a control scheme using model-based compensation terms. The 

proposed control scheme has a cascaded PI-PI structure with a strain feedback outer loop and 

pressure feedback inner loop. Two compensation methods are presented: 1) lag compensation is 

used to account for the recruitment lag associated with system dynamics and 2) pressure 

compensation is used to account for resistive forces. The main contributions and future 

investigations are presented in Chapter 5.  
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CHAPTER 2 

Modeling of Resistive Forces and Buckling Behavior in Variable Recruitment Fluidic 

Artificial Muscle Bundles1 

Fluidic artificial muscles (FAMs), also known as McKibben actuators, are a class of fiber-

reinforced soft actuators that can be pneumatically or hydraulically pressurized to produce muscle-

like contraction and force generation. When multiple FAMs are bundled together in parallel and 

selectively pressurized, they can act as a multi-chambered actuator with bioinspired variable 

recruitment capability. The variable recruitment bundle consists of motor units (MUs)– groups of 

one of more FAMs - that are independently pressurized depending on the force demand, similar to 

how groups of muscle fibers are sequentially recruited in biological muscles. As the active FAMs 

contract, the inactive/low-pressure units are compressed, causing them to buckle outward, which 

increases the spatial envelope of the actuator. Additionally, a FAM compressed past its individual 

free strain applies a force that opposes the overall force output of active FAMs. In this paper, we 

propose a model to quantify this resistive force observed in inactive and low-pressure FAMs and 

study its implications on the performance of a variable recruitment bundle. The resistive force 

behavior is divided into post-buckling and post-collapse regions and a piecewise model is devised. 

An empirically-based correction method is proposed to improve the model to fit experimental data. 

Analysis of a bundle with resistive effects reveals a phenomenon, unique to variable recruitment 

bundles, defined as free strain gradient reversal. 

 

 

 

 

 

 
1 This chapter is published as a journal article in a special issue of MDPI Actuators [] 
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2.1 Introduction 

The McKibben actuator has received growing interest in the soft robotics community due 

to its high power density, inherent compliance, and simple design. It consists of an inner elastic 

bladder that is wrapped around by an outer braided mesh with a double-helical pattern. One end 

of the bladder is closed off while the other end is used to provide pressure to the bladder, either 

pneumatically or hydraulically. As the bladder expands due to internal pressure, the braided mesh 

constrains the bladder to expand radially while contracting axially. Due to this kinematic 

relationship of the braided mesh, the McKibben actuator has conventionally been used as a tensile 

actuator. When a constant pressure is applied, the actuator maintains an equilibrium force-strain 

state. In terms of control, the actuator can be said to be stable in open loop in response to constant 

pressure, while any displacement from its equilibrium state results in an opposing force [1]. Thus, 

it can be characterized as an active spring, a classification that can also be applied to a biological 

muscle, which is why it is also commonly referred to as a fluidic artificial muscle (FAM), a term 

that will be used interchangeably in this paper. 

Due to this biomimetic behavior of FAMs, researchers have used it in a myriad of robotic 

applications, including robotic arms, prosthetics, and orthoses [3], [4], [24]–[28] Although 

typically used as contractile actuators, modifications to the design have allowed them to be used 

as extensile or bending actuators [2], [29]. Recent studies have extended the use of the FAM to 

multi-chambered bundles with variable recruitment functionality [9]–[11], [30]. Rather than a 

single FAM acting in isolation, multiple FAMs are bundled together in parallel connected by rigid 

end plates to form a single actuator, as shown in Figure 2.1. The idea of variable recruitment is 

biomimetic, based on the hierarchical scheme in which subgroups of muscle fibers, or motor units 

(MUs), within a mammalian muscle tissue are sequentially activated in order from smallest to 
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largest, a concept known as Henneman’s size principle [12]. Compared to a single FAM with 

equivalent cross-sectional area, the variable recruitment bundle can achieve higher efficiencies. 

By adaptively recruiting the number of active MUs to meet the load demand, the bundle has the 

potential to reduce the losses that arise from throttling down the supply pressure. As a result, the 

variable recruitment bundle has a higher efficiency over a larger force-strain space than a single 

actuator with equivalent cross-sectional area [9], [30]. In addition, by selecting the size and number 

of FAMs in a MU for a desired force, the force sensitivity can be controlled, allowing for more 

precise control of the actuator force. The efficiency gains of variable recruitment have been 

demonstrated experimentally for both pneumatic and hydraulic systems [10], [31]. In addition, 

real-time switching control schemes for variable recruitment have been developed and tested [13], 

[30], and it has been shown that the use of variable recruitment in a hydraulic system with an 

intermittent pump operation scheme can increase both efficiency and bandwidth when compared 

to a single actuator [13]. Due to both the compliant and hierarchical nature of variable recruitment, 

FAM bundles can experience a unique phenomenon during actuation: the compression and 

buckling of inactive MUs. These inactive FAMs generate a resistive force as the bundle contracts, 

resulting in a bundle force output and free strain that is lower than what would be predicted using 

a model or experimental characterization of a single FAM and applying it to a bundle [9].  

Previous analytical variable recruitment studies have not accounted for resistive forces 

within a bundle, relying on either ideal virtual-work based models, such as the one presented by 

Tondu, or semi-empirical corrected models, such as the one presented by Meller et al. [1], [31]. 

These semi-empirical models correct the ideal model by accounting for pressure-dependent free 

strain that exists due to bladder elasticity, but they do not examine FAM forces past free strain, 

and therefore cannot account for resistive forces of buckled or post-free strain FAMs within a 
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variable recruitment bundle. In all the variable recruitment simulations or controller developments 

that exist in the literature, the force exerted by FAMs past free strain is assumed to be zero; in 

essence, the FAM is assumed to neither contribute positively nor negatively to overall bundle force 

production. However, resistive forces have been experimentally observed to contribute negatively 

to bundle force production [20]. In this paper, we propose a method of modeling these resistive 

forces and study their implications on the overall force output of a variable recruitment bundle. It 

is important to understand to what extent these resistive forces affect overall bundle performances, 

as this information will aid in the development of optimal bundle designs for a given application 

as well as improved variable recruitment controller performance. It should be noted that, although 

the motivation for modeling the resistive force comes within the context of a variable recruitment 

bundle, the analysis can be extended to any FAM that is compressed past its free strain. 

 

Figure 2.1: Variable recruitment FAM bundle that consists of multiple MUs in parallel connected at 

each end by rigid plates. A MU is the smallest unit of activation and can consist of one or more FAMs. 

Inactive/low-pressure MUs buckle outward as active MUs contract. 
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The remainder of this paper is organized in the following way. In Section 2.2, conventional 

methods of modeling the quasi-static force output up to free strain are introduced, giving us insight 

into how the total force can be decomposed. Section 2.3 begins with a qualitative description of 

the different regions of resistive force in FAMs compressed past free strain. The modeling of 

resistive force for each region is discussed in detail in the same section. In Section 2.4, the 

implications of resistive forces on the overall performance of a variable recruitment bundle are 

explored. In Section 2.5, an empirically-based correction method is proposed to better match 

experimental results. Section 2.6 presents a phenomenon we refer to as ‘bundle free strain gradient 

reversal’ and discusses its implication to bundle design. The conclusions of the paper are presented 

in the final section. 

 

2.2 Quasi-static Modeling of Tensile Force Generation 

Prior to modeling the resistive force, we first need an understanding of the quasi-static 

forces in the tensile force generation regime (i.e., for strains less than the FAM free strain). Chou 

and Hannaford [19] proposed a model based on the balance between the virtual work done by the 

equilibrium force 𝐹 and internal pressure 𝑃 which is expressed as: 

 −𝐹𝛿𝑙 = 𝑃𝛿𝑉 (2.1) 

where 𝛿𝑙 is the variation of axial length and 𝛿𝑉 is the variation of the fluid volume upon 

which the pressure acts. A kinematic relationship can be derived between the instantaneous radius 

𝑟, and length 𝑙, of the actuator based on the initial braid angle 𝛼0 of the braided mesh, given as: 

 
𝑟 = 𝑟0 (

√1 − 𝑐𝑜𝑠2𝛼0(𝑙 𝑙0⁄ )2

𝑠𝑖𝑛𝛼0
) (2.2) 
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where 𝑟0 is the initial radius and 𝑙0 is the initial length of the braided mesh. By combining these 

equations, the expression for 𝐹𝑚𝑒𝑠ℎ can be expressed in terms of the internal pressure 𝑃, and strain 

𝜀.  

 
𝐹𝑚𝑒𝑠ℎ = 𝜋𝑟0

2𝑃 (
1

𝑡𝑎𝑛2𝛼0

(𝜀 − 1)2 −
1

𝑠𝑖𝑛2𝛼0
) (2.3) 

This force will be referred to in this paper as the mesh force, as it expresses the force due to the 

internal pressure that is converted into axial force using the kinematic constraints of the braided 

mesh. From this formulation, we can see that the force output is a function of strain. Since the 

advent of this model, researchers have further developed models to account for the wall thickness 

of the bladder, tapered geometry of the bladder at its ends, and friction between the bladder and 

braided mesh [1], [14]. Although this model gives us the relationship between the pressure and the 

axial force output of the actuator due to the kinematic constraint imposed by the braided mesh, it 

is not able to predict the pressure-dependent nature of free strain. For a given pressure, maximum 

actuator force occurs at zero strain, which is also known as the blocked force condition. The strain 

at which the force is zero is known as the free strain, which is constant for all pressures when using 

(2.3). Experimental observation of isobaric force-strain curves tells us that the free strain increases 

with increasing pressure [31]. This pressure-dependent nature of free strain can be accounted for 

by the bladder elastic forces that oppose the mesh force output. Therefore, the bladder elastic forces 

are an integral component in understanding the force-strain relationship and have been 

incorporated into many models. Klute and Hannaford use the Mooney-Rivlin strain energy 

function 𝑊, and apply the principle of virtual work to model the elastic bladder force [18]. Kothera 

et al. further improved the elastic force term of the model by accounting for changes in bladder 

thickness [15]. Including the elastic bladder force term, the total force of a FAM is expressed as: 

 



   

 

13 

 

 𝐹𝑡𝑜𝑡𝑎𝑙 =  𝐹𝑚𝑒𝑠ℎ + 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟 = 𝑃
𝑑𝑉

𝑑𝐿
− 𝑉𝑏

𝑑𝑊

𝑑𝐿
, (2.4) 

where 𝑉𝑏 denotes the volume of the bladder. Other models take a force balance approach to model 

the elastic forces by analyzing the stresses developed in the bladder in the hoop and axial directions 

[16], [17]. The mesh force derived from this approach matches the results from the virtual work 

balance method, as expected. For this study, the model developed by Klute and Hannaford will be 

used for forces up to free strain, with the addition of an empirical correction factor that will be 

discussed in detail in Section 2.5.  

For the tensile force generation regime of the FAM, we note from the models discussed 

previously that the total axial force production of the actuator can be divided into two components: 

the contractile force generated by fluid pressure acting on the braided mesh due to the mesh 

kinematics, and the opposing force that acts against contraction due to the elasticity of the bladder. 

This idea serves as a basis for understanding the force-strain behavior of a FAM and is valid for 

force past free strain as well. Therefore, in modeling the resistive forces, the mesh and bladder 

forces will be modeled separately and summed to give the total force in the resistive force regime.  

 

2.3 Resistive Force Modeling 

2.3.1 Experimental Observations of Post-Free Strain FAM Behavior 

Prior to presenting the modeling of the resistive force in the post-free strain (compressive) regime, 

we first present a qualitative description of the post-free strain behavior of a FAM based on our 

experimental observations. From these observations, the FAM behavior can be divided into two 

distinct regions: (1) the post-buckling region and (2) the post-collapse region. Immediately after 

the actuator is compressed past free strain and enters the resistive force-strain regime, the actuator 

exhibits deflection in the transverse direction due to buckling of the bladder. This behavior is 
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referred to as the post-buckling region. While classical column theory predicts that an axially-

loaded, hollow cylindrical column such as the FAM bladder will experience linear axisymmetric 

deformation until a critical load is reached, experimental investigations have established that the 

classical critical load often overpredicts the load at which buckling occurs in practice [32]. The 

actual buckling load has been shown to be highly sensitive to geometric imperfections, both in the 

buckling specimen and in the end constraints of the column [33]. McKibben actuators in practical 

applications often operate in conditions in which the end constraints may not be perfectly aligned 

or are subject to perturbations. Therefore, in keeping with our experimental observations, we 

assume that the FAM bladder enters post-buckling immediately beyond the free-strain condition. 

As compressive strain is further increased, a second region of behavior begins when the bladder 

tube collapses; this region is referred to as the post-collapse region. In the literature on the bending 

of a hollow cylindrical beam with internal pressure, collapse is considered a structural failure that 

occurs due to significant deformation of the cross-sectional area of the beam from its circular shape 

[34]. For a column with clamped-clamped end constraints, the maximum internal moments occur 

at each end and at the middle. When this moment exceeds the collapse moment, the bladder folds 

upon itself, effectively acting as a ‘hinge’. The end of the post-buckling region is defined by the 

collapse moment and the system then transitions to the post-collapse region. 

The post-buckling and post-collapse regions make up the post-free strain regime of a 

McKibben actuator and govern the generation of resistive force. Figure 2.2 shows the FAM (a) at 

free length, (b) at free strain, which defines the beginning of the post-buckling region, (c) during 

the post-buckling region, and (d) during the post-collapse region in which the internal moment 

generated has reached the collapse moment. The post-collapse region follows immediately after 
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collapse and continues for the remaining strain range until the maximum strain of the actuator is 

reached. The following sections will address the quasi-static force modeling of each region. 

 

Figure 2.2: The progression of a FAM contracting from its free length (a), up to free strain (b), and 

into the resistive force regime. In the post-buckling region (c), the bladder is deformed into the first 

mode shape of a clamped-clamped column. The bladder enters the post-collapse region (d) as the 

bladder cross-section deforms from its initial circular shape. 

2.3.2 Post-buckling region 

The axial force required to maintain static equilibrium of the bladder in the post-buckling 

shape is solved using the principle of virtual work. For equilibrium, the first variation of the total 

potential energy, which is the potential energy stored in the bladder due to bending minus the work 

done to the system by external forces, needs to be zero and is expressed as: 

 𝐹𝑏𝛿𝑥 =  𝛿𝑈𝑏, (2.5) 

where 𝐹𝑏 is the additional force exerted by the bladder past free strain, and 𝑥 is the amount of 

compression past free strain. 𝑈𝑏 is the potential energy stored due to bending of the bladder 

expressed as: 

 𝛿𝑈𝑏 = ∫
𝐸𝐼

2
𝜅2𝑑𝑧

𝐿

0
, (2.6) 
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where 𝐸 is the Young’s modulus of the bladder material, 𝐼 = 0.25𝜋(𝑟0
4 − 𝑟𝑖𝑛𝑛𝑒𝑟,0

4 ) and is the 

second moment of inertia, and 𝜅 is the curvature due to the bent shape.  

 

Figure 2.3: Parameters of McKibben actuator at free strain (a) and in post-buckling state (b) 

From classical beam theory, the curvature can be approximated as:  

 𝜅 =
𝑑2𝑦

𝑑𝑧2, (2.7) 

The transverse deflection 𝑦 of the bladder in the post-buckling region is given as: 

 𝑦(𝑧) = 𝑦𝑚𝑎𝑥𝜙(𝑧) =
𝑦𝑚𝑎𝑥

2
[𝑐𝑜𝑠 (

2𝜋

𝐿
𝑧) − 1], (2.8) 

which is expressed by multiplying the maximum transverse deflection 𝑦𝑚𝑎𝑥, at the middle of the 

column and the first mode shape of a clamped-clamped column, 𝜙(𝑧). This first mode shape is 

used, as higher mode shapes for a column under axial load occur only when the corresponding 

nodal points are physically restrained [32], which is not true for the case we are analyzing. The 

bladder is first assumed to have no axial deformation, which allows us to solve for 𝑦𝑚𝑎𝑥 by setting 

the expression for the axial deformation of a largely deformed column to zero [35].  
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𝜀𝑎𝑥𝑖𝑠 =

𝑑𝑥

𝑑𝑧
+

1

2
(

𝑑𝑦

𝑑𝑧
)

2

= 0. (2.9) 

 

 

𝑦𝑚𝑎𝑥 =
√4𝑥(𝐿𝑓𝑠−𝑥)

𝜋
. 

(2.10) 

𝜀𝑎𝑥𝑖𝑠 is the strain along the axis of the column, which should not be confused with actuator strain. 

The first term in (2.9) simply is the strain in the axial direction due to extension. The second term 

is the contribution of finite rotations in the column to axial strain. The transverse deflection is 

expressed in terms of the actuator length at free strain 𝐿𝑓𝑠, which is shown in Figure 2.3. 

Substituting the equations for maximum transverse deflection and curvature into (2.6) and 

performing the integral gives us an expression of the energy stored in the bladder as a function of 

the amount compressed.  

 𝑈𝑏 =
4𝐸𝐼𝜋2𝑥

(𝐿𝑓𝑠−𝑥)
2. (2.11) 

Performing the first variation of (2.11) and substituting into (2.5), the axial force exerted 

by the bladder due to bending is expressed as: 

 
𝐹𝑏 =

4𝐸𝐼𝜋2(𝐿𝑓𝑠+𝑥)

(𝐿𝑓𝑠−𝑥)
3 . (2.12) 

It should be noted that the force from (2.12) is derived under the assumption that no axial 

deformation occurs. Thus, the arc length of the bladder remains constant and equal to the bladder 

length at free strain. However, this is not representative of the actual system in which stresses in 

the axial direction cause some amount of deformation and shortening of the arc length. This change 

in arc length is not the same as that of a simple column under axial load, as the braid kinematics 

affect the bladder length as well. Moreover, the actual system is far from ideal, as it contains 

geometric imperfections, as discussed previously. As a simple approximation of these effects, we 
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propose an equivalent spring system to approximate a corrected bladder force 𝐹𝑏
′  in the post-

buckling region that accounts for axial deformation and non-ideal conditions.  

Consider a system of springs that consists of a transverse spring and two springs oriented 

in the axial direction of the bladder, as shown in Figure 2.4. The transverse spring constant 𝑘1 

represents the bending rigidity of the bladder and any compression in the axial direction results in 

deformation of the transverse spring, causing an opposing axial force.  

 

Figure 2.4: Parameters of equivalent spring system in the free strain (a) and in post-buckling state 

(b). 

The force expression derived in (2.12) can be considered to be the case in which the axial 

spring constant 𝑘2 is a very large value such that no deformation occurs in those springs. 

Calculating 𝐹𝑏 and using the corresponding value of 𝑦𝑚𝑎𝑥 as the deformation in the transverse 

spring, an expression for equivalent spring stiffness 𝑘1 can be found as: 

 𝑘1 =
2𝐹𝑏

𝑦𝑚𝑎𝑥𝑠𝑖𝑛𝜃𝑠𝑐𝑜𝑠𝜃𝑠
. (2.13) 
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 𝜃𝑠
′ = 𝑐𝑜𝑠−1 (

𝐿𝑓𝑠−𝑥

𝐿𝑓𝑠−2𝑙
). (2.14) 

where 𝜃𝑠
′ is the angle between the vertical axis and the axial spring, and 𝜃𝑠 is a special case for 

when the deformation in the axial spring 𝑙 = 0 in (2.14). For a given amount of compression 𝑥, let 

us assume this spring stiffness is constant; yet it varies as the actuator is compressed and 𝑥 changes. 

Given a value for 𝑘1 and assuming a value for 𝑘2 as the axial rigidity of the bladder, a relationship 

can be derived between the deformation in the transverse spring with axial deformation 𝑦𝑚𝑎𝑥
′  and 

𝑙. 

 𝑦𝑚𝑎𝑥
′ =

𝑘2

𝑘1

4𝑙

𝑠𝑖𝑛𝜃𝑠
′. (2.15) 

The corrected post-buckling force with axial deformation is expressed as: 

 𝐹𝑏
′ =

1

2
𝑘1𝑦𝑚𝑎𝑥

′ 𝑠𝑖𝑛𝜃𝑠
′𝑐𝑜𝑠𝜃𝑠

′ =
𝑦𝑚𝑎𝑥

′ 𝑠𝑖𝑛2𝜃𝑠
′

𝑦𝑚𝑎𝑥𝑠𝑖𝑛2𝜃𝑠
𝐹𝑏. (2.16) 

Note that 𝐹𝑏
′  only accounts for the additional force exerted by the bladder past free strain. The total 

bladder force is a sum of the bladder force required to reach free strain 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟(𝜀𝑓𝑟𝑒𝑒), which is 

the bladder force from (2.4) evaluated at free strain 𝜀𝑓𝑟𝑒𝑒, and 𝐹𝑏
′ . Furthermore, the total force in 

the post-buckling region is the sum of forces due to the braided mesh and the bladder, just as it is 

with the force before free strain. In the typical case of tensile contraction, the mesh deforms 

axisymmetrically by expanding radially while contracting axially. In such a case, the mesh force 

is a function of the instantaneous actuator length, as expressed in the ideal mesh force equation. 

Following the same principle, the mesh force in the post-buckling region remains a function of the 

braided mesh length; however, that mesh length is no longer the length of the actuator. Since the 

mesh deforms asymmetrically with some transverse deflection, mesh force becomes a function of 

the arc length of the buckled shape. The asymmetric mesh force is denoted 𝐹𝑚𝑒𝑠ℎ
′ , for which 

computation is identical as (2.3) but uses the arc length instead of actuator length. Figure 2.6 
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illustrates the difference between 𝐹𝑚𝑒𝑠ℎ and 𝐹𝑚𝑒𝑠ℎ
′ . The forces up to free strain for both cases are 

obviously the same. However, as free strain is reached, the solid lines show axisymmetric 

deformation while the dashed lines show the forces as the bladder is bent into its post-buckling 

shape. 

As the bladder is compressed further and continues to bend, the internal moment along the 

beam increases until it reaches the collapse moment. Due to its complex nature, the collapse 

moment of elastic inflatable tubes is a standalone research topic and has been extensively studied 

in various papers [36]–[39]. The earliest of models assume a cylindrical membrane with an applied 

internal pressure [34]. These models predict a collapse moment that is a linear function of pressure. 

Improvements to these models have taken into account the material properties of the bladder and 

some have used experiments to correct for discrepancies [37], [38]. The collapse moment adapted 

in this paper is a classical formulation in the field of bending inflatable bladders developed by 

Wood in 1958 [36]:  

 
𝑀𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 =

2√2

9
𝜋𝐸𝑟0𝑡0

2√
1

1−𝜈2 +
4𝑃

𝐸
(

𝑟0

𝑡0
). (2.17) 

where 𝑡0 is the initial bladder wall thickness and 𝜈 is Poisson’s ratio, which is assumed to be 0.5. 

Once the maximum internal moment generated in the post-buckled bladder reaches this collapse 

moment, the model detailed in this section no longer applies and proceeds to the post-collapse 

region, for which the model is described in the following section.  

 

2.3.3 Post-collapse region 

The virtual work balance modeling approach taken for the post-collapse region is similar to that 

taken for the post-buckling region, but with a different mode shape and a torsional spring to 

represent the ‘hinge’ at the middle of the column due to bladder collapse. The proposed model 



   

 

21 

 

does not account for the subtle transitional effects that occur between the post-buckling and post-

collapse regions, such as the change in cross-sectional area. As a result, the resistive force is 

expressed in terms of two force equations corresponding to each region, resulting in a piecewise 

discontinuous model. After the derivation of the post-collapse force model is described, a simple 

method of making the transition between the two regions will be proposed.  

 

Figure 2.5: Parameters of McKibben actuator at free strain (a) and in the post-collapse 

region represented by the clamped-hinged-clamped column mode shape (b) 

 

The assumed post-collapse mode shape is shown in Figure 2.5. It consists of two clamped-

free columns connected at their free ends by a torsional spring with constant 𝑘𝑟. It is assumed that 

the torsional spring does not affect the boundary condition of the columns. Upon calculating the 

internal moment along the column based on the post-buckling mode shape, the magnitude of 

moment is greatest at each end and at the middle of the column. From the observation of the fact 

that FAM collapse occurs at one area at which it is most vulnerable, the mode shape is devised to 

create a hinge at the middle of the column which is represented by a torsion spring with some 
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stiffness. As done for the post-buckling force, the first variation of the total potential energy is set 

to zero for equilibrium.  

 𝐹𝑐𝛿𝑥 = 𝛿(2𝑈𝑐 + 𝑈𝑟). (2.18) 

For the post-collapse region, the strain energy stored in the column consists of energy 

stored in each clamped-free column and the torsional spring given as: 

 𝑈𝑐 = ∫
𝐸𝐼

2
𝜅𝑐𝑑𝑧

𝐿 2⁄

0
. (2.19) 

and 

 𝑈𝑟 =
1

2
𝑘𝑟(2𝜃𝑟)2. (2.20) 

𝜅𝑐 is the curvature of the clamped-free column, which is approximated by: 

 𝜅𝑐 =
𝑑2𝑦𝑐

𝑑𝑧2 . (2.21) 

where the transverse deflection in the post-collapse region 𝑦𝑐 is expressed as: 

 𝑦𝑐 = 𝑦𝑚𝑎𝑥𝜙𝑐(𝑧) = 𝑦𝑚𝑎𝑥 [1 − 𝑐𝑜𝑠 (
𝜋

𝐿
𝑧)]. (2.22) 

where 𝜙𝑐 is the first mode shape of the clamped-free column. The torsional spring stiffness 𝑘𝑟 is 

formulated by assuming the bladder has collapsed completely such that the inner walls of the 

bladder are in contact. Under this assumption the local radius of curvature is estimated by the wall 

thickness. The local cross-sectional area is assumed to be an ellipse and the second moment of 

inertia 𝐼𝑟 =  𝜋𝑟0𝑡0
3/4 is used. Therefore, the torsional spring stiffness is expressed as: 

 
𝑘𝑟 =

𝐸𝐼𝑟

2𝜃𝑟𝑡0
. (2.23) 

where 𝜃𝑟 is the between the column and the horizontal axis as shown in Figure 2.5. The angular 

displacement of the torsional spring is 2𝜃𝑟 and can be calculated from the slope of the column’s 
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free end by taking the derivative of the transverse deflection and evaluating it at the middle. The 

angle between the column and the horizontal axis is given as: 

 

𝜃𝑟 = 𝑎𝑟𝑐𝑡𝑎𝑛 (√
𝑥

𝐿𝑓𝑠 − 𝑥
). (2.24) 

Taking the first variation of the sum of strain energy terms and substituting into (2.18) gives the 

expression for the post-collapse force.  

 

𝐹𝑐 =
𝐼𝐸𝜋2𝐿𝑓𝑠

4(𝐿𝑓𝑠 − 𝑥)
2 +

2𝑘𝑟√𝑥 (𝐿𝑓𝑠 − 𝑥)⁄ 𝑡𝑎𝑛−1 (√𝑥 (𝐿𝑓𝑠 − 𝑥)⁄ )

𝑥
. 

(2.25) 

Combining the post-buckling region force from (2.16) and (2.25) results in a piecewise model with 

a discontinuity at the collapse strain. This is to be expected due to the change in mode shape. The 

proposed mode shape used for the post-collapse region is representative of the column shape at 

strains much closer to the maximum strain rather than immediately after the collapse strain. Thus, 

this mode shape can be used to calculate the force to which the post-collapse region force 

converges at large strain. In the actual system, a much more gradual transition is observed as the 

cross-sectional area at the middle of the column deforms from its circular shape to an elliptical 

shape. The change in cross-sectional area that contributes to the geometric nonlinearity of the 

system can be applied to both the post-buckling and post-collapse regions. The most widely 

referenced analysis of this behavior is the study by Brazier on the change in moment due to change 

in cross-sectional area shape and the theory on inflatable structures [34], [39]. However, we 

propose a much simpler approach that approximates the transition from the post-buckling to post-

collapse force as a first-order response formulated as the following. 

 𝐹𝑐
′ = 𝐹𝑏

′𝑒−𝛽(𝜀−𝜀𝑐) + 𝐹𝑐(1 − 𝑒−𝛽(𝜀−𝜀𝑐)) (2.26) 
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= 𝐹𝑐 + (𝐹𝑏
′ − 𝐹𝑐)𝑒−𝛽(𝜀−𝜀𝑐). 

The modified post-collapse force begins at the collapse strain 𝜀𝑐, and is characterized by a 

transition rate constant 𝛽 which is a parameter that can be tuned manually or through parameter 

optimization based on empirical data. 

 

2.3.4 Summary of Resistive Force Piecewise Model 

The piecewise model for the entire range of strain can summarized as below. 

 
𝐹𝑡𝑜𝑡𝑎𝑙 = {

𝐹𝑚𝑒𝑠ℎ + 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟

𝐹𝑚𝑒𝑠ℎ
′ + 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟(𝜀𝑓𝑟𝑒𝑒) + 𝐹𝑏

′

𝐹𝑐
′

                

𝐹𝑚𝑒𝑠ℎ > 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟

𝐹𝑚𝑒𝑠ℎ ≤ 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟   𝑎𝑛𝑑  𝑀𝑏 < 𝑀𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒

𝑀𝑏 ≥ 𝑀𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒

 (2.27) 

The criterion for the first piece is for strains below free strain. For 𝐹𝑚𝑒𝑠ℎ and 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟, any of the 

existing models can be used as long as they can be divided into those two force components. The 

second and third pieces are for the post-buckling and post-collapse regions, respectively.  

Figure 2.6 shows the FAM force strain-curve for pressures (a) 0 kPa, (b) 34.5 kPa, (c) 137.9 kPa, 

and (d) 344.7 kPa for a FAM with an initial outer radius of 6.35 × 10−3 𝑚 (0.5 𝑖𝑛. ), initial bladder 

wall thickness of 1.6 × 10−3 𝑚 (0.0625 𝑖𝑛. ), and initial length of 0.127 𝑚 (5 𝑖𝑛. ). The initial 

braid angle was assumed to be 33 degrees. The bladder is a commercial silicone tube with a 

Young’s modulus of 1.78 𝑀𝑃𝑎 as determined by a simple uniaxial tensile test. Figure 2.6(a) shows 

the resistive force of an inactive FAM. As no pressure is applied, no mesh force is present and 

only bladder forces exist. Figure 2.6(b) shows the resultant total force 𝐹𝑡𝑜𝑡𝑎𝑙 as well as the 

breakdown of the all force components shown in (2.27). The tensile force region consists of the 

conventional force-strain relationship up to free strain as shown by the Klute-Hannaford model. 

After free strain, the post-buckling region begins, and both the mesh and bladder forces deviate 

from the Klute-Hannaford model. In this region, the bladder is in the post-buckled shape and 
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internal moment is generated along the bladder. When the maximum value of that internal moment 

exceeds the collapse moment, the resistive force shows a decrease in magnitude (i.e., becomes less 

negative). This happens during the post-collapse region for which the magnitude of resistive force 

remains less than its maximum value at collapse. Figure 2.6(b) and (c) illustrate the resistive force 

regime at higher pressures. For the pressure of 137.9 kPa, only the post-buckling region is shown 

as the bladder does not collapse before the maximum strain tested. As the applied pressure 

increases, the free strain increases, thus decreasing the resistive force regime until it is no longer 

of concern when the applied pressure reaches the maximum operating pressure as in (c). Therefore, 

the significance of the resistive force model is highlighted during lower pressures when the 

discrepancy between the resistive model and Klute-Hannaford model is greater as shown by the 

curves 𝐹𝑡𝑜𝑡𝑎𝑙 and 𝐹𝑚𝑒𝑠ℎ + 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟 in (b). As shown in Figure 2.6(a) and (b), the proposed model 

shows a good qualitative agreement with the low-pressure FAM behavior past free strain, however 

quantitative discrepancies between the model and experimental data exist. To account for such 

discrepancies, empirical tuning of parameters can be performed in both the tensile and resistive 

force regimes to yield a better match as discussed in Section 2.5.  
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Figure 2.6: Breakdown of model forces along with corresponding experiment results for (a) 0 kPa, 

(b) 34.5 kPa, (c) 137.9 kPa, and (d) 344.7 kPa. The resultant force from the piecewise model is shown 

in solid black as well as force components shown in (2.27).  

Figure 2.7 demonstrates the effect of the transition constant used to characterize the 

transition from post-buckling to post-collapse region discussed in (2.26). Lower values of 𝛽s 

characterize a gradual transition to the post-collapse state. In generating the model curves of Figure 

2.6, a preliminary value of 25 was used. The transition constant is one of the parameters used to 

empirically tune in Section 2.5 using an empirically-based parameter tuning.  
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Figure 2.7: Effect of transition constant 𝜷 used to characterize the transition from post-buckling to 

post-collapse region. The resistive forces are shown for a FAM with identical dimensions as that of 

Figure 2.6 and for an applied pressure of 34.5 kPa. 

 

2.4 Effect of resistive force on overall performance of a variable recruitment bundle 

The results of this new model are particularly significant within the context of a variable 

recruitment bundle. A conventional FAM model, such as the ideal or Klute-Hannaford model, was 

not intended for forces past free strain and the magnitude of the resistive force continues to increase 

as strain increases past free strain. During operation of a variable recruitment bundle, inactive or 

low-pressure FAMs are compressed significantly past their free strain, for which conventional 

models would predict a much greater magnitude of resistive force than what is present. Instead of 

a steady increase in resistive force magnitude past free strain as shown by 𝐹𝑚𝑒𝑠ℎ +  𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟 in 

Figure 2.6, the proposed model better predicts the force behavior of FAMs past free strain. 

Therefore, this model is more suited to predict the overall force output of a variable recruitment 

bundle. 
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The force-strain curves for a simple variable recruitment bundle actuator consisting of two 

MUs, each made of one identical FAM, were generated. The bundle can be in two different states 

of operation called recruitment states (RS). The two primary variable recruitment schemes that 

have been used in previous work are called batch recruitment and orderly recruitment [22], [30]. 

Orderly recruitment will be assumed for this analysis, and Figure 2.8 shows a graphical depiction 

of the activation sequence for this recruitment scheme. In the first recruitment state, only one MU 

is activated (i.e. pressurized), and the other MU is inactive. A recruitment state can either be 

partially or fully activated depending on the pressure supplied. It is fully activated when the 

corresponding MU pressure is at its maximum.  

 

Figure 2.8: Orderly recruitment activation scheme for a bundle with two recruitment states. 

 

2.4.1. Quasi-static force-strain space for variable recruitment bundle with resistive forces 

Figure 2.9 shows the force-strain curves for a variable recruitment bundle with two 

recruitment states with and without resistive forces included in the analysis. The force curves 

plotted in blue show the force-strain relationship of the first recruitment state. Once the first 
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recruitment state is fully activated, the bundle can enter its second recruitment state, during which 

the first MU stays at its maximum pressure and a second MU is either partially or fully activated. 

The red isobaric curves show the force-strain space for the second recruitment state. To illustrate 

the increase in pressure of the MU of a recruitment state, higher pressures are depicted in relatively 

thicker lines. In this scenario, quasi-static force curves were plotted for pressures between 0 kPa 

and 413.7 kPa at 68.9 kPa intervals. The FAMs used in this simulation are assumed to have an 

initial length of 0.127 m, initial outer radius of 0.009 m, a radius-to-wall thickness ratio of 0.25, 

and an initial braid angle of 33 degrees. The force-strain space of Figure 2.9(a) is generated by 

neglecting the resistive forces and assuming any forces past free strain to be zero. A more realistic 

case is presented in (b) in which the resistive forces are included in the overall bundle force. 

The key difference observed from the force-strain space of a bundle with resistive effects 

is an overlapping region between the first and second recruitment states that becomes prominent 

during strains near the maximum bundle free strain. As shown in Figure 2.9 (a), the boundary 

between recruitment states 1 and 2 is distinct when resistive forces are neglected. As the first MU 

is fully activated, any additional pressure supplied to the second MU, transitioning to the second 

recruitment state, either increases or maintains the force output of the bundle. In Figure 2.9 (c), the 

pressures applied to MU 2 are indicated for a bundle model with resistive forces are neglected. 

When a pressure of 275.8 kPa is supplied to the second MU, the model predicts that the force will 

increase for strain values less than 0.24. However, applying the same pressure for strains greater 

than 0.24 is predicted to not affect the force output of the bundle. This occurs because free strain 

is pressure-dependent and the free strain generated by the MU 2 FAM at these pressures is less 

than the bundle strain. Thus, for a specific force-strain output, the required operating state of the 

bundle can be easily categorized into either recruitment state 1 or 2. However, when resistive  
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Figure 2.9: Force-strain space of a variable recruitment bundle with two MUs of equivalent cross-

sectional area with (a) resistive forces neglected, and (b) resistive forces considered. (c) and (d) show 

zoomed-in views of the force-strain space near maximum strain with resistive forces neglected and 

included, respectively. Increasing pressure values are represented by increasing thickness of lines. In 

recruitment state 2 (red lines), the pressure applied to MU 1 is constant at 413.7 kPa while the 

pressure applied to MU 2 is indicated in (c) and (d) to show the progression from inactive to fully 

active.  

forces are considered, the negative forces due to resistive effects cause the forces in recruitment 

state 2 to actually fall below that of recruitment state 1 for certain strains – therefore producing a 

region of overlap between the domains of each recruitment state. Within this overlapping region, 
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the bundle can output the same force and strain by operating in either recruitment state. In fact, as 

recruitment state 2 is activated and the pressure in MU 2 is increased, the isobaric force curve of 

recruitment state 2 recedes back into the force-strain space of recruitment state 1 as shown in 

Figure 2.9 (d). The effect of this phenomenon is discussed in further detail in Section 2.6.  

 

2.4.2 Efficiency analysis for isobaric and isotonic contraction 

One of the advantages of variable recruitment lies in its increased overall efficiency. 

Therefore, it is worth exploring the efficiencies of variable recruitment bundles when resistive 

forces are considered. By choosing a recruitment state that minimizes the energy input while 

meeting the force requirements, variable recruitment has the potential to increase overall efficiency 

when compared to a single equivalent motor unit (SEMU). The efficiency of an actuation reaching 

a given point in the force-strain space from zero strain is the ratio between mechanical work output 

and fluid energy input where the expression for mechanical work output is given as: 

 
𝑊𝑚𝑒𝑐ℎ,𝑜𝑢𝑡 =  ∫ 𝐹𝑏𝑢𝑛𝑑𝑙𝑒𝑑𝑥

𝜀𝐿0

0

. (2.28) 

where 𝐹𝑏𝑢𝑛𝑑𝑙𝑒 is the sum of all the forces generated by individual FAMs calculated by the proposed 

model, including the negative forces caused by resistive effects. The fluid energy input is defined 

as:  

 𝐸𝑓𝑙𝑢𝑖𝑑,𝑖𝑛 =  𝑃𝑠∆𝑉. (2.29) 

where 𝑃𝑠 is the source pressure applied to the valve before losses due to throttling occur. The 

change in volume to reach a specific strain is calculated by subtracting the fluid volume at that 

strain value from the initial fluid volume. The fluid volume at a specific strain value is calculated 
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by solving for inner radius 𝑟𝑖𝑛𝑛𝑒𝑟 as a function of strain by assuming the bladder material is 

incompressible. Finally, the expression for efficiency is as follows: 

 
𝜂 =  

𝑊𝑚𝑒𝑐ℎ,𝑜𝑢𝑡

𝐸𝑓𝑙𝑢𝑖𝑑,𝑖𝑛
. (2.30) 

To highlight the system efficiency over the entire force-strain space, two simple cases of 

quasistatic contraction are considered: isobaric contraction and isotonic contraction. During 

isobaric contraction, the pressure supplied to the FAM is kept constant while it contracts with 

varying force. For isotonic contraction, the load is kept constant while the FAM contracts under 

varying pressure. This is equivalent to moving horizontally through the force-strain space. For 

each point in the force-strain space, the efficiency for a FAM to move from free length to the strain 

at the specific point is calculated.  The resulting isobaric and isotonic efficiencies for a bundle with 

two recruitment states are plotted in Figure 2.10(a) and (b). As discussed in Section 2.4.2, an 

overlapping region exists for an actuator bundle when resistive forces are considered. The 

efficiency plots in Figure 2.10show only the higher efficiency value within that region. 

To study the potential detrimental impact of resistive forces on the overall efficiency of a 

variable recruitment bundle, the average efficiencies with resistive effects considered and 

neglected are compared in Figure 2.10 (c) and (d). Prior literature using simpler models that neglect 

resistive forces predicted that a variable recruitment bundle would show increased in efficiency 

compared to a SEMU with identical total cross-sectional area [9], [22]. As the number of MUs 

(and therefore recruitment states) is increased, the efficiency continues to increase, but at a 

decreasing rate. This trend still holds when resistive forces are considered, producing only a minor 

decrease in efficiency as shown in Figure 2.10 (c) and (d). As its name suggests, resistive forces 

act against the tensile force output of active MUs and lower the mechanical work output. However, 

if the number of recruitment states is increased while keeping the overall bundle cross-sectional 
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area constant, the slenderness ratio of each MU, defined as 𝐿0/𝑟0, increases. As a result, the 

resistive force of each MU decreases, along with the impact it has on the overall efficiency of a 

bundle. Consider a comparison between a bundle with two MUs (as simulated in this study) to a 

bundle with five MUs with the same overall bundle cross-sectional area. Assume each bundle is 

operating in its first recruitment state. For the two-MU bundle, the resistive forces generated by 

the single inactive MU are greater than the resistive forces generated by the four inactive MUs in 

the bundle with five MUs. This is because to keep the cross-sectional area of both bundles the 

same, the bundle with five MUs must contain FAMs that are much more slender. The resistive 

force model in this paper predicts that resistive forces decrease with slenderness ratio, which is 

why we see very little decrease in efficiency, even as the number of MUs within a bundle is 

increased. Although not within the context of a variable recruitment bundle, Suzumori et al. 

investigated the mechanics of a bundle of multiple thin McKibben actuators, showing a decrease 

in bending rigidity of the overall bundle compared to a single large diameter FAM [40]. Therefore, 

while resistive forces affect the overall force-strain space, which has implications on the control 

and switching of recruitment states (to be discussed further in the following sections), their overall 

detriment to the efficiency of the bundle is negligible.  
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Figure 2.10: The efficiency of the bundle to arrive at a point in the force-strain space for (a) isobaric 

and (b) isotonic contractions. For isobaric contraction, the bundle is operated along the constant 

pressure curves; thus, the force varies while contracting. For isotonic contraction, the load is held 

constant while the bundle contracts, thus moving horizontally within the force-strain space by 

varying pressure. The average isotonic and isobaric efficiencies are plotted versus number of 

recruitment states and shown in (c) and (d), respectively.  
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2.5 Improving the model through empirical parameter tuning 

While the model derived above provides a predictive and qualitatively reasonable analysis 

for understanding the implications of resistive forces on variable recruitment bundles, the model 

can be empirically corrected to improve quantitative agreement with experimental FAM 

characterization data. Such semi-empirical modeling has been shown to useful for model-based 

feedforward control of artificial muscles [41], and in simulation tools for understanding the 

implications of different recruitment strategies [30] or hydraulic system topologies [13] on FAM 

actuation systems. Therefore, to further improve the model to match the force from experiments, 

a method of force correction was developed. There are models in the literature that account for 

advanced effects such as the tapering effect at the ends of the FAM and the hyperelasticity of the 

bladder on the tensile force generation of the FAM [14]–[17]. However, it is often the case the 

blocked force and free strain is overpredicted even when calculated with these advanced models 

due to uncertainty in the material properties or imperfections in the components used to build the 

bladder. Tondu and Lopez use a tuning parameter that can either be a constant or a function of 

pressure to modify the ideal force model shown in (2.3) to account for the pressure-dependent free 

strain [14]. Building upon this method, Meller et al. use an additional parameter that is acquired 

from experiment data to correct for the discrepancy in blocked force [31]. These methods are used 

to modify the ideal force model, which does not consider forces due to the bladder. Similar to the 

method proposed by Meller, we employ two tuning parameters, based on the blocked force and 

free strain information from experimental data, to modify both the mesh force (ideal force) and 

bladder force in the tensile region. After these two parameters are used to correct for the tensile 

region in the piecewise model, additional parameters for the resistive forces are optimized using 

empirical data. 
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2.5.1 Tensile Force Correction 

The modified model for forces up to free strain is expressed as: 

 𝐹𝑚𝑜𝑑 = 𝐶2(𝐹𝑡𝑜𝑡𝑎𝑙 − 𝐶1), (2.31) 

 

 𝐹𝑚𝑒𝑠ℎ,𝑚𝑜𝑑 = 𝐶2𝐹𝑚𝑒𝑠ℎ, (2.32) 

and 

 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟,𝑚𝑜𝑑 = 𝐹𝑚𝑜𝑑 − 𝐹𝑚𝑒𝑠ℎ,𝑚𝑜𝑑 , (2.33) 

where the forces prior to modification are equivalent to those from (2.4) and the strain tuning 

parameter 𝐶1 is found by evaluating the theoretical force at the free strain obtained from 

experiment, known as 𝜀𝑓𝑟𝑒𝑒,exp, in the equation: 

 𝐶1(𝑃) = 𝐹|𝜀𝑓𝑟𝑒𝑒,𝑒𝑥𝑝
 (2.34) 

and the force tuning parameter 𝐶2 is expressed in terms of the experimental block force 

𝐹𝑏𝑙𝑜𝑐𝑘𝑒𝑑,exp, theoretical block force 𝐹𝑏𝑙𝑜𝑐𝑘𝑒𝑑, and 𝐶1 as: 

 
𝐶2(𝑃) =

𝐹𝑏𝑙𝑜𝑐𝑘𝑒𝑑,𝑒𝑥𝑝

𝐹𝑏𝑙𝑜𝑐𝑘𝑒𝑑 − 𝐶1
 (2.35) 

Both tuning parameters are functions of pressure that are specific to an actuator. Note that the unit 

of 𝐶1 is in Newtons and 𝐶2 is unitless. Both factors are greater than zero and have no upper bound. 

The parameters are obtained by measuring the free strain and blocked force as functions of 

pressure, much like the procedure followed by Meller et al. [31]. As shown in [31], the function 

for free strain typically follows a low-order polynomial and blocked force typically increases 

linearly with pressure with a positive force x-intercept.  
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2.5.2 Resistive Force Correction 

Once the forces before free strain have been corrected based on empirical data, several 

parameters of the proposed model for the post-buckling and post-collapse regions have been 

optimized based on experimental data. A least-squares fit analysis is conducted to determine 

correction factors for the following parameters.  

1. Young’s Modulus, 𝐸 

2. Collapse moment, 𝑀𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 

3. Transition constant, 𝛽 

4. Torsional spring stiffness, 𝑘𝑟 

The resistive force model does not consider the hyperelasticity of the bladder as the FAM 

is compressed. The bladder used for the experiments was an off-the-shelf component without any 

specification of material properties. To account for such uncertainties, a correction factor was used 

to optimize the Young’s modulus and the optimized value was used across all pressures.  

Furthermore, a correction factor was optimized to modify the collapse moment. Wielsgosz 

et al. used a factor of 0.25𝜋 to modify the collapse moment as experimental validation showed a 

tendency to overpredict the value [42]. Stephans et al. investigated the correlation of collapse 

moment to the slenderness ratio of the pressurized cylinder. For cylinders with low slenderness 

ratios, the collapse moment tends to be closer to the ‘classical’ formulation, whereas for that of 

higher slenderness ratios, the collapse moment reaches the load formulated by Brazier [43]. A 

similar correction factor is used to modify the collapse moment given in (2.17).  

The third tuning parameter is the transition rate constant 𝛽 given in (2.26), used in 

characterizing the transition from post-buckling to post-collapse regions. Lastly, a correction factor 
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is used to optimize the torsional spring stiffness 𝑘𝑟 used in (2.20) to model the post-collapse 

‘hinge’ at the middle of the bladder.  

 

2.5.3 Experiments to generate correction factors 

Experiments were performed on an in-house built linear dynamometer developed by 

Chipka et al. [23] as shown in Figure 2.11. The air pressure applied to the FAMs was controlled 

in closed-loop by pneumatic servo valves (FESTO MPYE-5-M5-010-B), while the drive cylinder 

is hydraulically powered and controlled by a MOOG Series G761-3005B servo valve. A Hydraulic 

power unit (HPU, Haldex GC9500) provided power to a drive cylinder that was used to control 

the contraction of the FAM. The FAM was constrained between two plates with a load cell 

(Transducer Techniques SSM-1K) to measure the FAM axial force. Prior to attaching the FAM to 

both plates, it was pressurized at the maximum test pressure and allowed to contract freely, and its 

maximum strain was measured. This value was used to determine the stroke of the drive cylinder. 

The FAM was then attached to both plates separated by the amount of actuator free length which 

is determined by adjusting the starting position of one of the plates until the axial force measured 

was zero. From this starting position, the FAM was pressurized to the maximum testing pressure 

and repeatedly contracted several times prior to collecting force data to account for Mullins effect 

[44]. Force data was measured for pressures from 0 kPa to 413.7 kPa (60 psi) in 34.5 kPa (5 psi) 

intervals. The position of the drive cylinder was controlled at a sufficiently slow rate to remove 

any dynamic effects and yield a quasi-static measurement. The force for two FAMs of different 

slenderness ratios were measured to demonstrate its correlation to resistive force magnitude and 

support the analytical efficiency hypothesis stated in Section 2.4.2. An initial radius of 0.0635 m, 
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initial braid angle of 33 degrees was used for both FAMs with an initial length of 0.102 m and 

0.127 m, corresponding to slenderness ratios of 8 and 10, respectively.   

 

Figure 2.11: Experiment setup using the LHD developed by Chipka et al. [23]. A hydraulic power 

supply is used to actuate the drive cylinder. The FAM is activated using a pneumatic power supply 

while the force and contraction is measured using a load cell and LVDT, respectively. 

 

2.5.4 Results from Empirical Parameter Tuning 

The correction factors, which are a result of least-squares optimization, are summarized in 

Table 2.1. The correction factors for the Young’s modulus, collapse moment, and transition 

constant were the same for all pressures. The correction factor for the torsional spring constant in 

the post-collapse region showed a dependence on pressure since the torsional spring constant 

calculation proposed does not consider the increase in bending rigidity due to increased pressure.  
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Table 2.1: Resulting correction factors from empirical parameter tuning 

FAM 

No. 

Slenderness 

Ratio, 

𝑳𝟎/𝒓𝟎 

Correction Factors 
Transition 

Constant, 𝜷 Young’s 

Modulus 

Collapse 

Moment 

Torsional Spring 

Constant 

1 8 1.25 1.1 0.87𝑃 + 1.25 100 

2 10 0.95 0.75 0.92𝑃 + 0.83 100 

 

The measured force data from experiments are shown in Figure 2.12 along with the 

simulated force curves from the empirically corrected model. The force curves from 0 kPa to 137.9 

kPa in 34.5 kPa intervals are shown as resistive force bear more significance in low pressure 

ranges. In the resistive force regime, a good agreement is observed between the experiments and 

the corrected model. Free strains for constant pressure force curves past 137.9 kPa occur closer to 

the maximum free strain and do not show the collapse of the bladder. In the tensile force regime, 

the model blocked force and free strain obviously match those of the experiment as a result of the 

empirical tuning described in Section 2.5.2. Although the cross-sectional area is the same for both 

FAMs, a difference in blocked force is observed due to a difference in bladder force at zero strain. 

A significant difference in resistive force magnitude is observed between the two FAMs with 

different slenderness ratios. As predicted in the model, the FAM with a lower slenderness ratio 

exhibited a larger magnitude of resistive force. This supports the conclusion that efficiency does 

not decrease as the number of MUs increases due to slenderness ratio effects, as detailed in Section 

2.4.2. 
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Figure 2.12: Result of empirical-based tuning of parameters and comparison to experimental data 

for a FAM with (a) slenderness ratio of 8 and (b) slenderness ratio of 10. Forces for 0 kPa, 34.5 kPa, 

68.9 kPa, 103.4 kPa, and 137.9 kPa are measured and used to optimize the parameters specified in 

Table 2.1. The Young’s modulus, collapse moment, and transition rate constant are independent of 

pressure, while the torsional spring stiffness varies with pressure. 

 

2.6 Bundle Free Strain Gradient Reversal 

The force-strain plots shown in Section 2.4 of this paper illustrate an interesting 

phenomenon that occurs within a bundle when resistive forces are considered. When MU 1 reaches 

source pressure, MU 2 is activated and the bundle transitions between recruitment states 1 and 2. 

Once MU 2 is activated, the overall bundle free strain actually begins decreasing because resistive 

forces are stronger in low-pressure FAMs than inactive FAMs. As MU 2 pressure is further 

increased, the free strain continues to decrease, until eventually, the kinematic forces generated by 

the FAM in MU 2 overcome the resistive forces, and free strain begins to increase. We call this 

phenomenon free strain gradient reversal, and the point at which the free strain ceases to decrease 

due to the presence of MU 2 is called the free strain gradient reversal point. This idea can be more 

clearly illustrated in Figure 2.13, which is a plot of overall bundle free strain vs. MU 2 pressure 



   

 

42 

 

for different models: the ideal model, the Klute-Hannaford model [18], the corrected Klute-

Hannaford model neglecting resistive forces discussed in Section 2.5.1, and the corrected Klute-

Hannaford model including resistive forces, as well as a plot for a 2-MU experiment. The 

experiment results shown in Figure 2.13 are measurements obtained from the FAM with a 

slenderness ratio of 10 in Section 2.5.4. 

 

Figure 2.13: Free strain of actuator bundle versus pressure applied to MU 2 shown for the ideal 

model, the Klute-Hannaford model [18], the corrected Klute-Hannaford model neglecting resistive 

force, the Klute-Hannaford model including resistive forces, and experimental data. The pressure of 

MU1 is kept constant at 344.7 kPa. The free strain initially decreases in response to increased 

pressure in the second recruitment state.  

 From Figure 2.13, we can see that previous models did not capture the gradient 

reversal phenomenon that exists due to the presence of resistive forces, but the model presented in 

this paper demonstrates this behavior. Every data point from the experiments falls within 10 

percent of the predicted values, with the exception of one, which falls within 15 percent. The 

differences between the model and the experiment are believed to be largely due to fabrication 

uncertainties in the FAMs, which were constructed to be identical, but may have had slightly 
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different free lengths or initial braid angles. Such fabrication discrepancies result in slightly 

different blocked force and free strain for the two FAMs, leading to a different bundle blocked 

force and free strain than that predicted by the model. We can investigate this gradient reversal 

further by considering the purely analytical case of an actuator bundle consisting of 5 FAMs. We 

compare two different bundle configurations: one bundle with 2 MUs (MU1 having 1 FAM and 

MU2 having 4 FAMs) and another bundle with 5 MUs (1 FAM per MU). The comparison plot of 

these two bundle configurations is shown in Figure 2.14. The experimental results for a FAM with 

slenderness ratio 10 from Section 2.5.4 are used to generate these plots. Similar to the 2-MU bundle 

in Figure 2.13, the pressure of MU1 is kept at 344.7 kPa. 

 

Figure 2.14: Model comparison of bundle free strain vs. the MU pressure while transitioning between 

recruitment states 1 and 2 for a bundle consisting of 5 FAMs. 𝑷𝒏 denotes the pressure applied to MU 

𝒏. The black line represents a bundle with two MUs, one containing a single FAM and the other 

containing four FAMs. The colored lines represent the different recruitment states of a five-FAM 

bundle that consists of 5 MUs (i.e., one FAM per MU).  
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The results from Figure 2.14 show that for the 2-MU bundle configuration, the reduction 

in free strain due to the resistive forces during the transition from recruitment state 1 to recruitment 

state 2 is much more pronounced than the reduction in free strain associated with transitioning 

from recruitment states 1 through 5 for the 5-MU bundle. This result is particularly significant 

when considering bundle design, because we can change the characteristics of a bundle without 

changing the number of FAMs in the bundle simply by changing the distribution of MUs within 

the bundle. In future work, we will investigate optimal methods to distribute these MUs to 

accomplish specific actuation tasks. 

 

2.7 Conclusions 

In this paper, the reaction forces of FAMs compressed axially past free strain, defined in 

this paper as resistive forces, have been modeled. Furthermore, the effect of resistive forces on the 

overall performance of a variable recruitment bundle was brought to attention. The resistive force 

of a FAM is divided into two regions: post-buckling and post-collapse. In the post-buckling region, 

the additional force required to bend the bladder into the post-buckling shape was derived using a 

virtual work balance. To account for geometric imperfections and axial deformation of the bladder, 

an equivalent spring system was proposed to refine the force in the post-buckling region. The 

termination of the post-buckling region is determined by when the internal moment generated in 

the bladder exceeds the collapse moment. After the bladder collapses, a similar approach is taken 

for the post-collapse region, in which a clamped-hinged-clamped mode shape is used to calculate 

the force required to bend the bladder into that shape. A first-order response is used in the post-

collapse region to approximately capture the transition from post-buckling to post-collapse 

behavior. 
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To further improve the model to better match experimental results, a technique that uses 

two pressure-dependent tuning parameters to correct for the discrepancy in blocked force and free 

strain was proposed for forces up to free strain. Unlike other methods in the literature, the proposed 

method can modify the mesh and bladder force components. After tuning the parameters for forces 

up to free strain, several parameters of the proposed resistive force model are optimized using 

empirical data. The Young’s modulus, collapse moment, and transition rate constant were 

determined to be constant for a given FAM geometry and independent of pressure. Only the 

torsional spring stiffness used in the post-collapse model was shown to be pressure-dependent. As 

a result, a viable semi-empirical physics-based model was validated with experimental results.  

The force-strain space for a bundle with two recruitment was simulated to show an 

overlapping region between recruitment state 1 and 2, which was not observed until resistive forces 

were considered. An efficiency comparison between bundles with and without resistive forces 

showed a negligible amount of difference in both isobaric and isotonic efficiency, indicating that 

the presence of resistive forces in FAM bundles do not preclude variable recruitment from be used 

as energy-saving strategy. As the number of recruitment states increased, the slenderness ratio of 

FAMs increased, resulting in a decrease in resistive force magnitude. The addition of the resistive 

force exerted by the inactive/low-pressure MUs to the force output of active MUs results in a 

strain-dependent change in performance when advancing to a higher recruitment state. This free 

strain gradient reversal is significant when considering the problem of how to optimize bundle 

design how to develop control criteria for switching in between recruitment states, which is to be 

investigated in future work. 

The post-buckling load-deflection behavior of an inflatable tube under axial load is a topic 

of extensive research and not a simple problem when applied to FAMs. However, a relatively 
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simple solution can be derived using the assumptions in this paper that will allow us to better 

evaluate bundle performance and design more effective variable recruitment controllers. 
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CHAPTER 3 

Electrohydraulic system analysis of variable recruitment fluidic artificial muscle bundles 

with interaction effects 

This study investigates the system-level performance of variable recruitment (VR) fluidic 

artificial muscle (FAM) actuator bundles using a model that incorporates FAM interaction effects. 

Previous models that characterize FAM force-strain behavior focus on output in the tensile region. 

While such models are effective in single-FAM actuator applications, a VR bundle combines 

multiple FAMs to act as one actuator in which the FAMs are sequentially recruited to increase 

overall efficiency. This approach is similar to how muscle fibers are recruited in mammalian 

muscle tissues. In a VR bundle, inactive/low-pressure FAMs are compressed beyond their free 

strains, exerting resistive forces opposing that of active FAMs. A recent model that is able to 

capture this behavior is used to simulate sinusoidal contraction of a VR bundle with a hanging 

mass load. The implications of inter-FAM effects on the force-strain space of a VR bundle are 

discussed and a method of recruitment state transition for a VR bundle to track a sinusoid is 

proposed. The dynamics of the electrohydraulic subsystems such as the motor/pump and valves 

required to power the VR bundle are presented and used to evaluate its system efficiency and 

bandwidth limits. Three different electrohydraulic configurations are considered: 1) continuous 

motor operation with constant pump displacement, 2) intermittent motor operation with constant 

pump displacement and 3) continuous motor operation with variable pump displacement. The 

simulation results show that a VR bundle is able to operate at greater bandwidths compared to a 

single equivalent cross-section area motor unit (SEMU). In addition to increased bandwidth limit, 

a VR bundle shows increased system efficiencies when using variable pump displacement.  
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3.1 Introduction 

McKibben actuators, often referred to as fluidic artificial muscles (FAMs) are inherently 

compliant actuators known for their high power-to-weight ratio [1], [14]. These actuators were 

created by Joseph McKibben in 1958, motivated to aid his daughter whose hands had been 

paralyzed due to polio. As its moniker suggests, FAMs were created to mimic the contractile 

motion of the human muscle, which still motivates researchers today to investigate its application 

to exoskeletons, orthotics and prosthetics [4], [24], [25]. A FAM consists of a double-helical fiber 

mesh wrapped around an inner elastic bladder. While one end of the bladder is blocked off, the 

other end is connected to a fitting through which pressure is applied. The FAM is activated by 

applying pressure, either pneumatically or hydraulically, causing the mesh to constrain the bladder 

to expand radially and contract axially.  

Although originally intended as a contractile actuator, modifications can be made to FAMs 

to produce other modes of actuation. Increasing the angle at which the mesh fibers are helically 

wrapped around the elastic bladder can alter the FAM to produce extensile motion [2]. Adding 

inelastic layers to the mesh allows the actuator to bend or twist [3], [45]. Other researchers have 

focused on the arrangement of multiple FAMs in different configurations. Conventional use of 

FAMs considers them as individual single-acting actuators with a single FAM applying 

unidirectional force to a joint or an antagonistic pair of FAMs producing bidirectional actuation. 

Others, however, have taken inspiration from parallel or pennate human muscle tissue topologies 

to view each FAM as a subcomponent of a single multi-unit actuator, much like how each natural 

muscle organ consists of multiple motor units (MUs) that act together to produce unidirectional 

force and displacement on a joint [7]. Kurumaya et al. developed a multifilament muscle actuator 

by bundling multiple thin FAMs to actuate a musculoskeletal robot [46]. Bryant et al. created a 
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FAM bundle using multiple FAMs in parallel with added variable recruitment (VR) functionality 

[9]. The FAMs within the bundle can be grouped into independently-activated units of actuation, 

which are equivalent to the MUs in biological muscle tissue. According to Henneman’s size 

principle, MUs are sequentially recruited from smallest to largest in size and the subsequent MU 

is only activated when the previous MU has reached its peak force output [10]. Inspired by this 

recruitment scheme, the MUs within the FAM bundle are sequentially activated to meet the load 

demand. Compared to a single larger FAM with equal total cross-sectional area, this VR bundle 

can increase the average efficiency over the force-strain working space by reducing the energy 

losses due to pressure throttling during submaximal pressure actuation [9]. The performance 

increase of VR bundles has been experimentally validated for both pneumatic and hydraulic power 

sources [9], [30]. Different schemes of MU activation have also been investigated. In ‘batch’ 

recruitment, a single pressure control valve and multiple on-off valves are used to control the 

pressure of MUs, while in ‘orderly’ recruitment, the pressure of each MU is controlled separately 

and activated sequentially. This scheme can either be implemented by using a pressure valve for 

each MU, or by using a single orderly recruitment valve (ORV), which decreases fluid circuit 

complexity by using fewer valves [47]. In addition to such ‘active’ recruitment schemes, the 

bladder elastic properties can be separately tailored for each MU to passively recruit them in a 

desired sequence [48]. Real-time control schemes for variable recruitment have been developed 

and tested [30], [41].  

Previous studies have mainly focused on the downstream actuator efficiency comparing 

the mechanical work output to the fluid energy input into the pressure control valve [9], [10]. Later 

studies have modeled the entire electrohydraulic system including the motor, pump and 

accumulator required to supply hydraulic power [13], [27]. Such studies compare the mechanical 
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work output of the actuator to the electrical energy input to the motor during a set period of time, 

providing a more holistic perspective of the performance when VR is applied to a robotic system. 

Chapman et al. showed that a FAM operating at its peak efficiency does not necessarily guarantee 

the peak efficiency of the overall system by building and modeling a quadrupedal wall-climbing 

robot and its fully-coupled electrohydraulic system [27]. A subsequent study compared system-

level performance metrics such as overall efficiency and bandwidth of a FAM with equal cross-

sectional area to that of a VR bundle during continuous and intermittent pump electrohydraulic 

configurations [13]. In these studies, a modified version of the ideal FAM model that takes into 

account the nonlinear properties of the inner elastic bladder were used to simulate the overall 

bundle force and strain [19], [49].  

Recently, a FAM model that better captures the interaction effects between FAMs within 

a bundle has been proposed [21]. Due to the sequential manner in which bundle MUs are recruited, 

inactive or partially active FAMs within a bundle experience compression beyond their free 

strains, exerting ‘resistive forces’ acting against the overall force output of the bundle. In the 

physical system, the inactive/partially active FAMs tend to buckle outward, increasing the spatial 

envelope of the bundle. Several mitigation strategies have been implemented to prevent the FAMs 

from buckling. Embedding the bundle in silicone proved effective in inhibiting FAMs from 

buckling but decreased strain output [9]. Using tendons in series with the FAMs prevented 

buckling and thus increased overall bundle volumetric energy density while increasing efficiency 

in some portions of the bundle force-strain space at the expense of others [50]. Although such 

mitigation strategies can prevent motor unit buckling, they all require additional components and 

material as compared to a plain FAM bundle and come with tradeoffs in maximum bundle 

contraction and efficiency. This study first aims to address the challenges posed by bundle FAM 
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interaction effects without taking such measures. Using a FAM model that accounts for resistive 

effects gives insight into the overall force-strain space of a VR bundle that is not evident when 

using simpler models. The purpose of this study is to investigate the implications of these inter-

FAM effects on the recruitment control strategy required to track a desired trajectory and to 

evaluate the full electrohydraulic system efficiency of a variable recruitment FAM bundle in the 

presence of inter-FAM effects with several pump operation architectures. The specific 

contributions of this paper are to (1) demonstrate the effects resistive force and electrohydraulic 

system dynamics on recruitment state transition, (2) integrate pressure control valve dynamics and 

the effects of a variable displacement pump into a fully-coupled system model and (3) evaluate the 

system efficiency and bandwidth of a VR bundle actuator with inter-FAM effects and under 

various electrohydraulic configurations.   

The subsequent sections of the paper are organized in the following way. In Section 3.2, 

the FAM model used in this study and the electrohydraulic subsystem models are presented. The 

implications of resistive forces and electrohydraulic system dynamics during recruitment state 

transition are discussed in Section 3.3. In Section 3.4, the metrics for which the system 

performance is evaluated in presented, followed by the three different simulation electrohydraulic 

configurations. The simulation results from the different configurations are presented and 

compared. The conclusions of the paper are presented in the final section.   

 

3.2 Modeling 

3.2.1 Fluidic artificial muscle (FAM) modeling with resistive forces 

Modeling of FAM behavior has evolved over the years. Chou and Hannaford used a virtual 

work balance approach to model a FAM’s axial contractile behavior imposed by the kinematic 
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constraint of the double helix braided mesh [19]. This model is often referred to as the ideal FAM 

force-strain model as it assumes the FAM as a perfect cylinder throughout the entirety of its 

contractile motion and that forces exhibited by the elasticity of the bladder are negligible. The ideal 

FAM model is expressed as: 

 
𝐹𝑖𝑑𝑒𝑎𝑙 =  𝐹𝑚𝑒𝑠ℎ = 𝜋𝑟0

2𝑃 (
1

𝑡𝑎𝑛2𝛼0
(𝜀 − 1)2 −

1

𝑠𝑖𝑛2𝛼0
), (3.1) 

where 𝑃 is the pressure applied, 𝑟0 is the initial radius of the braid, 𝛼0 is the initial braid angle, and 

𝜀 is the strain of the FAM. researchers have further developed this model to include the tapered 

geometry of the bladder during contraction, wall thickness of the bladder, and bladder elasticity 

[14], [17], [49]. Rather than using a virtual work balance approach, some FAM models use a force 

balance approach to model a FAM’s force output [15], [16].  

Among the FAM models in the literature, this study uses the model proposed by Kim et al. 

[21], which expands the model by Klute and Hannaford [18] to strains past the free strain condition 

to include forces generated when the FAM is compressed. In the tensile region, the resistive force 

model is identical to the model by Klute and Hannaford, expressed as: 

 
𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑚𝑒𝑠ℎ + 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟 = 𝑃

𝑑𝑉

𝑑𝐿
− 𝑉𝑏

𝑑𝑊

𝑑𝐿
, (3.2) 

where 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟 is the force contribution due to the hyperelasticity of the bladder and 𝑉𝑏 is the 

volume of the incompressible bladder. The Mooney-Rivlin strain energy function, 𝑊, is used to 

characterize the energy stored and the principle of virtual work is applied to model the elastic 

bladder force. As the FAM is compressed past its free strain, it initially exhibits buckling behavior 

for which the force is expressed as: 

 
𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑚𝑒𝑠ℎ

′ + 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟(𝜀𝑓𝑟𝑒𝑒) + 𝐹𝑏, (3.3) 
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where 𝐹𝑚𝑒𝑠ℎ
′  is the braided mesh force using the arc length of the FAM in its buckled shape and 

𝜀𝑓𝑟𝑒𝑒 is the free strain. 𝐹𝑏 is the bladder force in the axial direction required for static equilibrium 

of the bladder to maintain its buckled shape, calculated using the total potential energy stored. As 

the FAM is compressed further, the internal moment generated along the FAM reaches a critical 

value, at which the FAM collapses and folds upon itself. The forces after the FAM have collapsed 

is expressed as:  

 
𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑐 + (𝐹𝑏 − 𝐹𝑐)−𝛽(𝜀−𝜀𝑐)   (3.4) 

where 𝐹𝑐 is the axial force of the bladder in its collapsed shape and 𝜀𝑐 is the strain at collapse. The 

transition from buckled to collapsed regions is characterized by 𝛽 which is tuned based on 

parameter optimization. The Kim et al. resistive force FAM model captures the behaviors of and 

predicts the forces exerted by the FAM in both tensile and compressive regimes. For applications 

in which FAMs are used as stand-alone actuators, the axial force behavior past free strain may not 

be of interest. However, in predicting the overall force output of a VR FAM bundle, these negative 

forces must be considered. Depending on the recruitment state, FAMs within a bundle may be in 

a combination of fully active (maximally pressurized), partially active (submaximally 

pressurized), or inactive (unpressurized) states. In a situation when fully active FAMs and 

inactive/partially active FAMs coexist, the latter FAMs are compressed beyond their free strain 

exerting a force opposing the force output of the active FAMs. For this reason, the negative force 

is also referred to as the resistive force. Figure 3.1 illustrates a bundle with two FAMs, at an 

instance when one FAM is fully active (right) while the other is only partially active (left). The 

fully active FAM generates force while the partially active FAM contributes resistive force. 



   

 

54 

 

 

Figure 3.1: FAM bundle consisting of two FAMs. The fully active FAM (left) outputs contractile force 

while the partially active FAM (right) contributes resistive force that opposes that of the fully active 

FAM.  

Figure 3.2 shows the isobaric force-strain curve of a FAM including the resistive forces. 

At the blocked force condition, the FAM force is at its maximum. As strain increases, the force 

output decreases, eventually reaching zero at its free strain condition according to (3.2). As strain 

is increased past free strain and the FAM begins to buckle outward, the FAM exerts a resistive 

force shown by the negative region.  Further compression causes the FAM to collapse, which is 

when the magnitude of resistive force is largest. Immediately following collapse, the magnitude 

of resistive force decreases and eventually approaches the axial force of the collapsed force 𝐹𝑐 

from (3.4).    
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Figure 3.2: Force versus strain curve for a fluidic artificial muscle (FAM) including the compressive 

region. FAMs within a variable recruitment (VR) bundle experience compression past its free strain. 

The FAM begins to buckle outward until the internal moment generated in the bladder causes the 

bladder to collapse [21]. The dimensions for the FAM used to generate this plot are listed in Table 

3.1. 

 

Figure 3.3 illustrates the effects of resistive forces on the force-strain space of a VR bundle 

with two recruitment states. The bundle consists of two FAMs of equal dimensions, each 

representing one MU. The isobaric force-strain curves at various pressures are plotted as predicted 

by the model with resistive forces included and compared to the model prediction with resistive 

forces neglected. In recruitment state 1 (RS1), only one MU is either partially or fully activated. 

In recruitment state 2 (RS2), the first MU is fully activated while the second MU is partially or 

fully activated. The main difference between the force-strain space of the VR bundle when 

resistive forces are included and when they are neglected is shown by an overlapping region 

between RS1 and RS2. When resistive effects are neglected, the force-strain space of RS1 and RS2 
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do not overlap. During the transition from RS1 to RS2 when the first MU has reached its maximum 

pressure, any additional pressure supplied to the second MU either maintains or increases the force 

output of the bundle. However, in a more realistic case when resistive forces are considered, an 

initial increase in the pressure of MU2 results in a decrease in bundle force output. Due to the 

negative forces exerted by the second MU, which is in compression, the force generated in RS2 at 

low MU2 pressures falls below that generated in RS1. A detailed discussion of this overlapping 

region has been presented in the paper by Kim et al. [21]. The present study presents the 

implications of the electrohydraulic system dynamics, resistive forces and the resulting 

overlapping recruitment state region on controlling bundle strain and force to track a desired 

motion trajectory under VR. 

 

(a) (b) 

Figure 3.3: Force-strain space for variable recruitment (VR) bundle with two recruitment states 

when (a) neglecting resistive forces and (b) including resistive forces. Isobaric force-strain curves are 

plotted at 68.9 𝑲𝑷𝒂 (10 𝒑𝒔𝒊) intervals from 0 𝑲𝑷𝒂 to 551.6 𝑲𝑷𝒂 (80 𝒑𝒔𝒊). Pressure magnitude is 

indicated by line width with thicker lines representing higher pressures. Due to the presence of 

resistive forces, an overlapping region, shown as the shaded region in (b), exists between recruitment 

states 1 and 2.  
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While the mathematical model itself provides qualitative information and shows similar 

trends to experimental measurements of FAM behavior past free strain, more refined modeling 

matching is required for model-based control applications. Isobaric force-strain curves for the 

FAMs used in this study have been measured and compared to the model. Figure 3.4 shows the 

result of using empirically-based correction factors to improve model matching to actual 

measurements. The method for model tuning using experimental data is presented in the paper by 

Kim et al. [21] and the FAM parameters and correction factors used are summarized in Table 3.1.  

 

(a) (b) 

Figure 3.4: Measured force versus strain of fluidic artificial muscle (FAM) compared to model with 

empirically-based tuning correction factors for (a) the entire force-strain space and (b) close-up of 

resistive forces. Model predicted force-strain curves are shown in solid lines and measured values are 

indicated in markers.  
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Table 3.1: Fluidic artificial muscle (FAM) parameters and empirical-based tuning correction factors. 

FAM dimensions 

Initial inner radius (𝑚) 𝑟0 0.0063 

Initial thickness (𝑚) 𝑡0 0.0016 

Initial braid angle (°) 𝛼0 33 

Initial length (𝑚) 𝐿0 0.2286 

Empirically-based 

tuning correction 

factors [21] 

Young’s modulus - 1.25 

Collapse moment - 0.8 

Torsional spring constant - 0.87P + 1.25 

Transition constant 𝛽 100 

 

 

3.2.2 Electrohydraulic system modeling 

3.2.2.1 Hydraulic servo control valve subsystem 

The flowrate through the valve orifice is determined by the flow dynamics of the hydraulic 

servo valve controlling the MU, expressed as: 

 
𝑄𝑣 = 𝑐𝑣𝑑𝑣𝑠𝑔𝑛(𝑃𝑎𝑐𝑐 − 𝑃𝑣)√|𝑃𝑎𝑐𝑐 − 𝑃𝑣|, (3.5) 

where 𝑑𝑣 is the port diameter, 𝑃𝑎𝑐𝑐 is the accumulator pressure and 𝑃𝑣 is pressure immediately after 

the valve. The flow coefficient, 𝑐𝑣, is calculated using the nominal flowrate, 𝑄𝑁, and nominal 

pressure drop, ∆𝑝𝑁, across the maximum port diameter, 𝑑𝑣,𝑚𝑎𝑥 [51].  

 
𝑐𝑣 =

𝑄𝑁

√∆𝑝𝑁/2 ∙ 𝑑𝑣,𝑚𝑎𝑥

 (3.6) 

The flowrate into the MU is then determined by the pressure out of the valve and the hose 

dimensions connecting the valve to the MU according to the Hagen-Poiseuille Law under steady 

and laminar flow assumptions [52]. 
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𝑄𝑀𝑈 =

𝜋𝑟𝑐,𝑑𝑜𝑤𝑛
4

8𝜂

𝑃𝑣−𝑃𝑀𝑈

𝑙𝑐,𝑑𝑜𝑤𝑛
, (3.7) 

𝑟𝑐 and 𝑙𝑐 are conduit radius and length downstream of the servo valve, respectively. 𝜂 is the 

dynamic viscosity of hydraulic oil [52]. 𝑃𝑀𝑈 is the pressure applied to a MU. In later sections, the 

subscript is used to denote the MU number. (i.e. 𝑃𝑀𝑈1 is the pressure applied to the first MU.) The 

inflow of fluid into a MU as governed by (3.7) is used to determine its pressure dynamics. The 

MU force and strain is determined by the pressure as a result of compression of MU internal fluid. 

The pressure dynamics of the MUs are expressed as below: 

 𝑑𝑃

𝑑𝑡
= 𝐸′

𝑄𝑀𝑈−𝑉̇𝑀𝑈

𝑉𝑀𝑈
, (3.8) 

where 𝑉𝑀𝑈 is the MU internal fluid volume and 𝐸′ is the effective bulk modulus of fluid. The 

effective bulk modulus is used to capture the effect of entrained air and pressure-dependent 

characteristics.  

 
𝐸′ = 𝐸𝑚𝑎𝑥[1 − 𝑒(−0.4 − 2×10−7𝑃)] (3.9) 

The instantaneous accumulator pressure is expressed as: 

 
𝑃𝑎𝑐𝑐 =

𝑃𝑎𝑐𝑐,0(𝑉𝑎𝑐𝑐,0+ 𝑉𝑑𝑜𝑤𝑛+ 𝑉𝑢𝑝)

(𝑉𝑎𝑐𝑐,0+ 𝑉𝑑𝑜𝑤𝑛+ 𝑉𝑢𝑝− 𝑉𝑚+𝑉𝑝)
, (3.10) 

where 𝑃𝑎𝑐𝑐,0 and 𝑉𝑎𝑐𝑐,0 are the initial pressure and volume of the accumulator, respectively. 𝑉𝑑𝑜𝑤𝑛 

is the amount of fluid volume downstream of the servo valve while 𝑉𝑢𝑝 is the upstream fluid 

volume. 𝑉𝑚 denotes the fluid volume in the FAMs, which is a function of its strain. Lastly, 𝑉𝑝 is 

the amount of fluid volume delivered by the pump/motor.  
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3.2.2.2 Pump and motor subsystem 

A brushless DC motor and hydraulic axial pump subsystem is considered assuming 

constant voltage operating condition [13]. Given motor parameters and voltage applied, the current 

rate of change, 𝐼,̇ is expressed as: 

 
𝐼̇ =

𝑉𝑚𝑜𝑡𝑜𝑟−𝑘𝑏𝜃̇−𝐼𝑅

𝐿
, (3.11) 

where 𝑉𝑚𝑜𝑡𝑜𝑟 is the voltage applied to the motor, 𝑘𝑏 is the back electromotive force (EMF) 

constant, 𝜃̇ is the rotational speed output of the motor, 𝑅 is the terminal resistance and 𝐿 is the 

motor inductance. Based on a first principles analysis of a DC motor operating on constant voltage 

[53], the rotational acceleration of the motor output shaft, 𝜃̈, can be expressed as: 

 
𝜃̈ =

𝑘𝑒𝐼−𝐵𝑚𝜃̇−𝜏𝑝

𝐽
, (3.12) 

where 𝑘𝑒 is the motor torque constant, 𝐵𝑚 is the frictional damping coefficient and 𝐽 is the rotor 

moment of inertia. The motor torque, 𝜏𝑝, which is equal to the pump impeller torque, is expressed 

as: 

 
𝜏𝑝 =

𝑃𝑎𝑐𝑐𝐷

2𝜋
, (3.13) 

where 𝑃𝑎𝑐𝑐 is the accumulator pressure and 𝐷 is the pump displacement. The motor parameters 

and operating characteristics were adapted from a 20W Maxon motor (BRx42-40) with a nominal 

voltage rating of 12 𝑉 and are shown in Table 3.2.  
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Table 3.2: Valve, motor, conduit, and hydraulic oil parameters. 

Nominal flowrate (𝑙 𝑚⁄ ) 𝑄𝑁 63 

Nominal pressure drop (𝑘𝑃𝑎) ∆𝑝𝑁 350 

Max. port diameter (𝑚) 𝑑𝑣,𝑚𝑎𝑥 0.001 

Max. bulk modulus of hydraulic oil (𝑘𝑃𝑎) 𝐸𝑚𝑎𝑥 1.8 × 106 

Motor voltage (𝑉) 𝑉𝑚𝑜𝑡𝑜𝑟 12 

Back EMF constant (𝑉 ∙ 𝑠/𝑟𝑎𝑑) 𝑘𝑏 0.028 

Terminal resistance (Ω) 𝑅 1.250 

Motor inductance (𝐻) 𝐿 0.89 × 10−3 

Motor torque constant (𝑁𝑚/𝐴) 𝑘𝑒 0.03 

Frictional damping coefficient 
(𝑁𝑚 𝑟𝑎𝑑 ∙ 𝑠⁄ ) 

𝐵𝑚 6.3 × 10−4 

Rotor moment of inertia (𝑘𝑔𝑚2) 𝐽 1.1 × 10−5 

Accumulator initial pressure (𝑘𝑃𝑎) 𝑃𝑎𝑐𝑐,0 1.7 × 10−3 

Accumulator max. pressure (𝑘𝑃𝑎) 𝑃𝑎𝑐𝑐,𝑚𝑎𝑥 1.7 × 10−3 

Accumulator initial volume (𝑚3) 𝑉𝑎𝑐𝑐,0 1.0 × 10−3 

Accumulator max. volume (𝑚3) 𝑉𝑎𝑐𝑐,𝑚𝑎𝑥 1.0 × 10−3 

Hydraulic oil grade - ISO 32 

Downstream conduit radius (m) 𝑟𝑐,𝑑𝑜𝑤𝑛 6.25 × 10−3 

Downstream conduit length (m) 𝑙𝑐,𝑑𝑜𝑤𝑛 0.4572 

Upstream conduit radius (m) 𝑟𝑐,𝑢𝑝 9.5 × 10−3 

Upstream conduit length (m) 𝑙𝑐,𝑢𝑝 1.8288 

Oil dynamic viscosity (𝑁 𝑠 𝑚2)⁄  𝜂 0.2742 

 

 

3.3 Implications of resistive effects and electrohydraulic system dynamics on recruitment 

state transition 

Previous studies have both mathematically and experimentally investigated the force and 

strain generation of a VR bundle and its transition between recruitment states. Jenkins et al. 

implemented a model-based recruitment state switching controller and discusses the 

discontinuities in force and strain that result from modeling errors during transitions [15]. In his 
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study, an empirically-based tuning method was used to smooth out discontinuities in bundle force 

that exist when transitioning to a higher recruitment state. Chapman et al. implemented a strategy 

in which the recruitment state transition occurs when the MUs in the lower recruitment state 

reaches a preset pressure equal to 90% of the maximum pressure [18]. Meller et al. implements a 

recruitment logic state machine to switch between recruitment states with separate thresholds for 

recruitment and de-recruitment [22]. This paper continues to investigate the transition between 

states in a variable recruitment FAM bundle by introducing two contributing factors: resistive 

forces and electrohydraulic system dynamics. In this section, the way these factors affect the force 

and strain during transition are discussed and demonstrated through experiments. Experiments 

were performed on an in-house built hydraulic testing platform called the linear hydraulic actuator 

characterization device (LHACD) as illustrated in Figure 3.5. More details about the 

characterization setup are provided in the paper by Chipka et al. [23]. 

 

Figure 3.5: The linear hydraulic actuator characterization device (LHACD) with fluidic artificial 

muscles (FAMs) used for experiments in this study. 
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3.3.1 De-slack pressure 

As presented in Section 3.2.1, inactive/low-pressure FAMs under compression exert 

resistive forces that act against fully active ones. A transition to a higher recruitment state is 

required when the MU of the current recruitment state is saturated and force and/or strain is 

required from the subsequent MU. Thus, at the initiation of the recruitment state transition, the 

current MU has fully contracted and the FAMs in the subsequent MU are buckled outwards. In 

order for the subsequent MU to generate additional bundle force and/or strain, the subsequent MU 

must reach a de-slack pressure, at which the subsequent MU is no longer buckled and its strain 

has caught up to the strain of the current MU. Figure 3.6 shows the de-slack pressures of MU2 

calculated from the model presented in Section 3.2.1 and measured from experiments. Using the 

LHACD, two MUs were bundled in parallel, and the force and strain of the bundle were measured. 

Figure 3.6 (a) and Figure 3.6 (b) show analytical results given by the model. The pressure of MU1 

is held constant at 1379.0 kPa (200 psi) in Figure 3.6 (a) and 1723.7 kPa (250 psi) in Figure 3.6 

(b). Two values of MU1 pressure are shown to demonstrate that the de-slack pressure is dependent 

on the strain of MU1 and independent of its pressure. For both MU1 pressures, the strain is held 

constant at three different values: 0.2 (blue), 0.225 (red) and 0.25 (magenta). The overall bundle 

force is plotted for different values of MU2 pressures. When MU2 pressure is zero, MU2 is in the 

buckled state. As pressure increases, MU2 remains buckled until it has reached the de-slack 

pressure indicated by a circle marker. The de-slack pressure is plotted for a range of bundle strain 

and shown in Figure 3.6(c) along with experimental data for the three different strain values.  
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(a) (b) 

 

(c) 

Figure 3.6: Overall bundle force output versus MU2 pressure when MU1 pressure is kept constant 

at (a) 1379.0 kPa (200 psi) and (b) 1723.7 kPa (250 psi.) The MU2 pressure at which MU2 is able to 

provide additional force to the bundle is the de-slack pressure of MU2, indicated by markers on (a) 

and (b). The de-slack pressure of MU2 is dependent on the overall bundle strain as shown by (c).  

 

  

𝑃𝑀𝑈1 = 1,379.0 𝑘𝑃𝑎 (200 𝑝𝑠𝑖) 𝑃𝑀𝑈1 = 1,723.7 𝑘𝑃𝑎 (250 𝑝𝑠𝑖) 
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3.3.2 Resistive forces and pressure compensation 

Whenever MU2 is below the de-slack pressure, the buckled FAMs exert resistive forces. 

This effect is visible in Figure 3.6 as a decrease in the overall bundle force when the MU1 pressure 

is held constant and the MU2 pressure is increased up to the de-slack pressure. This decrease in 

bundle force can be prevented via pressure compensation of MU1; i.e. increasing the pressure 

applied to MU1 while MU2 is being de-slacked. Thus, for a pressure of MU2 below de-slack 

pressure, there is a corresponding compensation pressure of MU1 that counteracts the resistive 

forces from MU2. Figure 3.7(a) shows the overall bundle force for a constant MU1 pressure of 

1379.0 kPa (200 psi) and varying MU2 pressures. The source pressure is set at 1723.7 kPa (250 

psi). Figure 3.7(b) shows the required pressure of MU1 for pressure compensation. For pressure 

compensation to be effective, the maximum additional pressure required of MU1 must be below 

the instantaneous pressure margin, defined as: 

 
𝑃𝑚𝑎𝑟𝑔𝑖𝑛 = 𝑃𝑠𝑜𝑢𝑟𝑐𝑒 − 𝑃𝑀𝑈, (3.14) 

For MU2 pressures that require additional MU1 pressures that are greater than the 

instantaneous pressure margin, the pressure of MU1 becomes saturated by the source pressure and 

MU1 is unable to provide enough force to counteract the resistive force of MU2.  
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Figure 3.7: Result of pressure compensation using MU1 pressure. The pressure required by MU1 to 

compensate for the resistive force of MU2 is plotted as a function of MU2 pressure. The conditions 

for the solid magenta curve shown in (a) are identical to that of the magenta curve of Figure 3.6(a). 

 

3.3.3 Electrohydraulic system dynamics and recruitment lag 

Electrohydraulic system dynamics as modeled in Section 3.2, limit the fluid flowrate and 

the rate of increase of pressure. This results in a lag between when pressure is first applied to a 

MU and when it begins to provide positive force and strain to the bundle. Figure 3.8 plots an 

example of model predictions and experimental measurements for the pressure history of a FAM 

with parameters specified in Table 3.1, connected to the LHACD. Initially, the servo valve is fully 

closed and at 𝑡 = 0, the servo valve is given a step command to fully open.  
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(a) (b) 

 

(c) 

Figure 3.8: Comparison of (a) model and (b) experimental measurements of fluidic artificial muscle 

(FAM) open loop pressure growth when valve is fully open at 𝒕 = 𝟎. The strain measurements from 

the LVDT sensor along with its model prediction are shown in (c). 

The model-predicted pressure growth is shown in Figure 3.8(a) while experimental 

measurements are shown in Figure 3.8(b). The model-predicted and experiment pressures 

upstream of the servo valve are shown as well. As the valve is opened, the upstream pressure 

immediately drops to equalize the upstream and downstream pressures. However, the fluid stored 

in the accumulator and additional fluid input from the motor/pump allows both the upstream and 
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downstream pressures to increase according to pressure dynamic equations given by (3.8). The 

discrepancy between the model and experiment pressure growth is due to fluid inertia that is not 

modeled in this study. However, the model is able to capture the trend of fluid flow between 

upstream and downstream circuits and the initial pressure growth rate. In a recruitment state 

transition, these effects result in a recruitment lag, which we define as the time from initial MU 

activation until the MU reaches its de-slack pressure and is able to begin contributing force output 

to the bundle. Therefore, to prevent this recruitment lag from causing tracking error during 

recruitment state transitions (which has been reported in prior implementations of variable 

recruitment [22]), the MU being recruited must be activated sufficiently prior to when additional 

bundle force is required to track the desired joint trajectory. The recruitment lag, and therefore the 

minimum amount of time that MU activation must begin before the MU force contribution is 

needed, is not constant and varies with the instantaneous states of the electrohydraulic system and 

the strain in the bundle. In this study, inverse dynamics is used to determine the required MU 

pressures for prescribed sinusoidal trajectories of various amplitudes and frequencies at every 

instant of time. Then, the electrohydraulic system dynamics required to generate those required 

pressures are simulated for the purpose of evaluating and comparing system metrics such as 

efficiency and bandwidth. Because the trajectories are prescribed, the time at which force and 

strain from MU1 becomes saturated is known. In other words, the required time to saturation is 

known at every instant in time. Making use of this information and calculating the required 

pressure margin and recruitment lag at each instant of time, the time at which MU2 should be 

activated to mitigate resistive effects and flowrate restrictions due to the electrohydraulic system 

dynamics is determined. In summary, we set MU activation to begin when at least one of the 

following two criteria is met; 1) when the additional pressure required for compensation becomes 
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greater than the instantaneous pressure margin, or 2) the recruitment lag becomes greater than time 

to saturation.  

 

3.4 Simulation results and evaluation of system performance 

3.4.1 System efficiency and bandwidth limit 

The system efficiency of interest is the ratio between the mechanical work output of the 

actuator and the electrical energy consumed by the motor. During the prescribed sinusoidal motion 

output of the actuator, the mechanical work done as the actuator contracts, i.e. as the applied load 

is moved opposing gravity, is of interest.    

 
𝑊𝑚𝑒𝑐ℎ.𝑜𝑢𝑡 = ∫ 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑑𝑥, (3.15) 

where 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 is the overall force output of the actuator. The electrical energy input into the 

motor is expressed as: 

 
𝐸𝑒𝑙𝑒𝑐,𝑖𝑛 = ∫ 𝑃𝑚𝑜𝑡𝑜𝑟 𝑑𝑡 = ∫ 𝐼𝑉 𝑑𝑡, (3.16) 

where the motor power, 𝑃𝑚𝑜𝑡𝑜𝑟, is the product of motor current and voltage. Finally, the system 

efficiency is defined as the ratio of actuator mechanical work output to motor electrical energy 

input expressed as: 

 
𝜂𝑠𝑦𝑠 =

𝑊𝑚𝑒𝑐ℎ,𝑜𝑢𝑡

𝐸𝑒𝑙𝑒𝑐,𝑖𝑛
. (3.17) 

In addition to system efficiency, the bandwidth limit, which is the maximum operating 

frequency of the system, is evaluated for a single equivalent cross-sectional area motor unit 

(SEMU) and VR bundle with constant and variable pump displacements. A SEMU is defined as a 

single FAM for which the dimensions are chosen such that the blocked force and free strain are 

the same as a VR bundle at its highest recruitment state. The actuator bandwidth is limited by the 
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flowrate and pressure dynamics of the valve. For example, a FAM may be able to contract for a 

single cycle at a high frequency using the fluid stored in the accumulator. However, if the flowrate 

into the accumulator is not able to recharge the accumulator by replacing the depleted fluid and 

pressure in time for the next actuation cycle, the system cannot maintain cyclic operation. 

Therefore, the deciding factor in determining the bandwidth of an electrohydraulic system is the 

ability of the pump to replenish the accumulator volume output within the timespan of a cycle.  

 

3.4.2 Electrohydraulic configuration case studies 

Simulations are performed for various amplitude, frequency and loading scenarios to 

compare the overall system performance metrics such as efficiency and bandwidth. The cases 

considered can be categorized by the type of actuator and the pump operating configuration. The 

two actuator types are the SEMU and the VR bundle. Both actuator types are simulated for two 

different pump operating configurations: constant pump displacement or variable pump 

displacement. After all the results for each case are presented, a comparison of the efficiencies are 

discussed in Section 3.4.2.4. 

The subsystem models presented in Section 3.2 are used to perform fully-coupled dynamic 

simulations of a VR bundle and electrohydraulic power system producing sinusoidal actuation 

under different electrohydraulic configurations. To demonstrate the capabilities of VR, the results 

are compared to that of a SEMU. FAM dimensions for the VR bundle are identical to that of Table 

3.1 and dimensions of the SEMU are summarized in Table 3.3 and remain the same for all cases. 
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Table 3.3: SEMU dimensions and system parameters. 

SEMU 

Initial inner radius (𝑚) 𝑟0 0.0088 

Initial thickness (𝑚) 𝑡0 0.001 

Initial braid angle (°) 𝛼0 33 

Initial length (𝑚) 𝐿0 0.2286 

Initial position (𝑚) 𝑥 0 

Initial velocity (𝑚 𝑠⁄ ) 𝑥̇ 0 

 

3.4.2.1 Case 1: Continuous motor operation with constant pump displacement 

In the first electrohydraulic configuration case considered, the pump displacement remains 

constant while the motor runs continuously. The electrohydraulic system circuit containing the 

subsystems modeled in Section 3.2 is illustrated in Figure 3.9. 

 

 

Figure 3.9: Electrohydraulic system circuit for Case 1: Continuous motor operation with constant 

pump displacement 
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The ratio between flowrate output of the pump and the motor speed remains constant as 

expressed by: 

 
𝑄𝑝 = 𝐷𝑝,𝑐𝑜𝑛𝑠𝑡𝜃̇, (3.18) 

where 𝑄𝑝 is the pump flowrate output and 𝐷𝑐𝑜𝑛𝑠𝑡 is the constant pump displacement. The pump is 

decoupled from the volume requirement of the bundle during actuation. When the accumulator is 

full and has reached its maximum pressure, the excess fluid out of the pump returns back to the 

reservoir through a relief valve. The initial conditions are presented in Table 3.4 and the simulated 

results for both a SEMU and a VR bundle are shown in Figure 3.10.   

 

(a) (b) 

 

(c) (d) 

Figure 3.10: Volume simulation results for (a) single equivalent cross-sectional area motor unit 

(SEMU) and (b) variable recruitment (VR) bundle. The (c) accumulator pressures and (d) motor 

input electrical powers for both SEMU and VR bundle are shown in comparison. A sinusoidal 

contraction with an amplitude of 𝒙 𝑳𝟎 = 𝟎. 𝟐𝟑𝟐⁄  and frequency of 0.25 𝑯𝒛 is simulated with a hanging 

mass weighing 20% of the actuator blocked force (𝒎𝒈 𝑭𝒃𝒇⁄ = 𝟎. 𝟐).   
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A prescribed sinusoidal contraction with frequency of 0.25 𝐻𝑧 and an amplitude of 

𝑥 𝐿0 = 0.232⁄  is tracked for both SEMU and VR bundle cases. For the VR bundle, the sinusoid is 

tracked using the method presented in Section 3.3.1. In case of the SEMU, the required pressure 

or volume is continuous and thus, does not require the anticipation and compensation methods 

previously discussed. A hanging mass weighing 20% (𝑚𝑔 𝐹𝑏𝑓⁄ = 0.2) of the overall actuator 

blocked force attached to the end of the actuator. Initially, the accumulator is at its maximum 

pressure as shown in Figure 3.10(c). While the volume output from the pump into the accumulator 

is greater than that of the actuator, the accumulator pressure remains constant at maximum 

pressure. However, as the volume required by the actuator exceeds the pump output capability, the 

fluid stored in the accumulator is used and thus, the accumulator pressure decreases. Consequently, 

the electrical power required by the motor decreases as the torque required by the pump decreases 

while motor speed increases. The total fluid volumes required for one cycle of contraction are 

equal for both actuators. However, the fluid required by the VR bundle during recruitment state 1 

is lower than that of a SEMU. A sharp increase in volume is observed for the VR bundle when the 

transition from recruitment state 1 to 2 occurs. This difference in required volume impacts the 

bandwidth performance of the actuation system.   
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Table 3.4: System parameters for Case 1: Continuous pump operation with constant pump 

displacement 

   SEMU VR bundle 

Motor 
Initial current (𝐴) 𝐼 0.49 

Initial speed (𝑟𝑎𝑑 𝑠⁄ ) 𝜃̇ 656.7 

Pump Displacement (𝑚𝑙 𝑟𝑒𝑣⁄ ) 𝐷𝑝,𝑐𝑜𝑛𝑠𝑡 0.08 

 

The system efficiency and bandwidth limit for a sinusoidal contraction operating with 

constant pump displacement values of 1.27 × 10−8  m3 rad⁄  (0.08 ml rev⁄ ) and 0.32 ×

10−8  m3 rad⁄  (0.02 ml rev⁄ ) are evaluated by varying its amplitude and frequency and shown in 

Figure 3.11 and Figure 3.12, respectively.  For the higher pump displacement case, the simulated 

range of amplitude is 0.01 m to 0.023 m and a frequency range of 0.2 Hz to 0.8 Hz. The load 

applied is mg Fbf⁄ = 0.2. The color bar limits are equivalent across Figure 3.11 to Figure 3.18 in 

order to make the system efficiencies comparable. For both pump displacement values, the system 

efficiencies for SEMU and VR bundle within the limits of the bandwidth of the SEMU actuator 

are nearly identical with differences less than 0.1%. A similar result has been reported by Chapman 

et al. when using a FAM model neglecting resistive forces [13]. Given the same amplitude and 

frequency, a VR bundle operating in a recruitment state other than its highest recruitment state 

requires less volume relative to a SEMU. The use of less fluid volume translates to less energy 

input and thus increases the downstream actuator efficiency [9]. However, this does not lead to an 

increase in overall system efficiency for this configuration. As shown by the motor/pump 

subsystem (3.11)-(3.13) and demonstrated in Figure 3.10, the motor power is determined by the 

accumulator pressure, as it determines the torque load applied to the motor. The lower volume 

requirement of a VR bundle at lower recruitment states results in a smaller drop in accumulator 
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pressure and thus a slightly lower motor load, to which the minute differences in efficiency 

(<0.1%) can be attributed. However, such differences in torque applied to the motor are negligible 

compared to effects of pump fluid volume loss through the relief valves. The fluid volume output 

from the pump remains nearly identical between a SEMU and VR bundle and is independent of 

the volume requirements of the actuator. Although the system efficiency is marginally affected by 

the low volume requirement of a VR bundle, it broadens the amplitude and frequency space in 

which the actuator can operate. The bandwidth limits for a SEMU and a VR bundle operating at 

its highest recruitment state are identical. However, the bandwidth limit is higher for a VR bundle 

when operating at a lower recruitment state as shown in Figure 3.11. The tradeoff between 

efficiency and bandwidth limit is demonstrated in Figure 3.11 and Figure 3.12 showing the two 

pump displacement values. The frequency range for the low pump displacement case is shown for 

only 0.2 Hz to 0.5 Hz. While a higher pump displacement broadens the actuation frequency range, 

the efficiencies are higher for motions that are within the bandwidth limit of the lower pump 

displacement case.  
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(a) (b) 

Figure 3.11: Comparison of efficiency and bandwidth limit with continuous motor operation and 

constant pump displacement of 𝟏. 𝟐𝟕 × 𝟏𝟎−𝟖  𝒎𝟑 𝒓𝒂𝒅⁄  (𝟎. 𝟎𝟖 𝒎𝒍/𝒓𝒆𝒗) for (a) SEMU and (b) 

variable recruitment (VR) bundle. Applied load is 20% of the actuator blocked force 

(𝒎𝒈 𝑭𝒃𝒇⁄ = 𝟎. 𝟐). 

 

 

(a) (b) 

Figure 3.12: Comparison of efficiency and bandwidth limit with continuous motor operation and 

constant pump displacement of 𝟎. 𝟑𝟐 × 𝟏𝟎−𝟖  𝒎𝟑 𝒓𝒂𝒅⁄  (𝟎. 𝟎𝟐 𝒎𝒍/𝒓𝒆𝒗)  for (a) SEMU and (b) 

variable recruitment (VR) bundle. Applied load is 20% of the actuator blocked force 

(𝒎𝒈 𝑭𝒃𝒇⁄ = 𝟎. 𝟐). 
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3.4.2.2 Case 2: Intermittent motor operation with constant pump displacement 

In the second electrohydraulic configuration considered, the pump operates intermittently 

in response to the accumulator pressure. During continuous motor operation, the excess fluid from 

the pump flows through the relief valve and back to the reservoir, wasting energy. When the 

accumulator pressure is close to or at its maximum value, there is no need for the motor to keep 

running. Therefore, by intermittently turning the motor on and off according to the accumulator 

pressure has potential to reduce energy losses and increase system efficiency. The fluid volumes 

into the actuators and out of the pump as well as the accumulator pressures for both SEMU and 

VR bundle are identical to Case 1. The main difference is demonstrated by the power input to the 

motor. At time zero, a current spike is observed when the motor is turned on. As the accumulator 

pressure reaches its maximum value, the motor is switched off until the start of the next contraction 

cycle.  

 

Figure 3.13: Electrohydraulic system circuit for Case 2: Intermittent motor operation with constant 

pump displacement.  
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(a) (b) 

Figure 3.14: The (a) accumulator pressures and (b) motor input powers for both SEMU and VR 

bundle during intermittent motor operation are shown in comparison. A sinusoidal contraction with 

an amplitude of 𝒙 𝑳𝟎 = 𝟎. 𝟐𝟑𝟐⁄  and frequency of 0.25 𝑯𝒛 is simulated with a hanging mass weighing 

20% of the actuator blocked force (𝒎𝒈 𝑭𝒃𝒇⁄ = 𝟎. 𝟐). 

 
Table 3.5: System parameters for Case 2: Intermittent pump operation with constant pump 

displacement 

   SEMU VR bundle 

Motor 
Initial current (𝐴) 𝐼 0 

Initial speed (𝑟𝑎𝑑 𝑠⁄ ) 𝜃̇ 0 

Pump Displacement (𝑚𝑙 𝑟𝑒𝑣⁄ ) 𝐷𝑝,𝑐𝑜𝑛𝑠𝑡 0.08 

 

Simulations are performed for identical constant pump displacement, sinusoidal 

contraction amplitude and frequency ranges as Case 1 but with intermittent motor operation. A 

significant increase in system efficiency can be observed for both SEMU and VR bundle actuators. 

Although the motor initially requires more power during startup, the energy conserved by turning 

off the motor is much greater. The effectiveness of intermittent motor operation is noticeable by 

comparing the SEMU efficiencies shown in Figure 3.11(a) and Figure 3.15(a). Also, the 

efficiencies for a VR bundle operating with intermittent motor operation are shown in Figure 
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3.15(b). Compared to the continuous motor operation case in Figure 3.11(b), an increase in 

efficiency is observed over the entire amplitude-frequency space.  

 

(a) (b) 

Figure 3.15: Comparison of efficiency and bandwidth limit with intermittent motor operation and 

constant pump displacement of 𝟏. 𝟐𝟕 × 𝟏𝟎−𝟖  𝒎𝟑 𝒓𝒂𝒅⁄  (𝟎. 𝟎𝟖 𝒎𝒍/𝒓𝒆𝒗) for (a) SEMU and (b) 

variable recruitment (VR) bundle. Applied load is 20% of the actuator blocked force 

(𝒎𝒈 𝑭𝒃𝒇⁄ = 𝟎. 𝟐). 

 

3.4.2.3 Case 3: Continuous motor operation with variable pump displacement  

The third electrohydraulic configuration case considered is when the pump displacement 

is able to adjust itself to the volume needs of the actuator. The system circuit is identical to Case 

1 as shown in Figure 3.9 with the except of the constant displacement pump which is replaced with 

a variable displacement pump. In the constant pump displacement case with continuous motor 

operation, fluid output of the pump that exceeds the maximum accumulator volume must flow 

through a relief valve back to the reservoir, resulting in excess motor energy consumption. The 

purpose of variable pump displacement is to minimize this loss by using knowledge of the volume 

required by the actuator to instantaneously adjust the pump displacement. It should be noted that 
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this study assumes that no energy is required to change the pump displacement and that the 

displacement is able to change instantaneously in response to volume demand.  

The change in pump displacement in response to the actuator volume needs are shown in 

Figure 3.16(b). The change in volume and accumulator pressure remains the same as the constant 

displacement case. For the system to be comparable, the maximum pump displacement is set equal 

to that of the constant pump displacement case. During operation, the accumulator fluid volume is 

depleted when the volume required by the actuator is greater than the fluid volume supplied by the 

pump, which results in a decrease in accumulator pressure. In such circumstances, no fluid from 

the pump is wasted through the relief valve and the pump operates at maximum displacement. 

However, when the accumulator pressure is at its maximum, the pump displacement is adjusted to 

a sub-maximal value. The displacement range and the initial conditions are summarized in Table 

3.6. The change in pump displacement does not affect the contraction as the volume supplied to 

the actuator remains the same as the constant pump displacement case. However, the current drawn 

by the motor at sub-maximal pump displacement values is lower than when the pump displacement 

is constant. Additionally, lower pump displacement results in faster motor speeds, which can allow 

the motor to operate more efficiently. As a result, a significant decrease in motor power can be 

observed as shown in Figure 3.16(a) compared to cases 1 and 2 shown in Figure 3.10(d) and Figure 

3.14(b), respectively.  
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(a) (b) 

Figure 3.16: The (a) motor electrical power input and (b) pump displacement for both single 

equivalent cross-sectional area motor unit (SEMU) and variable recruitment (VR) bundle. A 

sinusoidal contraction with an amplitude of 𝒙 𝑳𝟎 = 𝟎. 𝟐𝟑𝟐⁄  and frequency of 0.25 𝑯𝒛 is simulated 

with a hanging mass weighing 20% of the actuator blocked force (𝒎𝒈 𝑭𝒃𝒇⁄ = 𝟎. 𝟐).   

Table 3.6: System parameters for Case 3: Continuous pump operation with variable pump 

displacement 

   SEMU VR bundle 

Motor 
Initial current (𝐴) 𝐼 0.13 

Initial speed (𝑟𝑎𝑑 𝑠⁄ ) 𝜃̇ 947.2 

Pump 

Max. displacement 
(𝑚𝑙 𝑟𝑒𝑣⁄ ) 

𝐷𝑝,𝑣𝑎𝑟,𝑚𝑎𝑥 0.08 

Min. displacement 
(𝑚𝑙 𝑟𝑒𝑣⁄ ) 

𝐷𝑝,𝑣𝑎𝑟,𝑚𝑖𝑛 0.02 

 

The simulation results for variable pump displacement operation for applied load values of 

𝑚𝑔 𝐹𝑏𝑓⁄ = 0.2 and 𝑚𝑔 𝐹𝑏𝑓⁄ = 0.28 are shown in Figure 3.17 and Figure 3.18. The simulations 

are conducted using identical sinusoid amplitude and frequency ranges as the constant pump 

displacement case. The effectiveness of variable pump displacement is noticeable by comparing 

the SEMU efficiencies shown in Figure 3.11(a) and Figure 3.17(a). The efficiencies for a VR 

bundle operating with variable pump displacement are shown in Figure 3.17(b). 
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(a) (b) 

Figure 3.17: Comparison of efficiency and bandwidth limit with continuous motor operation and 

variable pump displacement from 𝟎. 𝟑𝟐 × 𝟏𝟎−𝟖  𝒎𝟑 𝒓𝒂𝒅⁄  (𝟎. 𝟎𝟐 𝒎𝒍/𝒓𝒆𝒗) to 𝟏. 𝟐𝟕 × 𝟏𝟎−𝟖  𝒎𝟑 𝒓𝒂𝒅⁄  

(𝟎. 𝟎𝟖 𝒎𝒍/𝒓𝒆𝒗) for (a) SEMU and (b) variable recruitment (VR) bundle. Applied load is 20% of the 

actuator blocked force (𝒎𝒈 𝑭𝒃𝒇⁄ = 𝟎. 𝟐). 

The amplitude-frequency efficiency map for a higher loading condition is shown in Figure 

3.18. It has been shown for isotonic contractile motions, the downstream actuator efficiency is 

higher for higher loads [22], during which there are less valve throttling losses. Although the 

simulation is not for isotonic loading conditions, the same principles apply that increase the 

downstream efficiency of the actuator and thus increasing overall system efficiency.   
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(a) (b) 

Figure 3.18: Comparison of efficiency and bandwidth limit with continuous motor operation and 

variable pump displacement from 𝟎. 𝟑𝟐 × 𝟏𝟎−𝟖  𝒎𝟑 𝒓𝒂𝒅⁄  (𝟎. 𝟎𝟐 𝒎𝒍/𝒓𝒆𝒗) to 𝟏. 𝟐𝟕 × 𝟏𝟎−𝟖  𝒎𝟑 𝒓𝒂𝒅⁄  

(𝟎. 𝟎𝟖 𝒎𝒍/𝒓𝒆𝒗) for (a) SEMU and (b) variable recruitment (VR) bundle. Applied load is 28% of the 

actuator blocked force (𝒎𝒈 𝑭𝒃𝒇⁄ = 𝟎. 𝟐𝟖). 

3.4.2.4 Case study results comparison 

The percentage increases in average efficiency with respect to frequency is shown in Figure 

3.19 for the amplitude and frequency ranges considered. The average efficiency for a given 

frequency is computed for each case study using results from Figure 3.11, Figure 3.15, and Figure 

3.17. The average efficiency for the SEMU in Case 1 is used as the baseline case to which other 

average efficiencies are compared. The lines in black compare the SEMU actuators of Case 2 and 

Case 3 to Case 1. The blue lines compare the VR bundle actuators of Cases 1, 2, and 3 to the 

SEMU actuator of Case 1.  

The efficiency increases due to the electrohydraulic configuration changes alone are 

demonstrated by the black lines that compare the average efficiencies of SEMUs. These results 

show that changing the electrohydraulic configuration to either and intermittently-operating 

constant displacement pump (Case 2) or a variable displacement pump (Case 3) can produce 
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significant average efficiency improvements at lower frequencies, even with a SEMU actuator. 

For Case 2, this can be attributed to a larger fraction of the cycle period with the motor turned off. 

Similarly for Case 3, the variable displacement of the pump results in energy savings during a 

larger fraction of the cycle.  

The blue lines in Figure 3.19 illustrate the effects of combining the VR bundle actuator 

with each electrohydraulic configuration. Compared to the SEMU, the VR bundle for Case 1 

shows a slight increase in average efficiency at higher frequencies which can be attributed to the 

functionality of the VR bundle that requires less fluid volume while operating in recruitment state 

1. While the efficiencies of a VR bundle for Case 1 may even decrease compared to a SEMU at 

lower frequency ranges due to the presence of resistive forces, the efficiencies of VR bundles for 

Cases 2 and 3 show a significant efficiency increase for the entire frequency range considered. For 

Case 3, this frequency-dependent behavior depends on the fraction of cycle period that is spent at 

maximum pump displacement. At higher frequencies, the pump is operating at its maximum 

displacement for a larger percentage of the contraction cycle. As the frequency decreases, the time 

during which the pump operates at its maximum displacement becomes shorter. At lower 

frequencies, the potential to conserve energy is greater due to the fact that the amount of fluid 

energy loss through the relief valve is greater than at higher frequencies. Using variable pump 

displacement minimizes the relief valve energy losses and thus shows a greater increase in average 

efficiency at lower frequencies. Due to the ability of the variable displacement pump to 

beneficially take advantage of reductions in the required fluid volume with the VR bundle, this 

combination shows the largest efficiency gains.  
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Figure 3.19: Percentage increase in system efficiency of various cases with respect to the SEMU 

actuator in Case 1. Black lines compare the efficiencies of SEMUs for different cases to demonstrate 

the effects of the electrohydraulic configuration changes alone. Blue lines illustrate the efficiency 

increases due to using variable recruitment (VR) in combination with each electrohydraulic 

configuration case. 

 

3.5 Conclusion 

In this study, a FAM model that is able to capture the inter-FAM forces within a VR bundle 

is used to simulate actuation under load. Previous models that neglect the resistive forces of 

inactive/low-pressure FAMs were not able to fully convey the complicated force-strain space of a 

VR bundle, such as the overlapping region between recruitment states. By modeling the inter-

FAM resistive forces and electrohydraulic system dynamics, this study more accurately captures 

the hydraulic pressure, flow rate, and motor current demand during the recruitment transition, 

thereby enabling analysis of system-level electromechanical efficiency for prescribed actuation 

trajectories. A system model including the motor/pump, accumulator and valve subsystems is 
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presented and used to simulate sinusoid trajectories for a SEMU and a VR bundle with two 

recruitment states. For each type of actuator, dynamic simulations were run for continuous and 

intermittent motor operation and fixed and variable pump displacement configurations. The results 

from the continuous motor operation with constant pump displacement case showed that a SEMU 

and a VR bundle had nearly identical efficiencies. However, the low volume requirement of a VR 

bundle during lower recruitment states allowed the VR bundle actuator to operate in a broader 

range of frequencies. Simulation results from the intermittent motor operation with constant pump 

displacement showed increased efficiencies for both SEMU and VR bundles actuator types. 

Further increases in efficiency were shown to be possible by using variable pump displacement 

condition with continuous motor operation. The percentage increase in efficiency was dependent 

on the trajectory frequency, showing greater percentage increases at lower frequencies. The 

benefits of variable pump displacement were even greater for a VR bundle especially for lower 

recruitment states, indicating that variable displacement pump configurations may be well-suited 

to take advantage the reduced working fluid demand created by VR bundle actuators. 
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CHAPTER 4 

Model-based control allocation during state transitions of a variable recruitment 

fluidic artificial muscle bundle 

 A model-based control scheme for state transitions of a variable recruitment fluidic 

artificial muscle (FAM) bundle is developed and experimentally validated. FAMs can be bundled 

together in parallel to exhibit variable recruitment functionality which is an activation strategy 

inspired by how motor units (MUs) in skeletal muscle are recruited. By adapting variable 

recruitment, a FAM bundle is able to operate efficiently over its entire force-contraction space 

while increasing control authority and bandwidth at low recruitment states. A variable recruitment 

bundle poses a hybrid control problem as it operates by controlling pressure as a continuous 

variable while simultaneously shifting between discrete recruitment states. During such state 

transitions, the bundle may experience a lag in strain if the shift timing is not properly anticipated. 

In this study, a model that captures the interaction effects between FAMs and a hydraulic system 

model is used to inform the controller of when a state transition should be made. The proposed 

control scheme is compared to a baseline control scheme that uses a percentage of the source 

pressure as the threshold for when a shift is made. The controller performance is evaluated by 

tracking a sinusoidal strain trajectory and the average and maximum strain errors are compared 

between the baseline and proposed controller. The applied FAM pressures are presented to show 

that the model-based compensation is able to determine when a transition needs to be made. As a 

result, the tracking performance of the proposed control scheme is shown to significantly decrease 

the integrated absolute and maximum errors. 
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4.1 Introduction 

Fluidic artificial muscles (FAMs), also known as McKibben actuators, are either 

pneumatically or hydraulically powered actuators known for their compliance and high power-to-

weight ratios [1], [14]. As originally conceived, FAMs are biomimetic single-acting linear 

actuators that, when pressurized, generate tensile force and axial contraction. The double-helix 

pattern mesh that is wrapped around an inner elastic bladder constrains the FAM to contract axially 

while expanding radially. Over the years, structural design alterations have been proposed to create 

different functionalities such as adding inelastic layers or inner reinforcements to produce bending 

or twisting motions [29], [55]–[57]. Others have developed FAMs with integrated force or strain 

sensing functionalities using various means including shape memory polymers or liquid metals 

[57]–[60]. The arrangement of FAMs into bioinspired pennate topologies have also been explored 

[7], [8]. The biomimetic contraction production of FAMs has attracted the interest of the robotics 

research community for applications such as assistive devices, orthoses, and exoskeletons as an 

actuation method that can augment or even replace the human skeletal muscle in the form of 

prosthetics [61]–[64].  

FAMs, however, are fundamentally different from skeletal muscle in that they use fluid 

power as their activation method. The activation of skeletal muscle relies on the firing of neurons 

to recruit subunits of a muscle called motor units (MUs). The physiological scheme by which MUs 

are recruited is called the Henneman’s Size Principle, stating that MUs are sequentially recruited 

from smallest to largest [12]. An active area of research is applying this physiological recruitment 

strategy to FAMs by assembling multiple FAMs together in parallel to create a bundle with 

variable recruitment functionality, bringing FAMs closer to skeletal muscles [9]–[11], [30]. Within 

a bundle, a single or multiple FAMs are grouped together as a MU for which the pressure is  
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 (a) (b) (c)  

Figure 4.1: Variable recruitment fluidic artificial muscle (FAM) bundle with two motor units (MUs), 

each consisting of two FAMs in the (a) inactive resting state, (b) first recruitment state showing 

buckling of inactive/low-pressure FAMs, and (c) second recruitment state with all MUs fully active. 

 

controlled separately to mimic the orderly activation of skeletal muscle as shown in Figure 4.1. 

This arrangement allows MUs to be either inactive (i.e. vented to the reservoir) or activated (i.e. 

pressurized) to meet the total force demand of the bundle while minimizing the working fluid 

volume consumption of the bundle. This scheme was first proposed by Bryant et al. and been 

shown to improve the average efficiency of the actuator across its force-contraction operating 

range by decreasing losses due to throttling and allow precise control by decreasing the force 

sensitivity to pressure at low recruitment states [9]. It has also been shown to increase actuation 

bandwidth at low recruitment states [13]. Different implementations of variable recruitment have 

been investigated. In batch recruitment, all recruited MUs are pressurized equally and the applied 

pressure is controlled to meet the desired force output [30]. Orderly recruitment takes a more 

biomimetic and sequential approach wherein newly-recruited MUs are subject to pressure while 
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the previously-recruited MUs are held at saturation pressure [21], [30]. Extensive research has 

been done on the control FAMs acting as independent actuators [65]–[71]. However, there are 

limited controller studies on the variable recruitment of FAM bundles [11], [22]. Variable 

recruitment bundle control poses an interesting challenge especially during recruitment state 

transitions. Meller et al. applies a batch recruitment implementation of variable recruitment and 

reports a lag in position tracking due to newly-recruited FAMs requiring time to fill up with 

working fluid [22]. A variable recruitment bundle is fundamentally similar to automotive 

transmission in that they shift in between finite states of operation [72], [73]. The lag effect 

described by Meller et al. can be thought of as analogous to the jerk event caused when shifting 

gear ratios. For automotive transmission, the motivation to reduce jerk lies in the comfort of 

passengers and to reduce shifting times while the focus of variable recruitment, the lag caused in 

between shifts affects its tracking performance [74]–[76]. 

The purpose of this study is to develop and test a controller for a variable recruitment 

hydraulic FAM bundle and improve its tracking performance by 1) using a model-based 

anticipatory method of determining when recruitment state transitions should be initiated and 2) 

using a model-based feedback term to account for interaction effects between FAMs. The decision 

to shift recruitment states is based on a hydraulic system model that takes into account the system 

pressure dynamics to enable anticipatory action. The pressure feedback term is based on a FAM 

model that captures the resistive effects of FAMs in compression within a bundle to improve 

position tracking during state transitions. The controller uses a cascaded structure that consists of 

a strain feedback outer loop with a pressure feedback inner loop. The controller used to track a 

sinusoidal trajectory and the integrated absolute and maximum strain errors are presented. The 

case of a bundle with two MUs (and therefore two recruitment states) is considered throughout 
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this study for simplicity, but the methods are readily extended to bundles with greater numbers of 

MUs. 

This paper is organized in the following way. In Section 4.2, the models for the FAM and 

hydraulic system used and their basis for control design is established. In Section 4.3, the proposed 

model-based control design is introduced. In Section 4.4, the experimental setup is explained. The 

results are presented in Section 4.5 and the conclusions are summarized in the last section. 

 

4.2 Modeling 

4.2.1 FAM Modeling including resistive effects during compression 

The force output of a FAM depends on its strain and the pressure applied. This relationship is often 

referred to as the ideal force model which is expressed in [19] as:  

 
𝐹𝑖𝑑𝑒𝑎𝑙 =  𝐹𝑚𝑒𝑠ℎ = 𝜋𝑟0

2𝑃 (
1

𝑡𝑎𝑛2𝛼0

(𝜀 − 1)2 −
1

𝑠𝑖𝑛2𝛼0
) (4.1) 

where, 𝑟0 is the initial radius of the FAM, 𝑃 is the applied pressure, 𝜀 is the strain, and 𝛼0 is the 

initial braid angle. This model captures the axial force generated by the expanding bladder 

constrained by the braided mesh. Others have since further developed the model by adding effects 

such as bladder hyperelasticity, bladder wall  thickness or tapered end geometry [1], [17], [49]. In 

this study, a model that also captures the axial force of a FAM as it is compressed beyond its free 

strain is used [21]. During operation of a variable recruitment bundle, different pressures may be 

applied to each MU which inevitably results in a strain difference between MUs. This strain 

difference causes FAMs that are at lower pressures to compress, exerting a resistive force that acts 

against the active force generation of higher pressure FAMs. Within the tensile region, this model 

uses the sum of mesh and bladder forces as the total force of a FAM developed by Klute and 

Hannaford expressed as [18]:  
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𝐹𝑡𝑜𝑡𝑎𝑙 =  𝐹𝑚𝑒𝑠ℎ  +  𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟 = 𝑃

𝑑𝑉

𝑑𝐿
− 𝑉𝑏

𝑑𝑊

𝑑𝐿
, (4.2) 

where 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟 is the force contribution due to the hyperelasticity of the bladder and 𝑉𝑏 is the 

volume of the incompressible bladder. The Mooney-Rivlin strain energy function, 𝑊, is used to 

characterize the energy stored and the principle of virtual work is applied to model the elastic 

bladder force. As the FAM is compressed past its free strain, the resistive forces when the FAM is 

buckled is expressed as: 

 𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑚𝑒𝑠ℎ
′ + 𝐹𝑏𝑙𝑎𝑑𝑑𝑒𝑟(𝜀𝑓𝑟𝑒𝑒) + 𝐹𝑏 (4.3) 

where 𝐹𝑚𝑒𝑠ℎ
′  is the braided mesh force using the arc length of the FAM in its buckled shape and 

𝜀𝑓𝑟𝑒𝑒 is the free strain. 𝐹𝑏 is the bladder force in the axial direction required for static equilibrium 

of the bladder to maintain its buckled shape, calculated using the total potential energy stored. 

When a FAM is further compressed in its buckled state the internal moment generated along the 

FAM reaches a critical value at which it collapses and folds upon itself. The resistive forces when 

the FAM has collapsed can be expressed by:  

 𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑐 + (𝐹𝑏 − 𝐹𝑐)−𝛽(𝜀−𝜀𝑐)  (4.4) 

where 𝐹𝑐 is the axial force of the bladder in its collapsed shape and 𝜀𝑐 is the strain at collapse. The 

transition from buckled to collapsed regions is characterized by 𝛽 which is tuned based on 

parameter optimization. Description of this model and the presence of resistive forces are detailed 

in the paper by Kim et al. [21]. 

This model reveals two interesting effects that take place when a recruitment state shift 

occurs. The first is the resistive effect that results in a decrease in bundle overall force due to 

resistive forces of FAMs in compression. The second is the de-slack effect due to the non-zero 

pressure required by the subsequent MU during recruitment state upshift. The purpose of the 
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proposed controller design is to address both of these effects to improve tracking performance 

during recruitment state transitions. The resistive effect is addressed by pressure compensation 

and the de-slack effect discussed further in Section 4.3.2 and addressed by lag compensation. 

B. Hydraulic system model 

The pressures applied to MUs in a practical control application are heavily dependent on 

the dynamics of the hydraulic system. As discussed in Section 4.2, the subsequent MU being 

recruited needs to de-slack before additional force can be generated by the FAM bundle. A 

hydraulic system model is used to understand the pressure dynamics associated with de-slacking 

for the purpose of estimating the lag between when state transition is initiated and when the 

subsequent MU reaches its de-slack pressure and therefore begins contributing force to the bundle 

output. Figure 4.2 illustrates the hydraulic system that is used to deliver power to the FAMs 

including the hoses through which fluid is delivered, the hydraulic servo values (EHSVs) used for 

independent pressure control for each MU, and the pressure reducing/relief valve (PRRV) used to 

regulate the pressure upstream of the EHSVs.  

 

Figure 4.2:Diagram of the hydraulic system 

 

The PRRV acts as the fluid power supply and the output pressure is henceforth referred to 

as the source pressure, 𝑃𝑠, which the PRRV tries to maintain as its nominal setting value, 𝑃𝑠,𝑛𝑜𝑚. 

𝑃𝑠 is dependent on the flowrate through the valve, 𝑄𝑠, for which the pressure-flowrate relationship 
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is typically given by the manufacturer for selected setting values. For this study, the relationship 

is experimentally characterized and presented in Section 4.4. The flowrate equation through the 

EHSV is given as:  

 
𝑄𝑣,𝑑 = 𝑐𝑣𝑑𝑣𝑠𝑔𝑛(𝑃𝑣,𝑢𝑝 − 𝑃𝑣,𝑑)√|𝑃𝑣,𝑢 − 𝑃𝑣,𝑑|, (4.5) 

where, 𝑑𝑣 is the port diameter, 𝑃𝑣,𝑢 is the pressure upstream of the valve and 𝑃𝑣,𝑑 is pressure 

immediately downstream. The flow coefficient, 𝑐𝑣, is calculated using the nominal flowrate, 𝑄𝑁, 

and nominal pressure drop, ∆𝑝𝑁, across the maximum port diameter, 𝑑𝑣,𝑚𝑎𝑥. The flowrate is 

reduced due to the dynamics viscosity of the fluid given by the Hagen-Poiseuille Law: 

 
𝑄𝑀𝑈 =

𝜋𝑟ℎ,𝑑
4

8𝜂

𝑃𝑣,𝑑−𝑃𝑀𝑈

𝑙ℎ,𝑑
, (4.6) 

where, 𝑟ℎ and 𝑙ℎ are hose radius and length downstream of the servo valve, respectively. 𝜂 is the 

dynamic viscosity of hydraulic fluid (ISO 32) [52]. A dynamic viscosity of 0.2856 was used which 

was experimentally acquired measuring the flowrate and pressure differential across a given length 

of hose length. Given the flowrate going into a MU, the pressure dynamics are expressed as: 

 𝑑𝑃𝑀𝑈

𝑑𝑡
= 𝐸

𝑄𝑀𝑈−𝑉̇𝑀𝑈

𝑉𝑀𝑈
, (4.7) 

where, 𝐸 is the bulk modulus of the hydraulic fluid, and 𝑉𝑀𝑈 is the volume inside the MU expressed 

as: 

 𝑉𝑀𝑈 = 2𝜋𝑟0
2𝑙0 [

(1−𝜀)

𝑠𝑖𝑛2𝛼0
−

(1−𝜀)3

𝑡𝑎𝑛2𝛼0
]. (4.8) 

where 𝑙0 is the initial length of the FAM.  
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4.3 Controller Design 

Two control schemes are presented in this section. The first control scheme is the baseline 

controller which uses a specified percentage of the source pressure as the threshold pressure at 

which a recruitment state transition is initiated. Next, the proposed control scheme is presented by 

its two components: pressure compensation and lag compensation.  

 

4.3.1 Baseline scheme: Cascaded PI-PI control using pressure thresholds for state 

transitions 

The block diagram for the baseline controller is presented in Figure 4.3. The controller 

consists of a strain feedback outer PI control loop with a nested pressure feedback inner PI control 

loop. A cascaded PI-PI control architecture such as this one has shown to improve the tracking 

performance and disturbance rejection when controlling FAMs as independent actuators [11], [66]. 

Because the system’s pressure dynamics are fast in comparison to the strain dynamics, the gains 

for the inner pressure controller were tuned first and treated as part of the plant while tuning the 

gains for the outer strain feedback controller. The pressure measurements, 𝑃𝑚𝑒𝑎𝑠, which consists 

of the MU1 and MU2 pressures from the system are used to determine the recruitment state. When 

in RS1, the desired pressure for MU2 is simply zero. When in RS2, the same desired pressure is 

used to control the pressures for both MU1 and MU2, which corresponds to the batch recruitment 

scheme discussed in detail by Jenkins et al. [30] 

The recruitment transition logic state machine for the baseline control scheme is shown in 

Figure 4.4. The default recruitment state is RS1 at startup. The recruitment upshift to RS2 occurs 

when MU1 pressure is greater than or equal to 80% of the nominal source pressure and downshifts 
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when MU2 pressure is less than or equal to 40% of the nominal source pressure. These shift criteria 

are tuned ad hoc for a particular system, load, and trajectory. 

 

 

Figure 4.3: Block diagram of the baseline controller with pressure thresholds. (a) The high-level 

diagram showing the outer strain feedback control loop and plant. (b) The inner pressure feedback 

control loop that is dependent on the recruitment state. The state machine block is shown in Figure 

4.4. Bold lines represent vectors with two elements corresponding to the two MUs. 

s 

Figure 4.4: State machine with two MUs for the baseline controller with recruitment pressure 

thresholds. 
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4.3.2 Proposed scheme: Cascaded PI-PI control with lag and pressure compensation 

The diagram for the proposed model-based controller with lag and pressure compensation 

is shown in Figure 4.5. On the high-level, it has the same cascaded PI-PI control architecture with 

the same gains as the baseline system so as to isolate the performance change due to the model-

based compensation scheme. Instead of using a preset pressure threshold, recruitment state 

transitions are determined through lag compensation taking into account the dynamics of the 

hydraulic system. Additionally, the resistive force of MU2 before it reaches the de-slack pressure 

is mitigated using pressure compensation by an added measured pressure feedback term.  

 

 

Figure 4.5: Block diagram of the proposed controller with lag and pressure compensation. (a) The 

high-level diagram showing the outer strain feedback control loop and plant. (b) The inner pressure 

feedback control loop that is dependent on the recruitment state. The state machine block is shown 

in Figure 4.8. Bold lines represent vectors with two elements corresponding to the two MUs. 

 

4.3.2.1 Pressure compensation 

The proposed control scheme addresses the resistive effect, aforementioned in Section 4.2, 

which is the effect of FAMs in compression decreasing the overall force output of a variable 
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recruitment bundle [21]. To counteract the resistive forces of inactive and newly-recruited FAMs 

in compression, the pressure of the FAMs already in the tensile region is increase by an amount of 

𝑃𝑐𝑜𝑚𝑝. First, to determine whether MU2 is in compression, the de-slack pressure is determined 

through a look-up table of the FAM force-strain-pressure surface that satisfies the condition:  

 𝐹2,𝑚𝑜𝑑(𝑃𝑑𝑒−𝑠𝑙𝑎𝑐𝑘 , 𝜀𝑚𝑒𝑎𝑠) = 0, (4.9) 

where 𝐹2,𝑚𝑜𝑑 is the force of MU2 predicted by the model and 𝜀𝑚𝑒𝑎𝑠 is the measured instantaneous 

strain of the bundle. It should be noted that for any MU2 pressure, 𝑃2, below 𝑃𝑑𝑒−𝑠𝑙𝑎𝑐𝑘, the force 

of MU2 is negative. To compensate for the negative MU2 force when the measured pressure of 

MU2, 𝑃2,𝑚𝑒𝑎𝑠, is less than 𝑃𝑑𝑒−𝑠𝑙𝑎𝑐𝑘, the MU1 force must increase by an amount equal to the 

resistive force of MU2 as: 

 𝐹1,𝑐𝑜𝑚𝑝 = 𝐹2,𝑚𝑜𝑑(𝑃2,𝑚𝑒𝑎𝑠, 𝜀𝑚𝑒𝑎𝑠) 

            = 𝐹1,𝑚𝑜𝑑(𝑃1,𝑚𝑒𝑎𝑠 + 𝑃𝑐𝑜𝑚𝑝, 𝜀𝑚𝑒𝑎𝑠) − 𝐹𝑀𝑈1(𝑃1,𝑚𝑒𝑎𝑠, 𝜀𝑚𝑒𝑎𝑠), 

(4.10) 

where 𝐹1,𝑚𝑜𝑑 is the force of MU1 predicted by the model, 𝑃1,𝑚𝑒𝑎𝑠  is the measured pressure of 

MU1, and 𝑃𝑐𝑜𝑚𝑝 is the amount of additional pressure required by MU1. Thus, the predicted overall 

force of the bundle can be expressed by: 

 𝐹𝑏𝑢𝑛𝑑𝑙𝑒,𝑚𝑜𝑑 = 𝐹1,𝑚𝑜𝑑(𝑃1,𝑚𝑒𝑎𝑠 + 𝑃𝑐𝑜𝑚𝑝, 𝜀𝑚𝑒𝑎𝑠)

+ 𝐹2,𝑚𝑜𝑑(𝑃2,𝑚𝑒𝑎𝑠, 𝜀𝑚𝑒𝑎𝑠) 

(4.11) 

where 𝑃𝑐𝑜𝑚𝑝 = 0 if MU2 no longer is in compression (i.e. 𝑃2,𝑚𝑒𝑎𝑠 ≥ 𝑃𝑑𝑒−𝑠𝑙𝑎𝑐𝑘). At every instant 

of time, the 𝑃𝑐𝑜𝑚𝑝 that satisfies (4.10) is determined, fed back, and added to the desired pressure 

of MU1. 
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Figure 4.6: Example simulation of hydraulic system pressure dynamics for a nominal source pressure 

of 𝟔𝟖𝟗. 𝟓 𝒌𝑷𝒂 (𝟏𝟎𝟎 𝒑𝒔𝒊) and a de-slack pressure of 𝟓𝟓𝟏. 𝟔 𝒌𝑷𝒂 (𝟖𝟎 𝒑𝒔𝒊). The recruitment lag, ∆𝒕𝒍𝒂𝒈, 

which is defined as the time required to reach 95% of the de-slack pressure and the maximum source 

pressure drop, ∆𝑷𝒔,𝒅𝒓𝒐𝒑, is determined.  

 

4.3.2.2 Lag compensation 

As aforementioned, the pressure dynamics of a real hydraulic system cause a lag between 

when the recruitment of a MU is initiated and when it reaches the de-slack pressure. This time 

difference is referred to as the recruitment lag, ∆𝑡𝑙𝑎𝑔. The hydraulic system model from Section 

4.2 is used to simulate the pressure transients as it tracks a step reference to the de-slack pressure 

as shown in Figure 4.6. This pressure response represents the pressure applied to a MU being 

newly recruited during state transition. 

According to the de-slack effect, the pressure of the subsequent MU being recruited must 

reach the de-slack pressure before it is able to contribute any positive force or strain. Additionally, 

while below the de-slack pressure, the recruited MU is in a buckled state and exerting a resistive 

force. The recruitment lag informs the controller how much in advance the state transition must 

begin in order to guarantee enough time before the current MU is saturated and cannot generate 
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the force or strain required to track a desired reference. The determining factors of recruitment lag 

are the de-slack pressure, instantaneous source pressure, and the parameters of the hydraulic 

system. Once a simulation is run for a set of de-slack and source pressures, the time it takes for the 

pressure to reach 95% of the de-slack pressure is defined as the recruitment lag.  

Another variable of interest is the maximum amount of source pressure drop, ∆𝑃𝑠,𝑑𝑟𝑜𝑝that 

occurs during a recruitment transition. As the MU pressure increases, the required flowrate causes 

the source pressure to drop. Although a PRRV is used in this study, an analogous effect is observed 

in any fluid power source such as a motor/pump with an accumulator. This pressure drop is used 

to determine the pressure margin that is required for pressure compensation to occur, expressed 

as: 

 𝑃𝑚𝑎𝑟𝑔𝑖𝑛 = ∆𝑃𝑠,𝑑𝑟𝑜𝑝 + 𝑃𝑐𝑜𝑚𝑝, (4.12) 

where, both ∆𝑃𝑠,𝑑𝑟𝑜𝑝 and 𝑃𝑐𝑜𝑚𝑝 are instantaneous values determined online based on 𝑃𝑠,𝑚𝑒𝑎𝑠, 

𝑃1,𝑚𝑒𝑎𝑠, 𝑃2,𝑚𝑒𝑎𝑠, and 𝜀𝑚𝑒𝑎𝑠 measured at a given instant. The pressure margin is used to define an 

effective source pressure, 𝑃𝑠,𝑒𝑓𝑓 expressed as: 

 𝑃𝑠,𝑒𝑓𝑓 = 𝑃𝑠,𝑚𝑒𝑎𝑠 − 𝑃𝑚𝑎𝑟𝑔𝑖𝑛. (4.13) 

Note that the pressures applied to MUs are always limited by source pressure. The pressure margin 

ensures that MU1 does not become saturated by the source pressure while pressure compensation 

is happening. In order to reduce computation during real-time control, the recruitment lag and 

source pressure drop are computed for the range of possible source pressures and de-slack 

pressures to generate a lookup table.  

Once the lag associated with recruiting MU2 is determined, the time difference between 

the current time and when the MU1 would become saturated during upshift is estimated. This time 

difference is defined as the time-to-saturation. During downshift, the time-to-desaturation is 
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defined as the time difference between the current time and when MU2 would no longer be 

required. At every instant of time, it is assumed  

 

 

Figure 4.7: Example determination of time-to-saturation, ∆𝒕𝒔𝒂𝒕, time-to-desaturation, ∆𝒕𝒅𝒆𝒔𝒂𝒕.  

 

that the bundle will continue to contract in the same direction with constant rate of contraction as 

illustrated in Figure 4.7. The expected strain trajectory, 𝐸(𝑡), is expressed as: 

 𝐸(𝑡) =  𝜀𝑚̇𝑒𝑎𝑠𝑡 +  𝜀𝑚𝑒𝑎𝑠 (4.14) 

where, 𝜀𝑚𝑒𝑎𝑠 is the measured instantaneous strain. Rearranging and solving for ∆𝑡𝑠𝑎𝑡 by setting 

(4.14) equal to the strain at 𝑃𝑠,𝑒𝑓𝑓 and the measured instantaneous force, 𝐹𝑚𝑒𝑎𝑠, gives us the 

equation for time-to-saturation and time-to-desaturation as: 

 
∆𝑡𝑠𝑎𝑡 =  

𝜀𝑚𝑜𝑑(𝑃𝑠,𝑒𝑓𝑓 ,   𝐹𝑚𝑒𝑎𝑠)  −  𝜀𝑚𝑒𝑎𝑠

𝜀𝑚̇𝑒𝑎𝑠
, (4.15) 

and 

 
∆𝑡𝑑𝑒𝑠𝑎𝑡 =  

𝜀𝑚𝑜𝑑(𝑃𝑠,𝑚𝑒𝑎𝑠,   𝐹𝑚𝑒𝑎𝑠)  −  𝜀𝑚𝑒𝑎𝑠

𝜀𝑚̇𝑒𝑎𝑠
. (4.16) 
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where 𝜀𝑚𝑜𝑑 is the bundle strain predicted by the model. Note that 𝐸(𝑡) can be generalized to other 

forms of expected trajectories such as a sinusoid instead of the linear assumption used in this study. 

This would be useful if some knowledge about the control application was given in advance. 

For the proposed model-based control scheme, the state transition decision is made through 

time-to-saturation, time-to-desaturation, and recruitment lag conditions as shown in Figure 4.8. 

Note that the recruitment lag is an estimation of the time it takes for a newly-recruited MU to de-

slack and begin to positively contribute to overall bundle output. The time-to-saturation is an 

estimate of how long in advance the bundle will require the newly-recruited MU to provide 

additional force. Thus, the state transition must occur when the time-to-saturation is less than or 

equal to the recruitment lag in order to ensure that the bundle is provided with the force of the 

newly-recruited MU in time. Note that, from an efficiency perspective, it is advantageous for a 

variable recruitment bundle to operate at the lowest recruitment state possible. This allows the 

applied pressures to the activated MUs to be closest to the source pressure, thus allowing the 

bundle to operate more efficiently by minimizing throttling energy losses. However, higher 

recruitment states provide better control authority. Therefore, properly deciding when to initiate a 

recruitment state transition is important for operating a variable recruitment bundle efficiently and 

with satisfactory tracking performance. The lag compensation method proposed in this study 

provides an online method of estimating that time based on information from the model and the 

measured states. 
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Figure 4.8: State machine with two MUs for the proposed controller using lag compensation to shift 

between states. 

Table 4.1: FAM dimensions and specifications. 

FAM dimensions 

Initial inner radius (𝑚) 𝑟0 0.0063 

Initial thickness (𝑚) 𝑡0 0.0016 

Initial braid angle (°) 𝛼0 33 

Initial length (𝑚) 𝐿0 0.222 

Empirical-based 

tuning correction 

factors 

Young’s modulus - 1.3 

Collapse moment - 0.75 

Torsional spring constant - 0.9P + 1.54 

Transition constant 𝛽 100 

 

4.4 Experiment setup 

FAMs are constructed using silicone tubing with a Shore hardness value of A50 and a 

double-helix braided Kevlar mesh. A neoprene spacer is placed over the mesh at each end and 

crimped using a hydraulic press. The FAM assembly method is identical to that of detailed in 

Meller et al. 2014 [31]. FAM dimensions and specifications are summarized in Table 4.1. The 

force-strain relationship is then corrected using empirical-based correction factors for which the 

details can be found in [21]. Experiments were carried out on the linear hydraulic actuator 
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characterization device (LHACD) shown in Figure 4.9 which was developed in-house by Chipka 

et al. in 2017 [23]. The LHACD consists of a 3.73 𝑘𝑊(5 ℎ𝑝) hydraulic power unit (Concentric 

GC9500) capable of producing pressures up to 1.03 × 104 𝑘𝑃𝑎 (1500 𝑝𝑠𝑖) at a rated flow of 

3.78 𝑚3 𝑠⁄  (6 𝑔𝑝𝑚). A pressure reducing/relief valve (PRRV) from Sun Hydraulics (PRDV-

LEV) is used to regulate the downstream circuit nominal source pressure down to 

689.5 𝑘𝑃𝑎 (100 𝑝𝑠𝑖) for the safe operation of FAMs without rupturing. The regulated pressure 

output of a PRRV is dependent on the rate of fluid flow through the valve which is provided by 

the manufacturer for several values of operating pressure. For a source pressure of 

689.5 𝑘𝑃𝑎 (100 𝑝𝑠𝑖), the pressure-flowrate relationship is experimentally determined for which 

the results are shown in Figure 4.10. It should be noted that for cases when the pressure output of 

the PRRV exceeds the set value of 6.89.5 𝑘𝑃𝑎 (100 𝑝𝑠𝑖), its relieving function is engaged and 

fluid is directed to the reservoir instead of the downstream circuit. Located downstream of the 

PRRV are two four-way directional servo valves (MOOG G761) that are used to control the 

pressures of the two MUs. Pressure transducers (TE MP300) are installed to measure the source 

pressure and the two pressures downstream of each servo valve. A flowmeter (Omega FPD2003) 

is installed to measure the flowrate of the PRRV output. A linear variable differential transducer 

(LVDT) by RDP group (DR7AC) is used to measure the contraction of the FAM bundle. Lastly, 

servo valve control and data acquisition are performed using a Quanser QPID I/O board.  
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Figure 4.9: The linear hydraulic actuator characterization device (LHACD) used for experiments in 

this study. 

 

Figure 4.10: Pressure-flowrate relationship of the PRRV. Measured values are indicated in black 

markers. The linear line fit used for simulations is shown in solid black line. 

 

 

4.5 Results 

The performance of the baseline controller with state transitions based on pressure 

thresholds (Figure 4.11), controller with lag compensation only (Figure 4.12), and controller with 

both lag and pressure compensation (Figure 4.13) are presented in this section. For all control 
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scheme cases, a sinusoidal reference trajectory with a frequency of 0.1 Hz and a strain amplitude 

of 0.06 is specified. A mass of 18.8 kg was hung from the bottom of the FAM bundle. 

 

Figure 4.11: Experimental results of cascaded controller with state transitions using pressure 

thresholds. (a) Position tracking; (b) recruitment state; (c) pressures for source, MU1, and MU2; (d) 

strain tracking error. 

 

For the system with the baseline controller, the position tracking performance is shown in 

Figure 4.11(a). The source pressure and the pressures applied to MU1 and MU2 are shown in 
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Figure 4.11(c). According to the state machine shown in Figure 4.5 the upshift to recruitment state 

2 is made once MU1 pressure reaches 551.6 kPa (80 psi) which is 80% of the nominal source 

pressure. Recruitment state is shifted down at 40% of the nominal source pressure. The recruitment 

shift is depicted in all subfigures as a vertical dashed line. Immediately after state upshift, the strain 

lags further behind the reference strain which results in the overshoot as the controller attempts to 

compensate for the error due to lag. The lag is mainly attributed to the saturation of MU1 pressure 

as only pressures as high as the instantaneous source pressure can be applied to the MUs. As 

expected from simulation predictions (e.g. Figure 4.6), the recruitment of MU2 causes a drop in 

source that further limits the MU1 pressure.  
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Figure 4.12: Experimental results of cascaded controller with state transitions with lag compensation 

applied. (a) Position tracking; (b) time-to-saturation, time-to-desaturation, and recruitment lag; (c) 

recruitment state; (d) pressures for source, MU1, and MU2; (e) strain tracking error.   
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Figure 4.13: Experimental results of cascaded controller with state transitions with lag compensation 

and pressure compensation applied. (a) Position tracking; (b) time-to-saturation, time-to-

desaturation, and recruitment lag; (c) recruitment state; (d) pressures for source, MU1, and MU2; 

(e) strain tracking error. 
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The experiment results for the controller with lag compensation applied is shown in Figure 

4.12. The time-to-saturation, time-to-desaturation, and the recruitment lag are determined at every 

instant of time as shown in Figure 4.12 (b). As the bundle strain tracks the reference, the time-to-

saturation decreases as the bundle gets closer to the time at which the recruitment state transition 

must occur. Simultaneously, the recruitment lag, according to the instantaneous source pressure 

and de-slack pressure of MU2, increases with increasing strain. The time at which recruitment 

state transition occurs is determined when the time-to-saturation drops below the recruitment lag 

as demonstrated by Figure 4.12 (b) and (c). As a result, the state upshift occurs earlier compared 

to the baseline controller case, thus allowing the necessary pressure of MU1 to be applied without 

being saturated as shown in Figure 4.12 (d). Consequently, the strain lag immediately following a 

state transition is significantly reduced. The argument can be made that the same effect can be 

achieved by lowering the pressure threshold of the baseline case. However, a certain pressure 

threshold is effective only for a trajectory with a specific range of amplitudes and frequencies, and 

thus, is only useful if the reference trajectory is known in advance. Additionally, the pressure 

threshold may need to be determined empirically. By determining the time-to-saturation and 

recruitment lag based on the instantaneous measured states during control, the proposed controller 

provides an online method of determining when the state transition must occur real-time.  
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Figure 4.14: Reference and measured strain immediately following recruitment state transition of 

baseline and proposed controllers.  

The tracking performance can be further increased by applying pressure compensation in 

addition to lag compensation as shown in Figure 4.13. The pressure feedback term provides 

anticipatory information on what the pressure of MU1 should be based on the resistive force of 

MU2. The state transition occurs based on lag compensation. The effect of pressure compensation 

is evident in MU1 pressure after the state shift as shown by Figure 4.13 (d). The improved tracking 

performance is better demonstrated by a zoomed-in view of the measured strains for all cases in 

Figure 4.14. The integral absolute error (IAE) for strain for one cycle and the maximum strain 

error is determined by: 

 𝐼𝐴𝐸𝜀 =  ∫|𝜀𝑟𝑒𝑓 −  𝜀𝑚𝑒𝑎𝑠|𝑑𝑡, (4.17) 

where 𝜀𝑟𝑒𝑓 is the reference strain and 𝜀𝑚𝑒𝑎𝑠 is the measured strain. The maximum strain error, 

𝑒𝑟𝑟𝜀,𝑚𝑎𝑥, is expressed as: 

 𝑒𝑟𝑟𝜀,𝑚𝑎𝑥 =  𝑚𝑎𝑥(|𝜀𝑟𝑒𝑓 −  𝜀𝑚𝑒𝑎𝑠|). (4.18) 

A comparison of these values is shown in Table 4.2. 
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Table 4.2: Comparison of integral absolute error (IAE) for strain, and maximum strain error. 

 Strain IAE Max. strain error 

Baseline scheme 0.0454 0.0223 

Proposed scheme with only lag 

compensation 
0.0234 0.0075 

Proposed scheme with lag and 

pressure compensation 
0.0211 0.0064 

 

 

4.6 Conclusion 

This study experimentally evaluates the tracking performance of a model-based controller 

for state transitions of a variable recruitment FAM bundle. During variable recruitment operation, 

inactive/low-pressure FAMs are buckled and exert resistive forces that decrease the overall force 

of the bundle. This resistive effect is captured using a FAM model that predicts the axial force of 

FAMs beyond their free strain. A pressure feedback term is used to compensate for the decrease 

in force. Additionally, a hydraulic dynamics system model is used to predict the time required for 

a newly-recruited MU that is buckled to de-slack, coined the recruitment lag. The measured strain, 

strain rate, pressure, and force are used to predict the time-to-saturation and time-to-desaturation. 

These two variables in tandem inform the control when to initiate a state transition. The proposed 

controller is compared to a baseline for which a pressure threshold based on a percentage of the 

nominal source pressure is used to initiate state transitions. A sinusoidal strain trajectory is tracked, 

and the measured strain is presented, along with the source pressure and MU1 and MU2 pressures. 
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The controller showed its ability to determine the state transitions timing so that MU1 pressure is 

not saturated when the next MU is newly-recruited. The IAE and maximum strain errors are 

presented to show the improved tracking performance of the proposed controller. For the purposes 

of this study, the linear estimation methods used in lag compensation were sufficient. If more 

advanced estimation methods could be applied, the proposed control scheme has the potential to 

be used for complex non-cyclic trajectories. Another area for future investigation is the correlation 

between state transition timings and actuator hydraulic efficiencies. 
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CHAPTER 5 

Key Research Contributions and Suggested Future Investigations 

5.1 Modeling of resistive forces and buckling behavior in variable recruitment fluidic 

artificial muscle bundles 

This section enumerates contributions and potential future work for material in Chapter 2. 

5.1.1 Contributions 

• A FAM model that predicts the negative forces of a FAM beyond its free strain was 

derived. The negative force has been coined the resistive forces, which has been further 

categorized into the post-buckled and post-collapsed regions. 

• The implications of resistive forces on the force-strain space of a variable recruitment 

bundle were presented to demonstrate an overlapping region between consecutive 

recruitment states that had been present using previous models. 

• Empirical-based correction factors were developed to better improve the model’s match 

with experimental data. 

• A phenomenon called the free strain gradient reversal was revealed that shows the overall 

force of a variable recruitment bundle initially decreases due to low-pressure MUs. 

5.1.2 Future investigations 

 Future work should address the sensitivity of forces in the compressed region to FAM 

dimensions such as bladder thickness or FAM slenderness ratio. Future modeling efforts should 

focus on refining the effects of the hyperelasticity of the inner bladder and density of the braided 

mesh. This model does not address the effect of friction between the mesh and bladder and thus 

neglects any hysteresis of the FAM during actuation. Further investigations to include such effects 

into the model will be able to achieve better matching with experimental data. 
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5.2 Electrohydraulic system analysis of variable recruitment fluidic artificial muscle 

bundles with interaction effects 

This section enumerates contributions and potential future work for material in Chapter 3. 

5.2.1 Contributions 

• An analytical study of volume and pressure requirements during recruitment state transition 

based on a model that captures FAM buckling behavior and resistive effects was conducted 

to demonstrate the limit of practical electrohydraulic systems due to pressure dynamics.  

• Developed a recruitment state transition strategy considering resistive and de-slack effects 

of inactive/low-pressure motor units considering system dynamics. 

• Perform a system-level analysis for a variable recruitment FAM bundle model including 

inter-FAM effects under a variable pump displacement operating condition to reveal 

significant increases in overall efficiencies and bandwidth limit. 

5.2.2 Future investigations 

 Understanding system efficiency and bandwidth limits are crucial in developing any 

robotic application in which variable recruitment is applied. Future system level analyses should 

focus on experimental validation of the overall efficiency and bandwidth advantages of applying 

variable recruitment. Additional electrohydraulic circuit topologies can be investigated such as the 

use of ORVs which would lower circuit complexity.  
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5.3 Model-based control allocation during state transitions of a variable recruitment fluidic 

artificial muscle bundle 

This section enumerates contributions and potential future work for material in Chapter 4. 

5.3.1 Contributions 

• A model-based cascaded PI-PI control scheme with model-based lag and pressure 

compensations was developed and tested on the LHACD. 

• The lag associated with system dynamics during state transitions has been coined the 

recruitment lag. Furthermore, an anticipatory method of estimating the time-to-saturation 

and time-to-desaturation is developed, which are used, in tandem with recruitment lag, to 

determine the state transition timing online. 

• A pressure compensation method of using the pressure of the previously-recruited MU.to 

compensate for the resistive forces of newly-recruited MU below its de-slack pressure is 

developed and tested to show significant increases in the IAE and maximum errors. 

5.3.2 Future investigations 

 The tracking performance of the proposed control scheme has been evaluated compared to 

a baseline control scheme that uses a state shift pressure threshold. Although the proposed control 

scheme performs better in terms of reducing tracking error, transition timings and its effect on 

hydraulic efficiency have not been evaluated. Furthermore, the proposed control scheme has the 

potential to be applied to complex strain trajectories. 
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5.4 Final conclusions 

 This study begins by modeling the buckling phenomenon of FAMs within a variable 

recruitment bundle. From the developed model that captures these resistive forces of FAMs, this 

study expands its scope by exploring the system-level dynamics and its control through simulation 

and experiments. The potential for variable recruitment of FAM bundles will continue to grow 

with further insights and research advancements.  
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