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ABSTRACT

Traditional mechatronic systems utilize stiff actuators, but applications such as pros-
theses, rehabilitation exoskeletons, legged robots, and industrial robotics have begun to
integrate variable-compliance mechanisms into their systems. Several variable-compliance
mechanisms have been designed and tested, but they tend to have low ranges of stiffness and
complex designs. A variable-compliance system known as the Adjustable Mechanism with a
Nominally Infinite Range of Stiffness (AMNIRS) has been previously designed and tested.
The AMNIRS device can theoretically achieve stiffnesses from zero to rigid.

Through this work, a continuation of the AMNIRS device, AMNIRS-II, has been devel-
oped and tested. AMNIRS-II is an improved design that addresses several design limita-
tions in the original AMNIRS device. In addition, AMNIRS-II is smaller than the original
AMNIRS, and therefore provides an anthropomorphic configuration. AMNIRS-II was de-
veloped in two stages: miniaturization and characterization. The miniaturization phase of
the project adapted the original AMNIRS design into a compact device that emulated the
physical characteristics of a human elbow. A prototype for the AMNIRS-II was built and
characterized. The characterization phase quantified key attributes of the AMNIRS-IT sys-
tem. The AMNIRS-II device included an integrated stiffness setting motor. The parameters
that were characterized included the rotational stiffness, elastic energy storage, and stiffness-
varying capabilities. The results of the characterization verified the desired characteristics
of AMNIRS-II. AMNIRS-II is a compact device that may be integrated into a prosthetic

forearm in future work.
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CHAPTER 1
INTRODUCTION

Traditionally, when designing robotic systems, stiff joints and actuators are used to pro-
vide precise point-to-point movements. These rigid setups fail to provide the compliant
properties that are needed to provide safe human-robot interaction and dynamic biomimetic
motion. To take advantage of these benefits, the study of achieving variable-stiffness has
been increasingly growing and evolving to address the shortcomings of classical robotics.
Acheiving variable-stiffness in a robotic arm will improve efficiency, increase safety, and
provide more anthropomorphic motion relative to current state-of-the-art designs.

By using systems with passive compliance, (e.g., systems containing spring elements) as
opposed to using active compliance, (e.g., a controller allowing stiff actuators to mimic spring
elements) mechatronic systems can benefit from improved efficiency, increased safety, and
the ability to provide natural dynamics. Because passive compliance utilizes spring elements,
mechanical energy can be stored. This storage feature allows for increased efficiency of the
system by releasing the energy synchronously with the system’s motion. An example of speed
increase can be seen in [1], where a speed increase of 272% was achieved utilizing the Variable-
Stiffness-Joint (VS-Joint), a variable-compliance mechanism that uses cam discs to vary the
preload of springs, attached to a lacrosse stick and launching a ball. By taking advantage of
this energy storage characteristic, robotic technology can advance to improve efficiency and
decrease power requirements. Many of these variable compliance applications, in the field of
robotics, focus on legged and walking robotics, [2],[3],[4], with variable compliance systems
providing biomimetic motion. For purposes of human-robot interfaces, variable compliance
vastly improves safety between the user and the robot. In particular, safety can be improved
in industrial robots by decreasing the stiffness of robotic joints if contact is made with a

human, which reduces the force output and therefore damage to both the person and the



equipment. Safety is also improved in rehabilitation exoskeletons where variable compliance
systems can adapt to sudden changes of motion, such as a muscle spasm, and reduce the risk
of damage to the patient and the device. Rehabilitation robotics with variable compliance
will also have the ability to better adapt the device to the patient’s needs by providing
high stiffness at the beginning of therapy and decreasing it as the patient regains muscle
control [2]. Prostheses can also benefit from the use of variable compliance systems through
improved efficiency, energy storage, and biomimetic motion attributes of these mechanisms,
and therefore reducing power requirements and complex electrical control.

The purpose of this project was to apply variable-stiffness mechanisms to prostheses to
take advantage of the improvements provided by these devices. A variable-stiffness mecha-
nism was previously designed for use in upper-arm prostheses, known as Adjustable Mech-
anism with a Nominally-Infinite Range of Stiffness (AMNIRS). AMNIRS was designed as
a replacement elbow joint in a prosthesis, and provided a range of stiffness from zero to
completely rigid. AMNIRS’ wide range of stiffness was novel because many variable-stiffness
mechanisms have not provided both zero stiffness and complete rigidity. The modifiable
design characteristics of AMNIRS, such as moment arm, scalability, and stiffness profiles,
can be set to suit the variable-stiffness needs required by various applications. The original
AMNIRS design had several shortcomings, including the benchtop prototype being too large
for use in a prosthetic limb and excessive friction in the design. Problems resulting from
friction in the original prototype included reduced range of motion of the device and high
friction at the stiffness setting area, which negatively affected the function of the device.
This current project improved upon the original design by adapting the AMNIRS principles

in an anthropometric design that emulated the adaptive stiffness of a human elbow.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

Traditional point-to-point robotics utilize active compliance; that is, stiff actuators that
use control theory to emulate elastic elements. Active compliance has several limitations,
such as limited stiffness bandwidth and high inefficiency. These limitations can be addressed
by introducing passive compliance. Passive compliance designs include both fixed and vari-
able compliance systems. An example of fixed, passive compliance is a Series Elastic Actuator
(SEA). These actuators store and release energy and therefore can improve the efficiency of
active compliance systems. However, because SEAs traditionally only provide fixed compli-
ance, they also have many of the limitations of active systems, including the need for constant
power, limited stiffness ranges, and inefficiency. Mechanically variable-stiffness mechanisms
build upon SEAs by physically changing the stiffness of the elastic element. The purpose
of the current project was to create a mechanism utilizing variable passive compliance, in
order to overcome the limitations of active compliance systems. Variable passive compli-
ance in robotic applications has been previously developed and tested using a wide variety
of methods. There are four main types of variable passive compliance systems, including

agonist/antagonist, variable-preload, structure-controlled, and variable-force systems.
2.1 Series Elastic Actuator

In traditional robotics, variable stiffness can be emulated with active compliance systems
by controlling stiff actuators through the use of control theory. This active compliance
was demonstrated in [5], where neuromuscular models were adapted to robotic control, and
in [6], where closed-loop control was used to control a prosthetic arm. Active compliance
requires inefficient, constant power dissipation as well as small bandwidths of stiffness. These
shortcomings prompted the use of passive compliance, such as springs. In the early 1990’s,

Sugano [7], Pratt [8] and Morita [9] introduced series elastic actuators (SEA, Figure 2.1).



SEAs have an elastic element in series with an active actuator. Through SEAs, control
schemes can directly infer the stiffness of the actuator by sensing the deflection of the elastic
element. Robotic systems can therefore use force control rather than velocity control, which is
commonly-used in traditional robotic systems, force control for robotic systems is beneficial,
particularly in legged robotics used in unknown terrain. Much work has been done with
SEAs including using myoelectric signals [10], gait analysis [11], nonlinear springs [12], and
scaling and miniaturization of SEAs [13]. Because SEAs are based on control theory and

require little or no specialized hardware, they have been extensively studied [14-24].

Series Spring

Motor Gea.w Load
Train
Sensor
Feedback

Figure 2.1: A general schematic of an SEA consisting of an actuator with an elastic element
in series. Feedback control can be used by sensing the deflection of the elastic element and
relaying the information to the actuator.

Using passive compliance, such as in SEAs, allows for better control of compliance in
otherwise rigid systems. The heavy dependency and influence of control theory in SEAs
was a logical step from traditional robotics to add more compliance control. SEAs are also
appealing to many robotic designers due to the familiarity of control theory and only slight
modification in actuation. Besides this appeal, SEAs have several limitations. For example,
varying stiffness using control schemes alone requires a constant power output and therefore
reduced efficiency. In addition, SEAs cannot provide large ranges of stiffness and are not
adjustable. These limitations warrant the development of different methods of achieving

variable-stiffness.



2.2 Mechanically Variable-Stiffness Mechanisms

An alternative to varying stiffness through active compliance or fixed passive compliance
is to design mechanical systems that can vary the effect of passive elements. Implementation
of mechanically-varying stiffness mechanisms can provide more efficient and versatile systems;
an improvement over the solely electrical and fixed compliance systems. These mechanically-
variable systems can be broken up into four categories including antagonist /agonist, variable-

preload, structure-controlled, and variable-force.
2.2.1 Antagonist/Agonist Systems

The antagonist/agonist design is derived from the musculoskeletal arrangement of muscles
around a joint as seen in humans and animals. The antagonist/agonist uses two actuators
with an elastic element in parallel (Figure 2.2). Antagonist/Agonist designs act as two SEAs

in parallel opposing each other around a joint.
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Figure 2.2: A basic setup of an antagonist/agonist design. Two motors are placed with an
elastic element in series, with each opposing each other around a joint. Excerpted from [25].

The antagonist/agonist configuration provides several favorable features such as decou-
pling of position and stiffness control and familiar function based on musculoskeletal models
[25]. Because this setup is well-suited for biologically-intuitive control, traditional medical
practices can be used to guide design and control of the system. For example, [11] used an

antagonist /agonist model around the knee joint of an above-knee powered prosthesis. This



study used gait kinematic and dynamic data to match the utilization of the antagonist and
agonist SEAs to achieve biomimetic motion and improve efficiency of the powered prosthe-
sis. Although there were improvements achieved by the antagonist/agonist prosthesis when
compared to a traditional powered above-knee prosthesis, the power consumption was re-
peatedly referred to as “modest”, indicating that, although there were improvements, higher
efficiencies were desired. Several other more complex antagonist/agonist have been investi-
gated including Variable Stiffness Actuator (VSA-I) [26], the more compact and upgraded
VSA-II [27], a prosthetic hand with antagonist/agonist mechanism [28], and the pneumatic
muscle-based Actuator with Mechanically Adjustable Series Compliance (AMASC) [29].
Thus, while antagonist/agonist models better emulate the biological system and can
achieve variable stiffness, there are many limitations to their implementation. For example,
structurally, these setups tended to be bulky, complex and have significant friction. While
these configurations can store and release energy, the resulting efficiency improvements are

seldom significant.
2.2.2 Variable-Preload Systems

Another variable-stiffness setup is the modulation of the pre and post loading of a spring
element. By adjusting the amount of force the spring element can provide, the compliance
of the system can be varied. An example of a variable-preload system is the Mechanically
Adjustable Compliance and Controllable Equilibrium Position Actuator (MACCEPA) [30]
(Figure 2.3). MACCEPA provided a stiffness range dependent on the angle o. If « is zero,
the lever arm C does not experience any opposing torque from the spring. Once o exceeds
a value of zero, the spring begins to exert an opposing force. The motion of the system
is limited by the physical length of the spring, which limits the range of stiffness. Another
example of a spring preload system is the VS-Joint from [1]. The VS-Joint utilized cam discs
to change the preloading of springs. This system was a compact design that demonstrated
the benefits of energy storage of variable-compliance mechanisms, but it also had low ranges

of stiffness. MACCEPA, VS-Joint, and other variable-preload systems allow for decoupling



of position and stiffness control and improved the range of stiffness over SEAs, but still fail

to provide a wide range of stiffnesses that approaches a rigid upper limit.

L““-:.\“‘\_H%-. - ;
\-‘h\:\""-.ﬁxm
“-.\_\- -

Figure 2.3: Schematic of MACCEPA, illustrating a variable-preload system. Excerpted from
[30].

2.2.3 Structure-Controlled Systems

To vary the stiffness of a system, the structure of the elastic element can be altered.
These structure-controlled designs can vary greatly depending on the elastic element used
and the properties that are modified. In one design varying the effective length of wire
springs (Figure 2.4, [31]), stiffness is a function of disc position. Another example is the Jack
SpringT™[32], where the active region of a helical spring is varied by a linear screw. Actuator
with Non Linear Elastic System (ANLES) is another structure-controlled mechanism that
varies the diameter of a torsional spring [33]. These structure-controlled designs decouple
position and stiffness control and are often simple and easily-constructed. However, by
modulating the structure of an elastic element, low stiffness values, high stresses, and friction

can be problematic.
2.2.4 Variable-Force Systems

Van Ham'’s review of variable-stiffness mechanisms [34], which reviewed fixed passive
compliance, agonist/antagonist, variable-preload and structure-controlled designs, concluded

that the ultimate variable-stiffness design would combine a stiffness range from completely
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Figure 2.4: Illustration of a variable wire spring. As the variable-stiffness ring slides along
the wires it varies the stiffness from low (a) to high (b). Excerpted from [31].

stiff to zero stiffness, be lightweight and compact, and easy to control. The previously de-
scribed categories of fixed passive compliance systems, agonist/antagonist, variable preload,
and structure controlled, all failed to meet these criteria. These criteria required a design
that varied the transmission of the force. This variable force system was first seen in the
Variable Stiffness Series Elastic Actuator [35] (VSSEA, Figure 2.5).

The VSSEA provided a quadratic relationship between the length R and the stiffness of
the system, allowing for a higher range of stiffness in a compact space. The VSSEA was
never built but there were two physical incarnations of it, first the Hybrid Dual Actuator Unit
(HDAU) [36], a more mechanically-elaborate design that still utilizes the VSSEA principles,
and, more recently, Actuator with Adjustable Stiffness (AwAS) [37], which mechanically
resembles the original VSSEA. This VSSEA concept decoupled stiffness and position control
and provided a zero to infinite stiffness range.

Recently, the Mechanism for Varying Stiffness via changing Transmission Angle (MES-
TRAN) [38] varies the output force by varying the angle at which the force is transmitted
onto the elastic element. The transmission angle is varied by a set of cams and rollers.
This complex mechanical design results in non-linear relationships, requiring linearization of
equations to facilitate control of the device. MESTRAN had a large operational range of

+40°, with a range of stiffness from zero to infinite, and was capable of quickly changing its
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Figure 2.5: Schematic of the VSSEA variable-force system in (a). A theoretical CAD adap-
tation is demonstrated in (b). Adapted from [35].

stiffness.

2.3 AMNIRS

The basis of the current project was the variable-force mechanism, AMNIRS (Figure 2.6).
Similar to the variable-force mechanisms before it (e.g., VSSEA and MESTRAN), AMNIRS
has a range of stiffness from zero to infinite, quick response, compact construction, and
adjustable features. The governing relationship of AMNIRS of its resulting stiffness is shown
in Equation 2.1, where Ky is the resulting rotational stiffness, Kg is the stiffness of the
springs, R is the length of the device moment arm, ¢ is the slot angle measured from

the vertical, and 0 is the deflection between the inner and outer arms measured from the

horizontal.

Kn = KgR2tan?()" a (2.1)



Equation 2.1 was derived in the original AMNIRS project. While carrying out the current
project, several discrepancies in anticipated behavior of the system were found. The source of
the error was traced back to the derivation of the equation. The derivation of Equation 2.1
deduced a vertical force, at the end of length R, from an applied torque, 7, as shown in
Figure 2.6. The vertical force was derived assuming it was dependent on the moment arm
R. However, the vertical force is determined by the horizontal component of the moment
arm, which varies during deflection and is equivalent to R cos(d). Factoring this change into
the derivation, a more accurate representation of the expected rotational stiffness, Kr, was
found in Equation 2.2.

cos(d)sin(9)

Kr = KsR*tan?(¢) 5

(2.2)

M portion is ap-

Because the deflections seen were relatively small (0-15°), the

proximately equal to 1, allowing the equation to be simplified to Equation 2.3.
Kr = KsR*tan?(¢) (2.3)

Using Equation 2.3, the system can be tailored to specific circumstances by setting the
length R and choosing Kg values to provide the desired stiffness range (Figure 2.7 and
Figure 2.8). Figure 2.7 illustrates the stiffness profiles that are achievable with a varying
Kg value and Figure 2.8 demonstrates the effects of a varying R value. The stiffness is
theoretically zero when ¢ is equal to 0° and is rigid at 90°. Because of the tan? feature of the
equation, stiffness approaches an infinite value as ¢ approaches 90°. This allows for stiffness
to be rapidly changed to a desired value within a large range of stiffnesses.

The original AMNIRS project succeeded in verifying these varying-stiffness characteris-
tics, but had limitations with the construction of the device, including a size that was not
suitable for prosthesis use and excessive friction. Figure 2.9 shows the final AMNIRS pro-
totype. This prototype was a large benchtop setup that verified the theoretical responses of
this system. The AMNIRS project concluded that the desired variable-stiffness profiles were

achievable, but there were several limitations to the design. For example, there was excessive
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Figure 2.6: CAD views of original AMNIRS design where side view (a) shows the moment
arm R and the joint angle 0, side view (b) shows the deflection between the inner and outer
arms ¢ from applied torque 7, front view (c) illustrates the stiffness setting angle ¢, and
front view (d) depicts the displacement of the spring x. Excerpted from [39].
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Figure 2.7: Stiffness curves with different spring constant, K, values. Excerpted from [39].
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friction along the slot bearing, slack between the parallel arms, and the size was too large to
accommodate a prosthetic arm. The ultimate goal of the AMNIRS project was to feasibly
accommodate a prosthetic arm. Thus, overcoming the limitations of the AMNIRS design

was the prime motivation for the current project.

Figure 2.9: Picture of the original AMNIRS protototype in (a). The prototype attached to
a mechanical testing machine (b). Excerpted from [39].

AMNIRS is preferred over the previous two variable-force systems (i.e., VSSEA and MES-
TRAN), because it has many distinct advantages. The AMNIRS design differs from VSSEA
in that it varies the angle at which force is transmitted. The moment arm in the VSSEA
design is comparable to the R-value in AMNIRS, which is constant in AMNIRS but altered
in VSSEA. VSSEA requires linear displacement to vary the compliance, while AMNIRS
can vary compliance by rotating to the desired stiffness setting. AMNIRS can therefore be
more-easily adapted to a compact design. The advantage of AMNIRS over MESTRAN is
its intuitive and straightforward equations, whereas MESTRAN requires linearization of its
governing principles in order to facilitate control of the device. MESTRAN also has a larger,
bulkier, and complex design with comparable friction to the original AMNIRS design. In
addition, the deflection of parts in MESTRAN can interfere with other robotic components,
such as cam edges. The intricate and spacious design of MESTRAN make it difficult to

adapt to a compact volume such as a prosthetic forearm joint.
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2.4 AMNIRS-II

This project, the AMNIRS-II, built upon the original AMNIRS design to emulate the
behavior of a human elbow in a prosthetic forearm setting. As Schroeder stated in the
AMNIRS thesis “[a] rigid, compact version of the AMNIRS mechanism that could fit in a
prosthesis-sized joint needs to be designed” [39]. AMNIRS-IT was designed to accommodate
the original mechanism in the elbow joint of a prosthetic forearm and addressed the mechan-
ical issues present in the original mechanism. Schroeder also said, “[ojnce motors are added
to this design, a large variety of control options can be tested,” which was also addressed in
the AMNIRS-II design and testing.

This continuation of the AMNIRS project, known as AMNIRS-II, maintained the orig-
inal variable-stiffness properties of the first device within the anthropomorphic constraints
of emulating a human elbow. By integrating a stiffness setting motor into the AMNIRS-II
design, dynamic stiffness scenarios were characterized. AMNIRS-II is a crucial step in in-
tegrating variable-stiffness devices with prostheses, thereby improving efficiency, safety, and
use of the prosthesis by the patient.

In summary, this project adapted the original AMNIRS design into a viably anthropo-
morphic design to fit into an elbow joint of a prosthetic arm, while maintaining the original
mechanical properties of a device of such a scale and characterized the motion and response

of the device’s stiffness settings. Therefore the aims of this project were:
1. Adapt the AMNIRS design to fit into a 76mm (3”) sphere
2. Withstand a static 45N (101b) load with a 305mm (12”) forearm
3. Reduce friction present in the original AMNIRS design
4. Achieve a stiffness range comparable to a human elbow, 3—240% [40]
5. Characterize and verify mechanical characteristics of AMNIRS-II

6. Characterize stiffness motor response of AMNIRS-II
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7. Characterize energy storage capabilities of AMNIRS-II

This project had two phases: miniaturization and characterization. Miniaturization in-
volved the mechanical design of AMNIRS-II, which primarily addressed aims 1 through 4.
The characterization portion was the implementation of control theory and setup of experi-

ments to characterize and test the device; addressing aims 5, 6, and 7.
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CHAPTER 3
MINIATURIZATION

The anthropomorphic adaptation, or miniaturization, of the original AMNIRS device
consisted of drafting a mechanical design that met the project specifications derived from a
forearm prosthesis, while maintaining the variable compliance characteristics of AMNIRS.
The design began with addressing the friction limitations from the original AMNIRS design.
The AMNIRS redesign was drafted around the selection of bearings that would support the
anticipated loads. Initially, the system parts were similar to the original AMNIRS drawings,
adjusted to fit within the 76mm (3”) sphere constraint. Iteratively, the parts were adapted to
fit the selected bearings and to fit the size constraint. Once a design fit the size desired, finite
element analysis (FEA) estimated the stresses on the mechanical components in response
to applied loads. Additionally through the design process, any necessary hardware, such as

springs and motors, were selected and the components were adjusted to fit the hardware.
3.1 Design Progression

The mechanical design of AMNIRS-II began by borrowing heavily from the original
computer-aided design (CAD) drawings with slight modifications to address the aims of this
project. Through the iterative design process the components were modified to address issues
addressed through FEA, to conform to specifications, or to house the selected hardware.
The final AMNIRS-IT design had several significant design changes when compared to the
original design. The more prominent differences in the AMNIRS-II design are a dual-axle

setup, utilizing a rail guide, and the focus on incorporating bearings.
3.1.1 Initial Design
The early stages of the AMNIRS-II design focused on addressing the friction issues seen in

the original AMNIRS prototypes. Initially the original AMNIRS CAD drafts were adapted
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to bearings and modifications that addressed the friction constraints present in the original
design. Figure 3.1 depicts an early draft of the AMNIRS-II device, which was very similar
to the previous AMNIRS device but with some early modifications. Similar to the original
design, this early design used a rounded square profile as the main axle, had a slot to
control the stiffness and force transmission of the pin, and allowed for translation of the pin

orthogonally out of the slot during deflection.

Single axle with rounded
square cross section

Two piece
clamping slot

Slot guide with roller
bearing compartment

Figure 3.1: Isometric view of an early CAD model of the AMNIRS-II. Early designs followed
the original AMNIRS design closely such as a non-circular axis, a slot stiffness guide. Some
early changes to the design are also apparent such as a clamping slot and a slot-pin-guide
with a custom bearing.

Modifications were made to address the friction of the slot-pin-guide sliding along the
slot. To reduce the slot friction, a custom bearing was designed for the slot-pin-guide to slot

surfaces. This custom bearing consisted of a slot-pin-guide with housings for either roller
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bearings or ball bearings on the sides that contacted with the slot, creating a bearing surface.
On the other side of the bearing surface, tracks housed the roller or ball bearings, allowing
rotation as the slot-pin-guide slides along the slot. The custom bearing configuration required
that the slot be clamped onto the slot-pin-guide to hold the roller or ball bearings in place.

Each design modification, such as the custom slot bearing, was considered as a separate
design to assess the impact of the modification and to record the design process. Each
iteration of the AMNIRS-II design implemented in a CAD model was ensured to meet the
project specifications. There were approximately twenty iterations of the AMNIRS-II design
drafted with each subsequent iteration having a key improvement or modification over its

predecessor. Typically, FEA was used to test the viability of each design.
3.1.2 FEA Implementation

The evolving iterations of AMNIRS-II designs were evaluated using the built-in Solid-
works FEA toolbox. A free-body diagram of the static max loading of the AMNIRS device
was used to calculate the forces and moments seen in the AMNIRS device as seen in Fig-
ure 3.2. Force P was the maximum load rating of 45N (101b) and length L was the 305mm
(127) forearm. The effective length, R, of the device was initially set at 5lmm (2”) and
the final length was 55mm (2.17”). The resulting loads and moments were changed as R
changed. The AMNIRS concept altered how the applied load at the end of the forearm, L,
was transmitted to the springs utilizing the effective length R. This relationship between
L and R amplified the moment and loads seen in the device relative to the applied load at
length L. Assuming the moment about point E is zero the relationship between R and L
was derived in Equation 3.1. Solving for the force seen at point H, Fp, in Equation 3.2
demonstrated how selecting the effective length R significantly altered the magnitude of the

forces and moments transmitted to the device.

PL = FyR (3.1)
PL
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The }% portion of Equation 3.2 behaved as a constant that determined the ratio at which
force P was amplified at point H. The effective length, R, was initially set to 51lmm (27),
resulting in Fy = 6P. This relationship minimized the multiplying factor while having
a small enough effective length to fit a forearm prosthetic shell. When a complete CAD
assembly was formed, the effective length was ultimately set to 55mm (2.17”), where Fy is
equivalent to 5.56 P, to better accommodate the small space available in a prosthetic forearm

and to decrease the stresses at point H.

L

Figure 3.2: Free-body diagram to derive applied loads at point H with lengths L and R, and
applied load P.

3.1.3 Early Design Limitations

Several of the features in the early AMNIRS-II designs had significant limitations that
were identified with FEA and addressed in subsequent designs. The most prominent issues
resulted from the non-circular single axle, the slot guide, and the custom slot bearing. The
non-circular single axle was used in early AMNIRS-IT models, emulating the original AM-
NIRS designs. The non-circular profile prevented rotation when a force was applied by the
pin at the pin-axle housing. In early deigns, the single axle had a rounded square profile
upon which the pin-axle housing could slide along. The single rounded square axle was first
analyzed using FEA. The results of the analysis indicated that the single axle was subjected

to high stresses at the keyways (Figure 3.3). In addition, high friction was produced as the
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pin-axle housing slid along the axle. To address the high stresses and reduce the friction of

the pin-axle housing, a dual-axle setup was used.
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Figure 3.3: FEA analysis of a rounded square cross-section axle used in an early AMNIRS-II
design. Very high stresses were produced in the axle, with a maximum von Mises stress of
6,100MPA seen in this study.

The dual-axle configuration used two circular axles that transmitted the torque to the
inner-arm dual-axle couplers and to the position motor coupler, which reduced the stress at
the axles. Having circular axles also permitted the use of linear ball bearing bushings, which
alleviated the friction between the pin-dual-axle housing and the dual-axles. This dual-axle
setup allowed for off-the-shelf parts to be used for both the axles and linear bearings, reducing
cost. When sourcing the axles and bearings, two dual-axle configurations were drafted, one
with 7.6mm (0.375”) diameter axles and another with 6.4mm (0.25”) diameter axles. Two
configurations were drafted to test the smallest scale achievable with a dual-axle setup. Both
configurations were analyzed using FEA (Figure 3.4). The analysis demonstrated that the
smaller configuration, 6.4mm (0.25”) axles, was able to withstand the maximum loading.

Another feature the early drafts borrowed from the original AMNIRS design was the

use of a slot for the force transfer to the springs. The slot interface in the original device
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Figure 3.4: FEA and comparison of two dual-axle setups with 6.4mm (0.25”) diameter axles
in (a) and 7.6mm (0.375”) diameter axles in (b). Stresses were only slightly reduced in the
7.6mm (0.375”) setup and a factor of safety of 3 was maintained in the 6.4mm (0.25”) setup.
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was the greatest source of friction. As was previously discussed, a custom slot bearing was
initially designed to reduce the friction at the slot interface. The custom bearing introduced
high levels of uncertainty in the performance of this custom design. FEA was used to
characterize the custom bearing configuration. Figure 3.5 demonstrates the results of FEA
on the custom bearing. This analysis focused on the stresses in the slot-pin-guide. Other
FE analyses yielded inconclusive results, such as the effects of steel ball bearings pressing
into the aluminum slot. Because of the uncertainty of implementing a custom bearing, the
slot configuration was abandoned. The final design choice replaced the slot with an axle,
where an off-the-shelf linear bearing could be used. Figure 3.6 compares the slot and rail
configurations. Removing the stiffness guide from within the hub bearing also simplified the
hub bearing selection and allowed for improved clearance, because the amount of travel was
now limited by the distance between the inner arms. Initially, this hub bearing was a thin
section bearing under the slot configuration. The travel of the pin in the slot was limited
by the hub bearing inner diameter, requiring a thin section. Thin section bearings, however,
were more expensive than traditional bearings. By switching from a slot configuration to a
rail guide, the size of the bearing no longer limited the travel of the pin, allowing for greater

flexibility in bearing selection.
3.2 Hardware

Many of the changes to the earlier AMNIRS-II designs resulted in greater flexibility in
selecting hardware, specifically in utilizing off-the-shelf hardware. These design changes sim-
plified the design and assembly, as well as reduced the cost. The hardware in the AMNIRS-II

prototype fell into three categories: bearings, springs, and actuation.
3.2.1 Bearings

A key issue in the original AMNIRS prototypes was the prevalence of friction and me-
chanical compliance. One of the goals of the AMNIRS-II project was to reduce as much

friction as possible. This goal was achieved by providing bearing surfaces on all moving
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Figure 3.5: FEA study of a custom bearing housing. Uncertainty of the reliability of using
a custom bearing led to alternative solutions.

Figure 3.6: CAD views of two AMNIRS-IT designs. (a) shows an early design using the
original AMNIRS slot design and (b) shows the final rail design using an axle and linear

bearing.
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surfaces. The features that required bearings were the pin-dual-axle housing, rail-hub, and
inner arms.

The pin-dual-axle housing attached to the the dual-axle setup that consisted of two 6mm
linear shafts. The dual axles slid along two linear 6mm ball bearing bushings that were
housed in the pin-dual-axle housing. The dual-axles were threaded at the ends to allow
a bmm nut to hold them in place. By utilizing the rail-guide assembly, the pin had to
translate through the pin-dual-axle housing, which required a bearing that accommodated
both rotation and axial translation. The pin rotation and translation was addressed by a
solid lubricant embedded 10mm bronze bushing fixed in the pin-dual-axle housing.

The rail in the rail-hub assembly was a 6mm shaft that had set screw flats to fix it to the
stiffness hub. The pin-guide housed the pin and the rail linear bearing. The pin was a 10mm
shaft with an M8 thread on one end. The pin-rail-guide had an M8 tap that threaded onto
the pin’s threaded end. The pin-rail-guide also housed a 6mm linear ball bearing bushing
that slid along the rail. The final hub bearing was an off-the-shelf 40mm diameter bearing.

The inner arms held the entire AMNIRS-IT assembly together. There were two bearings
per arm, one attaching to the dual-axle-inner-arm coupler and the other attaching to the
rail-hub assembly. The inner arm bearings were 6mm ball bearings and withstood the force

Fpy, 356N (801b) when R was set to 55mm (2.17”).
3.2.2 Springs

The springs were critical to the AMNIRS design, but selecting them posed several issues.
Figure 3.7 shows the location of the springs, dual-axles, and bushing in the device. The
springs required a free length that was at least equal to the distance of maximum spring
deflection. The selected springs required a solid height, the length of the spring at max
compression, that was reached when the pin was at its position of maximum deflection.
Figure 3.7 indicates the required solid height and free length when the center housing reaches
its maximum deflection to one side. The compressed side determines the maximum solid

height desired and expanded side sets the minimum free length required for the spring to
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remain in compression throughout the motion. The spring coefficient was determined by
solving the simplified K equation for Kg, which yields Equation 3.3.

Kg

Ks = R2tan?(9)

(3.3)

The value Ky is the maximum rotational stiffness desired, 24017\,;—’(’; and a range of stiffness
angle, ¢, from 15° to 55° was used to find a range of K¢ values. Because Kg is equivalent
to the total spring constants when two springs were initially used, the spring coefficient
had to be equal to half the target K value. Using the range of Kg values as well as the
length constraints, several compression springs were selected. In general, these springs were
small with very high stiffness coefficients. To reduce the need for high stiffness coefficients,
two springs were placed in parallel on each side, reducing the required stiffness of each
spring. Conventional compression springs typically failed to meet the required length, so a
compression wave spring was used. These compression wave springs allowed for the springs
to be compressed to small, solid heights. The springs selected had a spring rate of 13.7kN/m
(78lb/in), resulting in a net Kg of 54.6kN/m (3121b/in).

3.2.3 Actuation

One actuator was used for the AMNIRS-II prototype: a stiffness motor, which controlled
the stiffness setting value ¢. The stiffness motor was a 12V DC motor with a worm gear
attached to it. The worm gear mated with a worm wheel that was attached to the stiffness
setting hub. A worm setup was used to lock the stiffness angle, ¢, in place. The worm
wheel and stiffness motor assembly is held in place by a housing that is fixed to the hub
housing. AMNIRS-II was designed with the option of position control. The position motor
considered for use was a 24V stepper motor. The stepper motor shaft was directly coupled
to the position motor coupler on the AMNIRS-II. For the scope of this project, the focus
was placed on characterizing the rotational stiffness of the device and use of the position

motor setup is not discussed in this project.
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Figure 3.7: Front view (a) and isometric view (b) of dual-axle assembly.
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3.3 Prototyping

Once the hardware had been acquired and the design finalized, the custom parts were
printed using a 3D printer in order to assemble a rapid prototype and make final changes.
The rapid prototype was evaluated and final changes were made to the design. The custom
parts were machined and a final prototype assembled.

Once the rapid prototype was assembled with the hardware, the device provided insight
into further design changes that were required prior to machining the final prototype. The
rapid prototype prompted several changes that were more easily understood when analyzing
a physical model rather than a CAD model. One of the changes was to extend the inner
arms to 305mm (12”) forearm reach, which facilitated testing. A groove was added to the
hub to accommodate a snap ring. The rail guide linear bearing was originally held in place
by a plate in the rapid prototype, but two snap rings were instead added on each end to fix
it to the pin-rail-guide. With the changes made to the AMNIRS-II design, the final parts
were machined.

All of the machined parts were made of aluminum with the exception of the position
motor coupler, which was made of steel (Figure 3.8). Two potentiometer brackets were
made using the 3D printer. These brackets held in place the potentiometers allowing them
to measure deflection, §, and the stiffness setting angle, ¢. Final physical parameters for
AMNIRS-II are outlined in Table 3.1. A diagram of the final prototype indicating different

AMNIRS parameters is seen in Figure 3.9.
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Table 3.1: Physical properties of final AMNIRS-II prototype.

AMNIRS-II Properties

L 305mm (12”)
R 55mm (2.17")
Height 56mm (2.20”)
Width 100.5mm (3.96”)
Length 328.11mm (12.92")
Mass (incl. stiffness motor) 740g (1.631b)
Max Deflection (0pzq.) 15°

Figure 3.8: Picture of final AMNIRS-II prototype.
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Figure 3.9: CAD drawings of the final AMNIRS-IT design. Side view (a) shows moment arm, R, forearm length, L, and position
motor couple displacement relative to vertical, §. Another side view with shortened forearms (b) has an applied torque, 7, and
the deflection, §. A back view cross-section (c) of the rail assembly shows the stiffness setting angle ¢.
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CHAPTER 4
CHARACTERIZATION

With a completed design and prototype, the characteristics of the device were then eval-
uated through experimental setups. Three different attributes of the system were measured
including rotational stiffness, elastic energy, and stiffness variation. Each parameter was
evaluated in a separate test with the position motor coupler fixed in place. There were two
angular displacement sensors used to measure the ¢ and § angles. A preassembled mechan-
ical testing machine was used for the rotational stiffness measurements, which included an

actuator and force transducer.
4.1 Methods

Two configurations were used for the experimental setups. Both configurations fixed the
position motor coupler allowing only deflection of the inner arms, . The fixed end had a
bracket that was clamped to the table top. The rotational stiffness setup held the device on
its side to reduce the effects of gravity pulling down on the arms (Figure 4.1). The other
configuration, used for the elastic energy and stiffness variation tests, was a fixed cantilever

setup that held the inner arms extended out from the table top edge (Figure 4.2).
4.1.1 Sensors

The sensors used for the experiments were two potentiometers and a force transducer.
To measure the stiffness setting angle, ¢, and the deflection, ¢, a 10k{) potentiometer was
used for each measurement. The potentiometers were powered with a 5V supply and were
used as a voltage divider. The varying voltage of each potentiometer was calibrated for its
corresponding angle. For the rotational stiffness characterization test, a force transducer
was used to determine the force being exerted on the AMNIRS-II device by the mechanical

testing actuator.
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Figure 4.1: The rotational stiffness characterization setup with AMNIRS-II positioned on
its side. The end of the inner arms is attached to the mechanical testing actuator and force
transducer on the right.

Figure 4.2: The fixed cantilever setup with AMNIRS-II hanging horizontally off of a table
edge, used for the elastic energy and stiffness variation tests.
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4.1.2 Control

LabVIEW along with an Arduino Uno board were used to control the motors and collect
data from the sensors. The position of the stiffness motor was controlled by a proportional-
integral-derivative (PID) controller that took a desired angle, ¢, and compared it to the
actual angle from the potentiometer. The PID controller sent a pulse-width modulation
(PWM) signal to the Arduino Uno motor shield to control the output of the DC motor.

Figure 4.3 outlines the basic setup used in the characterization of the AMNIRS-II device.

qb??l
Set PWM [5,,“}
{’ﬁ—-{}—ew PID "™ . DC Motor — | Measure

Figure 4.3: A general block diagram of the setup for the AMNIRS-II characterization tests.

4.2 Rotational Stiffness

The rotational stiffness characterization is key to validating the performance of the
AMNIRS-IT device. The actual rotational stiffness, K 4, had to be measured and compared
to the expected rotational stiffness, Kg, as governed by Equation 2.2. To measure K 4, the
setup seen in Figure 4.1 was used where the inner arms were attached at length L to a
linear actuator with a force transducer in series. The linear actuator applied tension on the
inner arms causing a change in the deflection angle, 9, of the device. The actual rotational
stiffness was measured by setting a fixed stiffness angle, ¢, ranging from 5° to 70°. With
a set ¢ angle, a force was applied by the linear actuator from 0 to 40N (0 to 9lb) in 2.2N

(0.51b) increments. The deflection, ¢, was measured at each loading interval.
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4.2.1 Results

The rotational stiffness experiment resulted in nonlinear stiffness behavior. The rela-
tionship between deflection, §, and applied torque, 7, for each ¢ setting was expected to be
linear. At the lower torque values, the system behaved linearly, and then began to increase
rapidly in torque with little change in deflection at higher torque values (black section in Fig-
ure 4.4). Datasets from ¢ = 40° to 70° were locked throughout and were not included in the
final calculations. The unexpected results may be due to difficulties that were encountered
during experimental testing, such as locking of the mechanism. This locking resulted from
large normal forces on the rail, which may have added non-linearities on top of the under-
lying linear system behavior. Another source of error, seen beginning at a ¢ = 30° setting,
was having an initial negative deflection (red section in Figure 4.4). This was attributed to
the weight of the inner-arms pulling down and causing an initial deflection as the ¢ setting
aligned the rail with the pull of the weight.

To isolate the linear portion of the data (blue section in Figure 4.4), the negative and
locked data points were detected and were not included in calculating K 4. If two subsequent
deflection angles were equal, d; = 9,11, it was assumed that the system was locked and the
data from ¢§; onward was rejected. If a J; value was negative it was also not included in
the final calculations. Using the linear region dataset for each ¢ setting, an instantaneous
rotational stiffness, K 4, was calculated per data point using Equation 4.1, derived from an
angular form of Hooke’s Law. A table of the full data set with indicated negative and locked

regions and a plot of all K4 values can be seen in Appendix A.

Ky= (4.1)

.
4]

After calculating K4 for each point in the linear region of the data sets, the average K4
and Ky for each was calculated and is shown in Table 4.1, along with a percent error for

each average rotational stiffness. The error for the first two ¢ settings, 7.5° and 10°, was

168.8% and 82.1% respectively. High errors were expected at low stiffness settings with this
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Torque, 7, vs Deflection, 9, for ¢ = 30°
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Figure 4.4: Plot of complete ¢ = 30° dataset. Complete dataset had negative values and
asymptotic deflections that skewed the results.

experimental setup because the force transducer only had a resolution of 2.2N (0.51b), which
would not provide enough data for these low ¢ settings. The error from ¢ = 15° to 35° ranged
from 6.7% to 55.6%. It should also be noted that the decreasing error from ¢ = 15° to 30°
could be due to a larger number of data points acquired as ¢ increased, because the device
could have larger applied loads without reaching maximum deflection as higher ¢ angles
were tested. The final results show that the measured rotational stiffnesses do follow the
theoretical stiffnesses (Figure 4.5), taking into consideration the non-linear elements present

in the device and in the experimental setup.
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Table 4.1:  Average measured, K 4, and theoretical, K p, rotational stiffnesses.

Set ¢(°) Measured ¢(°) Kp(X2) K,(22) Error (%)

rad

7.5 6.794 2.320 6.237 168.833
10 9.087 4.211 7.667 82.088
15 13.329 9.168 14.263 55.565
20 18.551 18.473 24.489 32.569
25 24.648 34.652 42.323 22.137
30 29.765 53.921 57.508 6.652

35 34.434 77.567 110.325 42.233

Theoretical and Measured Rotational Stiffness for ¢ = 7.5° to 35°
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Figure 4.5: Average measured rotational stiffness, K;, shown as red dots, and theoretical
rotational stiffness, Kr, shown as blue line, versus stiffness setting angle, ¢. Error bars are
standard deviation of each ¢ dataset.
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4.3 Elastic Energy

Characterization of the elastic energy of the AMNIRS-II device was completed by ap-
plying a step response to the system and monitoring its effects. The elastic energy test was
completed using the cantilever setup (Figure 4.2). The step response was implemented by
applying a known load at length L and at a set stiffness angle, ¢. When the system had
reached equilibrium, the load was quickly removed and the oscillating angular deflections,
9, were recorded over time. Two known loads were used for the test, 4.4N (1lb) and 13.3N
(3lb). For each load, ¢ was set at 25°, 30°, and 35°. These ¢ settings were limited by the
13.3N (3lb) load where angles below 25° would reach maximum deflection and angles above
35° would produce little to no oscillations in §. At each ¢ setting three trials were were

completed for each load.
4.3.1 Results

For each trial an initial deflection, ¢;, a final deflection, 7, and a response time, At,
were deduced from the data (Figure 4.6). The average power of a system can be found

Vi—

tf—_‘t/j’ where Vy is the system’s final potential energy, V; is the system’s initial

from P,y =
potential energy, and t;—t; is the time elapsed between the initial and final states, equal to At
from the data. To calculate the energy output, U,,, for each trial, P,,, can be multiplied by
the response time, At, yielding U,,; = V;—V;. The potential energy of AMNIRS is dependent
on three systems: the inner-arms, hub assembly, and rotational stiffness (Figure 4.7). The
potential energy of the inner-arms and hub were calculated using V,,, = mgC'sind, where m
is the mass of the inner-arms or hub and C' is the distance from point E to the center of
mass of the inner-arms or hub. The change in potential energy from the rotational stiffness,
Ukr, is dictated by Equation 4.2. Using the measured rotational stiffness, K4, from the
rotational stiffness characterization test, the change in potential energy can calculated using

Uka = —Kgr(df — 9;). The output energies calculated were compared to the theoretical

potential energy as derived by combining the Kz Equation 2.2 and Equation 4.2 resulting
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in Equation 4.3. The final energy outputs for the tests can be seen in Table 4.2. The
average value of the energy output under each ¢ setting (Figure 4.8) demonstrates that with
increased stiffness, less energy is released and as the load applied is increased more energy

is released.

df

Ukn=— | Krds (4.2)
05
-1 of
Ukr = 7KSR2tcm2¢ sin%d (4.3)
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Figure 4.6: 4.4N (11b) load step response for a ¢ setting of 25°. Initial deflection, ¢;, is shown
as the red line, final deflection, d¢, is shown as the blue line, and the response time, At, is
the green line.
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Figure 4.7: Diagram of the elastic energy test setup showing the location of the centers of
mass of the inner-arms and hub assembly.

Table 4.2: Elastic Energy Output

14N (10) 13.3N (300)
¢(Degrees) Uga Energy (J) Ugkgr Energy (J) | Uxa Energy (J) Uggr Energy (J)
25 0.0399 0.0339 0.0839 0.0712
25 0.0500 0.0424 0.0734 0.0622
25 0.0734 0.0622 0.0981 0.0832
30 0.0144 0.0138 0.0682 0.0653
30 0.0044 0.0042 0.0509 0.0487
30 -0.0005 -0.0005 0.0509 0.0487
35 -0.0330 -0.0242 -0.0137 -0.0101
35 -0.0161 -0.0118 -0.0012 -0.0009
35 -0.0330 -0.0242 -0.0286 -0.0210
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Average Energy Outputs
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Figure 4.8: Average energy output for each load and ¢ setting. Both energy outputs, Uk s
and Ukpg, calculated using measured, K4, and theoretical, Kg, rotational stiffnesses are
shown.

4.4 Stiffness Variation

The stiffness variation test measured the response of the stiffness motor in changing the
stiffness angle ¢ under different conditions. The test was completed using the cantilever
setup (Figure 4.2). Two loading conditions were implemented for stiffness variation, zero-
load and a 4.4N (11b) load. In each loading condition, the stiffness variation was tested in
both increasing and decreasing ¢. The maximum ¢ setting for each scenario was 55°, which
was the maximum ¢ angle used to select the springs. For each scenario, the minimum ¢ was
set when the arms reached maximum deflection. The minimum ¢ was 15° for the zero-load
condition and 35° for the 4.4N (1lb) load. The stiffness variation was tested by increasing to

55° or decreasing to the minimum ¢ at different starting angles that were within the range
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of ¢ angles for the loading condition and were set in 10° intervals. The motor PID control
was manually tuned for each stiffness variation trial to obtain the quickest possible response.
The majority of the trials used only a PI controller where the proportional gain, Kp, and
the integral gain, K, were manually tuned and the derivative gain, Kp, was set to 0. For
each trial, the changing stiffness angle, ¢, was recorded at 1ms intervals. The total response

time and angular velocity for each trial was then calculated.
4.4.1 Results

The stiffness motor settling time was determined as the difference between the time at
which the initial stiffness angle, ¢;iriai, began to change and the time at which the final
stiffness angle, ¢finq;, Temained constant. The average angular velocity, w, was calculated
using Equation 4.4 where A¢ was found in Equation 4.5, and At was equal to the motor

settling time. The final results for the stiffness variation characterization are shown in

Table 4.3.

_ A

W= (4.4)

A¢ - ¢fimzl - gbinitial (45)

The stiffness variation testing demonstrated that the stiffness motor was able to respond
quickly. The fastest response measured was an average angular velocity of 1858% for in-
creasing the stiffness angle from 35° to 55° for the zero-load condition. The slowest response
recorded was 589% for the zero-load condition decreasing the stiffness angle from 55° to
15°. Characterization of the stiffness motor response provided key insight as to the con-
trols required to manipulate AMNIRS-II. The testing showed that the key factors in the
response of the stiffness motor were the applied load and the direction of stiffness angular
displacement. When a load was applied, the range of available stiffness angles was greatly
decreased. However, within this decreased operational range, the response of the motor was

able to respond to larger PID gains that allowed for comparable or improved motor response
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Table 4.3: Stiffness Variation Motor Response Data

Ginitial(°)  Prinat(°)  A¢  Settling Time (ms) w(ﬂl) Kp K;

S

Zero-Load Increasing ¢

14.91 54.11  39.20 23 1704.35 650 12

24.99 54.11  29.12 20 1456.00 650 12

34.79 54.95  20.16 12 1680.00 650 9

45.15 54.67  9.52 9 1057.78 650 5

Zero-Load Decreasing ¢

55.23 15.19  40.04 68 588.82 35 11

55.51 2499  30.52 36 847.78 67 1

55.23 34.23  21.00 19 1105.26 110 10

55.23 45.15  10.08 15 672.00 190 O
4.4N(11b) Load Increasing ¢

35.07 55.51  20.44 11 1858.18 1000 0O

44.59 55.79  11.20 8 1400.00 1000 0O
4.4N(11b) Load Decreasing ¢

54.95 33.95  21.00 27 7778 223 4

55.51 45.71 9.80 12 816.67 515 0

when compared to the zero-load condition. Whether ¢ was being increased or decreased
was a major factor in how the system responded. When increasing ¢, the system was quite
stable and PID gains were set high to obtain fast system responses. When ¢ was decreased,
the system could become unstable, particularly with an applied load. When decreasing ¢,
typically the response was damped to prevent overshooting, which caused large deflection of

the arms to a state where the motor could no longer set the stiffness.
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CHAPTER 5
DISCUSSION

Through the design and characterization process of the device, a better understanding of
the function of the AMNIRS-II was obtained. In addition, limitations of the anthropomor-
phic adaptation were also highlighted. During the assembly of the final prototype, the inner
arms were found to slip out of the inner-arm bearings. However, this problem was addressed
by fixing the arms with a bolt used to apply loading at length L. Therefore, the slipping
of the inner arms may be addressed through the ultimate installation of the device. If the
arms are held in place by the attached output, then the AMNIRS-II inner-arm design can
remain relatively unchanged. However, slipping of the arms should be addressed in future
design iterations if device installation will not fix the arms.

The rotational stiffness characterization elucidated limitations in the AMNIRS-IT design.
Although there was non-linear stiffness properties in AMNIRS-II, analysis of the linear re-
gions of the datasets in the rotational stiffness experiment demonstrated properties similar
to the theoretical stiffness of the device. Relative to the set stiffness angle, ¢, the measured
quantities were offset by errors ranging from 6.7% to 168.8%. These errors were caused by
several sources such as the buckling of the springs (Figure 5.1), friction from the rail-guide
lock rings contacting the hub, large normal forces on the rail-guide, and low resolutions used
in data acquisition. The buckling of the springs stems from the lack of internal and exter-
nal support of the spring along with high preload forces of 170N per spring. This buckling
would alter the stiffness coefficient of the spring, likely making the springs stiffer and possibly
non-linear. The buckling can be addressed by extending the outer housing of the springs to
provide more outer diameter support, in addition to including shafts in the spring housings

to support the springs’ inner diameters.
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Figure 5.1: A picture of the compression springs used. The waves of the springs buckled out
of the housing due to lack of internal and external support of the spring.

There were linear portions in the rotational stiffness characterization data for ¢ angles up
to 35°. The areas of non-linearity, seen in the datasets with linear portions, stem from two
sources. The first source was the lock rings used to fix the linear bearing that slides along
the rail. The lock ring, on one side of the rail-pin-guide, only barely made contact with the
edge of the inner bore of the hub. This contact introduced friction between the sliding pin
and rail. Eventually the lock ring static friction was overcome and accounted for the initial
jump of rotational stiffness in the original data. The second source of non-linearity occurred
when the normal force on the rail became too high and the rail linear bearing would lock
up, preventing travel of the rail-pin-guide and further deflection of the arms. The system
locked in place during the rotational stiffness tests starting at a stiffness angle, ¢, of 40° and
greater. Another notable and unexpected behavior of the system was rotation about the
rail guide, which occurred at stiffness angles of 50° and greater. Typical applications should
not require deflection angles this large if the spring constant, Kg, was set accordingly. The
AMNIRS-II working range of ¢ settings was found to be 5° to 35° providing a rotational

stiffness range of 6.2 to 110.3%—’3. This range did not meet the specified range of 3 to 240%.
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Although several issues arose from the rotational stiffness characterizations, the AMNIRS-
IT device still reduced several instances of friction and mechanical compliance that limitations
of the original AMNIRS device. The reduction of friction and compliance was deduced in
that the rotational stiffness characterization indicated that AMNIRS-II had increased stiff-
ness in the system, which would be expected from a more rigid structure. Whereas, the
characterization of the original AMNIRS had built-in compliance that reduced the actual
rotational stiffnesses measured and required correction. This improvement can be confirmed
with slight modifications to AMNIRS-IT and additional testing.

Many of the issues seen in AMNIRS-II can be eliminated or reduced with minimal design
changes. The added friction and discontinuity caused by the rail-guide linear bearing lock
ring can be eliminated by grinding down the area of contact on the hub because the lock ring
barely contacts the hub surface. The buckling springs problem can be solved by increasing
the height of the spring housings and adding shafts within the inside diameter of the springs
to provide additional support. In addition, an alternative design could reduce the number of
springs from four to two and to test different sets of spring constants. The modified spring
housings can be readily constructed using rapid prototype parts that can be integrated with
the existing components of AMNIRS-II.

In future work, testing of compliance in the system should be completed. To determine
the mechanical compliance present in the system, blocks can be used to replace the springs.
Using a procedure identical to the rotational stiffness characterization, the mechanical com-
pliance of the system can be quantified. By completing these modifications and tests, the
characterization of AMNIRS-II can be completely verified.

Future work for the AMNIRS-II device includes further exploration of actuation and
integration into a prosthesis. The stiffness motor and worm wheel setup was not an ideal
configuration, but performed well for testing and characterization of the device. Further
research into integrating a stiffness setting actuator and gear train that is non-backdrivable

and can optimize power requirements and stiffness variability. Further work should also

44



improve upon sensors, such as incorporating encoders into the stiffness motor. Integrat-
ing AMNIRS-II into a prosthesis will dictate how the position motor and gear train are
implemented.

AMNIRS-II was able to meet several goals in this project. The AMNIRS concept was
adapted into an anthropomorphic design while reducing many areas of friction seen in the
original AMNIRS device. The final AMNIRS-IT mechanism was a compact device whose
overall dimensions, excluding the position motor coupler and forearms, of 55x71x56mm
(2.17x2.79x2.20") were within the size constraint of a 76mm (3") sphere. During the ro-
tational stiffness characterization tests, the device was able to withstand a 40N (91b) load,
which was slightly less than the original 45N (101lb) specification, without any visible me-
chanical impediments. Within the working range of stiffness angles, the AMNIRS-II device
behaved according to the original rotational stiffness equation. The stiffness variation charac-
terization demonstrated the quick responses achievable by the AMNIRS-II device, the slow-
est measured stiffness variation being 68ms. The elastic energy capabilities of AMNIRS-II
were also characterized with a measured maximum energy output of 0.098.J. Characteri-
zation of AMNIRS-II provided important insight into short-term modifications and future
directions and implementation of the AMNIRS device. Overall, the AMNIRS-II device was
demonstrated to be a compact device with anthropomorphic stiffness-varying properties that

provided an important step towards being fully integrated into a forearm prosthesis.
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APPENDIX - ROTATIONAL STIFFNESS CHARACTERIZATION

Table A.1 shows all the datasets from rotational stiffness testing for ¢ = 7.5° to 35°, where K4 denotes the measured
rotational stiffness and Ky is the theoretical rotational stiffness. Red highlighted rows indicate areas where the deflection was
locked and asymptotic, and blue highlighted rows indicate negative deflections from inner arm weight. These rows were not

included in the final calculations.

Table A.1: Data sets from rotational stiffness testing for ¢ = 7.5° to 35°.

Set ¢(°) Measured ¢(°) Deflection, §, (rad)) Torque, 7,(Nm) Ku(22) Kg(22) Error (%

rad

7.5 7.35 0.106 0.68 6.41 2.73 134.69
7.5 6.23 0.224 1.36 6.06 1.91 217.76
Average 6.79 6.24 2.32 168.83
10 9.87 0.085 0.68 8.02 4.98 60.94
10 8.30 0.186 1.36 7.31 3.44 112.75
Average 9.09 7.67 4.21 82.09
15 14.65 0.062 0.68 10.88 11.26 3.39
15 14.35 0.119 1.36 11.41 10.72 6.49
15 13.23 0.161 2.04 12.62 8.98 40.54
15 12.67 0.188 2.71 14.47 8.16 77.22
15 12.67 0.197 3.39 17.25 8.15 111.78
15 12.40 0.215 4.07 18.95 7.75 144.62
Average 13.33 14.26 9.17 55.56
20 20.23 0.041 0.68 16.48 22.43 26.53
20 19.95 0.073 1.36 18.47 21.70 14.89
20 19.39 0.105 2.04 19.43 20.33 4.47

51



20 18.55 0.136 2.71 19.94 18.39 8.44

20 18.00 0.151 3.39 22.43 17.18 30.54
20 18.00 0.152 4.07 26.74 17.18 55.64
20 17.70 0.162 4.75 29.26 16.54 76.89
20 17.70 0.168 5.43 32.23 16.52 95.15
20 17.43 0.172 6.11 35.41 15.97 121.75
Average 18.55 24.49 18.47 32.57
25 24.99 0.007 0.68 99.16 35.92 176.05
25 24.99 0.042 1.36 32.17 35.88 10.33
25 24.71 0.067 2.04 30.19 34.91 13.51
25 24.43 0.096 2.71 28.36 33.91 16.37
25 24.87 0.115 3.39 29.53 35.22 16.15
25 23.87 0.118 4.07 34.53 32.08 7.63

Average 24.65 42.32 34.65 22.14
30 30.03 0.015 1.36 90.95 95.24 64.66
30 30.03 0.040 2.04 50.68 55.19 8.16
30 29.75 0.057 2.71 47.34 53.87 12.12
30 29.75 0.063 3.39 53.52 53.85 0.60
30 29.55 0.079 4.07 51.84 52.91 2.01
30 29.47 0.094 4.75 50.70 52.47 3.37

Average 29.76 57.51 53.92 6.65




35 35.35 0.004 1.36 355.83 83.17 327.85
35 35.35 0.022 2.04 92.58 83.14 11.35
35 34.79 0.037 2.71 73.09 79.71 8.30
35 34.51 0.056 3.39 60.24 77.97 22.74
35 34.51 0.058 4.07 69.79 77.95 10.48
35 34.23 0.060 4.75 78.69 76.32 3.10
35 34.23 0.063 5.43 85.64 76.31 12.23
35 34.23 0.065 6.11 93.37 76.29 22.38
35 33.95 0.071 6.78 94.95 74.66 27.17
35 33.95 0.073 7.46 101.57 74.65 36.07
35 33.67 0.075 8.14 107.84 73.07 47.59
Average 34.43 110.33 77.57 42.23

93



Figure A.1 shows all the measured rotational stiffnesses, K 4, calculated for the datasets
with linear regions. The measured rotational stiffnesses are plotted with the theoretical

rotational stiffnesses, K.

Linear Region K4 Values and Theoretical Rotational Stiffness (Kg)
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Figure A.1: Plot of all measured K4 values, shown in red, calculated from linear regions of
rotational stiffness data sets. Theoretical rotational stiffness, Kg, shown in blue.

o4



	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Symbols
	List of Abbreviations
	Introduction
	Background and Literature Review
	Series Elastic Actuator
	Mechanically Variable-Stiffness Mechanisms
	Antagonist/Agonist Systems
	Variable-Preload Systems
	Structure-Controlled Systems
	Variable-Force Systems

	AMNIRS
	AMNIRS-II

	Miniaturization
	Design Progression
	Initial Design
	FEA Implementation
	Early Design Limitations

	Hardware
	Bearings
	Springs
	Actuation

	Prototyping

	Characterization
	Methods
	Sensors
	Control

	Rotational Stiffness
	Results

	Elastic Energy
	Results

	Stiffness Variation
	Results


	Discussion
	References Cited
	Rotational Stiffness Characterization

