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ABSTRACT OF THE THESIS 

 

Pneumatically Driven Laminate Linkages for Small-Scale Robotic Systems 

 

by 

 

Iman Adibnazari  

 

Master of Science in Electrical Engineering (Intelligent Systems, Robotics, and Control) 

 

University of California San Diego, 2020 

 

Professor Nikolay Atanasov, Co-Chair 

Professor Michael T. Tolley, Co-Chair 

 

Many successes in modern robotics can be fundamentally attributed to the standardized 

tool sets that exist for actuation and sensing with large-scale robots, with the design and control 

techniques surrounding electromechanical motors serving as a prime example. However, no such 

tool sets have become standard at the millimeter- and micrometer-scale, leaving actuation and 

sensing as nontrivial when developing small-scale robotic systems. In this thesis, I develop 

manufacturing and algorithmic tools for a versatile class of small-scale rotary actuator – rotary 
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pouch motors. I present a design approach that allows for integration of both actuation and 

sensing into low-profile, laminate linkages of virtually arbitrary length and complexity and 

demonstrate this approach with the design of a three degree-of-freedom (DOF) spatial 

manipulator. I also propose a dynamic model of rotary pouch motors and integrate this model 

into estimation and control laws that are used for real-time joint angle control of a 1-DOF joint. 

The presented state-estimation algorithm exhibits a root-mean-square (RMS) error of 

approximately 0.87∘  and the presented control law demonstrates RMS tracking error of 

approximately 6.70∘ when tracking sinusoids up to 2 Hz. Finally, I present a hierarchical scheme 

for simultaneous joint angle and stiffness control and demonstrate its efficacy in tracking 

sinusoidal trajectories while maintaining a constant stiffness. By developing these 

manufacturing, modelling, and control tools for rotary pouch motors, they become more broadly 

applicable to use in myriad small-scale robotic systems, including insect-scale legged robots and 

millimeter-scale manipulators. 
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INTRODUCTION 

 

Mobile robots and robot manipulators play a central role in various fields, ranging from 

manufacturing [1]  and delivery [2], to exploration and discovery in extreme environments [3]. 

While historically, tremendous engineering efforts have been invested into advancing these 

fields, many of the modern successes in physical robotics can be fundamentally ascribed the 

highly standardized actuation and sensing technologies that they employ. For example, with 

simple electromechanical motors and encoders, one can use well-established tools for design, 

modelling, and control to develop robotic systems that mimic the complexity of the human body 

with high precision [3] – [5].  

The utility that electromechanical and hydraulic motors have offered large robotic 

systems is indisputable. However, this utility quickly diminishes as their size is reduced past the 

millimeter-scale and the effects of dissipative surface forces (e.g. friction) increase relative to 

body forces (e.g. inertia) and other forces driving motion, significantly reducing actuation 

efficiency [6]. The inability to simply scale down large robotic systems leaves actuation and, by 

extension, sensing, as nontrivial matters when developing robots smaller than the millimeter-

scale.  

Many small-scale actuation technologies have been proposed to fill the role that motors 

play at the large scale, including smart materials [7], electrostatic actuation [8], magnetic 

manipulation [9] – [11], and piezoelectric materials [12] – [14]. While each of these techniques 

exhibit varying benefits, none excel with regards the three metrics jointly necessary to achieve 

the same ubiquity as geared electromechanical motors – power density, stroke, and bandwidth 

[15]. 
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Recent developments with a class of soft pneumatic actuators called rotary pouch motors 

have demonstrated great potential with respect to the above metrics, even as they are reduced in 

size to the micrometer scale [16]. The mechanism governing rotary pouch motor actuation is 

intuitive (Figure 1(a)-(b)). First, two inextensible polymer sheets are bonded to form an 

inflatable pouch. After this pouch is adhered to an underlying laminate linkage, inflating the 

pouches will create tension in the pouch membrane that, in turn, pulls the links together, 

inducing rotation in the joint (Figure 1b).  

As pneumatic actuators, pouch motors require a source of pressurized air, but this source 

can often be remotely connected via tether. Additionally, since both the linkages and the pouches 

can be designed to satisfy a wide array of kinematic and static constraints, [16] – [20] the 

pneumatic transmissions in systems driven by pouch motors can be made much simpler than 

mechanical transmissions required to achieve comparable motions and torques. 

The rotational action induced in the laminate linkage can be kinematically represented as 

an actuated revolute joint. This representation enables common robot manipulator morphologies 

(Figure 1d) to be directly translated to a laminate analog with minimal design of transmission 

trains (Figure 1e). Provided an effective control scheme, these fully actuated linkages can then be 

applied to manipulation tasks and legged robot locomotion at the millimeter- and micrometer-

scales.  

Previous work on rotary pouch motors has focused primarily on their kinematic and static 

behaviors, demonstrating applications in underactuated systems that use a single pouch [17], 

[18]. While these studies have provided insight regarding the design and manufacturing of 

pouch-motor-driven systems, they have not provided effective techniques for sensing and 

feedback control. Furthermore, the use of a single pouch per joint seen in previous work leads to 
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asymmetric actuation and precludes stiffness control, a control mode that enables robust 

interaction between robotic linkages and their environments [21]. Through a combination of 

actuator antagonism and principled control design, soft and hybrid-soft actuators have been 

shown to lend themselves naturally to effective stiffness control [22], [23].  

For pouch motors to be more broadly useful in dynamic robotic linkages, the tool sets 

surrounding their use should be extended to include effective angle and stiffness control. In this 

thesis, I propose techniques to accomplish this goal, demonstrating the potential for pouch 

motors to be used as a primitive rotary actuator for dynamic robots in small-scale settings. The 

contributions of this thesis are: 

1. Description of a laminate design paradigm for pouch-motor driven joints with 

integrated sensing that can be scaled to manufacture complex, multi-degree-of-

freedom (DOF) linkages. 

2. Proposal of a dynamic model for a single, antagonistically-actuated, rotary pouch 

motor. 

3. State estimation and feedback control algorithms for effective actuation of rotary 

pouch motors in dynamic applications. 

The goal of this work is to develop a direct analog for electromagnetic motors that is 

effective at the scale where motors become ineffective. This is done by systematically 

establishing the manufacturing, modeling, and algorithmic tool sets that would make rotary 

pouch motors more practical for use in small-scale robots. 

 



 

4 

 

 

Figure 1: Antagonistically-driven, rotary pouch motor linkages. A single joint remains flat when 

the pressures in its two pouches are equal (a) and relative rotation is induced between the links 

when one pouch is pressurized more than the other (b). The action of rotary pouch motor joints 

can be represented as an actuated, 1-DOF revolute joint (c), enabling large scale robot 

manipulators (d) to be translated into an analogous, laminate form (e) with joint axes, 𝑗𝑖, 
expressing equivalent kinematic chains (f).  
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The remainder of this thesis is structured as follows: Chapter 1 presents the design and 

fabrication of pouch motor driven linkages, along with a sensing mechanism used for state 

estimation; Chapter 2 develops a lumped-parameter dynamic model governing rotary pouch 

motors as well as models and descriptions the control system hardware used to drive the 

actuators; Chapter 3 focusses on state estimation using dual soft sensors; In Chapter 4, these 

state estimation techniques are used to implement real-time joint angle control in a pouch motor 

joint; Chapter 5 then presents a hierarchical control scheme for simultaneous joint angle and 

stiffness control; Finally, concluding remarks and avenues for future work are discussed in 

Chapter 6 

 

. 
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Chapter 1. Design and Fabrication of Pneumatically Actuated, 

Laminate Linkages 

 

1.1: Rotary pouch motors 
Rotary pouch motors are laminate-manufactured actuators with two primary elements. 

The first is a disjoint, planar, structural layer used as an underlying linkage. The second 

component is a set of antagonistically paired pouches, with one pouch adhered to each side of the 

joints in the linkage. As the air pressures in the pouches are modulated, the pouches pull on the 

rigid links and induce relative rotation by angle 𝜃 (Figure 1).  

As laminate composites, rotary pouch motors lend themselves to a manufacturing process 

requiring only a laser cutter and three components – a rigid layer, an adhesive, and inflatable, 

flexible pouches. I constructed the pouches from thermoplastic polyurethane (TPU) sheets using 

a laser-bonding process [24]. First, I weakly bonded two layers of TPU (Stretchlon 200, 

FibreGlast) with a heat-press (HobbyLite, HIX Co.) at 77∘ C for 120 seconds. I then used a laser 

machining system (PLS6MW, Universal Laser Systems) to permanently bond the prepared TPU. 

Different settings were used to either bond the TPU layers internally without cutting through 

both layers or to bond the layers while also cutting through them. With these two settings, it 

became possible to create complex pouch geometries with fluidic channels integrated into the 

same layer (Figure 2a).  

I constructed the linkage layer from FR4 (1331T59, McMaster) and a used a pressure-

sensitive silicone adhesive (AR7876, Adhesive Research) as the adhesive layer. The settings 

used to cut and bond the materials comprising each layer of the rotary pouch motor linkage are 

cataloged in Table 1. Alignment holes were included in the cut path for each layer, allowing for 

precise assembly of the components after cutting (Figure 2d). Ideal joint angle limits and static 

joint torque limits can be set in the joint's design by controlling of the length, 𝑙𝑝𝑜𝑢𝑐ℎ, and width 
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𝑤𝑝𝑜𝑢𝑐ℎ, of the pouches as well as the gap width, 𝑤𝑔𝑎𝑝, between sections in the linkage layer, 

with a theoretical maximum rotation of 180∘  [16], [17]. 

 

 

 

 

Table 1: Laser cutter settings for pouch motor components 

Material Power Speed Pulses-per-inch 

FR4 (0.01 in) 40% 5% 1000 

Silicone Adhesive 50% 60% 1000 

TPU Pouch (cut and 

bond) 

80% 100% 500 

TPU Pouch 

(internally bonded) 

60% 80% 500 

 

 

 

Figure 2: Fabrication of integrated rotary pouch motor fabrication and layering. Thermoplastic 

polyurethane (TPU) pouches (a) are laser-bonded together and adhered to a rigid linkage (b). 

Liquid metal sensors (c) are also bonded to a specifically designed region on the joint. (d-f) 

Schematic front, rear, and top views of pouch motor assembly. 
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1.2: Soft liquid metal sensing 
In order to implement effective, closed-loop control of pouch-motor-driven linkages, a 

means of sensing joint angles is necessary. Such sensing in small-scale laminates is most 

commonly achieved by integrating piezoelectric (e.g. PVDT) or piezoresistive (e.g. copper strain 

gauges) thin films into the joints of the laminate structure [25], [26]. While these thin-film 

materials are readily usable in a laminate design and manufacturing scheme, other sensing modes 

have been adapted for layered manufacturing, including optical sensing [27], capacitive strain 

sensing [28], and sensing contact between conductive surfaces of the laminate [29]. Furthermore, 

these sensors have been demonstrated to work in feedback control settings. However, few of 

these sensing mechanisms are robust enough to provide accurate state information when 

subjected to the repeated, dynamic, and highly localized stresses associated with folding about a 

discrete joint axis during trajectory following tasks. 

We found that soft, liquid metal sensors [30], [31], overcome the design challenges posed 

by previous laminate joint angle sensors. These sensors (Figure 2c) consist of soft microfluidic 

channels filled with a metal that is liquid at room temperature. When the sensor is subjected to 

strain, the metal that fills its channels deforms, resulting in a measurable resistance change across 

the sensor. Because of their material composition, these strain sensors offer significant 

robustness and repeatability when compared to other piezoresistive sensors used in laminate 

composites [32], greatly increasing the longevity of a joint as it bends quickly with large angular 

displacements. Furthermore, liquid metal sensors can be fabricated in discrete packages that 

facilitate laminate manufacturing. 
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1.2.1: Liquid metal sensor fabrication 

We constructed our liquid metal sensors in four steps (Figure 3). First, we mixed silicone 

elastomer (Ecoflex 0030, Smooth-On) in a centrifugal mixer (ARE-130, Thinky) with a weight 

ratio of 1:1 for parts A and B with the addition of 0.1 parts of white pigment (Silc Pig, Smooth-

On). We then poured the mixture on top of a wafer and spin-coated the wafer at a speed of 200 

rpm for 30 seconds. After spin-coating, we placed the wafer in an oven at 60∘C for 20 minutes. 

Afterwards, we transferred the silicone substrate to a printing stage, and serpentine patterns were 

directly printed onto it using eutectic gallium-indium (EGaIn)—a room-temperature liquid 

metal—with a mixture of 75.5% gallium and 24.5% indium by weight. To print the EGaIn, we 

used a motorized 𝑥-𝑦 stage (Shotmaster 300X, Musashi) and a pneumatic dispensing system 

(SuperSigma CMV2, Musashi) with a laser distance sensor (LK-G32, Keyence). We covered the 

printed trace with another layer of uncured silicone, spin-coated it at 200 rpm for 30 seconds, and 

cured it in the oven. After curing, we cut each sensor into a 1 cm-by-1 cm square. We plugged 

copper wires into each sensor, making physical contacts with the EGaIn. Finally, we applied 

silicone glue (Sil-Poxy, Smooth-On) to fix the wires to the sensor. 

 

 

Figure 3: Liquid metal sensor manufacturing process. First, we mix a dyed silicone substrate and 

spin-coat the mixture onto a wafer (a). After curing, we print serpentine EGaIn patterns onto the 

substrate (b), and spin-coat another layer of silicone over the printed pattern (c). Finally, we 

separate the sensors from the substrate and insert wires into the sensor (d). 

 

 



 

10 

 

1.3: Designing integrated rotary pouch motor linkages 
Unlike many traditional robot design approaches, where actuators and sensors are 

discrete components, rotary pouch motors enable a design paradigm that integrates both 

actuation and sensing into the structure of a linkage. This allows for the design of highly 

scalable, laminate-manufactured, linkages at a small scale. Furthermore, due to their high power 

density, rotary pouch motors can be used to create serial linkages with many joints, allowing for 

direct application of much of the established theory surrounding robot manipulator mechanics 

and control [21], [33], [34]. The primary limitation in designing laminate manufactured linkages 

is that the axis of rotation for each pouch motor must lay in the plane of fabrication. This does 

not prove a critical limitation however, as rotation axes can be arranged within the fabrication 

plane to achieve complex, three-dimensional (3D) motions at the end-effector [33].   

To demonstrate this design approach, I integrated rotary pouch motors into a 3-DOF 

millimeter-scale manipulator (Figure 4). With respect to kinematics and linkage dynamics, the 

designed manipulator is identical to traditional robot manipulators driven by rotary actuators. 

This enables direct application of traditional robot manipulator mechanics and control theory for 

3D trajectory tracking of the end-effector.  



 

11 

 

   

Figure 4: 3-DOF serial manipulator constructed using our integrated design approach. The 

linkage’s rest-position (a) is defined as the state where all joints are unactuated. While all 

fabrication is done in one plane, the end-effector can reach target positions in three dimensions 

(b). The manipulator can be modeled as a rigid linkage (c) with rigid links actuated about 

revolute joints with joint axes, 𝑗𝑖. The joint axes (red dashed lines) can be arranged in any 

orientation within the plane of fabrication. 
 

 

1.4: Acknowledgements 
Chapters 1 through 4 contain material as it appears in the 2020 IEEE-RAS International 
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Michael T. The thesis author was the primary investigator of this material. 
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Chapter 2. Dynamic Modelling of Pouch Motors and Pneumatic 

Drive System 
 

2.1: Lumped parameter model of rotary pouch motors 
A single rotary pouch motor joint can be modelled as two, rigid links with the pouches 

connecting the links represented by parallel spring-dampers, with spring constants, 𝑘0 and 𝑘1, 

and damping coefficients, 𝑏0 and 𝑏1, where subscripts 0 and 1 correspond to the top and the 

bottom pouches, respectively (Figure 5). These coefficients are functions of the pressure inside 

of their respective pouches, 𝑃0 and 𝑃1, only. That is, 𝑘𝑖(𝑃) = 𝑘𝑖(𝑃𝑖) and 𝑏𝑖(𝑃) = 𝑏𝑖(𝑃𝑖), 𝑖 =

0,1. Furthermore, the joint angle limits, 𝜃𝑚𝑎𝑥   and 𝜃𝑚𝑖𝑛, act as the equilibrium positions for 

springs 𝑘0 and 𝑘1, respectively, and can be set in the design of the underlying linkage [17]. 

 

 

 

Figure 5: Lumped parameter model of antagonist, rotary pouch motor joint. The pneumatic 

pouches in the joint (top), can be modeled as individual spring-dampers in parallel (bottom left) 

or as a single equivalent spring-damper with equilibrium angle, 𝜃𝑒𝑞 (bottom right). 
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Due to the low mass of each link, I assume that the effect of gravity on the joint is 

negligible. This assumption leads to the following relationship for the equilibrium joint angle: 

 
𝜃𝑒𝑞(𝑃)  =

𝑘0(𝑃0)𝜃𝑚𝑎𝑥 + 𝑘1(𝑃1)𝜃𝑚𝑖𝑛
𝑘0(𝑃0) + 𝑘1(𝑃1)

. 
(1) 

Under this model, the joint exhibits equivalent stiffness, 𝑘𝑒𝑞, of  

 𝑘𝑒𝑞(𝑃) = 𝑘0(𝑃0) + 𝑘1(𝑃1) (2) 

and equivalent damping of  

 𝑏𝑒𝑞(𝑃) = 𝑏0(𝑃0) + 𝑏1(𝑃1) (3) 

resulting in an equivalent model as a single spring-damper system with an equilibrium angle 𝜃𝑒𝑞 

(Figure 5). 

Similar lumped parameter models have been proposed for both antagonistic linear and 

rotary pneumatically actuated systems  [22], [23], resulting in the following second order 

ordinary differential equation that is linear in the coefficients, 𝑘𝑒𝑞 and 𝑏𝑒𝑞, but nonlinear with 

respect to the pressure inputs, 𝑃, 

 𝐽�̈� + 𝑏𝑒𝑞(𝑃)�̇� + 𝑘𝑒𝑞(𝑃)(𝜃 − 𝜃𝑒𝑞(𝑃)) = 0. (4) 

2.2: Pressure control system 
To best decouple the pressure inputs to the actuators, each pouch motor is driven by 

individual air compressors (6 V Pump, Diminus) routed through independent pneumatic channels 

(51845K66, McMaster-Carr) with constant exhaust to allow for the pouch to deflate when not 

driven by its respective compressor. A micro-controller (ATMEGA2560, Atmel) controlled the 

compressors via pulse-width-modulation (PWM) with a 12 V power source. The cumulative 

dynamics from the input voltages to the output joint angle and joint stiffness were, therefore, the 

composition of the dynamics of the pump, the pneumatic channel, and the rotary pouch motor. 
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For sake of developing baseline control and estimation laws, I simplify these cumulative 

dynamics with three assumptions: 

1. The pneumatic channel was of low enough volume relative to the flow rate of the 

pump for its transient response to subside significantly faster than that of the 

pump. 

2. The links were of low enough inertia for the rotary pouch motor's transient 

response to also subside significantly faster than that of the pump. 

3. The spring constant associated with each pouch is linear in the pouch’s pressure. 

The first two assumptions established the pump as the limiting component in terms of the 

system's response speed and reduced the dynamics of the channel and joint to quasistatic 

processes. Under these assumptions, the pressure output of the pump is equivalent to the pressure 

throughout its respective pneumatic channel and the output angle of the rotary pouch motor 

becomes a static function of the pouch pressures at time 𝑘, 𝜃𝑘(𝑃𝑘): ℝ
2 → [𝜃𝑚𝑖𝑛, 𝜃𝑚𝑎𝑥], where 

𝜃𝑘(𝑃𝑘) is given by (1). 

The third assumption reduces model complexity and disregards many of the time-varying 

geometric and material effects of each pneumatic actuator on the output joint angle and stiffness. 

With these assumptions, the map from pouch pressures, 𝑃𝑘, to joint angle 𝜃𝑘, at time 𝑘 becomes 

 
𝜃𝑘(𝑃𝑘) =

𝑐0𝜃𝑚𝑎𝑥𝑃𝑘0 + 𝑐1𝜃𝑚𝑖𝑛𝑃𝑘1
𝑐0𝑃𝑘0 + 𝑐1𝑃𝑘1

, 
(5) 

and the equivalent stiffness becomes  

 𝑘𝑒𝑞𝑘(𝑃𝑘) = 𝑐0𝑃𝑘0 + 𝑐1𝑃𝑘1 = 𝑐𝑇𝑃𝑘, 

 

(6) 

where 𝑐 ∈ ℝ2 defines the linear pressure-to-stiffness relationship, with 𝑘𝑖 = 𝑐𝑖𝑃𝑖. 
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To verify that the pneumatic channels connected to each pouch are decoupled, I measured 

the steady-state pressure, 𝑃𝑠𝑠, in each channel as a function of the input voltage to each pump, 

𝑉𝑝𝑢𝑚𝑝 = [𝑉𝑃0, 𝑉𝑃1]
𝑇, which was swept by increments of 0.3 V through all possible input voltage 

pairs from 0 V to 12 V on each pump. I fitted the resulting data to a linear model, with the 

matrix, 𝐴𝑝 ∈ ℝ
2×2, describing the least-square voltage-to-pressure gain, where 

 𝑃𝑠𝑠 = 𝐴𝑝𝑉𝑝𝑢𝑚𝑝. (7) 

As expected, the steady-state response from control voltages, 𝑉𝑝𝑢𝑚𝑝, to pouch pressures, 

𝑃𝑠𝑠, was highly linear, with 

𝐴𝑝 = [
0.2 0.04
0.04 0.4

]. 

The diagonal entries of 𝐴𝑝 indicate the effect of a pump's voltage on its respective 

channel pressure while the off-diagonal terms correspond to coupling effects. While some 

coupling is apparent, it is approximately an order of magnitude less than the diagonal entries. 

Additionally, the matrix 𝐴𝑝  is invertible, lending itself to efficient feed-forward control of the 

pouch pressures.  

I identified the vector parameterizing the linear pressure-to-stiffness transformation, 𝑐, 

experimentally by holding the bottom pouch pressure, 𝑃1, constant while sweeping the pressure 

of the top pouch through a range of values from 0 to 𝑃0𝑚𝑎𝑥 . I recorded joint angles with a video 

camera during testing and post-processed the video with commercial image processing software 

(ProAnalyst, Xcitex Inc.) to determine the true joint angle, 𝜃𝑘
∗, at each time 𝑘. Pressure data was 

collected from discrete, analog pressure sensors (ABPDANT015PGAA5, Honeywell) connected 

to each pneumatic channel. I then used the channel pressure and joint angle data in a nonlinear 

least-squares fit of parameter vector, 𝑐 = [𝑐0, 𝑐1].  



 

16 

 

2.3: Acknowledgements 
Chapters 1 through 4 contain material as it appears in the 2020 IEEE-RAS International 

Conference on Soft Robotics. Adibnazari, Iman; Jeon, Byung Jun; Park, Yong-Lae; Tolley, 

Michael T. The thesis author was the primary investigator of this material.  



 

17 

 

Chapter 3. Joint Angle Estimation with Dual Liquid Metal Sensors 

 

3.1: Dual liquid metal sensor model 
As discussed in Chapter 1.2, we integrated two liquid metal sensors into each rotary 

pouch motor joint. We used dual sensors to mitigate the fact that each sensor's resistance output 

is both more linear and more sensitive to deformation by extension than by compression. By 

placing sensors on either side of the joint, one sensor was always guaranteed to be in extension 

for nonzero joint angles. This redundancy increased the information available for state estimation 

and directly yields a simplified sensor fusion scheme that focused only on the sensor that was in 

extension. This sensing scheme was, however, contingent on not introducing nonlinearity during 

conditioning of the sensor signal. Thus, we implemented a linear amplifier that set each sensor as 

the load of a ground-referenced, constant current source and passed the sensors’ voltages through 

linear amplifiers with gains designed for the resolution of the microcontroller’s analog-to-digital 

converter (Figure 6). 

 

Figure 6: Block diagram of joint angle sensing scheme with dual liquid metal sensors. Each 

liquid metal sensor is connected as a ground-referenced resistive load, 𝑅𝑠𝑖, to a constant current 

source, and the voltage across sensor is then amplified by a constant gain amplifier. The output 

voltage from each signal conditioning circuit, 𝑉𝑠𝑖, is then fed into a microcontroller where joint 

angle estimates are computed.  
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We expected each liquid metal sensor to exhibit monotonically increasing output when in 

extension [30]. To verify this, we swept a rotary pouch motor joint through all feasible angles, 

𝜃 ∈ [𝜃𝑚𝑖𝑛, 𝜃𝑚𝑎𝑥] while recording the change in voltage of each sensor relative to their voltages 

when 𝜃 = 0 (Figure 7). During this experiment, the joint angle was controlled by keeping a 

constant pressure in one pouch while the pressure in the other pouch was varied sinusoidally 

over the course of several cycles.  

As expected, one sensor signal asserted a larger output than the other depending on the 

sign of 𝜃. Furthermore, the when in extension, the output voltage of each sensor increased as a 

relatively linear function of the joint angle. By fitting a linear map to each sensor’s output in its 

dominant regime (Figure 7), we enabled a straightforward method of joint angle sensing: at each 

timestep, we considered only the sensor with larger output voltage and inverted its respective 

linear map to compute the joint angle. 

 

Figure 7: Response of dual liquid metal sensors to sweep through joint angles. The top sensor 

output (red x’s) is in extension and asserts a larger signal than the bottom sensor (blue dots) 

when the joint angle is negative. Likewise, the bottom sensor asserts the larger signal when the 

joint angle is positive. Linear models are fit to each sensor using data from the regimes where 

their signals are dominant. 
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3.2: Improving joint angle estimation via Bayesian filtering  
The sensing scheme presented at the end of the last section enables intuitive and high-

speed joint angle estimation. I improved this sensing scheme by developing a Bayesian filtering 

algorithm that integrates the information afforded by the dynamics model presented in Chapter 2.  

While there was noticeable hysteresis in the recorded signals, a linear Gaussian model 

was fit to each sensor in their dominant regime with the variance of each model used to 

encompass this hysteresis. This led to the stochastic measurement model 

 
𝑉𝑠𝑒𝑛𝑠𝑒 = [

𝑉𝑠0
𝑉𝑠1
] = [

𝑐𝑡1θ𝑘 + 𝑐𝑡2 + 𝑣0
𝑐𝑏1θ𝑘 + 𝑐𝑏2 + 𝑣1

] 
(8) 

where 𝑐𝑡 = [𝑐𝑡1 , 𝑐𝑡2]
𝑇
 and 𝑐𝑏 = [𝑐𝑏1 , 𝑐𝑏2]

𝑇
 are coefficients derived from the linear fit to the top 

and the bottom sensor data in their dominant regimes. The Gaussian random variables           

𝑣0 ∼ 𝒩(0, Σ𝑉𝑠0) and 𝑣1 ∼ 𝒩(0, Σ𝑉𝑠1) were selected to encapsulate both the hysteresis and the 

noise presented by the sensors with the empirically fit variances, Σ𝑉𝑠0 and Σ𝑉𝑠1.    

This stochastic measurement model can be viewed as piecewise-linear with dependence 

on the sensor that measures the higher signal. With this construction, an adapted extended 

Kalman filter (EKF) can be developed for joint angle estimation. As per usual with Bayesian 

estimation techniques, this derivation of the EKF comprises two steps: prediction and update of 

the posterior distribution of joint angles.  

3.2.1: Prediction 

Given the assumption from Chapter 2.2 that 𝜃𝑘(𝑃) is static in pressure, the predicted 

Gaussian distribution of joint angles after control input 𝑃𝑘 at time 𝑘 has mean, 𝜇𝑝𝑟𝑒𝑑𝑘 = 𝜃𝑘(𝑃𝑘), 

and variance Σ𝑊, characterized as the variance exhibited by the best-fit motion model, 𝜃𝑘(𝑃𝑘). In 

this case,  Σ𝑊 ∈ 𝑅 is a scalar constant and selected empirically, with a value corresponding to the 

worst-case variance in the actuation model after fitting the parameter vector, 𝑐. 
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3.2.2: Update 

The update step uses the sensor readings to correct the predicted distribution. The 

measurement model reduces the dimension of sensor signals from two to one by only 

considering the sensor signal with higher output voltage. With this, the updated posterior 

distribution of joint angles has mean  

 𝜇𝑢𝑝𝑑𝑎𝑡𝑒𝑘 = 𝜇𝑝𝑟𝑒𝑑𝑘 + 𝐾𝑘(𝑚𝑎𝑥(𝑉𝑠𝑒𝑛𝑠𝑒) − 𝑚𝑘), (9) 

where 

 𝐾𝑘 = Σ𝑊𝐶1(𝐶1
2Σ𝑊 + Σ𝑉)

−1, (10) 

and 

 
𝐶1 = {

𝑐𝑡1 ,         𝑉𝑠0 > 𝑉𝑠1
𝑐𝑏1 ,     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

 
(11) 

and the variance of the Gaussian distribution is given by 

 
Σ𝑉 = {

Σ𝑉0 ,         𝑉𝑠0 > 𝑉𝑠1
Σ𝑉1 ,     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 
(12) 

The expected observation, 𝑚𝑘, in (9) is given by  

 
𝑚𝑘 = {

𝑐𝑡1𝜃𝑘(𝑃𝑘) + 𝑐𝑡2 ,        𝑉𝑠0 > 𝑉𝑠1  

𝑐𝑏1𝜃𝑘(𝑃𝑘) + 𝑐𝑏2 ,     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.
 

(13) 

 This estimation scheme is summarized in Algorithm 1. I characterized this algorithm’s 

performance using the experimental data of channel pressures, sensor voltages, and ground-truth 

joint angles collected from visual tracking (Figure 8). The joint angle estimate exhibited root-

mean-square (RMS) error of 0.87∘ relative to ground truth. This was approximately 18% less 

RMS error than that of the intuition-driven sensing scheme proposed at the end of Chapter 3.1.  
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Algorithm 1: Bayes Filter for Joint Angle Estimation 

 Input: 𝑃𝑘, 𝑉𝑠𝑒𝑛𝑠𝑒𝑘   

 Output: 𝜇𝑢𝑝𝑑𝑎𝑡𝑒𝑘   

 𝜇𝑝𝑟𝑒𝑑𝑘 ← 𝜃𝑘(𝑃𝑘)  

 if  𝑉𝑠0 > 𝑉𝑠1 then  

      𝑚𝑘 ← 𝑐𝑡1θ𝑘 + 𝑐𝑡2  

      𝐾𝑘 ← Σ𝑊𝑐𝑡1(𝑐𝑡1
2 Σ𝑊 + Σ𝑉𝑠0)

−1
  

 else  

      𝑚𝑘 ← 𝑐𝑏1θ𝑘 + 𝑐𝑏2  

      𝐾𝑘 ← Σ𝑊𝑐𝑏1(𝑐𝑏1
2 Σ𝑊 + Σ𝑉𝑠1)

−1
  

 μ𝑢𝑝𝑑𝑎𝑡𝑒𝑘 ← μ𝑝𝑟𝑒𝑑𝑘 + 𝐾𝑘(𝑚𝑎𝑥(𝑉𝑠𝑒𝑛𝑠𝑒) − 𝑚𝑘)  

 

 

 

 

 

 

 

 

 

Figure 8: Joint angle estimation compared to ground truth, 𝜃∗ (solid black line). Deterministic 

measurement model, 𝜃(𝑉𝑠𝑒𝑛𝑠𝑒) (dashed red line), exhibits higher estimation error than the 

stochastically filtered estimate, 𝜇𝑢𝑝𝑑𝑎𝑡𝑒 (dotted blue line). 
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Chapter 4:  Joint Angle Control for Rotary Pouch Motor Linkages 
 

Effective joint-angle control of a 1-DOF joint can be directly applied to decentralized 

control of more complex, multi-DOF linkages [21], [33]. With this in mind, I used the angle 

sensing techniques presented in the previous chapter to develop an angle control scheme for 

rotary-pouch-motor-driven joints. This control scheme is comprised of a model-based 

feedforward term augmented with feedback compensation and I applied the controller to real-

time trajectory tracking tasks to assess its performance.   

4.1: Combined feedback and feedforward joint angle control  
Since the proposed model of rotary pouch motors has two input pressures and two 

outputs (i.e. joint angle and joint stiffness), I first reduced the model to a single-input single-

output system by constraining the bottom pouch pressure to be constant, 𝑃1𝑘 = 𝑃1
∗ ∀ 𝑘. I then 

derived a control law given this constant pressure in the bottom pouch and an estimate of the 

joint angle, 𝜃𝑘.  

4.1.1: Feedforward control 

Given a desired joint angle, 𝜃𝑑𝑒𝑠, the steady-state model, 𝜃𝑒𝑞(𝑃), can be used to derive a 

feedforward pressure term, �̃�0(𝑃1
∗, θ𝑑𝑒𝑠), for the top pneumatic channel, where   

 
�̃�0(𝑃1

∗, θ𝑑𝑒𝑠) =
𝑃1
∗𝑐1(θ𝑑𝑒𝑠 − θ𝑚𝑖𝑛)

𝑐0(θ𝑚𝑎𝑥 − θ𝑑𝑒𝑠)
. 

(14) 

 

4.1.2: Combining feedforward control with static output feedback 

I computed estimates of the joint angle, 𝜃𝑘, using the sensing scheme from Chapter 3.1, where 

 

𝜃𝑘(𝑉𝑠𝑒𝑛𝑠𝑒) =

{
 
 

 
 
𝑉0𝑘 − 𝑐𝑡2
𝑐𝑡1

,         𝑉𝑠0 > 𝑉𝑠1

𝑉1𝑘 − 𝑐𝑏2
𝑐𝑏1

,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.

 

(15) 
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From the estimated joint angle, I then defined a control law for the input pressure to each 

channel, 𝑃, where 

 
𝑃𝑘 = [

𝑃0𝑘
𝑃1𝑘

] = [
�̃�0(𝑃1

∗, 𝜃𝑑𝑒𝑠) + 𝑘𝑝(𝜃𝑑𝑒𝑠 − 𝜃𝑘)

𝑃1
∗

]. 
(16) 

An equivalent block diagram representation of the control law is shown in Figure 9. 

 

Figure 9: Block diagram of joint angle controller. The pouch motor angle is estimated from the 

dual joint angle sensors and used to compute a static feedback compensation term. The feedback 

term is added to a feedforward term computed the pouch motor equilibrium model. The summed 

control term is then used to modulate the pressure to the top pouch. 

Letting the pump control voltages be given by inverting the linear map developed in 

Chapter 2.2,  

 𝑉𝑝𝑢𝑚𝑝 = 𝐴𝑃
−1𝑃𝑘, (174) 

I used the above controller to track a sinusoidal trajectory with frequency of 0.1 Hz (Figure 10), 

where it exhibited RMS error of approximately 6.5∘. For a 2 Hz sinusoid, the error remained 

approximately constant, with a value of 6.7∘. At higher frequencies, tracking degraded 

significantly, which can be attributed to the limited bandwidth of the air compressors. This 

degradation gives grounds to my previous assumptions regarding the speed-limiting element in 

the system. 
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Figure 10: Tracking sinusoidal trajectory. Desired trajectory (solid black line) is a 0.1 Hz 

sinusoid. Estimated joint angle from internal sensing (dotted blue line) and ground truth joint 

angle (dashed red line) approximately agree on tracking performance. 
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Chapter 5: Simultaneous Position and Stiffness Control via 

Hierarchical Feedback 
 

5.1: Leveraging pouch motor dynamics for stiffness control 
Careful control of the interaction forces between a linkage’s end effector and its 

environment are central to effective legged locomotion and manipulation in robotic systems [21], 

[34]. Force control of this manner is often accomplished via either 1) direct force-feedback, 

where force sensors are used to directly monitor environmental interaction forces, or 2) indirect 

force-feedback, where the effective force acting on the end effector is inferred from the tracking 

error of the end-effector or of joint angles [21].  

Given the inherent back-drivability of pouch-motor-driven linkages, impedance control 

via indirect force-feedback could be implemented using the joint-angle controller developed in 

Chapter 4. However, the lumped parameter model of rotary pouch motor dynamics presented in 

Chapter 1 suggests it is possible to simultaneously control both joint stiffness and joint angle in a 

simplified manner through modulation of both pouch pressures. In this chapter, I relax many of 

the assumptions and constraints made for joint angle control in the previous chapter and present 

a hierarchical scheme for simultaneous stiffness and angle control in a simulated pouch motor 

joint.  

 

5.2: System model and simulation 
 

Without the assumptions made in Chapter 2.2 that reduced the pouch motor and 

pneumatic channel to quasistatic systems, the overall system dynamics of our system is a 

composition of those of the DC motors driving the pumps, the propagation dynamics of the 

pneumatic medium in each channel, and the mass-spring-damper system describing the pouch 
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motor joint. I instead assume that the pump dynamics are given by a second-order system with 

state dynamics  

 

[
�̇�𝑚
�̇�
]  =

[
 
 
 
 −
𝑅𝑚
𝐿𝑚

𝑘𝑡𝑘𝑣
𝐿

1 −
𝑏𝑚
𝐽𝑚 ]
 
 
 
 

[
𝜏𝑚
𝜔
] + [

𝑘𝑡
𝐿
0

]𝑉𝑖𝑛 

(185) 

where the states, 𝜏𝑚  and 𝜔, represent the motor torque and rotational velocity, 

respectively, the input to the system is the voltage, 𝑉𝑖𝑛 ∈ [0,12] V, and the system parameters are 

as described in Table 2. 

I also assume that the propagation of pneumatic media through channel 𝑖 manifests as a 

first order system [35] with state dynamics 

 
�̇�𝑝𝑜𝑢𝑐ℎ𝑖 = −

1

𝑅𝑓𝑖𝐶𝑓𝑖
𝑃𝑝𝑜𝑢𝑐ℎ𝑖 +

1

𝑅𝑓𝑖𝐶𝑓𝑖
𝑃𝑖𝑛𝑖 , 

(19) 

Where 𝑃𝑝𝑜𝑢𝑐ℎ𝑖 is the pressure in pouch 𝑖 and the input pressure to pneumatic channel 𝑖, 

𝑃𝑖𝑛𝑖, is given by 

 𝑃𝑖𝑛𝑖 = 𝑘𝑝𝑖𝜏𝑚𝑖
 (20) 

Given the pouch pressures, 𝑃𝑝𝑜𝑢𝑐ℎ  =  [𝑃𝑝𝑜𝑢𝑐ℎ0 , 𝑃𝑝𝑜𝑢𝑐ℎ1]
𝑇
 the pouch motor dynamics are 

as developed in Chapter 2.2.  

I constructed a numerical simulation (Simulink, MathWorks) of the full dynamics for a 

pouch motor system using the above models. The parameters describing each subsystem are 

cataloged in Table 2.  

In this simulation, I assume the joint stiffness and joint angle are directly observable. This 

assumption is reasonable given the accuracy of the state-estimation algorithms presented in 

Chapter 3 and the fact that joint stiffness is computed as a static function of known input 

pressures.  
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Table 2: Parameter definitions for simulated dynamic systems 

Parameter Description Value Units 

𝑅𝑚 Pump resistance  1 [Ω] 

𝐿𝑚 Pump inductance  0.4 [H] 

𝐽𝑚 Shaft inertia of pump motor  0.8 [kg ∙ m2] 

𝐾𝑡 Torque constant of pump motor  2 
[
N ∙ m

A
] 

𝐾𝑣 Velocity constant of pump motor  2 
[
rad

V ∙ sec
] 

𝑅𝑓 Fluidic resistance of pneumatic channel  0.01 
[
N ∙ sec

m5
] 

𝐶𝑓 Combined fluidic capacitance pneumatic 

channel and pouch  

0.08 
[
m5

N
] 

𝐾𝑝  Pressure constant of pump  0.5 
[
PSI

N ∙ m
] 

𝐽𝑝𝑚 Rotational inertia of driven link in pouch 

motor joint  

0.001 [kg ∙ m2] 

𝑐𝑘0 , 𝑐𝑘1  Coefficients for linear map from pouch 

pressures to equivalent spring stiffnesses  

0.5, 0.5 
[
N ∙ m

rad ∙ PSI
] 

𝑐𝑏0 , 𝑐𝑏1 Coefficients for linear map pouch pressures 

to equivalent damping constants  

0.0001, 0.0001 
[
N ∙ m ∙ sec

PSI
] 

 

5.3: Hierarchical controller  
 Using the models described in the previous section, I developed a two-level, hierarchical 

control scheme (Figure 11). A low-level control loop leverages the linear, time-invariant 

dynamics of the combined pump and channel subsystems used to actuate each pouch:  

 

[

�̇�𝑚𝑖

�̇�𝑖
�̇�𝑝𝑜𝑢𝑐ℎ𝑖

]  =

[
 
 
 
 
 
 −

𝑅𝑚
𝐿𝑚

𝑘𝑡𝑘𝑣
𝐿

0

1 −
𝑏𝑚
𝐽𝑚

0

𝑘𝑝𝑖
𝑅𝑓𝑖𝐶𝑓𝑖

0 −
1

𝑅𝑓𝑖𝐶𝑓𝑖]
 
 
 
 
 
 

[

𝜏𝑚𝑖

𝜔𝑖
𝑃𝑝𝑜𝑢𝑐ℎ𝑖

] + [

𝑘𝑡
𝐿
0
0

] 𝑉𝑖𝑛 

(21) 

The low-level control loop takes pressure inputs, 𝑷𝒅𝒆𝒔 = [𝑃𝑑𝑒𝑠0 , 𝑃𝑑𝑒𝑠1]
𝑇
 and uses 

classical control techniques to generate these pressures at the pouch inlets by modulating the 
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input voltage to each motor. I manually tuned PID controllers for each of the pump-channel 

systems to provide superior response speed while avoiding saturation of the voltage signal. Since 

the response of each pump-channel subsystem is decoupled from that of the other, the controller 

for each was tuned separately.  

 The second level of this hierarchical scheme uses a feedforward-augmented feedback 

controller to track desired trajectories of joint angles and effective joint stiffnesses,        

𝑥𝑑𝑒𝑠(𝑡) = [𝜃𝑑𝑒𝑠(𝑡), 𝑘𝑑𝑒𝑠(𝑡)]
𝑇. Multivariable, output feedback is used along with a feedforward 

control law that relaxes the constraint on constant pressure used in Chapter 4.1.  

Given 𝑥𝑑𝑒𝑠 as solutions to equations (5) and (6) at time 𝑡, the feedforward input 

pressures, 𝑃𝑓𝑓(𝑡) = [𝑃𝑓𝑓0(𝑡), 𝑃𝑓𝑓1(𝑡)]
𝑇
, necessary to achieve these outputs in steady state become  

 
𝑃𝑓𝑓0(𝑡) =

𝑘𝑑𝑒𝑠(𝑡) ∙ (𝜃𝑑𝑒𝑠(𝑡) − 𝜃𝑚𝑖𝑛)

𝑐0 ∙ (𝜃𝑚𝑎𝑥 − 𝜃𝑚𝑖𝑛)
 

(22) 

and   

 

 

𝑃𝑓𝑓1
(𝑡) =

𝑘𝑑𝑒𝑠(𝑡) ∙ (𝜃𝑚𝑎𝑥 − 𝜃𝑑𝑒𝑠(𝑡))

𝑐1 ∙ (𝜃𝑚𝑎𝑥 − 𝜃𝑚𝑖𝑛)
. 

(23) 

Given the output of the system, 𝑥(𝑡) = [𝜃(𝑡), 𝑘𝑒𝑓𝑓(𝑡)], an error signal,                    

𝑒(𝑡) = 𝑥𝑑𝑒𝑠(𝑡) − 𝑥(𝑡), can be constructed along with a dynamic compensation term,  

 𝑃𝑓𝑏(𝑡) =  𝐺𝑝 𝑒(𝑡) + 𝐺𝑑�̇�(𝑡) + 𝐺𝑖∫ 𝑒(𝑡) 𝑑𝑡, (24) 

where 𝐺𝑝,  𝐺𝑑 , and 𝐺𝑖 ∈ ℝ
2×2 are static gain matrices. In constructing these matrices, it is worth 

noting that positive errors in joint stiffness could be met with compensation that increases the 

input pressure to both pouches to increase the joint stiffness. Similarly, positive errors in joint 

angle can be compensated by increasing 𝑃0 and decreasing 𝑃1. With this guiding intuition, I 

formulated each gain matrix, 𝐺~, to be of the form 
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𝐺~  = [

𝑘~𝜃 𝑘~𝑘𝑒𝑓𝑓
−𝑘~𝜃 𝑘~𝑘𝑒𝑓𝑓

], 
(25) 

where 𝑘~𝜃 and 𝑘~𝑘𝑒𝑓𝑓
for each gain matrix are nonnegative scalar values. With gain matrices of 

this structure, not only does the output of this matrix match the intuition of how pressures should 

be adjusted given a particular error signal, but it can be shown that in steady-state, gain matrices 

of this form aid in output decoupling when combined with an appropriate static weighting matrix 

at the input of the low-level control loop. 

  Combining the feedforward and feedback controllers presented above results in the 

following high-level control law  

              𝑃𝑑𝑒𝑠(𝑡) = 𝑃𝑓𝑓(𝑡) + 𝑃𝑓𝑏(𝑡)  

 =

[
 
 
 
 
𝑘𝑑𝑒𝑠(𝑡) ∙ (𝜃𝑑𝑒𝑠(𝑡) − 𝜃𝑚𝑖𝑛)

𝑐0 ∙ (𝜃𝑚𝑎𝑥 − 𝜃𝑚𝑖𝑛)
  

𝑘𝑑𝑒𝑠(𝑡) ∙ (𝜃𝑚𝑎𝑥 − 𝜃𝑑𝑒𝑠(𝑡))

𝑐1 ∙ (𝜃𝑚𝑎𝑥 − 𝜃𝑚𝑖𝑛) ]
 
 
 
 

+ 𝐺𝑝 𝑒(𝑡) + 𝐺𝑑�̇�(𝑡) + 𝐺𝑖∫ 𝑒(𝑡)𝑑𝑡  

 

 

(26) 

 

Figure 11: Block diagram of hierarchical scheme for simultaneous stiffness-angle control. A 

low-level pressure control loop takes pressure commands from a high-level controller that 

combines feedforward and feedback laws to follow desired stiffness-angle trajectories. 
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5.4: Assessment of trajectory tracking while maintaining constant stiffness 

I manually tuned the gain terms for both the low-level and high-level control loops to 

reduce settling time and overshoot given a constant desired input 𝑥𝑑𝑒𝑠(𝑡) = [
𝜋

3
 , 1]

𝑇

           

(Figure 12a).  I then assessed the system’s performance in tasks where it must follow sinusoidal 

joint angle trajectories of varying frequencies while maintaining a constant effective stiffness 

(Figure 12b-e). This set of tasks was chosen to represent a common application of stiffness 

control where the end effector of a manipulator is set to follow a given spatial trajectory while 

maintaining a desired compliance. RMS tracking errors for these tasks are cataloged in Table 3.  

The rotary pouch motor tracks joint angle trajectories well for low-frequency sinusoidal 

inputs to the joint angle. This behavior is expected due to the steady-state decoupling nature of 

the high-level controller. However, as the frequency of the desired joint angle trajectory is 

increased past 0.5 Hz, tracking degrades and coupling is introduced between the joint stiffness 

and angle. 

 

Table 3: RMS tracking error for sinusoidal joint angle trajectories of varying frequencies 

𝜃𝑑𝑒𝑠 Frequency 

(Hz) 

RMS joint angle 

error (rad) 

RMS joint stiffness 

error (
N∙m

rad
) 

0.25 0.071 0.060 

0.5 0.137 0.077 

1.0 0.268 0.134 

2.0 0.505 0.215 
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Figure 12: Performance of hierarchical stiffness-angle controller in varied control tasks. The 

controller was manually tuned to reduce settling time when given constant desired inputs (a). 

The resulting controller’s performance was then tested in a representative task of maintaining a 

constant stiffness of 1 
𝑁∙𝑚

𝑟𝑎𝑑
 following joint angle trajectories of 0.25 Hz (b), 0.5 Hz (c), 1 Hz (d), 

and 2 Hz (e). Tracking performance and decoupling between the joint angle and stiffness 

degrade significantly as the sinusoidal trajectory is increased beyond 0.5 Hz.   
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Chapter 6: Conclusions and Future Work 

 

In this thesis, I presented manufacturing and control tools with the goal of enabling rotary 

pouch motors to be integrated into complex, small-scale, robotic systems. I demonstrated a 

design approach for laminate linkages with integrated actuation and sensing and used this 

approach to manufacture a multi-DOF, laminate manipulator. I also developed a lumped-

parameter model describing the dynamics of rotary pouch motor joints and integrated this model 

into both state-estimation and control algorithms. Finally, I proposed two control schemes – one 

for joint angle control and the other for simultaneous joint angle and stiffness control. Applying 

the former scheme to real-time control of a pouch motor joint resulted in 6.5∘ RMS error when 

tracking sinusoidal trajectories up to 2 Hz. I also demonstrated that, in simulation, our angle-

stiffness controller could effectively track sinusoidal joint angle trajectories of while maintaining 

a near constant joint stiffness.  

A natural extension of the work presented in this thesis is to apply our manufacturing and 

control techniques to multi-DOF linkages in small-scale robot manipulators and legged robots. 

With the size-scalability and inherently low mass of rotary pouch motor linkages, such 

applications to legged robotics could enable biologically inspired studies of locomotion for low-

mass agents.  

It is worth noting that while nonlinear with respect to input pressure, my proposed model 

of rotary pouch motor dynamics is linear with respect to state variables, 𝜃 and �̇�. Thus, with an 

appropriate nonlinear coordinate transformation, pouch motor dynamics could be potentially 

transformed to an equivalent, time-varying, linear system. Such study of representation would 

enable the employment of myriad optimal and robust control tools for linear systems. This 



 

35 

 

avenue of future work is also conducive to characterizing the stability of our proposed control 

schemes – a result that is necessary to better understand the limitations of pouch motor systems.  
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