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SUMMARY

Robotic grasping is a signi�cant area of study, and reduction in its mechanical and

control complexity is of great interest for use in wearable devices, teleoperated devices,

as well as fully autonomous devices. This work aims to demonstrate ef�cient and reli-

able methods for mechanical complexity reduction using fully-characterized soft robotics

and advanced modeling techniques, and to combine that reduction with a methodology

for reducing the dimensionality of the control problem using techniques based on synergy

control and a novel method for generating an optimal synergy matrix for an arbitrary grip-

per. Finally, correlations between design, physical characteristics like compliance and soft

actuator properties, and gripper performance will be gathered and used to create a high-

performance robotic grasper with minimal actuation and controls complexity.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Background

In the development of robots for grasping and manipulation tasks with human-like capa-

bilities, some of the primary challenges stem from the complexity of the high number of

degrees of freedom (DOFs) of the human hand, particularly considering its relatively small

size. This is a challenge not only of design, but also subsequently one of control, and

many of the challenges–mass, cost, controls complexity and number of inputs–are shared

among wearable and standalone devices, albeit with different weights to their importance

depending on application [1–4].

Postural synergies are a neuroscience theory as to how the human brain simpli�es the

controls of the hundreds of muscles throughout the body, suggesting that the muscles tend

to be activated in speci�c patterns. Speci�cally in the case of hands, studies have shown

that linear combinations of these patterns span most of the motions used in grasping for

daily living; by using Principal Components Analysis, it has been shown that 75-84%

of the covariance between motions used in grasping can be accounted for by 2 principal

components [5–7] and 3 principal components can account for 90% or more [5, 6], with

additional components increasing the percentage of covariance accounted for. The exact

covariances and speci�c relations vary from subject-to-subject as well as with parameters

used in analysis, but the general trend holds for all subjects. These studies suggest that the

control of the motions used for grasping could be largely handled by 3 inputs instead of the

21 needed to control each DOF individually, with minimal losses to performance. Using

synergy-based control reduces the complexity of the controls, but does not reduce the me-

chanical issues associated with actuation. Several methods [5, 8, 9] have been suggested in
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an attempt to encode the principal components of the synergy matrix into the hardware and

actuate them directly, but these methods are dif�cult to scale, particularly as the number of

principal components and actuators increases. The implementation of linear combinations

of synergies, rather than discrete ones, are often dif�cult to implement.

One approach to keeping masses and form-factors low, especially in wearable devices,

is through soft robotics, or underactuated, compliant devices typically made of �exible ma-

terials such as rubbers or fabrics. Some of the primary advantages in soft actuators and

mechanisms are in their performance characteristics, in that the structures of these systems

can be designed speci�cally for a desired function given the same simple input: bending or

twisting [9, 10], contraction or elongation [11–15], stiffening [16–20], shape changing [21,

22], or a variety of other actions or combination of actions [21, 23]. Another major advan-

tage, particularly in relation to wearable devices or those that interact closely with humans

or fragile objects is their inherent compliance. Soft robotics tend to deform or de�ect when

they hit an obstacle, providing an inherent safety mechanism at the mechanical level that

could prevent injuries or broken equipment[24]. Additionally, the base soft robotic hard-

ware tends to be signi�cantly lighter and less expensive than typical rigid components and

actuators, although the back-end soft robotics hardware, particularly for pneumatics and

hydraulics, tends to offset most of the cost and weight savings, particularly for untethered

systems. However, these components can easily be placed on more central or base compo-

nents to their overall systems, which still allows for signi�cant inertial savings for the more

distal links of these systems. These features are especially signi�cant in grasping, as the

weight savings are most signi�cant on the end-effectors of robots and as the end-effectors

these are also some of the the most likely components to run into obstacles, highlighting

the importance of compliance and a robust nature.

Some of the oldest and most well-known soft actuators are Pneumatic Arti�cial Mus-

cles (PAMs), which have several variations including the McKibben muscle. Similar to

biological muscles, they contract in length when activated, depending on the force resist-
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ing their contraction. They can generate high forces, especially compared to most other

soft actuators, and typically show high repeatability [12, 13, 15]. Studies have shown sig-

ni�cant similarity between the properties of PAMs and biological muscles, particularly in

their static mechanical features [11]. Although they are pneumatic and exhibit weight and

energy savings compared to traditional actuators, they do tend to be more ef�cient at larger

scales and somewhat dif�cult to miniaturize and thus are more commonly used for larger

joint systems such as elbow, shoulder, or knee joints [14, 15].

Besides compliance, underactuation, or having fewer actuators than DOFs and typi-

cally with some coupling between the DOFs, is a key feature of most soft robotic systems.

Underactuation in robotic grippers is particularly signi�cant considering that the human

hand without the wrist has 21 DOFs [25], with similarly high DoFs needed to emulate

many common grasps, especially power grasps or enveloping grasps. Compliance paired

with underactuation is a signi�cant advantage in many grasping tasks; compliant under-

actuated hands have been shown to allow a simple single-actuator gripper to conform to

the shape of a properly-positioned object, and provide a high-quality power grasp with

minimal controller input and minimal sensor requirements [2–4, 9, 10, 26–30]. Further,

actuators and sensors are generally the highest-cost components in this type of robotic sys-

tem, especially at sizes and weights on the scale of the human hand, therefore minimizing

the required number of actuators tends to reduce the cost, weights, and sometimes size of

these systems. However, these simpli�ed single-actuator compliant underactuated grippers

are mainly useful for power grasping in uncluttered environments, are typically only effec-

tive at grasping mid-sized object, and have issues with other types of grasps such as pinch

grasps, as well as with tasks such as grasp recon�guration.

Due to their inherent compliance and de�ection, as well as higher variability compared

to many rigid systems, modeling and simulation of soft robotics can be an issue. Simulation

of robotic systems plays an increasingly important role in design analysis and optimization,

as well as controls and motion planning methodologies, particularly in machine learning,
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which can take many trials and is typically infeasible to perform completely on real-world

systems. However, simulation of soft robotics is well behind rigid systems in terms of ex-

isting models, accuracy, and computational speed. Most traditional solvers such as �nite

element analysis assume minimal de�ection, and many simulators approximate objects as

completely rigid, with no de�ection. Some solvers (e.g. SOFA, Bullet, Nvidia FLeX),

have some capabilities of modeling deformable materials, but these tend to make major

assumptions that do not hold true for many soft robotics, and also require signi�cantly

more computational time than rigid materials. The major limitations preventing the use of

these simulators for soft robotics are: the assumption of homogeneity in the soft materi-

als, whereas most soft robotics use and speci�cally take advantage of embedded materials

to achieve their motions; dif�culty of changing material parameters such as stiffness and

strain limits; the dif�culty in measuring such material properties with embedded structures,

inclusions, or multi-material soft parts; and a lack of capability for modeling pneumatics or

hydraulics, the power source for many soft robotics. In practice, most of the modeling must

be performed experimentally, and emerging simulation techniques [31, 32] can be used to

emulate the motion models of these devices in simulation.

The relationships between components of this project are shown Figure 1.1, and the

primary objectives of this work in more detail are:

1. Study muscle-like soft actuators and characterize properties. This will give an

overview of a simple soft actuator and its classi�cations, as well as an application

for use in a wearable assistive device. It will also provide a foundation for using

muscle-like actuators in wearable devices.

2. Develop, fully characterize, and simulate a soft secondary mechanism that would

enable synergy control in an underactuated gripper.This will involve the devel-

opment of a soft mechanism that changes the joint interaction properties, speci�cally

the bending stiffness for a tendon-driven system. The soft mechanism will be fully

characterized and modeled in a way that transfers to simulators and physics engines,

4



Figure 1.1: Scope of proposed work and representation of relationship between compo-
nents and their contributions to the overall goal.

and a rigorous simulation validation process will be performed to determine simula-

tion accuracy. A synergy control scheme will not be performed for this gripper, but

could be done using the methods in Objective 3.

3. Estimate and optimize a synergy matrix for a non-anthropomorphic hand and

quantify performance tradeoffs. This will use two methods to attempt to generate

a synergy matrix for a given fully-actuated gripper, creating process to either esti-

mate or optimize the synergy matrix for synergy control. Comparisons will be made

between the performances of the two methods of synergy matrix generation to deter-

mine which should be used, as well as and performance comparison to a gripper with

full joint control to determine the degree of performance loss that might be expected

for this type of control simpli�cation.
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CHAPTER 2

CHARACTERIZATION AND USE OF PNEUMATIC ARTIFICIAL MUSCLES

FOR WEARABLE ROBOTICS

2.1 Introduction/Objectives

The main goal for this project was to design and test the feasability of a wearable device

that used pneumatic arti�cial muscles to work in parallel with human arm movements,

focusing primarily on the actuation design and controls. The sub-objectives were thus:

• To make a device that was easily wearable.The primary target audiences for this

device was elderly people or those with stroke or similar neurological condition that

reduce arm functionality, therefore the device was meant to be lightweight and as un-

obtrusive as possible to allow the target population to wear it relatively comfortably,

while adding minimal limitations to the motions that could be performed. PAMs

were chosen to augment this motion because of their high power output to mass ra-

tio, compliant nature, and high repeatability and force outputs compared to many

other soft robotic actuators. Because of the high ranges of motion of the shoulder

and elbow joints and the limited space to place actuators, this involved maximizing

contraction outputs for the available form-factor on the body.

• To develop a functioning controller and integrating it with a machine-learning-

based EMG motion planner. Due to the compliant nature of PAMs, contraction

is a function of both internal pressure and axial load, meaning that two of the three

variables needed to be known to know the full state of the system. Further, it can be

dif�cult to �x wearable devices to the human body, and slip, compliance, and other is-

sues can cause large changes in the resultant motion. Therefore a two-part controller

was developed to ensure closed-loop control of both pressure and displacement of
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the body segments resulting from changes in PAM length. This controller also had to

work with the EMG sensors on the user to ensure that the trajectory of the wearable

device matched that of the user as accurately as possible.

Similar approaches for assistive upper-arm exoskeletons have been built previously;

however, most focused only on elbow actuation [33–37], although some systems built in

passive assistance mechanisms [37] or underactuation techniques [38] to add some assis-

tance from the shoulder joints. Most of these devices use a cable and motor to actuate the

system [34, 37–40], although several used soft bending actuators [33, 35, 36] or soft linear

actuators [41, 42]. Each of these methods only applies force or torque in one direction,

meaning an antagonistic set would be required for full actuation of the joint; however, in

most cases because of the limb's orientation and how they are used, only one side needs

to be actuated for most tasks, e.g. elbow �exion for lifting and holding devices is often

actively actuated, whereas extension is not. Even actuating only one direction of the joint,

space on the body is limited, and while most of the soft-actuator devices have the actua-

tors placed directly at the joint [33, 35, 36, 41], they can be somewhat bulky, particularly

when multiple joints are actuated [36, 41]. The motor-driven cable-actuated devices and

some soft-actuated devices [42] help reduce the bulkiness of the system by placing the ac-

tuators in a backpack and routing cables to the arm, which saves space on the body but

does cause additional losses from cable bending and friction. This study set out to build a

multi-DOF upper-arm assistive device actuated fully by PAMs, investigating the feasibility

and differences compared to the more common cable-driven system.

The major contribution of this project was the development of a lightweight upper-arm

assistive device that involved compliant actuators with muscle-like properties and used the

operator's EMG data for high-level control. Thus, the use of this device should be relatively

simple for the operator to control, and the soft actuators should be able to provide muscle-

like contractions for more natural movements. Figure 2.1 shows the components of the

initial project concept. The larger project involved signi�cant work in the development
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Figure 2.1: General components overview from initial upper arm assistive device project
concept.

of EMG sensors and the machine learning system to classify the intent behind the EMG

data, as well as the development of the actual interfaces that attached the actuation to the

relevant parts of the user's body, but this section focuses exclusively on the development of

the actuation system and its controls.

2.2 Requirements

This device was meant to assist people with impaired arm functionality; accordingly, its

usage was limited to low carrying capacities and motions used in activities of daily liv-

ing. It was meant to augment arm functionality, excluding the wrist and hand, therefore

it augmented two DOFs of the shoulder and one DOF of the elbow joint by up to 10%
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of muscular output forces of an average healthy individual. Since the PAMs only applied

force in contraction, a set of antagonistic actuators was required to fully actuate each DOF.

The initial prototype was designed to �t six sets of PAMs for the three DOFs, but the initial

study only planned to use �ve sets, assuming arm lowering could be performed with gravity

and would not require additional assistance in most cases. Further, the ranges of motion of

the shoulder were limited: the vertical �exion of the shoulder was limited from a maximum

of 180� to 120� , meaning the user could not lift the arm above the head while wearing the

device, and horizontal �exion and extension were limited from the normal ranges of -45�

to 130� to a limited range of 0� to 105� , meaning the arm could not be stretched behind

the user's back or in front of the user beyond approximately their center, as presumably the

other arm could be used in that case. Based on average human parameters, the actuators

would have to generate up to 77 Nm at the shoulder and 37 Nm at the elbow. The brace

mounting point design was done in tandem with the actuator design, but it was determined

that at least 8 cm of contraction were required along with at least 230 N of maximum ap-

plied force from the actuators at the shoulder and at least 115 N for the elbow, although for

simplicity the stricter shoulder requirements were used and all PAM sets were identical.

The target audience for this device was elderly or otherwise impaired users to augment

strength during activities of daily living, therefore the general goal was to make the device

as lightweight and unobtrusive as possible. This initial prototype was meant for relatively

wide ranges of preliminary testing, thus it had to be able to accommodate the 25th to 75th

percentiles of body sizes. So, the device would have to �t on their bodies and not impede

any motions. Additionally, the backpack housing the pneumatics, controller, and other

components was limited in size, with the main chamber limited to 25 x 14 x 42 cm.

As no speci�c weight limit was given, the literature was searched for reasonable ranges.

Most relevant studies for backpack weight on children's backpacks for school, which rec-

ommend maximum weights of 10%-15% of body weight [43]. There are also studies on

hiking pack weight, which is typically 25%-30% of body weight for an average �t adult,
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although it is noted that this relationship is an oversimpli�cation and heavier, healthy in-

dividuals can typically carry a lower percentage of their body mass due to the mechanical

limitations of the body's structure [44]. The main reason the hiking packs are able to be

heavier is the hip strap, which transfers more of the force to the hips where it is easier to

carry and gives a better force distribution. While a larger hiking backpack was not used

as it would be more obtrusive, a backpack with a hip strap was chosen to help distribute

the weight better. All the components of the system not mounted on the arms had to �t

into the backpack, the main chamber of which was 25 x 14 x 42 cm. In addition to the

hip strap, the fact that the users would be performing light household activities instead of

hiking suggested that the weight limits should be closer to those based on the hiking packs,

but somewhat lower due to the target audience's age and strength limitations. Thus, the

total mass was limited to 9 kg, which would be 20% of the mass of a 45 kg (99 lb) person

or 7.8% of the mass of an 115 kg (253 lb) person, which are only slightly above the recom-

mended normal backpack limit for the lighter person, and well within reasonable backpack

weight ranges for the more complex model in [44]. Later designs for more in-depth studies

would likely involve multiple sizes of the device, depending on the user, for better weight

and strength optimizations.

The �nal major requirement, as a wearable device, was for safety of the user. As a type

of soft robotic actuator, the inherent compliance in PAMs increases safety for its users. If

the PAMs were actuating a joint and a sudden large external impulse were exerted opposing

their contraction, the PAMs would stretch to accomodate that force instead of forcing the

user to bear all of it. As a pneumatic device, they are also relatively slow to actuate, keeping

overall impulses low. As with all robotic systems, they are not without their risks. The

PAMs in this system were designed with low-enough output forces that they should not be

able to damage the operator's joints, but if the user's body parameters are not set properly

in the controller, they could attempt to actuate further than the person could bend their

joints, causing discomfort. The IMU and EMG sensors should sense this and the controllers
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should stop it, but in case of a software malfunction this could cause issues. As this would

be near the end of their contraction lengths, output forces should be relatively low, but this

could still cause issues for the elderly or disabled people for which this device is intended.

For safety, the valves were chosen to be normally open to the vent phase to ensure in case of

power loss the PAMs would de�ate to protect the user. Controller issues could also cause

overin�ation of the PAMs, which would induce higher-than-expected contraction forces.

This could cause discomfort, but as long as the user is able to move that joint, the applied

forces signi�cantly reduce with contraction. Overin�ation, general wear, or contact with

sharp objects could cause the PAMs to burst, therefore to prevent external interference with

the PAMs as well as protect the users in case of bursting, an acrylic shell was placed around

the PAMs to absorb the shock. In most cases, the PAMs showed clear signs of wear with

mesh deformations, and with frequent inspections should be able to be replaced before they

become at risk of bursting with normal use.

2.3 PAMs and PAM Manufacturing

Pneumatic arti�cial muscles, or PAMs, are a type of soft robotic actuator that contract

linearly when pressurized, producing a force-contraction relationship similar to that of a

biological muscle [14]. The principal behind the PAMs is that they consist of a soft in-

�atable chamber and a strain-limiting mesh. When the chamber is in�ated, the diameter

increases somewhat but the mesh constrains the expansion, causing the structure to contract

in length as shown in Figure 2.2 [15]. The amount of contraction is heavily dependant on

the construction of the PAM, particularly in the mesh angle. To optimize performance and

have precise control over mesh angles, previous work has embedded �bers into the layers of

the silicone chamber [45, 46], but it was found that purchasing a mesh sleeve to surround

the soft chamber was a simpler, more repeatable, and generally more durable method of

manufacturing [15, 47, 48]. This did somewhat limit the versatility of the characteriza-

tion, as the sleeve-to-chamber diameter ratio also signi�cantly impacted performance and
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Figure 2.2: PAM contraction

the sleeves were only available in select sizes, but the bene�ts of this method were more

important than the downsides for this project.

The PAMs were manufactured using the methods re�ned in [15] with the components

shown in Figure 2.3. The internal chamber was cast in silicone (DragonSkin 10 NV,

Smooth-On) with OD at 15.875 mm and thickness of 3.175 mm. Mesh sleeving that ex-

panded up to 31.75 mm ID was placed over it (McMaster part 2837K35) in its relaxed,

unstretched state; the mesh sleeving was centered on the silicone chamber and had around

150 mm of extra material on each side. The endcaps were 3D printed with Vero mate-

rial in a PolyJet printer to ensure they would be precise and airtight, and were attached

to the tubes using hose clamps reinforced with stiffer silicone tubing to prevent tearing

(McMaster part 52545K28 and 51135K45). One endcap housed the pneumatic tubing for

pressurization, and the other housed a pressure transducer for sensing and control (Honey-

well SSCDRRN100PGAB5 Pressure Sensor). The ends of the mesh were then folded over

and sewn to form a loop to allow them to attach to anchors or cables. This did somewhat

increase the non-contractile length of the PAMs, but connecting the force directly to the

mesh rather than the endcaps acting as plugs to the chamber was found to increase dura-

bility at high output forces. Additionally, by using external commercial mesh instead of

embedded �bers, manufacturing time was signi�cantly reduced and consistency between

parts was increased [15].
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Figure 2.3: Components used in PAM assembly.
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2.4 Determination of Properties of PAMs

The PAM, discussed previously, tends to contract in length when pressurized due to the

nonextensible mesh limiting its radial expansion. When the axis of contraction is loaded,

the PAM contracts less, with the applied force increasing with amount of pressurization

and decreasing to zero over the range of contraction. The exerted force as a function of

contraction is shown in Figure 2.4. Blocked-force testing, a common way to characterize

this type of actuator [12], was run on PAMs using an Instron universal testing system. The

blocked-force testing involved �xing the PAMs in the testing machine at their maximum

length, pressurizing them to the desired pressure, then slowly allowing them to contract at a

constant velocity (10 mm/s) while force and length data were recorded, all while maintain-

ing the pressure within the PAM. These tests were run several times to check repeatability

within the same PAM, which is shown by the dashed lines and summarized in Table 2.1.

Overall the variations were low compared to overall force output. Variations did increase

at higher pressures, although force outputs increased as well.

Table 2.1: Variations in PAM Force from Blocked-Force Testing Trials

Pressure (kPa) 0 50 100 150 200 250 300 350
Mean Variation (N) 0.01 0.73 0.52 0.37 0.31 0.55 0.87 1.53
Max Variation (N) 0.04 2.27 1.62 2.44 1.21 2.11 2.26 3.65

As discussed in [13], with slight modi�cations for the different edge effects of the

pneumatic chamber, for PAMs of the same mesh and chamber composition, the maximum

contraction is proportional to the length, and the output force for a given pressure is pro-

portional to the total volume. These changes are plotted in Figure 2.5. Determining how

changes in mesh angle, mesh-to-chamber distance, chamber wall thickness, or other param-

eters change the contraction and force output can also be approximated based on modeling

in [13], but those are approximations and would generally require re-characterization. Ad-

ditionally, many of the other properties, especially mesh-to-chamber distance and chamber
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Figure 2.4: Plot of force vs contraction for 1.9 cm (3/4”) diameter, 22 cm long PAM. Solid
lines represent averages and dashes represent standard deviations at each pressure.

wall thickness, can have a large impact on the expected lifespan of the PAMs. The parame-

ters of these PAMs allowed for contraction around 1/3 of the total chamber length, which is

typical for these devices to avoid over-stressing the components [15], therefore further con-

sideration of these secondary parameters were not considered. Additionally, since the mesh

and hose clamps were commercial, there was a discrete set of possible PAM diameters that

could be chosen, and keeping consistent mesh-to-chamber ratios would be dif�cult. Since

the base diameter was small and gave relatively high force outputs, PAM length was the

major factor considered for this device.

2.5 Challenges in PAM Contraction for Wearable Devices

One of the major concerns in using PAMs in a wearable system is ensuring that they (and all

associated hardware) �t on the body in a reasonably compact, lightweight, and unobtrusive

way. Speci�cally for the type of device designed here, meant to �t onto multiple people's
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(a)

(b)

Figure 2.5: Plots of anticipated force vs contraction for (a) 22 cm long PAM at 350 kPa at
different diameters and (b) 3/4” diameter PAM at 350 kPa at different lengths.
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arms instead of being custom-�t, a signi�cant concern was the relatively high variation in

lengths (and masses) of arm segments from person to person, making it dif�cult for a PAM

short enough to �t on the smallest person's arm to also be capable of providing enough

assistance to someone with a heavier arm through their full range of motion. Additionally,

due to the large change in diameter PAMs experience, even PAMs with a relatively small

unin�ated diameter can still be quite bulky and obtrusive to the user, as they must be po-

sitioned to allow full in�ation. To mitigate these concerns, all the actuators were placed

in a backpack, where they could have a relatively long stretch, could have more room for

expansion, and could be consistent from person-to-person. To transfer the forces and mo-

tions to the target joints, cables were run from the backpack to various mount points on

a shoulder or elbow brace the user would wear, and the cable lengths would be the main

factor changing between users.

The set of PAMs had to �t inside a normal commercial backpack; this was measured to

be 25x14x42 cm, with the 42 cm maximum length being the major limiting factor of the

system. To further increase the contraction, and thus range of motion without forcing an

excessive moment arm at the joints, multiple PAMs were placed in series, folded about a

pulley, with one side having a �xed end and the other moving as the �xed PAM contracted

as shown in Figure 2.6. Figure 2.7 compares the force-pressure-contraction relation of one

22-cm PAM to two 22-cm PAMs folded in series. These were tested with blocked-force

Figure 2.6: Diagram of folded-series PAMs
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Figure 2.7: Plot of force as a function of contraction and pressure for single PAM compared
to two PAMs of the same parameters in folded-series.

testing as described previously; the test setup for the folded-series blocked force testing is

shown in Figure 2.8. This testing process was largely the same as the single PAM, except

for the initial setup; here, only one side of one PAM was clamped in the Instron's moving

clamp; the other side housed the pulley, which rerouted the cable between the PAMs to

ensure that both would be vertical. The other end of the other PAM was �xed to a static

mounting block behind the frame of the testing machine.

Theoretically for ideal elastic elements in series, the total force should be the same,

although the experimental results showed that maximum force outputs for the folded-series

were only 91% of those of the single PAM, and maximum contraction was 195% of the

single PAM's contraction, or 3% lower contraction than expected. The main causes for the

slight performance drops were due to compliance and frictional losses in the folded-series

system. Additionally, there were some relatively signi�cant ef�ciency losses in the folded-
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Figure 2.8: Diagram of blocked-force testing setup for folded-series PAMs

series system: the pulley had to be a relatively large diameter, as required by the minimum

recommended bending radius of the high-strength cable used in the system; an additional

length of cable had to be added at the pulley, to prevent the moving PAM from being bent

around the pulley, and the PAMs themselves had endcaps, sensors, and connectors not

involved in contraction, taking up a �xed amount of additional length from the sections

that did contract. However, for the length provided by the backpack, 42 cm, it was found

that a set of folded-series PAMs at 16 cm chamber length each would still be 15% more

effective in contraction than a single long PAM in the backpack, which could have up to 28

cm in chamber length.
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2.6 Characterizing Compliance in PAMs and cable systems

Pre-tensioning the PAM systems, or removing all slack, was extremely important as any

slack meant a reduction in contraction forces, which could only be observed at the user's

joints rather than directly sensed from PAM performance. This proved to be an issue

as there were several transient properties of the system that changed as it was used and

stressed. One signi�cant source of error was in the cable itself, particularly for elbow

motions as this was the longest stretch of cable. Several possible options for cables for

this system were tested for creep: a 1/4” polyester rope (McMaster part 3790T32), a 1/8”

polyethylene rope (McMaster part 8000N13), and a 3/32” galvanized steel wire rope (Mc-

Master part 3332T51), which were the three major options of reasonable size and �exibility

capable of handling the full loads from the actuators.

Testing involved stretching a length of 25 cm of each rope (approximately the length

required to stretch between the two actuators in folded-series) stretched to a 600 N (the

maximum tensile force between the folded-series actuators) over multiple cycles, then run-

ning creep tests by holding the cables at either constant load or constant extension to mea-

sure how the other parameter changed. Figure 2.9 shows the full experimental results for

the constant-extension testing. Over subsequent cycles, the extension required to achieve

the desired tension increased for all ropes, although this additional extension levelled off

with more cycles to an additional .72-.92 cm from starting values, with the wire rope con-

sistently exhibiting the least stretch. Normalized stretch for a series of trials is shown in

Figure 2.10. The ropes had all been pre-stretched during preliminary testing a few days

prior, therefore this seemed to be a recurring property of the rope that would have to be

overcome after periods of disuse. Each of these stretch differences was relatively small,

but this could become signi�cant depending on the amount of cable used. As shown in

Figure 2.11, when the rope was held at a constant tension, further stretch of up to .46-.82

cm occurred over the 5 minutes, although these decreased with subsequent cycles, which
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Figure 2.9: Test procedure and raw data from creep testing different cable materials

would tend to reduce the changes in total length over time. Again, the wire rope showed

the least amount of additional stretch, and the overall extension differences were relatively

small.

Load drops at constant extension, another possible use case for these actuators, was also

studied over a 5 minute period. At the start of the trials, the load was 615 N, but this mea-

sured load dropped by an average of 90-150 N, or 16-25% drop as shown in Figure 2.12.

Unlike the extension trials, these values did not show clear trends from cycle-to-cycle. The

wire rope showed the least drop overall, but did have the greatest variation with standard

deviation of 8N over 5 trials. In most cases, the maximum load would not be maintained

for long periods of time on a wearable device such as this one, but it is important to note

these signi�cant drops and their time-dependency to ensure the accuracy of the device.
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Figure 2.10: Comparison of initial cable stretch during subsequent trials with different
cable materials

Figure 2.11: Comparison of cable creep of different cable materials when held at constant
load
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Figure 2.12: Comparison of drop in cable force for different cable materials when held at
constant extension

2.7 Backpack Components and Frame Considerations

A rigid frame was developed to hold the PAMs in place inside the backpack, keeping the

�xed PAM and the pulleys in place. The requirements of the frame were: to �t inside a nor-

mal commercial backpack, to not interfere with the Bluetooth signals used to communicate

between the receiver placed in the external compartments of the backpack and the EMG

sensors on the user's body, to hold six sets of folded-series PAMs with room for all to fully

in�ate simultaneously, to properly resist all possible combinations of forces exerted by the

six sets of PAMs without yielding or buckling and with minimal deformation, and to be as

lightweight as possible. The prototype design is shown in Figure 2.13.

Several iterations of the frame were designed and analyzed to ensure that they could

handle the required loadings, which was up to 600 N loads on each of the six pulleys or a

smaller combination of forces from any of the sets of PAMs that could cause asymmetrical

or twisting loads. The restrictions placed by the Bluetooth sensors meant that metal, par-
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Figure 2.13: A rendering of the actuator frame with six sets of folded-series PAMs

ticularly large sheets, had to be minimized in this device; consequently, most of the frame

was constructed from plastic. Nylon was chosen for its high strength and low density;

the chosen nylon had tensile strength of 77.2-84.8 MPa and a density of 1.13g=cm3 for

a strength-to-weight ratio of .0681 to .0747 Nm/kg; for comparison, 1045 high-strength

carbon steel plate (McMaster part 4044N121) had tensile strength of 310 MPa had density

of 7.86g=cm3 for a strength-to-weight ratio of 0.0395 Nm/kg, implying that even without

the sensor material restrictions the plastic was still a preferred choice for keeping the mass

low. The shell of the frame was acrylic to add stiffness and ease of fabrication and testing

as it was clear.

Besides the PAMs, the frame had four major components: the �xed PAM mounting

plate, the pulley plate, the internal spine, and the exterior shell. The �xed PAM mounting
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plate was made from 25.4mm-thick nylon sheet (McMaster part 8539K22) and had cutouts

for the �xed end of the PAMs to go. The plate also had clearance holes and was tapped for

50mm M5 bolts, which were the anchors that held the PAMs in place. The pulley plate was

made from the same nylon and was larger and took up the full space within the shell as it

had to oppose the forces from all 12 PAMs. It had cutouts for each of the 6 pulleys and holes

for the shafts. The pulleys chosen (McMaster part 9466T72) were nylon with embedded

bushings and had pulley diameter 57.15 mm, chosen for their strength, light weight, and to

partially accommodate the high recommended pulley diameter of the wire rope, 61.9125

mm. The shafts holding the pulleys were 7.9375mm-diameter, as required by the pulleys,

and made of hardened 17-4 PH stainless steel to resist bending (McMaster part 1141T24).

The shafts were press-�t into the pulley plate which provided additional support, as a single

shaft ran through the length of the plate and held three pulleys. The centers of the shafts and

surrounding plate were the points of highest displacement during �nite element analysis,

which was why the hardened stainless steel material was necessary. The internal spine was

made of the same nylon material as the plates, and was 25.4 x 50.8 mm along the center of

the structure. The spine helped resist compression forces between the �xed PAM mounting

plate and the pulley plate, and in testing showed to signidicantly improve the maximum

loads compared to just the shell alone. The exterior shell was made from 6.35mm-thick

acrylic sheet (McMaster part 8589K921), which was lasercut and attached with M4 screws

to the rest of the pieces. The primary purpose of the shell was to protect the user in case

a PAM burst, and to protect the PAMs and other moving parts from external interference.

During analysis, it was also found that a slightly thicker shell improved the overall stiffness

of the frame and resistance to bending, and its added support mitigated issues such as

twisting or buckling of the internal spine.

The resulting frame showed minimum factor of safety of 4.05 in static loading and 5.7

in buckling analysis, as well as a maximum displacements of 0.729 mm at the centers of the

pulley shafts. The �nal mass of the frame was 3.42 kg, with the total estimated mass of the
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backpack at 8.3 kg, less than the 9 kg limit. The components and estimated masses are listed

in Table 2.2. The frame mass could have been reduced somewhat as the factors of safety

were relatively high, or by replacing some of the materials with more costly specialized

materials. Most of the rest of the weight of the backpack was not reducible without reducing

system capabilities; as mentioned previously, having actuation systems for different sizes

of people would be helpful, as this system had to have maximum contraction for the tallest,

maximum force for the heaviest, and minimum weight for the lightest or weakest.

Table 2.2: Backpack Components and Masses

Component Mass (kg)
Acrylic Walls 1.761

Nylon Internal Frame 1.395
Frame Steel Shafts 0.097

Fasteners 0.167
10x PAMs 0.643

Actuation 5x Pulleys 0.318
1.4 m Cable 0.065
5x Valves 1.575

Pneumatics Air Tank 0.700
and Electronics 3.6 m pneumatic tubing 0.100

Controller 0.100
Battery 0.200

Backpack Backpack 1.500
Total 8.243 kg

2.8 Controller

The �nal step in developing the actuators for the wearable system was in developing con-

trollers to integrate with the signal representing user intention generated from EMG and

IMU sensors that were placed on different muscle groups. The block diagram is shown in

Figure 2.14. Machine learning was used to classify the user's intention from the onset of

muscle activity, and the resulting vector of desired joint positions was sent to the actuator

module. From there, a high-level controller was used to approximate the input pressure to
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Figure 2.14: Block diagram for device controller

each set of PAMs that would result in the contraction needed to achieve the desired joint

angles. This was achieved by approximating the applied force and lengths from the average

size of a human arm, as these parameters would not be gathered for each individual user.

These forces and lengths could then be used directly in the model generated previously

from blocked-force testing to give the pressure that would result in that contraction length

for that force. This pressure was then sent to a low-level controller to control the valves

regulating the pressures in each set of PAMs, which were connected to a high-pressure

canister of air also placed in the backpack. Each set of PAMs had an embedded pressure

sensor to close the pressure control loop, and the IMU sensors and encoders placed on

various joints were used to close the higher-level control loop. This allowed the system to

correct the desired pressures for the actual system, correcting for the incorrect estimations

of the user's body and any additional compliance or stretch in the system.

The majority of controller testing centered on tuning the low-level controller. The com-

ponents of the pneumatic system this controller ran on are shown in Figure 2.15. The
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