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Abstract

Stroke is one of the leading causes of impairment in the world. Many of those who
have suffered a stroke experience long-term loss of upper-limb function as a result. BLUE
SABINO is an exoskeleton device being developed at the University of Idaho to help assess
these patients and aid in their rehabilitation. One of the central design challenges with
exoskeletons is limiting the overall weight of the device. Motors used in actuation of these
devices are often oversized to allow for gravity compensation and the creation of torques that
facilitate patient movements. However, if the torques required for gravity compensation are
achieved through passive elastic elements, the motor and other upstream components can be
lighter, potentially greatly reducing the overall weight of the device. In this paper, constant-
force springs are investigated as a method of generating a constant offsetting torque to
compensate for gravity. In experimental testing of multiple mounting configurations of
constant-force springs (single, back-to-back, double-wrapped), the force output fluctuated
less than 8.6% over 180° of wrapping, with friction values below 2.6%, validating the
viability of constant-force springs for this application. The results suggest that when using
multiple springs, the back-to-back configuration provides a simpler implementation with
better force consistency while the double-wrapped configuration adds less friction to the
system. With these results, a mechanism was created to provide a torque of 35 + 0.7 N-m to
joint 3 of the BLUE SABINO exoskeleton at all orientations of joints 1, 2, and 3 of the

exoskeleton to compensate for gravity.
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Figure 2.7. Force profiles for differing configurations and frequencies. From top to bottom,
the rows correspond to 0.25, 0.35, and 0.5 Hz input frequencies. From left to right, the
columns correspond to single, back-to-back, and double-wrapped configurations. The x-axis
for all plots are in degrees; the y-axis for all plots is force (N) from a single spring. ............ 27
Figure 2.8. Force profiles (top) and maximum hysteresis values (bottom) over the range of
rotation for the experiment (x90°). The three different configurations are shown in the three
columns from left to right: (single, back-to-back (B2B) springs, and double-wrapped from
left to right). Multiple input frequencies are shown for each (0.25 Hz. = red, 0.35 Hz. = blue,

O R  o =TT o) OSSPSR 29
Figure 3.1. Model of PRISM on BLUE SABINO. Left: Positive rotation of joint 1. Right:
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Chapter 1: Introduction

1.1  Stroke Background

Fifteen million people suffer a stroke each year, many of whom will survive with
some form of impairment, making stroke one of the leading causes of adult disability in the
world (Feigin et al., 2014). A stroke occurs when blood flow to some area of the brain is
restricted or cut off due to a clot or other blockage. With this lack of blood flow, brain cells
lack the oxygen they need to survive and begin to die. When these cells die, the functions,
which can include memory and muscle control, controlled by that portion of the brain are
lost. These losses often lead to impairment in movement and speech, among other things.
Extensive research has demonstrated the efficacy of rehabilitation training to improve arm
function after stroke (Langhorne et al., 2011), particularly soon after the stroke occurs
(Kwakkel et al., 2004). In the three months that follow a stroke, the effectiveness of
rehabilitation to recover these losses in function have shown to be higher than in the months
that follow. Other research suggests that assessment of neuromuscular impairments caused
by stroke may help in the selection of targeted therapy interventions to improve outcomes
(Colombo et al., 2005). While this research is encouraging for the long-term health of stroke
survivors, it also highlights the need for proper access to assessment and rehabilitation early

and often after a stroke occurs.

In the United States the large number of stroke survivors have significantly strained
the current healthcare system, incurring huge direct and indirect costs and taxing the limited
pool of healthcare professionals (American Heart Association, 2019). This problem is
projected to grow as the population continues to age (Ortman et al., 2014) and advances in
post-stroke medicine lead to lower stroke mortality rates (YYang et al., 2006). Both factors

lead to a higher number of survivors with impairment that require rehabilitation.

Robotic devices have the potential to meet the growing need for cost-effective
assessment and rehabilitation of stroke patients. Research is ongoing, but previous review
literature (Norouzi-Gheidari et al., 2012), (Tran et al., 2018), (Prange et al., 2006), has
demonstrated that robotic devices are able to assess and quantify impairment in ways not

otherwise possible. Furthermore, robotic devices for post-stroke movement therapy have



demonstrated promising efficacy, with results equaling and, in some cases, marginally
exceeding conventional therapy in dosage-matched comparisons (Prange et al.,
2006),(Norouzi-Gheidari et al., 2012). Some robotic devices have been shown to be capable
of both studying and administering movement therapy and performing assessment. An
example of such a device is the BiLateral Upper-extremity Exoskeleton for Simultaneous
Assessment of Biomechanical and Neuromuscular Output (BLUE SABINO) (Perry et al.,
2019), which is currently under development at the University of Idaho and is specifically
designed for both post-stroke assessment and rehabilitation.

1.2 BLUE SABINO Background

BLUE SABINO is an exoskeleton device designed to assist in the assessment and
rehabilitation of motor deficiencies in the upper limbs of stroke patients. The goal of the
project is to create a system to aid in the assessment of the range of motion, neuromuscular
output, force production capabilities, and abnormal synergies in the upper limbs of stroke
patients. The system will simultaneously record output from force/torque sensors and
electroencephalogram (EEG) and electromyography (EMG) sensors during assessment and
rehabilitative therapy. These sensor readings combined with kinematic feedback from the
exoskeleton motors create a broad, quantitative description for assessment of impairment due
to stroke. Furthermore, this assessment data is collected and available for real-time control,
allowing for the implementation and evaluation of novel experiments and therapy protocols
designed to increase our understanding of impairment and recovery after stroke. The
knowledge gained from the system should provide medical professionals the ability to

properly prescribe targeted therapies to improve patients’ recovery after suffering a stroke.

A rendering of the current solid-model design of the BLUE SABINO upper-extremity
exoskeleton is shown in Figure 1.1. It is an extension of the EXO-UL series exoskeletons
designed by Rosen et al., and in particular, the EXO-UL7 (or CADEN 7) and the EXO-ULS.
The EXO-ULY7 had a light-weight design that allowed for near full range of motion of the
upper extremity allowing for common movements including many activities-of-daily living
(ADL) tasks (Simkins et al., 2013). The EXO-ULS8 was the first of this series of exoskeletons
to eliminate much of the cable routing used for remote actuation, and instead place Harmonic

Drive motors at each joint (Shen et al., 2018). The addition of these motors led to increased



Figure 1.1. Rendering of the solid-model of the current BLUE SABINO exoskeleton design. Image reprinted
from Trimble (2016).

positional accuracy and helped alleviate the issues of prematurely breaking cables and related
hardware. The addition of these motors, however, also resulted in a large increase in the
weight of the exoskeleton. This raised the strength and stiffness required for each link, and
the torque requirements for each joint, which now must carry the additional load of
downstream motors. The design of BLUE SABINO keeps many of the features of the EXO-
ULS, including the use of Harmonic drive motors, while implementing some additions and

improvements to the overall design.

One of the central goals of the BLUE SABINO project is to add an additional 2
degrees of freedom (2 DOFs) that will allow for movement of the clavicular joint in the
shoulder and enable scapulohumeral rhythm, improving the alignment of the exoskeleton to
the user and allowing for normal shoulder movement during use. Most previous robotic
exoskeleton devices simplify the shoulder as a fixed spherical joint. In reality, however, the
location of the shoulder joint translates vertically (elevation and depression) and horizontally
(protraction and retraction) during regular use of the arm. Figure 1.2 shows the joints of the
human shoulder (Perry et al., 2018). A study of numerous common ADL tasks was
conducted to determine typical shoulder displacement magnitudes during normal arm use

(Bitikofer et al., 2019). To do this, motion-capture data from the ADL tasks was analyzed
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Figure 1.2. The joints of the human shoulder. Motion of the shoulder and arm are accomplished through the
combined motions of the sternum/clavicle (SC), acromion/clavicle (AC), and glenoid/humerus (GH) joints.
Image reprinted from Perry et al. (2018).

and the magnitude of shoulder displacement calculated relative to the initial position. Results
from the study are given in Figure 1.3, which shows histograms of time spent at specific

shoulder displacement magnitudes for four categories of ADL tasks.

It is clear in Figure 1.3 that displacements of the location of the center of the shoulder
of 5-10+ cm are very common during typical ADL tasks. Thus, simplifying the shoulder to a
spherical joint limits the natural motion patterns of a patient and can cause misalignment
between the exoskeleton and shoulder joint. For these reasons, several previous research
groups have included additional DOFs to account for these movements. These robotic
exoskeletons, along with some that don’t allow shoulder displacement, are described in the

following section that details the current state of the art in upper-extremity exoskeletons.
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Figure 1.3. Histograms of time spent at specific shoulder displacement magnitudes. As an example of how to

interpret these histograms, the distribution shown in the lower-left plot indicates that the shoulder is displaced

approximately 2 cm for 30% of the time during eating and drinking actions. All four of these distributions were

found from an analysis of motion-captured data from numerous activities-of-daily-living (ADL) tasks. Image

reprinted from Bitikofer et al. (2019).

1.3 Upper-Limb Exoskeleton State of the Art

20r B =
15 f
10 b

5

Percent Time
Percent Time

0

Numerous upper-extremity robotic devices have been designed for post-stroke
rehabilitation and/or other human-robot tasks. Most of these exoskeletons (Rahman et al.,
1995), (Mistry et al., 2005), simplify the shoulder joint as a 3-DOF spherical joint, typically
constructed with 3 revolute joints with axes intersecting at the center of the shoulder joint.
This kinematic design neglects the motion of the scapulothoracic (ST) and sternoclavicular
(SC) joints. However, the fixed spherical joint has the advantage of reduced complexity,
weight, and cost for motors and components that would be needed for actuating these
neglected motions. The first three exoskeleton devices presented in the paragraphs that
follow simplify the shoulder joint to a 3-DOF spherical joint; the remaining exoskeletons
discussed in this section include at least 4 DOFs at the shoulder joint to accommodate

motions of the shoulder complex.

ExoRob is a 7-DOF exoskeleton device ( with 3 actuated revolute joints mimicking a
3-DOF spherical joint at the shoulder, along with actuated joints for elbow flexion/extension,
forearm pronation/supination, wrist radial/ulnar deviation, and wrist flexion/extension

(Rahman et al., 2010). The device is actuated with DC motors and designed to assist disabled
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Figure 1.4. The ExoRob robotic exoskeleton. The left side shows a solid model of the exoskeleton with a
description of several components and the right side shows the device in use. Image reprinted from Rahman et al.,
(2010).

people with impaired upper-limb function. The 7-DOF ExoRob design (Figure 1.4) does not
include actuation for elevation/depression and protraction/retraction of the shoulder joint.
The device is mounted rigidly above the shoulder of the patient, and the location of the
shoulder joint cannot move during use without misalignment between the patient and the

exoskeleton.

The Sarcos Master Arm (Figure 1.5) is another 7- DOF robotic exoskeleton deV|ce
designed for interaction with the human arm.
This device, developed by Sarcos, Inc. includes
a 3-DOF spherical joint for the shoulder, one for
elbow flexion/extension, forearm
pronation/supination, wrist flexion/extension,
and wrist radial/ulnar deviation (Mistry et al.,
2005). The exoskeleton is hydraulically actuated
and controlled using feedback from
potentiometers and force sensors at each joint.
Like ExoRob, the Sarcos Master Arm simplifies
the shoulder as a fixed-center spherical joint,

neglecting elevation/depression and

protraction/retraction of the shoulder joint. Once

Figure 1.5. The Sarcos Master Arm. Image
again, the device is mounted rigidly around the  reprinted from Mistry et al. (2005).
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Figure 1.6. The robotic exoskeleton ARMin I11. The left side shows ARMin Il in use and the right side shows
the approximation used for the shoulder joint of the exoskeleton. Image reprinted from Guidali et al. (2009).

shoulder of the patient and the location of the shoulder of the patient cannot move during its

use or misalignment can occur.

The ARMin 111 (Figure 1.6) is a 6-DOF robotic exoskeleton device that also
simplifies the shoulder as a 3-DOF spherical joint comprised of three revolute joints. In
addition to the 3-DOF at the shoulder, the device also allows elbow flexion/extension,
forearm pronation/supination, and wrist flexion/extension, all actuated by DC motors
(Guidali et al., 2009). The goal of the device is to assess abnormal muscle synergies in
patients following a stroke and to administer and study movement therapy. While the device
can be adjusted vertically for patient height, the location of the shoulder joint is not actuated
during use. Because of this, once again, misalignment of the shoulder joint can occur if the

location of the patient’s shoulder joint moves.

The first device presented here that includes additional DOF at the shoulder joint is
IntelliArm (Figure 1.7). IntelliArm is a 9-DOF (seven active, two passive) exoskeleton that
includes four active and two passive joints at the shoulder, two active DOF at the elbow, and
one active DOF at the wrist, along with an active joint at the hand for opening and closing
tasks (Park et al., 2008). In particular, the exoskeleton is intended to diagnose abnormal
muscular synergies through the ability to isolate individual joints during use. The device can

also be used for administering movement therapy. The passive prismatic joints at the
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Figure 1.7. The IntelliArm robotic exoskeleton and descriptions of several of the main features of the design.

Image reprinted from Park et al. (2008).

shoulder allow horizontal (X-Y) translation of the shoulder joint with linear guide rails.
Vertical translation of the shoulder is also accounted for in a similar, active, linear rail. The
weight of the device is balanced actively in a vertical actuator, which must always lift the

weight of the device and allow patient movement.

MEDARM (Figure 1.8) is a 6-DOF robotic exoskeleton device that actuates 5 DOF at

the shoulder joint, three for the shoulder joint itself and two for elevation/depression and

Linear e

Adjustment / =

Sternoclavicular 3
KT

Joint #2 1

.7+ Stemoclavicular
Joint #1

Sternoclavicular Joint Centre

Glenchumeral Joint Centre

Figure 1.8. The MEDARM robotic exoskeleton. The left side shows the entire device, while the right side
highlights the mechanism used for shoulder articulation. Image reprinted from Ball et al. (2007).




protraction/retraction of the shoulder, in addition to flexion/extension of the elbow (Ball et
al., 2007). The goal of this device is to allow rehabilitation of the shoulder complex through
more accurate modeling of the shoulder girdle. MEDARM is a remotely actuated, cable-
driven robotic exoskeleton, which allows the electric motors to be located at the base of the
device and enables a lightweight design. The translation of the shoulder is accomplished with
a rotary joint to provide elevation and depression of the shoulder and a curved track system
for protraction and retraction of the shoulder joint. The inclusion of additional degrees of
freedom for motion of the shoulder joint has led to a larger, more complicated design. A
large frame is included to allow gravity compensation of the device using a motorized

vertical cabling system shown in Figure 1.8..

Finally, the Harmony exoskeleton (Figure 1.9) is a 7-DOF exoskeleton with 5 DOFs
at the shoulder, and 1 DOF at each of the elbow and wrist mechanisms. Harmony was
designed to assist in administering rehabilitation therapy while allowing users full range of
motion of the shoulder joint during movements (Kim and Deshpande, 2017). It is powered by
series-elastic actuators modified with a brushless DC motor. The exoskeleton includes a
parallel four-bar mechanism and a single revolute joint for actuating both

elevation/depression and protraction/retraction of the shoulder during use. The gravity

Figure 1.9. The Harmony exoskeleton during use. Image reprinted from Kim and Deshpande (2017).
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balancing in the device is done actively in the motors of the exoskeleton with no other

balancing present.

The robotic exoskeletons discussed in this section present unique design solutions for
assisting in rehabilitation and assessment of upper-extremity impairment in people who have
suffered a stroke. Many of these designs omit joints for the elevation/depression and
protraction/retraction of the shoulder joint. Including these clavicular motions presents
several challenges to design, which several of the previously described devices attempted to
address. The current design of BLUE SABINO also includes additional DOFs for these
clavicular motions along the accompanying challenges this inclusion presents. One such
challenge, providing gravity compensation to a joint that moves as a result of this inclusion,

is the focus of this thesis.

1.4  Motivation for Gravity Balancing in BLUE SABINO

The BLUE SABINO exoskeleton includes a 2-DOF clavicular joint mechanism that
was not part of its parent exoskeleton, the EXO-ULS8. Actuation of the vertical component of
clavicular motion, elevation and depression of the shoulder joint, necessitates vertical motion
of the entire exoskeleton. This means that actuation of this joint includes supporting the
weight of the downstream exoskeleton and the arm of the subject. These weight-supporting
forces, i.e. gravity balancing forces, create an offset, or bias, in the torques required from the
motor. That is, in addition to torques required for arm motion, the motors must always
provide the torque to counteract the weight of the robot and arm. This requires larger motors
to supply the needed torque since a significant portion of the motor’s working range is

utilized to offset this torque bias.
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Figure 1.10 shows the BLUE SABINO exoskeleton and the location of joints 1-6.
Joint 1 allows for protraction/retraction of the shoulder joint during clavicular motion while
joint 2 allows for elevation/depression of the same joint. Joints 3, 4, and 5 create the
spherical joint at the shoulder, and joint 6 accounts for elbow flexion/extension. To
determine the required torque distributions of each actuator (located at each joint), a
kinematic analysis of the BLUE SABINO exoskeleton during ADL tasks was conducted. The
analysis used motion capture data collected from a healthy patient performing several ADL
tasks independently (without being connected to an exoskeleton). These motions were then
considered as desired trajectories for the joints of BLUE SABINO. Inverse kinematics and
dynamic simulation allowed the mapping of these ADL tasks to movements and torques at
the joints of BLUE SABINO (Bitikofer, 2018). Figure 1.11. shows the torque distributions at
joints 1-6 of BLUE SABINO during these typical ADLs. This figure shows that the torque
distributions of joints 1, 4, 5, and 6 are centered near zero. This means that during motions

similar to the ADLSs, the motors will spend nearly equal time producing positive and negative

b

Figure 1.10 Rendering of the BLUE SABINO exoskeleton. Joints 1 through 6 are labeled t; through 6 with
positive directions indicated by arrows.
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actuator torques are shown for actuators 1:6 of the BLUE SABINO exoskeleton. Image reprinted from
Bitikofer (2018).

torques of similar magnitudes. In the case of joints 2 and 3, however, the centers of their

respective distributions are clearly shifted negatively.

The nature of the design of the exoskeleton from Figure 1.10 means the weight of the
robot and arm create large torques on joints 2 and 3 in typical arm configurations. This is
evident in the torque distributions of joints 2 and 3 shown in Figure 1.11., which are centered
around -83 N-m and -35 N-m, respectively. This makes these joints great candidates for the
addition of a gravity-balancing mechanism, as shifting the center of these distributions closer
to zero with a passive elastic element could lead to a significant reduction in the size of the

motors needed for actuation.

1.5  Joint Balancing with Passive Elements

Joint balancing is not a new concept in exoskeleton devices. Counteracting the weight
of the device against gravitational forces independent of orientation allows for more effective
use of exoskeleton devices as the counteracted weight no longer affects patient movement.
While some of the devices mentioned in section 1.3 have compensated for weight through
larger active mechanisms or rough approximations of joints, few allow nearly full range of
motion to the user while accomplishing gravity compensation. This section will cover

passive balancing devices and several exoskeletons that utilize them.
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Many solutions have been found for achieving passive gravity equilibrium in
previously developed devices. Counterweighting, or balancing with a mass, is one method
that has been used extensively. It involves applying a mass at the end of a moment arm to
counter the weight at the other end. This is a simple solution but requires a lot of space or a
large counterweighting mass. Given the relatively small space an exoskeleton encompasses
and the added inertia to the system from potentially large masses, counterweighting does not

represent a feasible solution to the gravity balancing of exoskeleton joints.

Another method often used to achieve gravity equilibrium is using springs. Springs
have been used heavily in static balancing applications. One such application is the zero-free-
length spring mechanism, in which a spring is attached to a link at one end and to a fixed
position directly in line with the rotation axis of the link on the other. An image of this is
shown in Figure 1.12. (Herder, 2001). The use of a zero-free-length spring in this application

reduces the summation of moments about the pivot point to the following:
mgr, = rka (1.1)

where m is the mass, g is gravitational acceleration, rm is the distance from the pivot to the

center of mass, K is the spring constant, and a is the distance from the pivot to the fixed end

Figure 1.12. A typical zero-free-length spring gravity compensation mechanism. The mechanism uses is a zero-
free-length spring to produce constant vertical force at any angle. Image reprinted from Herder (2001).
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of the spring (Herder, 2001). Careful selection of r,k, and a can lead to equilibrium for any

combination of mass (m) and distance to the center of gravity (rm).

Most springs available off-the-shelf, however, have a zero-free-length of 70-80% of
their initial length, not zero like is required for use in the mechanism from Figure 1.12.
(Herder, 2001). For that reason, modifications to the concept from Figure 1.12. have been
made to replace zero-free-length springs with linear springs. One such modification is to use
pulleys to hide the initial stretching of the spring somewhere out of line with the connection
between the link and fixed position. In this orientation, initial tension can be added to the
spring while keeping the attachment length (L) the same, essentially creating a zero-free-
length spring at that position. Figure 1.13. shows this application. This modification allows
for the use of linear off-the-shelf springs in the application of gravity balancing while still

maintaining gravity equilibrium at all positions.

One such device that uses this concept is the WREX (Wilmington robotic
exoskeleton) (Rahman et al., 2004), (Rahman et al., 2006). In a recent design, gravity
balancing is accomplished using rubber bands. The concept is applied at two separate joints
in the device (upper-arm, and lower-arm) shown in Figure 1.14.. The springs are stretched as
the joint angle changes, and the supplied force balances the gravity of the device and arm of

the patient. To produce larger forces, the number of rubber bands utilized must simply be

g -~

Figure 1.13. A typical modification made to the simple gravity balancing mechanism to utilize a linear spring
instead of a “zero-free length” spring. Image reprinted from Rahman et al. (1995).
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Shoulder Joints

Elbow Joints

Figure 1.14. The WREX exoskeleton with spring balancing at the shoulder and elbow joints. Image reprinted
from Rahman et al. (2006).

increased until the desired force values are created. This concept, while simple for this
implementation, provides much smaller torques at the joints of the exoskeleton than are
required in the BLUE SABINO exoskeleton.

Joint 2 of BLUE SABINO is also designed to utilize the zero-free-length spring
concept, specifically utilizing the modified version with linear springs from Figure 1.13..
Joints 1 and 2 are part of PRISM (Parallel Rotating mechanism for the Inclusion of
Scapulothoracic Motion), a spatial 2-DOF parallel mechanism which allows scapulothoracic
motion of the shoulder joint. The design of PRISM includes a cable connected to a linear
spring using pulleys to provide a gravity-balancing torque to joint 2. It is designed under the
assumption that the length of the cable for routing does not change (i.e. the linear spring
length does not change) during rotation of joints 1 and 2 of the exoskeleton (see Figure 1.15).
This assumption, however, is not entirely accurate, as the cable length changes slightly as
joint 2 rotates. For this reason, a non-constant force may be created from the mechanism
because of the use of the linear spring. Additionally, the nature of joint 2 as a translation
mechanism works well with the zero-free-length spring concept, while the motion required to

actuate joint 3 does not.

Many other methods for statically balancing joints exist as well, including other

applications of linear springs (Lee and Seo, 2017), (Chung et al., 2016) among others. The
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Figure 1.15. a) Existing balancing mechanism using a linear spring for joint 2. b.) Enlarged view of the cable-
pulley assembly in joint 2. Image adapted from Trimble (2016).

desired torques in joints 2 and 3 of BLUE SABINO, however, are much larger than those in
most of these devices. These significantly larger torques create challenges in these designs
because the springs (rubber, linear, or other) must be much larger and, in turn, weigh much
more and occupy much more space. For these reasons, an alternative method to achieve a
constant gravity-balancing torque at joint 3 from the methods presented in this section is

required.

In summary, the design of BLUE SABINO allows movement of the shoulder joint,
which requires the use of larger motors than desired. In addition, the large torques required
during normal use of the BLUE SABINO exoskeleton make the use of passive joint
balancing as it is implemented in other smaller devices very difficult. Finally, the method
utilized for joint 2 in BLUE SABINO represents a possibility for accomplishing this
balancing, but limited space in the PRISM mechanism and the rotating nature of joint 3
necessitates the investigation of another mechanism to accomplish this gravity balancing.
Creation of a passive constant-torque mechanism for gravity compensation of joint 3 in a
way that requires minimal change to PRISM is desired. This passive element coupled with
the motor at joint 3 should allow for complete gravity compensation of the joint at all

orientations.
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1.6 Constant Force Springs

One method of delivering a constant
passive torque is with constant-force springs,
which are designed to deliver a near-constant
force over a large displacement range.
Supplying a constant force at a constant
moment arm to a motor creates a constant

torque that could be used for gravity balancing.

A constant-force spring is usually a strip
. . ] Figure 1.16. Typical constant-force spring.
of spring steel tightly wound on a mounting
drum (see Figure 1.16). As a tensile force is applied to the end of the spring, it unravels.
Unlike a linear spring, in which force generation is proportional to displacement, a constant-
force spring is designed to supply a constant force throughout its displacement range. Figure

1.17 (a) shows the general theory of a constant force spring vs. a linear coil spring.

Although a constant-force spring is designed to produce a constant force throughout
its displacement, a study by Atsumi Ohtsuki and Shigemichi Ohshima (Ohtsuki et al., 2001)
showed that there is a relationship between force and displacement, and that it can be
characterized generally by a curve like the one shown in Figure 1.17 (a). Their findings

showed that at small displacements (ratio of displacement to spring radius, x/R below 5), the

A

Votta theory

Constant-force spring

Load

v

Deformation

(a) (b)

Figure 1.17. (a): Typical force vs. deformation curve for constant-force springs and linear springs. (b): Typical
free-body diagram of a constant-force spring during displacement (x). Images reprinted from Ohtsuki et al.
(2001).
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force profile was not constant. At larger displacements (x/R above 8), the force profiles
become much more constant. A typical free-body diagram of a constant-force spring is
shown in Figure 1.17 (b). The forces Pv and Py make up the components of the overall force
P at the end of the spring. Py is the force perpendicular to the displacement direction, and is
wasted, while Py is the measured force output of the spring. As the displacement distance (x)
increases, the component Py approaches zero. This results in growing measured force in the
direction of Py until P and Pn are nearly equal. At this point, the measured force (Pr)
becomes very consistent and the force profile evens out.

These results suggest that constant-force springs represent a viable solution to
providing a constant torque so long as the initial displacement of the spring is kept above a
minimum threshhold. Chapter 2 of this thesis will cover the testing and validation of this
theory, and the investigation of the force profile and friction characteristics of constant-force
springs. Once feasability has been determined, Chapter 3 will present the design of a
constant-torque mechanism to gravity balance joint 3 of the BLUE SABINO exoskeleton and
implementation of the mechanism into the existing design of PRISM.
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Chapter 2: Force Profile and Friction Testing of Constant-Force Springs

This chapter describes the experiments conducted to determine the force and friction
characteristics of constant-force springs. The constraints for the experiments will first be
presented in sections 2.1-2.3 followed by the presentation of the results and discussion of the

findings in sections 2.4-2.6.

2.1  Experimental Constraints from BLUE SABINO

A simple way to create a constant torque at a joint with coiled springs can be done
most simply with constant-torque springs. These springs are designed to provide a constant
torque to an axis at any angle of rotation of the spring and are used in applications like
seatbelts and drawer-closing mechanisms. However, constant-torque springs are more often
used in very low-torque applications (0.01-5 N-m) than higher-torque applications like the
35N-m range required for joint 3 of BLUE SABINO. Much of this is because constant-torque
springs are typically designed to work over a range of 10-20 full rotations. In the application

of exoskeleton gravity-balancing, however, the range of rotation is normally less than 1 full

Shoulder Abduction/Adduction &
Flexion/Extension Angle: ¢

3

1.75

Percent Time
o o © —_
o 3 >

’\'_5‘3 \ 0 ’\_Q,‘J N A D n DB O v P
Position (Deg)

Figure 2.1. Typical position of the actuator at joint 3 of the BLUE SABINO exoskeleton. X-axis is the angle of

joint 3 (in degrees) and the y axis is % time spent there during selected ADL tasks. Image reprinted from

Bitikofer (2018).
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rotation. For joint 3 of the BLUE SABINO exoskeleton, 160 degrees of rotation is sufficient.
This is clear in Figure 2.1., which shows the typical time spent at the given angles for the
joint.

Since less than half of a rotation is needed for the working range of joint 3 of the
BLUE SABINO exoskeleton, constant-force springs were found to be a more appropriate
design choice than constant-torque springs since the forces they create can be applied at a

larger diameter to create larger torques. In addition, a working range of 180 degrees for

experimental testing was chosen to properly encompass the range of joint 3.

2.2 Spring Configurations and Mounting

As mentioned previously, a constant torque can be achieved by connecting the
constant-force spring to a simple cable and cam mechanism (Figure 2.2). If more than one
spring is required, multiple mounting options are possible including back-to-back springs and
springs wrapped together in parallel (Figure 2.3). Since the required torque value is relatively

large (35 N-m for joint 3), using multiple springs and one or both of these mounting methods

Actual Setup: Side View: Front View:
' TW—
~_. —— ol 15
, ‘ o O
| Output Cam V‘ |5
l P FHA Motorg _g— H Output Cam
"‘_ A | E @]
FHA Motor i I I

O

Constant-Force Springs

(a) (b) (c)

Figure 2.2. Experimental setup and hardware for force and friction testing of constant-force springs. (a) actual
hardware used in the experiment, (b) a theoretical side view of the experiment, (c) a theoretical front view of the
experiment.
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Figure 2.3. Two multiple-spring mounting configurations. (a) two springs mounted back-to-back on separate
drums.(b) two springs double-wrapped on the same drum.

can reduce the total space required for the mechanism. However, these configurations may
also produce unwanted force fluctuation and friction. Thus, three configurations were
considered for testing: 1) a single spring (Figure 2.2, (c)), 2) two springs attached back-to-
back (Figure 2.3, (a)), and 3) two springs wound together in parallel (double-wrapped, Figure
2.3, (b)). For ease of comparison, the configurations with multiple springs are normalized by

dividing measured spring force by the number of springs present in each test.

The way in which the constant-force springs are mounted can have a large impact on
the overall friction and can cause inaccuracies in the experimental results. Following the
recommendation of the manufacturer (Vulcan Spring), the diameter of the mounting spool
was sized approximately 115-120% of the inside diameter of the unstretched coiled spring.
This creates enough friction to prevent the coiled spring from slipping on the mounting
spool, and eliminates most of the ‘clicking’ caused by the end of the spring inside the coil
passing over the point of contact on the spool. The mounting spool also utilizes shielded ball

bearings to minimize friction. A final mounting consideration is the minimum displacement
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of the springs for the design. The results of (Ohtsuki et al., 2001) showed that values of x/R
(ratio of displacement to spring radius) of around 5 yield force results that are approximately
90% of the overall maximum force value. At lower ratios, the force output is very non-linear
and increases rapidly with displacement. As a result, a minimum ratio of displacmenet to

spring radius of 5 has been chosen for all tests.

2.3 Experimental Setup

The goal of the experiments is to determine the ability of constant-force springs to
provide a constant torque over the required range of rotation, and to evaluate the magnitude
and repeatability of hysteresis caused by friction. The experimental setup consists of a simple
cam and pulley design for converting force from the constant-force springs to torque.
Although this cam profile could be changed to modify the torque profile, a constant-diameter
cam of 15 cm was chosen to isolate the force profiles of the springs. A diagram of the
experimental apparatus is shown in Figure 2.2. An FHA-11C Harmonic Drive motor was
used to rotate the cam and an ATI 6-axis force/torque sensor with uncertainty of £ 0.05 N-m
was used to measure the torque applied by the cam and determine the force created by the
spring. Springs with manufacturer’s specified force values of 18.2 N were chosen for this test
as springs with middling life span (25000 cycles with possibilities ranging from 3000 to
50000 cycles) and force production (18.2 N with possibilities ranging from <1 N to 35 N).In
exoskeletons (and similar devices) for rehabilitation, the angular position and velocity of
each joint can vary widely and move in an unpredictable manner. Thus, it is important to test
the torque output over an appropriate range of motions. To achieve this, a series of combined
sine waves were sent to the motor controllers with differing frequencies and amplitudes; an
example trajectory is shown in Figure 2.4.. Every 100 seconds, the sine wave frequency was
changed to create a different trajectory, and the pattern repeated 3 times. The frequencies of
the trajectories were chosen as 0.25, 0.35, and 0.5 Hz, values that lie within the range of
working frequencies expected for joint 3 of the BLUE SABINO device (Bitikofer, 2018 p.
28). A range of rotation of 180° was chosen as this is the required range of motion for joint 3.
Simulink Real-Time was used to control the trajectory of the actuator and to collect data

from the force/torque sensor and motor encoder. Since the rotation of the motor will change
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Figure 2.4. Angular trajectory for the force and hysteresis experiments using constant-force springs.

directions during normal exoskeleton motions, directional hysteresis effects will be present in
the system as the force to extend and retract the springs should differ slightly due primarily to
friction (Figure 2.5.). Assuming inertial affects are negligible for the prescribed motor
speeds, the friction in the system can be approximated as the difference in force between the
extension and retraction portions of the loop. For the purposes of this experiment, the
outermost loop of the force profile will be utilized for this calculation since it represents the
largest difference in force for the experiment (maximum hysteresis). The position and torque
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Figure 2.5. Typical hysteresis loop showing directional effects during extension and retraction.
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data were smoothed with a non-causal 6"-order Butterworth low-pass filter with a cutoff

frequency of 5 Hz.

2.4 Force Profiles

The magnitude and consistency of the force profiles are important properties in
determining whether the use of constant-force springs in a constant-torque mechanism is
viable. Tests were performed on several different spring mounting configurations and at
several different rotating frequencies to determine these properties. In each experimental
configuration, the torque created from the springs applied to a constant diameter cam was
recorded over a range of £90 degrees of rotation. By dividing torque by the radius of the
cam, the force produced from each constant-force spring was calculated. Force output, rather
than torque output, was chosen to allow for comparison to manufacturer’s specifications.
Figure 2.6 shows spring force vs. angular position for a typical experiment, with the axis
limits of the outer plot providing a proper scaling of the near-constant force and hysteresis,

Force vs. Position
Single spring, 0.25Hz

20 T T

T T T

Force (N)

Constant-Force Spring Experiment
Typical Linear Spring

0 1 1 1 1 1 1 1 1 | 1 1
-100 80 60 -40 -20 0 20 40 60 80 100
Position (degrees)
Figure 2.6. Force profile for a single spring tested at 0.25 Hz. Outer axis shows data to scale, inner axis shows a
zoomed view of the same force profile. The orange line shows the theoretical force profile of a typical linear
spring with a spring constant of k = 0.088 N/mm over the same displacement range.
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and the inset plot providing a more detailed view of the slightly changing force profile. It
also shows the theoretical force profile of a typical linear spring for comparison. The
remaining plots use a similar zoomed view, but the reader should keep the scaling of the
outer plot in Figure 2.6 in mind when interpreting the data.

Both spring mounting configuration (single spring, back-to-back, and double-
wrapped, shown as separate columns from left to right) and frequency of oscillation (0.25,
0.35 and 0.5 Hz shown as separate rows from top to bottom), are presented in Figure 2.6. As
can be seen when comparing the varying frequencies (columns of Figure 2.6), the force vs.
angle profile does not vary significantly over the range of frequencies for any of the
configurations.

When comparing the results from the single-spring configuration (left column), back-
to-back configuration (middle column) and double-wrapped configuration (right column), the
force profiles are consistent as well. For brevity, only the force profiles for the 0.5 Hz
experiments are examined in depth here. From the bottom left of Figure 2.6, the single-spring
force fluctuates between ~16.2 N and ~17.6 N. This equates to a fluctuation of ~8.6%. The
expected value based on the manufacturer’s specified force value of 18.2 N. For the back-to-
back configuration (Figure 2.6, bottom middle), the results showed a fluctuation between
~16.5 N and ~17.8 N, equating to ~7.3% of the total force. The results from the double-
wrapped springs experiment (Figure 2.6, bottom right) showed a force range from ~16.4 N to
~17.4 N, or approximately 7.9% of the total force. These results are summarized, with the

addition of percent of expected force in Table 2.1.

Table 2.1. Spring force minimum and maximum for the three experiments. The expected force is force
predicted per manufacturer’s specifications

Mount Expected Max % of Min Force % of
Configuration | Force (N) Force (N) expected (N) expected
Single Spring 18.2 17.6 96.5 16.2 88.8
Back-to-Back 18.2 17.8 97.3 16.6 90.7
Double-

18.2 17.4 95.4 16.4 89.9
Wrapped
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As can be seen in the table, each configuration ranges from around 89-91% of
manufacturer’s specification for minimum force generation, up to 96-97% of manufacturer’s
specification for maximum force generation over its range. When coupled with the initial
stretch of the springs of 5 times the spool diameter, these results are consistent with the
findings in (Ohtsuki et al., 2001). Similar results were found for each of the three

frequencies.
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Figure 2.7. Force profiles for differing configurations and frequencies. From top to bottom, the rows correspond
to 0.25, 0.35, and 0.5 Hz input frequencies. From left to right, the columns correspond to single, back-to-back,
and double-wrapped configurations. The x-axis for all plots are in degrees; the y-axis for all plots is force (N)
from a single spring.
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The force profiles in Figure 2.6 show a general increase in force output as the angle
of rotation increases (left to right). Furthermore, each force profiles show a dip in the force
output curves near 60 degrees. These dips in force output are a result of the end of the spring
on the mounting spool passing over the point of contact between the spool and spring.
Although the spools were designed 20% oversized to limit this effect, there is still a small
“bump” created as this end slips past the contact point. The dip in force output is most
evident in the third experiment with double-wrapped springs (Figure 2.6, right column). This
configuration creates a more significant drop in force output as a result of the essentially
doubled thickness of the spring compared to the back-to-back configuration. The lack of
alignment of the spring ends in the back-to-back configuration means this force output dip is
distributed to two locations of the profile, resulting in a much less noticeable dip. The single
spring experiment also shows this artifact clearly in the profile. These fluctuations are small
in general (<IN overall) and can be neglected in many instances. If greater consistency is
required, improved design of the spool mounting may be able to reduce or eliminate this
artifact completely. This design would include a profile that more closely matches the inner
helical shape of the spring and a way to fix the relative rotation of the spring and spool.

25 Friction Determination

Force vs. angle curves shown in the plots of Figure 2.6 were measured while sine
waves of varying magnitude were used to control the position of the motor. These changes in
magnitude caused the consistently growing loops in the datasets. Regardless of the
magnitude of the sine wave, the torque returns repeatedly to an “outer” hysteresis loop at
each frequency. The difference between the maximum and minimum values of this outer
loop is an approximate measure of the magnitude of the static friction (assuming inertia
affects are negligible). The top row of Figure 2.7 shows the outer loops for each of the three
frequencies (shown as differing colors) and the different configurations (shown as differing
columns). The bottom row shows the magnitude difference between the top and bottom lines
(hysteresis) across the range of rotation for each of these cases. The single-spring
configuration shows a maximum friction magnitude over the input range of around 0.45 N
(2.7% of overall force). The back-to-back configuration showed a friction magnitude of
around 0.32 N (1.9% of overall force). The third configuration with the double-wrapped
springs showed a friction magnitude of 0.30 N (1.8% of overall force).
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2.6 Experimental Results Discussion

The goal of the experiment described in this chapter was to evaluate the potential of
constant-force springs to provide constant torque to an actuated joint of an upper-extremity
exoskeleton robot. In force profile and friction testing, two primary factors were considered:
1) the ability to maintain a constant torque over a typical range (£90°) of joint angles, and 2)
the amount of hysteresis due to friction caused by the constant-force spring mechanism.
These factors were evaluated for three different configurations: 1) single constant-force
spring, 2) back-to-back springs, and 3) two springs double-wound around the same spool.
Forces from the springs were converted to torques using a constant diameter cam mechanism.
Furthermore, each configuration was tested at various input angle frequencies and

magnitudes consistent with typical movements of the human arm.

In general, the force output profiles in the experiments, as seen in Figure 2.6, were
similar for all three spring configurations. Specifically, each configuration exhibited
reasonably constant force over the specified input range (£90°), with an acceptable amount of
hysteresis. There were, however, small differences (0.2 N) in the force production
magnitudes for the three configurations. These differences are believed to be a result of
slight twisting of the springs as they extend, which affects the force profile differently for
each configuration. Further testing can verify this hypothesis, but these differences are small
enough that the three configurations remain interchangeable for this application.
Furthermore, the results were generally independent of input frequency over the small range
appropriate for use in an exoskeleton. The largest fluctuation (~8.6%) in force vs. angle over
the prescribed input range was observed from the single-spring configuration. The smallest
fluctuation (~7.3%) was observed from the back-to-back configuration. Increasing the initial
ratio of displacement to spring radius should only serve to make these values more

consistent.

The friction magnitude values for all three configurations, shown in the bottom of
Figure 2.7, are below 0.45 N for the prescribed input range. This value is acceptably low and
consistent enough (below 2.7% of force for all tests) that it should have minimal impact on

the overall control of the system when applied at a larger scale.
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The experimental results indicate that constant-force springs are a viable candidate
for the creation of a constant-torque mechanism for an exoskeleton device. The choice of
mounting method, however, must be application-based. The back-to-back springs represent a
simpler implementation for low force fluctuation but produce higher overall friction values
than the double-wrapped springs. These factors must be considered when determining the
proper configuration for a given application. With viability of constant-force springs in a
constant-torque mechanism confirmed, the focus of this thesis will now shift to the design of
a constant-torque mechanism using constant-force springs and its implementation into the
BLUE SABINO exoskeleton.
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Chapter 3: Design Implementation

The previous chapter described experiments to determine the force and friction
characteristics of constant-force springs in multiple configurations, particularly as they
pertain to gravity balancing of an exoskeleton joint. The results of the experiment confirm
the viability of using constant-force springs in this application. This chapter presents the
design and implementation of a constant-torque mechanism using constant-force springs to
gravity balance joint 3 of the BLUE SABINO exoskeleton. Results from the previous chapter
will be used to inform important design decisions regarding constant-force springs.

3.1  Design Implementation Constraints

Several factors govern the design of the constant-torque mechanism, including those
related to constant-force springs (the results of Chapter 2) and those related to the existing
design of the BLUE SABINO exoskeleton, and more specifically PRISM. Mechanisms that
utilize constant-force springs require a large working range for the springs to have a
sufficient minimum displacement. In addition, constant-force springs generate smaller forces
than the typical linear spring, so multiple springs must be used to produce the same force.
Both of these factors increase space needed for the mechanism, which must be considered
when integrating the constant-force spring mechanism into the existing BLUE SABINO

design.

The first major consideration in the spring design for joint 3 is the torque that must be
supplied to the joint to properly balance it. From previous results from Chapter 1, a constant
torque of 35 N-m at the joint will shift the center of the torque range in the motor close to

Zero.

The physical size of the constant-torque mechanism is another important design
consideration. PRISM, the mechanism shown in Figure 3.1. has dimensions of 275 mm high
x 250 mm wide x 250 mm deep. Because joint 3 comes after PRISM, the constant-torque

mechanism must either be translated with the rest of the exoskeleton after joint 2, or routed
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Joint1 Joint 3

Constant Length
Link

Figure 3.1. Model of PRISM on BLUE SABINO. Left: Positive rotation of joint 1. Right: Positive rotation of
joint 2.

through it from the base to supply the constant 35 N-m torque to the desired location at joint
3. The nature of the design of PRISM, in which the output translates on a fixed hemispherical
surface, means the lengths between components along those fixed paths never changes. This
fact creates the possibility for routing a cable or other force-transferring mechanism through
the device that will change minimally in length as the joints move (like the design utilized for
joint 2). In this application, however, any small length change is less significant with regard
to force output, as constant-force springs, not linear springs, are being used. The use of a
force-carrying cable routed through PRISM allows the relocation of the bulk of the constant-
torque mechanism to the base ‘fixed’ side of PRISM, allowing a larger mounting space as the
entire base of the exoskeleton is available for use. In addition, locating the mechanism at the
base of the exoskeleton means that the gravity balancing of joint 2 will not have to account

for the weight of the mechanism.

Locating the constant-force mechanism at the base does not eliminate all height and
width constraints, as PRISM must be positioned such that the output at joint 3 is at the proper
height. Further, the nature of PRISM as a remote mechanism means its output can be

anywhere and still accomplish its translation, but it must remain outside the range of motion
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of the patient and robot so that collisions between the mechanism and the patient/exoskeleton
cannot occur. A maximum overall height of the top of PRISM was previously chosen to be
73 cm, meaning implementation of any constant-torque mechanism cannot move PRISM
above this point. Since the mechanism will have mounting considerations for both the springs
and cable, 20 cm of this space must be reserved for those purposes, meaning the overall
maximum displacement of the springs should be 53 cm. This means the entire range of the
spring (from a minimum ratio of displacement to spring radius of 5 to the maximum
extension for half of a rotation of the cam) must be contained in this space. In addition, the
space between the boxes must not be restricted severely since the current design allows for a
patient to enter the exoskeleton in a wheelchair. For the purposes of this design, a maximum
extrusion of 7 cm on the inside of PRISM for each arm can be utilized for the new
mechanism given the minimum width of 55 cm between components to fit the smallest of
patients. The maximum height and minimum width dimensions discussed are shown in
Figure 3.2..

=73cm

Max Height

Min Width = 55cm

Figure 3.2. BLUE SABINO model showing minimum base width and maximum mount height constraints for
the design.
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The constraints described in this section will be used to govern the choices made in
the design and implementation of a constant-torque mechanism to gravity balance joint 3 into
the BLUE SABINO model. The remainder of this chapter will cover this design process, and
the decisions made to create the mechanism.

3.2  Design Implementation: Joint 3

This section describes the physical design of the constant-force spring mechanism
and its integration into the existing design of PRISM and the BLUE SABINO exoskeleton.
The previous design of PRISM and the BLUE SABINO exoskeleton along with the location

of joint 3 is shown in Figure 3.3. for reference.

3.2.1 Spring and Cam Selection

The torque created at the motor is a result of the product of the moment arm (radius

of the cam) and the spring force. Space limitations at the actuator of joint 3 allow for a

Figure 3.3. Location of joint 3 on the BLUE SABINO exoskeleton. Joint 3 combines with joints 4 and 5 to
compose the 3-DOF spherical joint at the shoulder.
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maximum cam radius of 10 cm. The maximum displacement of the springs was set to 53 cm,

and the minimum ratio of displacement to spring radius of 5 was selected.

With these constraints, there were several choices for type and number of springs to
achieve a torque output of 35 N-m. Table 3.1 shows the data utilized to select the size and
number of constant-force springs for the mechanism. The range between the maximum
displacement of the springs (Xmax) and the minimum displacement (Xmin) is used to determine
the maximum radius (R) of the cam using Equation 3.1 since the displacement range is equal
to the wrap length of the cam (see Figure 3.4).

R = (Xmax — Xmin)/T 3.1

The minimum displacement, Xmin, is a controllable variable chosen so that the ratio of
displacement to spring radius (x/R) is a minimum of 5 to ensure sufficiently constant force
generation according to (Ohtsuki et al., 2001). Use of this minimum value, however, resulted

in cam radius values that were larger than 10 cm, since the range between Xmax and Xmin Was

Output
Cam

Wrap Length= %*(2*1*R) = X;ax - Xmin

A

Xmax

xmin

v

Figure 3.4. Relationship between the radius of the cam (R) and the wrap length (Xmax - Xmin) for the application
of joint 3 gravity balancing.
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so large. Consequently, the minimum value (Xmin) Was increased by a constant until the cam
radius was a more reasonable size. This constant, (C), chosen as 8 cm, scales down the size
of the cam radius while increasing the total number of springs needed to provide the proper
torque. It is important to limit the overall spring force as much as possible, however, because
larger forces from the springs (required because of a smaller mounting cam size) mean the
cable and pulley assembly will see increased forces which may increase friction. Overall

spring force is defined by Equation 3.2.
F, = NF (3.2)

where N is the number of springs needed to supply the constant torque (T) and F is the force
produced by a single spring. A final consideration is the choice of the number of springs to
use in the design. Using an even number of springs allows any component designed to
transmit the force of these springs to be balanced, with an equal number of springs on

opposing sides of the component.

Considering all of these factors, the 23.2 N springs were chosen (highlighted in Table
3.1). The design will use 18 of these springs wrapped on 6 individual drums (3 on each
drum). The results from Section 2.4 suggest the mounting configuration has little impact on

Table 3.1. Spring and cam selection information. The overall # of springs, cam diameter, and overall spring
force are considered to determine the optimum spring selection.

Force Spring Min. Initial Max Desired Torque | Max Cam | #of Overall |
Radius Disp. Disp. Radius | Springs | Force
F (N) R_s(cm) | Xmin (CM) | Xmax (CM) T (N-m) R (cm) N F_t(N)
18.2 2.8 22.0 53.0 35.0 9.9 20 364.9
15.6 2.8 22.0 53.0 35.0 9.9 23 358.2
17.2 3.3 24.7 53.0 35.0 9.0 23 395.1
194 2.9 22.5 53.0 35.0 9.7 19 369.5
23.2 3.7 26.3 53.0 35.0 8.5 18 417.3
25.9 3.6 25.9 53.0 35.0 8.6 16 415.1
32.2 4.9 32.6 53.0 35.0 6.5 17 547.7
38.9 4.7 315 53.0 35.0 6.8 14 544.5
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the overall force profile and friction characteristics of the springs, therefore, three rows of

two spools mounted back-to-back will be used.

A cam design is also needed to transmit the forces from the springs to the motor. A
circular profile, like the one used in the force and friction testing, keeps the moment arm
constant so that changes in the output torque can only be caused by changes in the spring
force. Because the spring forces change slightly with spring displacement, a non-constant

profile could be created to provide a constant 35 N-m torque at any joint angle.

The springs tested for force and friction in the experiment in Sections 2.4 and 2.5
were lower force (18.2 N) than the springs selected for the design (23.2 N). If the
displacement/spring radius of different springs is consistent, however, similar profiles can be
expected. Thus, the results from testing in Sections 2.4 and 2.5 will be extended to the larger

springs used here.

Initial displacement of the springs was increased with a constant (C), raising the ratio
of displacement to drum radius from 5 to 7 while allowing a smaller cam radius at the motor.
This initial displacement has an expected force output of 95% of the manufacturer’s
specification. The maximum displacement to drum radius value (X/R = 14) has an expected
force output of nearly 99% of the manufacturer’s specification. The 18 springs in total would
generate 417.3 N of force according to the manufacturer’s specifications (18 springs at 23.2
N each). The actual expected force generation at minimum displacement (95% of the
manufacturer’s specification) and maximum displacement (99% of the manufacturer’s
specification) are 396.4 N and 413.2 N respectively. The cam radius to achieve a constant 35
N-m torque at the motor would then need to change from 8.83 cm at minimum spring
displacement, to 8.47cm at maximum spring displacement. The increase in initial
displacement means that the force fluctuation of this configuration is small (20 N, ~ 5%). For
that reason, the implementation of a changing cam radius in this design is not included.
Using a circular cam will allow for clearer results when testing the initial design, and if a cam
is still desired, it can be implemented at that time. The resulting overall torque from the
springs with a circular cam is expected to be 35.0£0.7 N-m over the entire displacement

range of the springs for a cam with radius 8.65 cm.
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3.2.2 Base Mount

The 18 constant-force springs used in the design can be wrapped onto six individual
drums with three springs wrapped on each drum using the configuration shown in Figure
3.5.. As specified in the methods section, spool OD’s are over-sized to 115-120% of the
spring diameter. A series of threaded shafts are used to connect each set of three drums and

attach them to the mounting structure for the springs.

This mounting structure is designed to contain and properly space the spring drums and
must fit within the size constraints discussed in Section 3.1. The springs are oriented to
maximize the available space below the device and utilize the height of PRISM for part for
the displacement range. The structure also includes a guide system for the spring/cable
attachment (presented in section 3.2.3) to keep the motion of the end of the springs vertical
and ensure that all springs extend simultaneously. An image of this base mechanism, along

with an internal view of the springs in the mechanism is shown in Figure 3.5..

Figure 3.5. Housing structure for constant-force spring coils including extension guides. Left shows the springs
connected to the guide system. Right shows the complete assembly.
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3.2.3 Spring/Cable Attachment

A component was created to connect the 18 springs (on 6 individual coils) to the
cable to transmit the forces. The mount is designed to withstand the maximum forces
expected from the springs (420N) while ensuring proper alignment of the springs. The
component implemented into the base design, showing the use of the guide rails is shown in

Figure 3.6.

Overall, the mechanism utilizes 18 constant-force springs with manufacturers’
specified force values of 23.2 N per spring. The cam, cable, and spring configuration are
chosen to maximize the utility of the available space below PRISM. The resulting forces
from the springs coupled with the cam at the motor mount were designed to provide close to
35 N-m of torque to the joint at any orientation of PRISM and any angle of rotation of joint
3.

3.2.4 Cable Routing

Connecting the output of the spring mechanism to the 3™ joint of the BLUE SABINO
exoskeleton requires routing a cable through PRISM. The current design of PRISM includes
a spring balancing mechanism for joint 2 (Trimble, 2016), which must be altered to allow the
cable routing for the joint 3 gravity-balancing mechanism. The balancing mechanism for
joint 2 must also be implemented in the final design, but the integration of the two is outside
the scope of this work. Figure 3.7 shows the routing of the cable from the constant-torque
mechanism to joint 3 of the BLUE SABINO exoskeleton. Pulley 1 (Figure 3.7 (a)) is located

to allow additional displacement height of the springs and transmit the cable from the spring

Figure 3.6. Spring/cable attachment for force transmission. Designed to transmit the force from 6 individual
spools to a cable that can be routed through PRISM.
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mechanism directly down the axis of rotation of joint 1 to pulley 2. Pulley 2 is mounted such
that the cable maintains collinearity with joint axis 1 as it transfers from pulley 1 to pulley 2.
A similar alignment occurs between pulleys 3 and 4. Pulleys 2 and 3 are mounted on an
internal link that rotates with joint 1, but in specific locations that ensure that the alignment
to their respective vertical pulleys does not change when joint 1 rotates. In other words, the
cable between pulleys 1 and 2 does not change orientation as joint 1 is actuated, and likewise

for the cable between pulleys 3 and 4.

Typical pulley/cable assemblies for gravity-balancing used in general four-bar
mechanisms would locate the axis of rotation of pulley 2 on the axis of joint 1. These devices
rotate in-plane, which would be similar to PRISM with the exclusion of joint 1. This typical
configuration would come with the benefit of constant cable length between pulleys 2 and 3
during rotations of joint 2 since wrapping on one pulley directly unwraps the other. The
nature of the dual four-bar mechanism used in the design of PRISM, however, complicates

this design with the inclusion of rotation of joint 1. Mounting the axis of rotation of pulley 2

Joint 1 axis of rotation _  Pulley 4

o

Pulley 1

(a) (b)
Figure 3.7. Full cable routing from the spring mechanism to the output at joint 3. (a) The routing at 0° of
rotation for joint 2. (b) The routing at 30° of rotation for joint 2.
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(a) (b)

Figure 3.8. (a) New component and screw cap used to allow the routing of the cable through its center.
(b) Transparent view of this component to visualize cable routing.

on the axis of joint 1 in this case makes routing of the cable more difficult between pulleys 1
and 2 since the cable no longer remains collinear with the joint 1 axis and instead moves as
the joint rotates. This can be more easily visualized in the images from Figure 3.8. A slight
fluctuation in cable length in an application with constant-force springs is much less
impactful than in a typical spring balancing mechanism as well, because a very small length
change results in a negligible change in force from the springs. For these reasons, the pulleys
were mounted with their edges on the cable routing axis to simplify the overall cable routing

in the design as shown in Figure 3.7 and Figure 3.8.

The mounting of the pulleys in this manner creates the need to route the cable in from
the top or bottom of PRISM directly through the axis of rotation of joint 1 to take advantage
of the simplified mounting. A component was created to take place of the aluminum shafts
from the previous design that would allow a cable down its center axis. This component and
its mounting screw are shown in Figure 3.8.
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All of the components from this section were combined and integrated into the BLUE
SABINO exoskeleton CAD model. A rendering of the resulting base structure combined with
PRISM is shown in Figure 3.9. The mechanism should provide a torque of 35.0 £ 0.7 N-m to
joint 3 of the BLUE SABINO exoskeleton at every angle of rotation of joints 1, 2, and 3.

Figure 3.9. Full constant-force spring and cam assembly integrated into the existing design of PRISM (joints 1
and 2) and joint 3 of the BLUE SABINO exoskeleton.
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3.3  Design Discussion

The addition of a constant-torque mechanism to gravity balance joint 3 of the BLUE
SABINO exoskeleton was presented in this chapter. Previous design of a gravity
compensation device for joint 2 (Trimble, 2016) had included space in PRISM for the routing
of cables and placement of pulleys to accommodate this gravity balancing. Eighteen springs
with manufacturers’ specified force of 23.2 N each were selected based on available size,
maximum cam diameter, overall force generation, and number of springs needed to provide
the force for the mechanism. A base structure and spring mounting component were created
to withstand the forces from the springs and transmit the forces to the cable/pulley assembly.
The routing of the cable for transmission of forces was accomplished with the inclusion of 4
pulleys into the current PRISM design with consideration given to maintaining collinearity of
the cable to joint 1 to minimize cable movement and design complexity during joint rotation.
A small amount of cable length change is expected because of this decision, but this length
change should not impact the force generation of the mechanism heavily as the force of these
constant-force springs in the designed displacement range should be very consistent. The
resulting design for the mechanism fits within the size constraints of the base and should
apply a torque of 35.0 £ 0.7N-m to the actuator at joint 3. Simply adding or removing springs
or changing the type of spring used in the mechanism can greatly change the torque
production capabilities, allowing versatility to the design for many torque balancing
applications. Additionally, if a more constant torque profile or a specific shape of force
profile is desired at the joint, the attachment cam can be customized to modify the generated
torque profile.
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Chapter 4: Conclusion

The goal of the work described in this thesis was to investigate the force profile and
friction characteristics of constant-force springs and develop a passive constant-torque
mechanism using constant-force springs to gravity balance joint 3 of the BLUE SABINO
exoskeleton. This chapter will cover some potential sources of error in the experimentation
and design of the constant-torque mechanism, include possible future work to move the
mechanism closer to a finished product, and provide some closing remarks with respect to

the mechanism.

4.1 Potential sources of error

Additional consideration should be given to another of the characteristics of the
constant-force springs not tested in this thesis. Resonance as a result of stick-and-slip friction
is a possible concern for constant-force springs. When the springs undergo quick changes in
displacement, it is likely that artifacts from resonance may appear in the force profiles for the
springs. It is also possible that the frequency of this resonance changes as a function of the
displaced length of the springs. Further experimentation is needed to determine the impact of
resonance on the system, but no artifacts were easily observed from the data to suggest it

may be a major problem.

4.2 Future Work

This thesis presented results from force profile and friction testing of constant-force
springs, and the design and implementation of a conceptual model into the BLUE SABINO
exoskeleton to provide gravity balancing to joint 3. Additional efforts will be needed,
however, to ensure the design is ready to be built and utilized in the exoskeleton. First, more
testing on the springs should be completed that includes resonance testing as discussed
above. This additional testing should cover a larger range of springs to ensure that the force
profiles and friction characteristics are consistent when changing the size of spring used in
the test. In addition, this testing should verify the cause of the slight fluctuation in force
magnitude between the three configurations, expected to be caused by the twisting of the

springs as they extend, and any design using the springs should compensate for these
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differences. Next, selection of bearings, fasteners, standard components, etc. for the design to
be implemented properly into PRISM will be needed, along with some potential minor
design changes to fit these components. Finally, once the force profile for the mechanism
itself is more clearly understood, a cam design can be implemented to ensure the torque from

the mechanism remains constant at the joint during use.

4.3  Concluding Remarks

Overall, the force and friction profiles of constant-force springs indicate they are a
viable option to create relatively large constant torques when coupled with proper spring
selection and cam design. These results led to the prototyping of a constant-torque
mechanism for joint 3 of BLUE SABINO to supply 35.0 + 0.7 N-m of torque to the motor at
the joint. The design to this point is conceptual, with manufacturing and testing still needed
to verify the mechanism. That being said, the design represents a simple solution to the
problem of gravity balancing present in many exoskeleton devices, and the concepts

developed here can be applied in a large range of applications.
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