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ABSTRACT

The human shoulder plays an integral role in upper limb motor function. As the

basis of arm motion, its performance is vital to the accomplishment of daily tasks.

Impaired motor control, as a result of stroke or other disease, can cause errors in

shoulder position to accumulate and propagate to the entire arm. This is why it is

a highlight of concern for clinicians and why it is an important point of study. One

of the primary causes of impaired shoulder motor control is abnormal mechanical

joint impedance, which can be modeled as a 2nd order system consisting of mass,

spring and damper. Quantifying shoulder stiffness and damping between healthy and

impaired subjects could help improve our collective understanding of how many differ-

ent neuromuscular diseases impact arm performance. This improved understanding

could even lead to better rehabilitation protocols for conditions such as stroke through

better identification and targeting of damping dependent spasticity and stiffness de-

pendent hypertonicity. Despite its importance, there is a fundamental knowledge

gap in the understanding of shoulder impedance, mainly due to a lack of appropri-

ate characterization tools. Therefore, in order to better quantify shoulder stiffness

and damping, a novel low-inertia shoulder exoskeleton is introduced in this work.

The device was developed using a newly pioneered parallel actuated robot architec-

ture specifically designed to interface with complex biological joints like the shoulder,

hip, wrist and ankle. In addition to presenting the kinematics and dynamics of the

shoulder exoskeleton, a series of validation experiments are performed on a human

shoulder mock-up to quantify its ability to estimate known impedance properties.

Finally, some preliminary data from human experiments is provided to demonstrate

the devices ability to collect the measurements needed to estimate shoulder stiffness

and damping while worn by a subject.
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Chapter 1

INTRODUCTION

The neuromuscular properties of the human body, determined by the collective

behaviors of bones, joints, muscles, nerves and receptors, are responsible for static

posture and dynamic movement. These properties can be quantitatively described by

mechanical impedance, a fundamental property of the human neuromuscular system

in interaction with the physical world [1]–[3]. Characterizing mechanical impedance

and its underlying mechanisms, including intrinsic and reflexive impedances, is an

important field of study that has significance for a variety of applications. Two

examples that are of particular interest to the authors include:

1. Medical: characterizing abnormal mechanical impedance associated with neu-

ropathies or neuromuscular autoimmune conditions to assist clinicians in the

development of new rehabilitation protocols that more accurately target pa-

tient impairment.

2. Military/Industrial: characterizing normal mechanical impedance would al-

low for the development of exoskeleton devices that rely on cooperative human-

robot critical stability interaction to provide highly responsive performance.

Efforts to quantify mechanical impedance and its components (e.g., stiffness,

damping, reflex gain) of major joints such as the elbow [4], ankle [5]–[7], and wrist [4],

[8] have been made prior. Each study utilized a different exoskeleton characteriza-

tion device designed specifically to interface with the joint of interest. These devices

work by applying position/angle (or force/torque) perturbations to the accompanying
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limb segment/joint and measuring the corresponding force/torque (or position/angle)

response.

More complex joints with a large range of motion and high torque output, like

the shoulder, are yet to be thoroughly investigated. This is largely due to the lack of

exoskeleton characterization tools capable of both interfacing with and manipulating

the shoulder joint effectively. This includes the ability to rapidly perturb the limb

in multiple directions during both static posture and dynamic movement. This is

important, as mechanical impedance has an intrinsic and reflexive components that

occur during the first 20 ms and 20-100 ms of an applied external perturbation,

respectively [9], [10]. Therefore, the limb needs to be reasonably displaced during this

period to characterize intrinsic and reflexive responses and separate their contribution

from that of voluntary response. This can be difficult, primarily due to high robot

inertia.

Most shoulder exoskeleton robots utilize a serial type architecture that works to

bridge the glenohumeral joint using a chain of motors and linkages [11]. The moment

arm associated with these linkages has the inherent disadvantage of amplifying torques

applied to the joint by external forces. Furthermore, each motorized joint in the

armature must be capable of not only actuating the corresponding human limb, but

also able to lift and manipulate the motors that follow in series. This requires larger

motors with more inertia, which as previously mentioned, makes executing a rapid

perturbation difficult.

One solution to this problem is to use a parallel actuated architecture instead.

Parallel actuation has several inherent properties that make it ideal for characterizing

the neuromuscular properties including joint mechanical impedance. These include

low end effector inertia, high end effector acceleration and high potential stiffness [12]–

[15]. These advantages are in part why neuromuscular property characterization tools
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like the AnkleBot, [16], Rice Wrist [17] and Manus [18] all utilize parallel architectures.

The rest of this document focuses on the design, development and validation of

different parallel actuated shoulder exoskeleton robots. The following chapters are

defined by the published works related to this dissertation. Provide next are detailed

description of each chapter.

1.1 Overview - Chapter 2

This chapter presents a five degree-of-freedom (DoF) low inertia shoulder exoskele-

ton. This device is comprised of two novel technologies. The first is 3-DoF spherical

parallel manipulator (SPM), which was developed using a new method of parallel

manipulator design. This method involves mechanically coupling certain DoF of each

independently actuated linkage of the parallel manipulator in order to constrain the

kinematics of the entire system. The second is a 2-DoF passive slip interface used to

couple the user upper arm to the SPM. This slip interface increases system mobil-

ity and prevents joint misalignment caused by the translational motion of the user’s

glenohumeral joint from introducing mechanical interference. An experiment to vali-

date the kinematics of the SPM was performed using motion capture. The results of

this experiment validated the SPMs forward and inverse kinematic solutions through

an Euler angle comparison of the actual and command orientations. A computational

slip model was created to quantify the passive slip interface response for different con-

ditions of joint misalignment. In addition to offering a low inertia solution for the

rehabilitation or augmentation of the human shoulder, this device demonstrates a

new method of motion coupling, which can be used to impose kinematic constraints

on a wide variety of parallel architectures. Furthermore, the presented device demon-

strates a passive slip interface that can be used with either parallel or serial robotic

systems.
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1.2 Overview - Chapter 3

The purpose of this chapter is to optimize the stiffness of a novel parallel-actuated

robotic exoskeleton designed to offer a large workspace. This is done in an effort to

help provide a solution to the issue wearable parallel actuated robots face regarding

a tradeoff between stiffness and workspace. Presented in the form of a shoulder

exoskeleton, the device demonstrates a new parallel architecture that can be used

for wearable hip, ankle and wrist robots as well. The stiffness of the architecture is

dependent on the placement of its actuated substructures. Therefore, it is desirable to

place these substructures effectively so as to maximize dynamic performance for any

application. In this work, an analytical stiffness model of the device is created and

validated experimentally. The model is then used, along with a method of bounded

nonlinear multi-objective optimization to configure the parallel actuators so as to

maximize stiffness for the entire workspace. Furthermore, it is shown how to use the

same technique to optimize the device for a particular task, such as lifting in the

sagittal plane.

1.3 Overview - Chapter 4

The purpose of this chapter is to introduce a new parallel actuated exoskeleton

architecture that can be used for multiple degree-of-freedom (DoF) biological joints.

This is done in an effort to provide a better alternative for the augmentation of these

joints than serial actuation. The new design can be described as a type of spherical

parallel manipulator (SPM) that utilizes three 4-bar substructures to decouple and

control three rotational DoFs. Four variations of the 4-bar spherical parallel manip-

ulator (4B-SPM) are presented in this work. These include a shoulder, hip, wrist,

and ankle exoskeleton. Also discussed are three different methods of actuation for
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the 4B-SPM which can be implemented depending on dynamic performance require-

ments. This work could assist in the advancement of a future generation of parallel

actuated exoskeletons that are more effective than their contemporary serial actuated

counterparts.

1.4 Overview - Chapter 5

The purpose of this chapter is to introduce a newly developed exoskeleton robot

designed to characterize the neuromuscular properties of the shoulder, including in-

trinsic and reflexive mechanisms, during static posture and dynamic movement in a

3-dimensional space. Quantitative characterization of these properties requires fast

perturbation (¿100/s) to separate their contribution from that of voluntary mech-

anism. Understanding these properties of the shoulder control could assist in the

rehabilitation or enhancement of upper limb performance during physical human-

robot interaction. The device can be described as a new type of spherical parallel

manipulator (SPM) that utilizes three 4-bar (4B) substructures to decouple and con-

trol roll, pitch and yaw of the shoulder. By utilizing a parallel architecture, the

4B-SPM exoskeleton has the advantage of high acceleration, fast enough to satisfy

the speed requirement for the characterization of distinct neuromuscular properties

of the shoulder. In this work, the prototype is presented, along with an evaluation of

its position accuracy and step response tracking capabilities. The development and

preliminary testing of the 4B-SPM exoskeleton presented in this work demonstrates

its potential to be a useful tool for studying the neuromuscular mechanisms of the

shoulder joint.
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1.5 Overview - Chapter 6

The purpose of this work is to optimize the rigid or compliant behavior of a new

type of parallel-actuated robot architecture developed for exoskeleton robot applica-

tions. This is done in an effort to provide those that utilize the architecture with the

means to maximize, minimize, or simply adjust its stiffness property so as to optimize

it for particular tasks, such as augmented lifting or impact absorption. This research

even provides the means to produce non-homogeneous stiffness properties for appli-

cations that may require non-homogeneous dynamic behavior. In this work, the new

architecture is demonstrated in the form of a shoulder exoskeleton. An analytical

stiffness model for the shoulder exoskeleton is created and validated experimentally.

The model is then used, along with a method of bounded nonlinear multi-objective

optimization to configure the parallel substructures for desired rigidity, compliance

or nonhomogeneous stiffness behavior. The stiffness model and its optimization can

be applied beyond the shoulder to any embodiment of the new parallel architecture,

including the hip, wrist and ankle robot applications.

1.6 Overview - Chapter 7

The purpose of this work is to demonstrate that the 4B-SPM shoulder exoskeleton

developed previously is capable of accurately estimating the neuromuscular properties

of the human shoulder. To do this, the device is tested using a shoulder mock-up that

has stiffness, damping and inertia. The stiffness and inertia of the mock-up can be

controlled by attaching springs and masses with known properties to it. Estimating

these properties accurately using torque and position sensors allows for an evaluation

of the device’s ability to estimate human shoulder stiffness, damping and inertia. This

work also includes some preliminary testing with a human subject.
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Chapter 2

A NOVEL SHOULDER EXOSKELETON ROBOT USING PARALLEL

ACTUATION AND A PASSIVE SLIP INTERFACE

2.1 Introduction

A parallel manipulator (Merlet, 2012) is a robotic mechanism that uses multiple

actuated parallel linkages to synergistically manipulate the motion of its end-effector.

The architecture of these devices can vary considerably, but usually consists of be-

tween two and six rotational or linear actuators, which couple a mobile platform

to a stationary base. In comparison to the more common serial chain manipulator,

parallel manipulators can offer better end-effector performance in terms of precision,

velocity, and torque generation (Merlet, 2012; Taghirad, 2013; Gogu, 2008). Parallel

manipulators also tend to exhibit lower effective inertia than serial chain manipulators

(Gogu, 2008; Khatib, 1988). Furthermore, it is possible to design a parallel manip-

ulator such that it does not occupy its center of rotation. This unique combination

of advantages, inherent to parallel manipulation, suggests that this type of robotic

architecture would be suitable for exoskeleton limb applications.

Parallel manipulators have been used for several exoskeleton applications. Prior

works include wearable wrist (Gupta et al., 2008), ankle (Roy et al., 2007) and

shoulder (Klein et al., 2010) devices. All of these demonstrate different types of

parallel architecture. The RiceWrist (Gupta et al., 2008) uses a 3-RPS (revolute-

prismatic-spherical) manipulator with an additional serial revolute joint to generate

four degrees-of-freedom (DoF) that includes the rotation of the forearm, wrist height

and 2-DoF in rotation of the end-effector platform. The Anklebot (Roy et al., 2007)
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uses a 2-SPS-1S (spherical-prismatic-spherical, spherical) manipulator that consists

of spherical joints and prismatic actuation in conjunction with the biological joint to

achieve spherical motion. The shoulder exoskeleton BONES (Klein et al., 2010) uses

a RRPS (revolute-revolute-prismatic-spherical) manipulator to decouple and control

three rotational DoF. Because all of these devices generate spherical motion through

parallel actuation, they can further be categorized as spherical parallel manipulators

(SPMs).

The prior works (Gupta et al., 2008; Roy et al., 2007) focus on biological joints

that can be modeled as either having purely rotational or spherical motion. Although

this simplifying assumption is a good approximation for these joints, it has demon-

strated inaccuracy for more complex joints like the shoulder. Rotational motion of

the shoulder’s clavical and scapula results in translational motion of the glenohumeral

joint (Veeger, 2000; Harryman et al., 1990). Therefore the humerus of the upper arm

actually has both rotational and translational motion. This has been realized by pre-

vious works (Haninger et al., 2014; Carignan et al., 2005; Jung and Bae, 2014; Mihelj

et al., 2007; Schiele and Visentin, 2003) whom have all built serial actuated shoul-

der exoskeletons to more accurately emulate the shoulder’s motion by incorporating

translational DoF into their designs. However, the choice of using serial actuation

has the inherent disadvantages of low stiffness, high inertia, and positioning errors

that are accumulated and amplified from base to end-effector.

A solution for emulating the complex rotational and translational motion of the

shoulder might be to use a parallel manipulator with a higher degree of actuation.

A possibility would be the six linear actuator hexapod design known as the Gough-

Stewart (GS) platform (Gao et al., 2005). This device has control over all 6-DoF of

its platform and exhibits good stiffness characteristics, making it ideal for high pre-

cision and high load applications. However, the GS platform has limited workspace.
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This is largely in part to mechanical interference between the device’s many parallel

linkages. Designing a GS platform with the same range of motion as the shoulder

would be difficult (Jiang and Gosselin, 2009; Dasgupta and Mruthyunjaya, 2000). In

addition, the argument could be made that a fully actuated 6-DoF system is an overly

complicated solution to address the relatively small degree of translational motion of

the shoulder.

An alternative to using a more complicated 4, 5 or 6-DoF controlled parallel

manipulator is to use a 3-DoF SPM with an integrated passive slip interface. Al-

lowing slip to occur between user and device could be used to alleviate mechanical

interference associated with joint misalignment. This mechanical interference could

otherwise induce force on the user and may introduce errors in the parallel manipula-

tor kinematics (Pons, 2010). The use of passive slip also simplifies the control scheme

of the parallel manipulator, since the degree of joint misalignment no longer needs

to be quantified and accounted for. Slip interfaces have been utilized in the works

(Jarrassé and Morel, 2012; Vitiello et al., 2013; Cempini et al., 2013), both of which

have identified it as a viable means of preventing mechanical interference.

With the exception of BONES, incorporating slip into current SPM designs would

be difficult for a shoulder exoskeleton application. The RRPS architecture used with

BONES could be modified to include a slip mechanism. However, BONES uses four

linear actuators to control the 3-DoF of the shoulder, whereas other SPM architectures

have shown that it is possible to achieve 3-DoF control with only three actuators (Gan

et al., 2015). The 2-SPS design in (Roy et al., 2007) uses the biological joint as part

of the kinematic solution and will not work with slip. One SPM possibility would be

the 3-RRR (rotational-rotational-rotational) “Agile Eye” parallel manipulator. This

device uses three rotary actuators and curved linkages to decouple and control the

three rotational DoF (Gan et al., 2015; Tao and An, 2013). However, the 3-RRR’s
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architecture does not interface well with the human shoulder, as its curved linkages

pass through the majority of the sphere in which it rotates about. This would cause

interference between the user and device. Another SPM possibility would be the

3-UPU (universal-prismatic-universal) “Spherical Wrist” parallel manipulator. This

SPM consists of three parallel linear actuators which decouple and control the three

rotational DoF (Gan et al., 2015; Di Gregorio, 2003). The use of only three linear

actuators introduces minimal mechanical interference and results a large workspace

compared to other SPMs (Saltaren et al., 2007). Additionally, the 3-UPU design is

compact, which is advantageous for mobile applications. However, the 3-UPU has

been shown to exhibit poor stiffness characteristics, which makes it impractical for

real world use (Walter et al., 2009).

In order to address this lack of compatibility with current SPMs and the proposed

method of slip, a novel parallel manipulator has been developed. This parallel ma-

nipulator shares the SPS characteristic of spherical platform mounting joints and the

3-UPU characteristic of universal base mounting joints, but uses a novel method of

coupling certain motions of each actuator independently in order to produce a device

with a single kinematic solution.

The rest of this paper presents this novel SPM design along with the discussed

slip mechanism for handling translational motion of the shoulder. The sections are

organized as follows: Section 2 details the design of the SPM and slip mechanism. Sec-

tion 3 details the results of an experiment to validate the kinematics and workspace.

Finally, Section 4 concludes the paper with a discussion and summary of the contri-

bution.
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2.2 Methods

2.2.1 Design Overview

The developed SPM is presented in Fig. 2.1. The device weighs 5.4 kg, exclud-

ing batteries and off-board controller. It consists of three parallel linear actuators

connected to a shoulder piece coupled to the user. Each actuator has 3-DoF. Two

of the DoF are rotational (roll and pitch) and one is translational (stroke). The roll

of each actuator is defined to rotate about the vector connecting the actuator’s base

mounting point to the center of rotation of the user’s shoulder. The roll is not directly

constrained, but rather set by the synergistic movements of all three actuators. The

pitch and length of each actuator are mechanically coupled such that the workspace

is a spherical surface centered about the user’s shoulder. Each actuator is connected

to the shoulder piece by a 3-DoF tie-rod joint. The shoulder piece is connected to the

user’s arm by a 2-DoF passive slip joint that allows for 1-DoF of rotational motion and

1-DoF of translational motion. The rotational DoF prevents undesired torques from

being applied to the user’s arm during the rolling action of the exoskeleton shoulder.

The translational DoF allows slip to occur between the user and the device. The base

mounts of each actuator are situated in close proximity to the user’s back. However,

placement of the base mounts are flexible and only limited by physical constraints,

such as mechanical interference. Several viable alternative mounting configurations

are shown in Fig. 2.2.

2.2.2 Actuator Motion Coupling

One of the primary features of this SPM is that it uses the novel method of

motion coupling to produce a device with a single kinematic solution. This method

involves coupling certain DoF of each actuator independently in order to constrain
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Figure 2.1: The SPM design. Conceptual model illustrating interface with user
(top). Prototype (bottom)
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Figure 2.2: Examples of alternative base mount configurations

Figure 2.3: Actuator pitch and stroke coupling using similar triangle relation

the multiple kinematic solutions of the non-coupled system to a single solution for

the coupled system. For this SPM, the pitch angle θ and length vector L of each

independent actuator are coupled such that all possible kinematic solutions lie on a

sphere centered about the user’s shoulder vector C. With reference to Fig. 2.3, the

desired θ is:

θ = atan2(Ly, Lx) (2.1)

In order to achieve this required θ angle, a linear slider mounted near the base

vector B of the actuator is used. This slider controls the position of armature vector

r along L and is driven by the same motor that drives L, but with a different gearing

ratio. Instead of solving the nonlinear Eq. (2.1) for θ, it is possible to solve for the

slider distance vector l along L, which is described by a similar triangle relationship

between B, C, and the platform mount vector P . This same relationship can also be
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Figure 2.4: Actuator pitch and stroke coupling with offsets r′ and d′ to avoid me-
chanical interference

expressed in scalar terms as:

‖l‖ =
‖L‖‖r‖
‖R‖

(2.2)

In practice however, it was found that the similar triangle relationship between

lrd and LRD is difficult to maintain. An offset vector o from B is necessary to avoid

mechanical interference. As shown in Fig. 4, the existence of o also introduces an

offset vector h between r and d. Solutions for r, h, and d can be found by fitting

an arc to three slider positions p that correspond to three arbitrary values of L that

exist on the desired spherical workspace. The center of the arc represents the position

d + h and the arc radius represents r. To construct the arc, the vector components

ox, oy, Lx, and Ly must first be solved. This can be achieved by the following system

of vector and trigonometric equations with relation to the known terms ‖o‖, D and

R:

o+ L = D +R (2.3)

‖o‖2 = o2x + o2y (2.4)

‖o‖2 + L2
x + L2

y = (Rx +Dx)2 + (Ry +Dy)
2 (2.5)
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Where Eq. (2.3) is the vector relation of D and R to o and L. The trigonometric

Eq. (2.4)-(2.5) relate the known magnitude ‖o‖ and the right angle relation of o and

L to the unknown vectors components of o and L.

With the components of L and o known, it is possible to solve for the slider

distance vector l along L, which is necessary in order to determine the slider position

vector p with respect to B. The vector l is a function of the collinear vector L and the

design choices of slider offset lo from o, gear ratio w, and retracted actuator length

Lo. This relationship can be described by:

l = w(L− Lou) + lou (2.6)

where

u =
L

‖L‖
(2.7)

The slider position p expressed as a vector from B is:

p = l + o (2.8)

Given three slider position vectors p1, p2, and p3 which correspond to three ar-

bitrary actuator lengths L1, L2, and L3 respectively, which exist on the spherical

workspace, it is now possible to construct the arc and solve for r, h and d.

One of the motion coupled actuators is shown in Fig. 2.5. Each actuator has

position feedback sensors to enable closed-loop control. The stroke length of the top

two actuators is 152.42 mm and the bottom actuator is 101.62 mm. These lengths

were chosen such that the workspace of the device would be approximately one octant

of a sphere. Each actuator has been configured such that the device operates on a

spherical surface at a radius of ‖R‖ = 95.17 mm from the center of rotation of the
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Figure 2.5: Motion coupled actuator. Conceptual model (top) with the following
components: A) Motor, B) Custom gearbox, C) Pitch/Stroke encoder, D) Roll mea-
surement potentiometer, E) Wormscrew, F) Pitch/Stroke coupling linkage, G) Pitch
control slider, H) Enclosed limit switches, I) Tie rod joint, J) Enclosed powerscrew
and slider for linear actuation. Developed prototype (bottom)

user’s shoulder. This radius was determined through measurement of the shoulder

center of rotation to the outer surface of the lateral and posterior deltoids of three

adult male subjects.

2.2.3 Inverse Kinematics

For the global frame defined in Fig. 2.6, the inverse kinematic solution can be

determined by first defining the local frame vector x′ to be collinear to the user’s

desired arm direction. The vector x′ can be further described by the inclination angle
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Figure 2.6: Chosen exoskeleton shoulder orientation for given arm directions

θ and azimuth angle φ, which are defined in Fig. 2.6. The initial orientation of the

local vector z′ can be expressed as the cross products of x′ and the global vector

z. The local vector y′ is the cross product of z′ and x′. It is necessary to multiply

this initial set of orientation vectors R′ by a rotation matrix Rx about x′ in order to

keep the shoulder within the workspace of the three linear actuators. Hence the new

rotation matrix is:

R′′ = R′Rx (2.9)

where

R′ =


x′x y′x z′x

x′y y′y z′y

x′z y′z z′z

 (2.10)

Rx =


1 0 0

0 cosψ − sinψ

0 sinψ cosψ

 (2.11)
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The angle ψ in Eq. 2.11 represents the angle of rotation about x′. Finding ψ,

which determines Rx, is done by first identifying a set of key orientations that define

the workspace. For this device, approximately one octant of a sphere is a decidedly

sufficient workspace to demonstrate proof-of-concept. The chosen orientation matri-

ces at arm rest R′′r (θ = −90◦, φ = 90◦ or θ = −90◦, φ = 0◦), arm flexion R′′f (θ = 0◦,

φ = 90◦), and arm abduction R′′a (θ = 0◦, φ = 0◦) of the shoulder piece for the three

corners of the octant are shown in Fig. 2.6. For these orientations, Eq. 2.9 becomes:

R′′r =


0 0 1

0 1 0

−1 0 0

 =


0 0 1

0 1 0

−1 0 0




1 0 0

0 1 0

0 0 1

 (2.12)

or

R′′r =


0 0 1

0 1 0

−1 0 0

 =


0 1 0

0 0 −1

−1 0 0




1 0 0

0 0 1

0 −1 0

 (2.13)

and

R′′f =


0 0 1

1 0 0

0 1 0

 =


0 0 1

1 0 0

0 1 0




1 0 0

0 1 0

0 0 1

 (2.14)

R′′a =


1 0 0

0 0 −1

0 1 0

 =


1 0 0

0 0 −1

0 1 0




1 0 0

0 1 0

0 0 1

 (2.15)

It is important to note that the orientation of R′ in Eq. (2.12)-(2.13) cannot be

achieved, since z′ = x′ × z. However, for the purpose of solving for ψ, Rr can be
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assumed to reach this orientation. In practice, only a solution infinitesimally close

to this orientation can be achieved. For Rx in Eq. (2.12)-(2.15), ψ = 0◦, −90◦, 0◦,

and 0◦, respectively. Given ψ and the corresponding θ and φ, it is possible to derive

a general relation using a multivariable sinusoidal fit which defines ψ for the entire

workspace. The function ψ of θ and φ is described by:

ψ = sin(θ)
(π

2
− φ
)

(2.16)

With a known orientation R′′ and a chosen radius of operation R, a chain of

transformation matrices can then be used to describe the position of any point on

the exoskeleton shoulder. For the location of an arbitrary mounting point described

by P with respect to the local exoskeleton shoulder frame at R from the center of

rotation, this transformation matrix T becomes:

T =



R′′1x R′′2x R′′3x R′′3xR

R′′1y R′′2y R′′3y R′′3yR

R′′1z R′′2z R′′3z R′′3zR

0 0 0 1





1 0 0 Px

0 1 0 Py

0 0 1 Pz

0 0 0 1


(2.17)

With the location of base mounting point D known and the platform mounts

described by translational components of T known, the length of each actuator Li is

the Euclidean distance between its respective mounting points:

‖Li‖ =
√

(T14i −Dxi
)2 + (T24i −Dyi)

2 + (T34i −Dzi)
2 (2.18)

2.2.4 Forward Kinematics

The forward kinematics of this SPM are solved by using position feedback sensors.

Each actuator is equipped with an encoder (Karlsson Robotics E6C2), having a res-
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olution of 1024 pulses/rotation, to record the coupled pitch and stroke length. The

roll of each actuator is measured using a 10K ohm potentiometer (Bourns 3590S).

The endpoint of each actuator is found from both angles and the stroke length. The

position and orientation of the platform is found from the three actuator endpoints.

2.2.5 Slip Mechanism

The slip mechanism, used in this shoulder exoskeleton for preventing the adverse

effects of joint misalignment, consists of a passive cuff joint with one translational

DoF and one rotational DoF. The internal cuff of this joint has a compliant padded

interior which is designed to stay in contact with the user’s upper arm. The external

cuff is connected to the shoulder exoskeleton. When joint misalignment between the

center of rotation of the user’s glenohumeral joint and the center of rotation of the

shoulder exoskeleton occurs, the internal cuff translates within the external cuff as

shown in Fig. 2.7. In addition to translational slip S, joint misalignment will effect

the orthogonal relationship between the cross-section of the external/internal cuff and

the user’s arm. This cuff misalignment angle ω is shown in Fig. 2.7. The compliance

of the internal cuff’s padding allows for a degree of angular misalignment to occur

without harm to the user or device. The internal cuff used in this prototype permits

3 cm of diametral padding deformation. The maximum angular misalignment is a

function of this allowable deformation and of the user’s arm diameter.

The joint misalignment vector vmis can occur in any direction. However, the

maximum translational slip Smax will always occur when user’s arm direction vector

vuser is collinear to vmis, for which ‖Smax‖ = ‖vmis‖. This case of maximum slip is

exemplified in Fig. 2.7 for which horizontal joint misalignment has occurred and the

user arm is at a 90◦ abduction angle from the resting position. The maximum cuff

misalignment angle ωmax is also shown in Fig. 2.7 and occurs at the resting position
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when vmis is orthogonal to vuser.

This case of maximum cuff misalignment is also shown in the Fig. 2.7 example

and occurs when the arm is at rest, for which vmis ⊥ vuser. Both Smax and ωmax have

rotational symmetry about vmis and therefore any arbitrary plane about vmis can be

examined to determine Smax and ωmax. With reference to Fig. 2.8, Smax and ωmax

are solved by first projecting the components of the vmis into the plane comprised of

vmis, vuser⊥mis, and vuser‖mis. Using the collinear relation between vuser and S and

the vector relation between vuser, vmis and the shoulder exoskeleton arm vector vexo,

S can be solved by the following system:

‖vexo‖2 = (vmis xy + Sxy − vuser xy)2 + (vmis z + Sz − vuser z)2 (2.19)

Sxy

Sz

=
vuser xy
vuser z

(2.20)

Of the two possible solution sets, the correct set will match the sign notation of

the components of vuser. With S known, ω is expressed as the angle between vuser

and vexo, where vexo = vmis + vuser − S.

2.2.6 Control System

To operate the shoulder exoskeleton, a keyboard control scheme running on an off-

board PC for high-level control was used. The user commands the θ and φ angles in 5◦

increments using the arrow keys within a Matlab interface. The Matlab script solves

the forward and inverse kinematics based on the user’s desired position and sends

new position and velocity commands via serial communication to a microcontroller

(Arduino Mega 2560). This microcontroller then relays the position commands to a

set of corresponding PID motion controllers (Kangaroo 2x Motion Controller), which

are connected to a set of motor drivers (SyRen 10A Regenerative Motor Driver). Each

motion controller was in a feedback loop with its respective actuator’s encoder and
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Figure 2.7: Upper arm slip mechanism for joint misalignment

Figure 2.8: Upper arm slip mechanism with joint misalignment in 3D space
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Figure 2.9: Error between the actual and commanded shoulder orientation expressed
using the z-x-z euler angles α, β, and γ, respectively

limit switches. Once the desired positions are met, a secondary feedback loop alerts

the Matlab-based controller that the motion controller is ready to execute the next

set of user commands.

2.3 Results

2.3.1 SPM Kinematics

To validate the kinematics, we conducted a preliminary experiment using VICON

motion capture. Markers were placed on the shoulder piece and tracked by a set of

four motion capture cameras throughout a grid trajectory that varied both θ and φ

in 5◦ increments. The range of θ and φ were determined experimentally and the con-
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servative choice of 0◦ ≤ θ ≤ −85◦ and 0◦ ≤ φ ≤ 80◦ was used for the experiment in

order to ensure that a joint limit would not be reached. Both θ and φ are functional

to the placement and maximum stroke length of each actuator. Adjusting either of

these parameters will effect the workspace. The placed markers were then used to

reconstruct the local frame, which was compared to the commanded orientation at

each grid point. The comparison was done using z-x-z Euler angles. The difference

between each set of angles with respect to the corresponding θ and φ angles is pre-

sented in Fig. 2.9 for each Euler angle. The results showed mean Euler angle errors

of αmean = 1.01◦, βmean = 0.46◦, and γmean = 1.87◦. The variance of the Euler angles

were calculated to be 1.18◦, 0.3◦, and 3.46◦ for α, β, and γ, respectively.

2.3.2 Slip Mechanism

To quantify the translation slip S and the cuff angular misalignment ω, a compu-

tational slip model was constructed. The model uses the joint misalignment vector

vmis, the user’s arm direction vector vuser, and a zero cuff position at 166 mm from

the center of rotation as inputs. In this model, the convention chosen is that θ exists

in quadrant III (+x,+y) of the plane and that positive joint misalignment exists in

quadrant I (-x,-y). The model results in Fig. 2.10 and Fig. 2.11 show Smax and

ωmax, respectively, across a complete 90◦ degree variation of θ. It can be observed

from Fig. 2.10 that Smax is minimized for planar joint misalignment when the joint

misalignment vector is in the opposing direction to vuser at θ = −45◦. In Fig. 2.11,

it can be observed that ωmax is minimized for planar joint misalignment when vmis is

collinear to vuser at θ = −45◦.
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Figure 2.10: Maximum translation slip Smax of the cuff for given planar misalign-
ment vmis

Figure 2.11: Maximum cuff misalignment angle ωmax for given planar misalignment
vmis
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2.4 Discussion

This paper presented a novel 5-DoF shoulder exoskeleton using parallel actuation

and an integrated passive slip interface. By using a parallel architecture, our system

offers a low inertia solution to limb actuation, which is important with regards to

energy cost and the performance of wearable devices. We also presented the method

of motion coupling that was used to develop this new type of SPM with a single

kinematic solution. This method could be applied to other parallel or serial actuated

architectures in order to further constrain motion. Finally, this paper discusses how

the use of a slip interface can be used for negating the adverse effects of joint mis-

alignment and how it allows the presented SPM in particular to be used to emulate

the complex motion of the human shoulder. It is important to note that this idea

of allowing mechanical slip could be extended to include the rest of the arm as well.

For a full arm exoskeleton, a secondary slip mechanism would be necessary after the

elbow joint.

An experiment was performed to validate the kinematics of the SPM using mo-

tion capture. This experiment showed mean Euler angle errors of 1.01◦, 0.46◦, and

1.87◦ for α, β, and γ, respectively. Contribution of error includes compliance of 3D

printed materials used in the construction of the actuators, low machining tolerances

associated with in-house fabrication, and a placement tolerance of 3 mm for the base

mounting brackets. Additionally, a computational model to simulate the maximum

translation slip S and the cuff misalignment angle ω was created. This model demon-

strated the values of S and ω expected for up to 5 cm of joint misalignment.

Apart from being a novel device, this shoulder exoskeleton could be utilized for

either rehabilitation or augmentation. In its current keyboard control setup, it could

be used for forms of upper limb rehabilitation that are sensitive to the effects of joint
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misalignment. In regards to assistive applications, this device could be mounted to an

electric wheelchair to help those with upper limb impairments. Another application

would be to integrate proximity sensors or piezoelectric foam into the arm cuff in

order to allow for a different control method targeted at augmentation for industrial

or military purposes.
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Chapter 3

OPTIMIZING STIFFNESS OF A NOVEL PARALLEL-ACTUATED ROBOTIC

SHOULDER EXOSKELETON FOR A DESIRED TASK OR WORKSPACE

In the field of exoskeleton robotics, the close-loop architecture of parallel manip-

ulation offers many advantages over open-loop serial chain manipulation. While the

comparatively simple kinematics and large workspace of the serial manipulator gave

rise to its popularity, the parallel manipulator offers low end-effector inertia, high ac-

celeration, high position accuracy, and the potential for high stiffness (Merlet, 2012;

Taghirad, 2013; Li and Bone, 2001). In addition, certain parallel manipulators such

as the 3-SPS (spherical-prismatic-spherical) (Alici and Shirinzadeh, 2004) and 3-RRR

(revolute- revolute- revolute) (Wu et al., 2011) designs can operate without occupying

their center of rotation, which is particularly useful when interfacing with biological

joints such as the shoulder, hip, wrist and ankle with multiple degrees-of-freedom

(DoF).

Parallel manipulators have been used before for several different exoskeleton ap-

plications. Prior works include wearable wrist (Gupta et al., 2008), ankle (Roy et al.,

2009) and shoulder (Klein et al., 2010) devices. All of these demonstrate different

types of parallel architecture. The RiceWrist (Gupta et al., 2008) uses a 3-RPS

(revolute-prismatic-spherical) manipulator with an additional serial revolute joint to

generate 4-DoF. These DoF include the rotation of the forearm, wrist height and

2-DoF in rotation of the end-effector platform. The Anklebot (Roy et al., 2009)

uses a 2-SPS-1S (spherical-prismatic-spherical, spherical) manipulator that consists

of spherical joints and prismatic actuation in conjunction with the biological joint to

achieve spherical motion. The shoulder exoskeleton BONES (Klein et al., 2010) uses
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a RRPS (revolute-revolute-prismatic-spherical) manipulator to decouple and control

three rotational DoF. Because all of these architectures, along with the previously

mentioned 3-SPS and 3-RRR, generate spherical motion through parallel actuation,

they can further be categorized as spherical parallel manipulators.

Spherical parallel manipulators (SPMs) typically offer a larger workspace than

higher DoF parallel architectures (Walter et al., 2009; Gosselin and Angeles, 1989).

This is because they require fewer actuated substructures and therefore experience

less mechanical interference between substructures. However, this also means they

have fewer active DoF, which normally results in a drop in stiffness performance

(Jiang and Gosselin, 2009; Gosselin, 1990; El-Khasawneh and Ferreira, 1999). This

can be problematic, particularly for augmentative exoskeleton systems, which must

maintain rigidity under heavy loading in order to function effectively.

In an effort to improve the workspace/stiffness tradeoff of SPMs, the authors have

introduced a new method of parallel architecture design in previous work (Hunt et al.,

2017). The presented method involves coupling specific motions of each independent

parallel substructure in order to increase the number of active DoF, which works

to both constrain the kinematics and increase stiffness of the entire structure. This

method was demonstrated by applying it to the design of a novel shoulder exoskele-

ton. Both the kinematics and workspace of the prototype developed were solved and

experimentally verified in previous work (Hunt et al., 2017).

One advantage of the new parallel architecture introduced in (Hunt et al., 2017) is

the flexibility of actuator placement. The three substructures that comprise the device

can be placed in any position about a center point. Choosing this placement is critical,

as the stiffness of the device was found to be highly dependent on the configuration

of these substructures. For this reason, it is desirable to place these substructures

effectively so as to maximize dynamic performance. Optimization techniques can be
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employed to maximize stiffness across an entire workspace or even for particular task,

such as lifting in the sagittal plane.

The development of a stiffness optimization model would not only allow the stiff-

ness of the shoulder exoskeleton to be maximized for a desired task or workspace,

but it would also allow the architecture to be optimized for other joints as well. For

example, this could include stair climbing for a hip device or running for an ankle

device. Because of the significance that such a tool would have on the potential ap-

plication of the novel parallel architecture described, this optimization problem is the

focus of this work.

The rest of this paper presents the steps taken to optimize the stiffness of the

exoskeleton shoulder for a desired task or workspace. The sections are organized as

follows: Section II provides (1) a brief overview of the shoulder exoskeleton design,

(2) the model used to characterize stiffness, (3) the experimental setup to validate

the stiffness model and (4) the optimization techniques used to maximize stiffness.

Section III details (1) the results of the stiffness model validation experiment and (2)

the optimal actuator placement to maximize stiffness in the sagittal plane and for

an entire workspace. Finally, Section IV concludes the paper with a discussion and

summary of the contribution.

3.1 Methods

3.1.1 Design Overview

The developed shoulder exoskeleton is presented in Fig. 1. A simulation created

to illustrate its design and operation can be found at https://youtu.be/vm9iL-SyoS8.

The mobile shoulder piece depicted has three decoupled rotational DoF centered

about the convergence point C. This point is assumed to be the center of rotation of

the user’s shoulder as well. However, due to possible translational motion of the user’s
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Figure 3.1: Implementation of the parallel actuated wearable robotic joint in a
shoulder exoskeleton application. Shown on left is the interface of the actual prototype
with a user. Shown on right is the devices architecture with the active (green) and
passive (red) joints illustrated. The convergence point C represents the center of
rotation for all three DoF of the devices shoulder piece. The variables ω and S
represent the inner cuff rotation and translation, respectively. The variables θk, ϕk

and Lk represent the pitch, roll, and linear stroke of each actuator substructure k,
respectively.

shoulder joint, there may be an error between C and the actual center of rotation C’.

To alleviate possible mechanical interference generated by the position error between

C and C’, a slip mechanism is integrated into the cuff of the device. The cuff, which

acts as an interface between user and device, is positioned approximately midway

on the user’s upper arm. The cuff consists of two concentric open cylinders. The

inner cylinder is padded with compliant foam and contacts the user’s arm. The outer

cylinder is connected to mobile shoulder piece by aluminum tubing. When joint

misalignment between the user and device occurs, the inner cylinder will translate

within the outer cylinder.

The spherical motion of the shoulder piece is accomplished by using three linear

actuator substructures. Each substructure k has three DoF: pitch θk, roll ϕk and

linear stroke Lk. The pitch and linear stroke of each substructure are mechanically
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coupled in order to achieve an arc motion of the substructure end effector. The

method of coupling is a mechanical slider geared to the linear stroke and connected

to an armature which adjusts the pitch of the actuator to a corresponding stroke

length. This mechanism is detailed in Fig 2. By adjusting key variables of the motion

coupling mechanism, such as slider speed and/or armature length, it is possible to

adjust the radius and curvature of the substructure end effector motion. This may

be necessary to avoid mechanical interference between the device and large or small

users. In the current configuration, the arc is set to a constant radius of 9.5 cm.

This radius was determined through measurement of the outer surface of the lateral

and posterior deltoids to the approximate center of shoulder rotation of three adult

male subjects. The roll of each substructure is not directly constrained, but rather

set by the synergistic motion of all three substructures. Each actuated substructure

is connected to the mobile shoulder piece using a 3-DoF tie rod joint.

Each actuator substructure was built using a linear actuator (FA-PO-35, Firgelli,

WA). The top two actuators have a stroke length of 15.2 cm and the bottom actuator

has a stroke of 10.2 cm. Each actuator was stripped of its stock motor and gearbox and

modified to include a drill motor (393111-01, DeWalt, WI), custom gearbox, motion

coupling mechanism, and feedback sensors. The coupled pitch angle and linear stroke

length of each actuator are measured using an encoder (E6C2, Karlsson Robotics,

FL) with a resolution of 1024 pulses/rotation. The roll is measured using a 10K ohm

potentiometer (3590S, Bourns, CA). For testing purposes, each actuator substructure

is mounted to a stationary frame. For the configuration and global frame orientation

shown in Fig. 1, the Cartesian location of the top, middle and bottom mounting

point with respect to C is [-33, -10, 19]T cm, [-28, -17, -20]T cm and [-10, -12, -24]T

cm, respectively.

To operate the exoskeleton, a keyboard control scheme running on an off-board
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Figure 3.2: : Shown on left is one of the three actuated substructures with its
active (green) and passive (red) DoF depicted. Key components are as follows: A)
motor, B) pitch and stroke feedback encoder, C) roll feedback potentiometer, D)
motion coupling mechanism with actuated slider and pitch control arm, E) 3-Dof
platform mounting joint. Shown on right is the actuated substructure equivalent
nodal diagram.

PC was used. A Matlab (Mathworks, MA) script was developed to map arrow keys to

the elevation and azimuth of the shoulder piece. The program receives feedback from

the onboard sensors via serial communication with a microcontroller (Mega 2560,

Arduino, Italy) along with user input and uses it to solve the forward and inverse

kinematics. Given an elevation and azimuth, the program determines the optimal

roll angle of the shoulder piece about the user arm axis in order to keep it within the

stroke length of all three actuators. Since the user does not have control over the roll

angle of the shoulder, the passive cuff rotational DoF has been incorporated into the

design in order to prevent an undesired torque from being applied to the user’s arm.

For a given desired shoulder orientation, actuator position and velocity commands

are sent from the off-board PC through the Arduino microcontroller to a set of three

PID motion controllers (0-KANGAROO2, Dimension Engineering, OH). Each PID

controller is connected in loop with a 10 A motor driver (0-SYREN10, Dimension

Engineering, OH).

Additional details regarding the design are provided in the prior work (Hunt et al.,

2017). This reference also provides an analysis of the kinematics and workspace, which

33



have been excluded here for brevity.

3.1.2 Stiffness Model

In order to rapidly characterize the stiffness of the shoulder exoskeleton for differ-

ent mounting point configurations and end effector orientations, an analytical model

was created to calculate stiffness at the center of the shoulder piece. The model was

developed using a matrix structural analysis method and closely follows the work of

(Deblaise et al., 2006). For brevity, the reader will be referred back to this prior work

for some of the more derivative or expansive steps required in the development of this

model. With the model, it is possible to generate the theoretical translational and

rotational stiffness ellipsoids for different configurations and orientations in order to

establish a basis for comparison.

To begin, each actuated substructure k (k = 1, 2, 3) is deconstructed into nodes

that correspond to characteristic points. Shown in Fig. 2 are the node locations for

each actuator. The nodes are linked by either a flexible beam or passive revolute

joint. It should be noted that beams must be modelled as flexible, since even minor

beam deflections can have an impact on end effector stiffness. Each beam n is fixed

at its ends by one or two nodes, depending on its location in the substructure. Each

beam is therefore represented by either a 6x6 or the 12x12 beam stiffness matrix Kn,k

as defined in Euler–Bernoulli beam theory. Before these beam stiffness matrices Kn,k

can be assembled into one stiffness matrix KT,k, each must be multiplied by a matrix

P n,k comprised of rotation sub matrices Rn,k, which describe Kn,k with respect to

the global frame. The rotation of Kn,k by P n,k is given by

K′n,k = P n,k
−1Kn,kP n,k (3.1)
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where P n,k =


Rn,k 0 · · ·

0 Rn,k · · ·
...

...
. . .


The dimension of P n,k is determined by the dimension of Kn,k. The rotated stiffness

matrices K′n,k can then be used to construct KT,k in accordance with the stiffness

matrix assembly technique described in (Deblaise et al., 2006; Hughes, 2012).

The matrix KT,k describes the stiffness of the substructure before the inclusion of the

passive joints. Each passive joint is defined by a matrix An,k that describes the kine-

matic relation between adjacent nodes. To define this relation, let an,k = [ax ay az]
T
n,k

be the unit vector which describes the revolute axis of a passive joint composed of two

adjacent nodes. The coordinate frame of each node can be constructed using an,k and

the axially vector bn,k of the adjacent beam. The third coordinate frame vector, cn,k

can be determined by cn,k = an,k × bn,k. These coordinate frames of the two adjacent

nodes can be related by a rotation about an,k. The vectors of this rotation can be

defined as:

V n,k =

 b′x b′y b′z

c′x c′y c′z


n,k

(3.2)

The complete kinematic relation between the two nodes that describes the passive

revolute joint is derived in (Deblaise et al., 2006) and given as:

An,k =

 I3x3 03x3

02x3 Vn,k

 (3.3)

The An,k matrices are assembled into a single kinematic relation matrix AT,k in a

similar manner to KT,k. The total substructure stiffness matrix, which includes the

effects of both the flexible beams and revolute joint, is derived using the minimum
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Figure 3.3: Shown on left is the shoulder piece. Shown on right is the shoulder piece
equivalent nodal diagram with node 7 acting as the end effector position.

total potential energy principle and given as:

KG,k =

 KT,k AT,k
T

AT,k 0

 (3.4)

It is possible to calculate the displacement at the last node of each substructure k

by permuting KG,k in order to partition the endpoint substructure stiffness matrix

Keq,k, which describes the last node. To define the stiffness of the entire structure,

Keq,k=1,2,3 must be assembled to the end effector. The nodal diagram of the end ef-

fector is shown in Fig. 3. Since the shoulder piece interconnects all three substructure

endpoint nodes and the end effector node, it can no longer be accurately described by

Euler–Bernoulli beam theory. Instead, it will be modeled as set of rigid beams with

infinite stiffness, which will require the introduction of a new kinematic relation. To

start, let Wn = [Lx Ly Lz]n
T define the vector between two nodes linked by the rigid

beam. The corresponding skew-symmetric matrix of this vector is:

L̂Wn =


0 −Lz Ly

Lz 0 −Lx

−Ly Lx 0


n

(3.5)

The complete kinematic relation between the two nodes that describes the rigid
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Figure 3.4: Experimental setup for testing stiffness: (A) KUKA robotic arm, (B)
ATI force sensor, (C) Exoskeleton shoulder.

beam is derived in [10] and given as:

Bn =

 03x3 I3x3

I3x3 L̂Wn

 (3.6)

With the rigid beam defined, the kinematic relation matrix AT of the shoulder piece is

constructed. The assembly procedure for AT is the same as it was for AT,k, but with

the inclusion of Bn. Along with AT , the substructure stiffness matrices Keq,k=1,2,3 is

assembled into a single matrix KT . The assembly technique used to construct KT

is the same used for KT,k. The stiffness of the entire shoulder exoskeleton is derived

by using minimum total potential energy given as:

Keq,T =

 KT AT
T

AT 0

 (3.7)

As with KG,k, it is possible to calculate the displacement at the end effector by

permuting Keq,T in order to partition the equivalent 6x6 end effector stiffness matrix

Kee, which describes the stiffness at node 7 in Fig. 3.

The matrix Kee can be visualized by its translational and rotational stiffness

ellipsoids. As defined in the work of (Mussa-Ivaldi et al., 1985), these ellipsoids are

created by first separating Kee into a symmetric component Ks and an antisymmetric
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component Ka. Assume:

Kee =

 Kxx Kxy

Kyx Kyy

 (3.8)

Then Ks and Ka can be written as:

Ks =

 Kxx
Kxy+Kyx

2

Kyx+Kxy

2
Kyy

 (3.9)

Ka =

 0 Kxy−Kyx

2

Kyx−Kxy

2
0

 (3.10)

where Kee = Ks+Ka. The eigenvalues and eigenvectors of the symmetric component

Ks can now be used to represent the direction and magnitude of the translational

and rotational stiffness matrices. The first three eigenvalues and three eigenvectors

pairs correspond to the axes of the translational stiffness ellipsoid, while the last three

correspond to the axes of the rotational stiffness ellipsoid.

3.1.3 Stiffness Model Testing

To check the results of the stiffness model, an experiment was performed to com-

pare theoretical stiffness to that of the prototype. A 6-axis force/torque sensor (Delta

IP65, ATI, NC) was coupled to the exoskeleton shoulder oriented at 90◦ flexion in or-

der to measure forces and torques corresponding to displacement. To provide accurate

displacement, a 7-DoF robotic arm (LBR iiwa R820, KUKA, Germany) connected to

the sensor was used. The shoulder piece used for the model and experiment has a

90◦ angle between tie-rod mounts, instead of the 45◦ angle shown in Fig. 2 and Fig.

3. This was done because early testing of the stiffness model suggested that it would

produce more homogeneous stiffness ellipsoids. The experimental setup is shown in

Fig. 4.
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Translational displacements of 3 mm were commanded along +X, +Y and +Z.

Rotational displacements of 1.5◦ where commanded about +X, +Y and +Z. Forces

and torques corresponding to displacement were recorded at 1 kHz. The mean force

measured over 5 s was used to calculate stiffness. These six measurements about the

six DoF were chosen as they can be related by a transformation to each column of

the theoretical stiffness matrix. As previously mentioned, this stiffness matrix is a

function of the kinematic relation matrix AT . The matrix AT is very sensitive to

change, so if it were not correct, then it would be expected that most, if not all six

measurements to be significantly different from the theoretical model.

For the simulation, the flexible beams 3-4 and 6-9 shown in Fig. 2 were modeled

as 1045 carbon steel and 2024 aluminum, respectively. The flexible beam 5-7 shown

in Fig. 2 and the rigid links 4-7, 5-7 and 6-7 shown in Fig. 3 were modeled as ABS

plastic. All critical dimensions used in the simulation match those of the prototype.

3.1.4 Stiffness Optimization

In order to maximize stiffness over a predetermined workspace, the placement

of each actuator needs to be determined through optimization. Given that this is

a bounded nonlinear multi-objective (rotation and translation) optimization prob-

lem, a genetic algorithm was implemented to determine the best actuator placement

for a specified orientation. Matlab’s Optimization Toolbox was used for this. The

genetic algorithm function (ga) was given the stiffness ellipsoid volumes as nega-

tive values to minimize, thus maximizing the positive volumes. While there are

potentially many optimization criteria to chose from, maximizing the ellipsoid vol-

ume was chosen because (1) maximum volume should encourage more spherical or

homogeneous solutions, since more spherical ellipsoids will contain greater volume,

and (2) it is a simple approach that takes into account the stiffness of all three el-
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lipsoid axes. Possible solutions were restricted to the region (−0.75 < X < −0.2,

−0.75 < Y < −0.2, −0.75 < Z < −0.2) m corresponding to the reference frame

shown in Fig. 1 with origin C. This region was chosen so that the actuators would

be positioned behind the user at a comfortable distance.

The workspace of the shoulder piece and cuff were bounded by the octant (+X,

+Y, -Z) shown in Fig.1 with origin C, which can also be defined by the three arm

orientations: 90◦ flexion, 90◦ abduction, and at rest. Incremental 10◦ changes in

inclination and azimuth of the shoulder piece across the entire workspace produces

a point cloud of best solutions for each actuator base mount. The virtual center of

each point cloud is taken as the generalized optimal solution for the corresponding

workspace.

In addition to optimizing stiffness for the entire workspace, it is possible to opti-

mize stiffness for a particular

task, such as lifting in the sagittal plane. To do this, the shoulder piece was incre-

mented in 5◦ intervals between the arm at rest and 90◦ flexion. Similar to optimizing

for the entire workspace, the point cloud of best solutions generated for each actua-

tor are used to find the corresponding virtual centers for each actuator and thus the

generalized best solution.

3.2 Results

3.2.1 Stiffness Model Testing

A comparison of the theoretical and measured stiffness is shown in Fig. 5. For

translational stiffness, the mean error along the +X, +Y, and +Z axes is 6.24% with

a standard deviation of 3.79. For rotational stiffness, the mean error about +X, +Y,
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Figure 3.5: Projections of the theoretical stiffness ellipsoid (black), measured axis
stiffness (red) and actuator orientations for 90◦ flexion (dotted black).

and +Z axes is 12.33%, with a standard deviation of 6.55. While some error does

exist, it should be noted that the size and shape of the theoretical model suggests

that it provides a reasonable approximation of stiffness.

The exact source of this error is unknown, however it is speculated that there are

two major contributing factors, both related to the stiffness assemble matrix KT .

The first is that the model treats all components to have homogeneous elasticity and

shear properties. This may not be accurate for the printed plastics used, due to the

layered and honeycombed architecture inherent to 3D printing.

Second, any misalignment between the roll axis of each actuator and the center of

rotation C shown in Fig. 1 will produce increased resistance to applied torque. These

roll axes were positioned by hand using tooling with a tolerance of 0.5◦, which may

in part explain the differences seen between theoretical and experimental rotation

stiffness.
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3.2.2 Stiffness Optimization

For the workspace described by the octant (+X,+Y,-Z) shown in Fig.1, the actuator

mounting point configuration to optimize overall stiffness is shown in Fig. 6A as a

point

cloud of best solutions. These solutions were found in 10◦ intervals between arm at

rest, 90◦ flexion and 90◦ abduction for the entire workspace. The virtual center of

each point cloud for the top, middle and bottom actuator, respectively, are At =

[-0.5277,-0.3020, 0.1502]T m, Am =[-0.3961, -0.3018,-0.0554]T m and Ab =[-0.3139,

-0.5389, -0.4793]T m. To help visualize this result, Fig. 6B shows where the optimal

mounting point configuration is with respect to the user. Finally, in order to give a

sense of the stiffness expected for the optimal mounting point configuration, Fig. 6C

shows the corresponding generalized translational and rotational stiffness ellipsoids.

These ellipsoids represent the average stiffness found in 10◦ intervals between arm at

rest, 90◦ flexion and 90◦ abduction for the entire workspace. Presented in a similar

form to the previous result, the optimal solution for the sagittal plane is shown in Fig.

7A as a point cloud of best solutions. Solutions were found at 5◦ intervals between

arm at rest and 90◦ flexion for the sagittal plane. The virtual center of each point

cloud for the top, middle and bottom actuator, respectively, are At = [-0.5183,-0.1524,

0.1581]T m, Am = [-0.2905, -0.3831,-0.211]T m and Ab = [-0.1262, -0.5369, -0.4711]T

m. As before, Fig. 7B shows where the optimal mounting point configuration is with

respect to the user and Fig 7C shows the generalized stiffness ellipsoids corresponding

to the point cloud of best solutions.

It should be noted that, while Fig. 6 and Fig. 7 represent the best solutions for

the entire workspace and sagittal plane, respectively, they do not consider certain

real world factors, such as mechanical interference. In these cases the results were
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Figure 3.6: (A) Point clouds representing the actuator mounting point positions
corresponding to optimized stiffness for the entire workspace. Solutions are found at
10◦ intervals between arm at rest, 90◦ flexion and 90◦ abduction. The virtual center
of each cloud is marked by a black dot. (B) Depiction of where the optimal mounting
point configuration is with respect to the user. (C) Shows the generalized trans-
lational and rotational stiffness ellipsoid (black) along with the standard deviation
(dotted red) for the configuration shown in Fig. 6B for movement through the entire
workspace.
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Figure 3.7: (A) Point clouds representing the actuator mounting point positions
corresponding to optimized stiffness for the sagittal plane. Solutions are found at
5◦ intervals between arm at rest and 90◦ flexion. The virtual center of each cloud is
marked by a black dot (B) Depiction of where the mounting point configuration is with
respect to the user. (C) Shows the generalized translational and rotational stiffness
ellipsoid (black) along with the standard deviation (dotted red) for the configuration
shown in Fig. 7B for movement in the sagittal plane only.
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somewhat fortunate, because the virtual center of each point cloud is not unreasonably

close to the adjacent solution(s). Therefore, mechanical interference between the

actuators will not occur for the workspace defined. However, this could change if the

desired workspace or task were to change.

3.3 Discussion

This work presented here was motivated by the need for wearable robotic architec-

tures that are capable of matching the workspace of a user while maintaining a high

operational stiffness. Because of limitations in the stiffness or workspace of previous

designs, the authors developed a novel parallel architecture specifically intended for

interface with complex biological joints. Demonstrated in the form of a shoulder ex-

oskeleton, the authors identify here the techniques needed to optimize the stiffness of

the device in order to more effectively perform a desired task or operate in a given

workspace.

The results of this paper detail a theoretical stiffness model for the novel parallel

actuated shoulder exoskeleton presented, along with an experiment to validate the

model. Errors of 6.24% and 12.33% for translational and rotational stiffness, respec-

tively, were reported. Considering possible sources of errors in the stiffness model

described in the Section III. A, the model still proved to be a reliable approximation

of stiffness.

Using this model, along with a bounded nonlinear multi-objective optimization

technique, it was shown how to configure the actuated substructures of the device

so as to maximize stiffness in a given workspace. The workspace demonstrated here

was equal to one octant of a sphere and defined by the three arm orientations: 90◦

flexion, 90◦ abduction, and at rest. In a similar manner, it was also shown how to

maximize stiffness for certain motions within this workspace. This was demonstrated
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by maximizing stiffness in the sagittal plane for a lifting task. Both the results for

the entire workspace and sagittal plane provided reasonable solutions with respect to

real word concerns, such as mechanical interference.

The main contribution of this work is in the detailing of how the stiffness model of

a novel parallel actuated shoulder exoskeleton can be used, along with optimization

techniques, to maximize the device’s stiffness for a particular task or workspace.

Additionally, because the architecture of the device can be applied to other spherical

joints like the hip, wrist and ankle, it means the stiffness model can be applied to

these joints as well. Therefore, future exoskeletons using this architecture could have

the stiffness of many joints optimized for overall performance or for specific tasks,

such as lifting, stair climbing or running.
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Chapter 4

A NEW PARALLEL ACTUATED ARCHITECTURE FOR EXOSKELETON

APPLICATIONS INVOLVING MULTIPLE DEGREE-OF-FREEDOM

BIOLOGICAL JOINTS

4.1 Introduction

The majority of exoskeleton robotic devices utilize a serial chain architecture of

actuated joints and linkages to accomplish a desired task (Craig, 2005). Such designs

may in part be bio-inspired by our own anatomy of bones and ligaments, and therefore

might seem a logical choice for mirroring or augmenting our own movements. While

this rationale holds for simple one degree-of-freedom (DoF) joints like the elbow and

knee, it does not for multiple DoF ball and socket joints like the shoulder, hip, wrist

and ankle. Unlike 1-DoF biological joints that can share an axis of rotation with a

corresponding artificial joint, ball and socket joints operate about a center of rotation

that cannot be shared in an anatomically similar manner. Therefore, in order for a

serial actuated exoskeleton to interface with a ball and socket joint, its design must

diverge from our own anatomy.

The most common solution to augment the motion of a ball and socket joint

with serial actuation is to use a multiple linkage robotic armature. The armature

works to bridge the ball and socket joint by connecting the structures on either side.

While this approach works from a kinematic standpoint, it can be problematic from a

dynamic one. In order to bridge a 3-DoF ball and socket joint using a serial armature,

the armature must contain at least three joints and two linkages. The moment arm

associated with these linkages has the inherent disadvantage of amplifying torques
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applied to the joint by external forces. Furthermore, each motorized joint in the

armature must be capable of not only actuating the corresponding human limb, but

also able to lift and manipulate the joints that follow in series. This requires larger

motors that consume more energy.

Despite its problems, serial actuation is still arguably the most popular solution for

emulating ball and socket joint motion. It has been utilized extensively in exoskeleton

robotics with several notable examples including the XOS by Sarcos/Ratheon, HAL

by CyberDyne (Bogue, 2009), Body Extender by Perceptual Robotics Laboratory

(Marcheschi et al., 2011), HULC by Ekso Bionics (Young and Ferris, 2017), and H-

Wex by Hyundai (Toxiri et al., 2018). It could be contended that the popularity of

using serial actuation for the purpose augmenting ball and socket joint motion is not

the result of ideal performance, but rather a lack of viable alternatives.

When considering alternatives to the conventional use of serial actuation to aug-

ment ball and socket joint motion, parallel actuation may come to mind. A parallel

architecture can offer many benefits over a serial one. Below is a list of the most

prominent advantages of parallel actuation that are relevant to exoskeleton robotics.

1. Short moment arm: The end effector of a parallel actuated system has a consid-

erably shorter moment arm than that of a serial system with comparable DoF

(Hunt, 1983; Stechert et al., 2006). This can help reduce the resultant torque

applied at a joint by external forces.

2. Low end effector inertia: Parallel actuated systems have a low center of mass,

which results in low end effector inertia (Hunt, 1983; Stechert et al., 2006). This

can reduce energy cost during operation and is an important consideration from

a mobility perspective.

3. High end effector acceleration: As a result of low end effector inertia, parallel
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actuated systems are typically capable of high end effector acceleration (Hunt,

1983; Stechert et al., 2006). This can be advantageous for high performance

augmentative applications.

4. Minimal positioning error : Unlike serial actuated systems, which have position

errors that accumulate and amplify from base to end effector, parallel systems

work to attenuate errors found in one or more linkages through cooperative end

effector control (Hunt, 1983; Stechert et al., 2006; Merlet, 2006).

5. High potential stiffness: The multiple mounting point locations on both the

mobile platform and stationary base of a parallel system can lead to high me-

chanical stiffness (Hunt, 1983; Stechert et al., 2006; Gosselin, 1990; Pashkevich

et al., 2009). However, this result is highly dependent on both the parallel

architecture type and degree of actuation chosen.

6. May not occupy center of rotation: Parallel actuated systems can be designed

to rotate about a point without occupying it (Stechert et al., 2006; Gosselin and

Lavoie, 1993). This has important application when interfaced with ball and

socket joints like the shoulder, hip, wrist, and ankle.

Several exoskeleton robotic devices have incorporated parallel actuation in prior

work. A few notable examples include the RiceWrist (Gupta et al., 2008) and the

MR-SoftWrist (Erwin et al., 2015), both of which utilize a three revolute–prismatic–

spherical (3-RPS) architecture (Kim and Tsai, 2002) and the Anklebot (Roy et al.,

2009), which uses a two spherical–prismatic–spherical (2-SPS) architecture (Alici and

Shirinzadeh, 2004). These robot architectures have been used quite successfully to

study certain properties of the human neuromuscular system (Pehlivan et al., 2014;

Kong and Gosselin, 2004). However, these robots require the human joint to be used
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in the closed-form kinematic solution. This is not ideal for certain augmentation

applications where dangerously high forces could be transmitted through the system

and thus the user.

Despite a few examples of its use, parallel actuation has not yet been widely

adopted in the field of exoskeleton robotics. The primary reason for this is that

parallel actuated architectures that do not include the human joint as part of the

closed form kinematic solution are disadvantaged by a relatively small workspace

when compared to serial actuation. This can make it difficult to meet the design

requirements of many applications. This limitation is largely a result of mechanical

interference between the parallel actuated linkages (Stechert et al., 2006). A good

example of this interference can be observed in the 6-DoF Stewart-Gough platform

with its six parallel actuators (Tsai and Joshi, 2000).

One method of achieving a larger workspace with parallel actuation is to utilize an

architecture that contains fewer parallel linkages and thus less mechanical interference.

Such architectures are typically designed to operate with either purely translational

or rotational motion and are commonly referred to as translational parallel manipu-

lators (TPM) and spherical parallel manipulators (SPM), respectively (Gosselin and

Lavoie, 1993; Kong and Gosselin, 2004). In the case of a ball and socket joint that

only requires spherical motion, the use of an SPM is possible. Several SPM archi-

tectures have been proposed over the years, with the most common being the Three

Universal Parallel Universal (3-UPU) (Walter et al., 2009) and the Three Rotational

Rotational Rotational (3-RRR) (Wu et al., 2011). Both of these designs have three

decoupled rotational DoF and do not occupy the center of rotation. Therefore, either

design could theoretically be used for a exoskeleton robotic application. However,

both have been found to have limitations. The 3-UPU, though sound from a kine-

matic standpoint, has been shown to have poor dynamic performance as a result
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of a high number of passive DoF (Walter et al., 2009). The 3-RRR, while also not

ideal from a dynamic standpoint (Wu et al., 2011), has the additional problem of its

curved linkages passing through the majority of the spherical workspace. This makes

mechanical interference with the limb a concern.

Limitations with current SPM architectures available led the authors to develop

the first SPM specifically intended for exoskeleton robotics in prior work (Hunt et al.,

2017). The principal concept of this early design was to minimize the number of par-

allel substructures while maximizing the number of active DoF in order to maintain

good dynamic performance. This was done through a new technique the authors de-

veloped call Modular Motion Coupling. This technique involved the use of a specially

designed gearbox with one input and multiple outputs connected to each parallel sub-

structure. The multiple outputs would be used to actively control multiple DoF of

each substructure dependently. With more active DoF, dynamic performance overall

would be improved while still maintaining a large workspace. A prototype of the

design was developed to validate its kinematics and investigate its dynamic behavior.

Building and testing this new parallel architecture helped identify two issues with

it. First, the need for a complex gearbox with two different specifically geared outputs

was found to be significantly more expensive than a traditional gearbox. This limits

the design’s adoptability from an economic standpoint. Second, while the design

was able to provide good dynamic performance along the DoF that were actively

controlled, the passive roll DoF of each substructure was not directly actuated, but

instead determined by the synergistic motion of all three substructures and proved

susceptible to positioning error under load. While likely not an issue for low force

tasks, this result could be problematic for high force augmentative applications.

In an effort to resolve the issues with the author’s prior work, a novel SPM was

developed and is presented in this work. The two driving design principles of this
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new architecture are affordability and fully active DoF control of all substructures so

as to provide good dynamic performance. The design varies from any other SPM,

including the author’s prior work, through its utilization of multiple four bar linkages

as part of a greater mechanism to generate spherical motion. Therefore, the design

will be referred to in this work by the acronym 4B-SPM.

The rest of this paper focuses on the 4B-SPM architecture and its potential ap-

plication for exoskeleton robotics. Section II begins with an overview of the 4B-SPM

design, followed by an analysis of its forward and inverse kinematics. Techniques

to actuate all DoF of each substructure in order to improve dynamic performance

are also introduced. Lastly, a cooperative control strategy is discussed that allows

the 4B-SPM to operate with highly flexible joints, like the shoulder and hip, with-

out experiencing mechanical interference between operator and device. Section III

demonstrates four different 4B-SPM exoskeleton simulations that establish both the

range of application and validate the kinematic methods describe in Section II. These

simulations include an ankle, hip, wrist and shoulder exoskeleton robot. Also included

in Section III is a case study, in which the development of a shoulder exoskeleton is

considered in order to discuss the real world cost and feasibility of the 4B-SPM. Fi-

nally, Section IV concludes the paper with a discussion of the results and a summary

of contribution.

4.2 Methods

4.2.1 Overview of the 4B-SPM Architecture

The architecture of the 4B-SPM is shown in Fig. 1. The design consists of three

actuated substructures that couple a stationary base to a mobile platform. The mo-

bile platform has three independent rotational DoF and operates tangential to the
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spherical workspace shown in Fig. 1. Each substructure is comprised of a 4-bar mech-

anism connected to a grounded revolute joint at its base. The axes of the grounded

joints are designed to intersect at a desired point in space. This point represents the

center of rotation of the mobile platform. The top linkage in each 4-bar mechanism

is extended to reach the mobile platform. Each top linkage is coupled to the mo-

bile platform using a 3-DoF spherical joint. Depending on the dynamic performance

requirements, three versions of the 4B-SPM that use different actuation methods

are presented. These include the three revolute actuator version presented in Fig. 1,

along with a six revolute actuator version and a three revolute two prismatic actuator

version discussed in Section II-D. While all three architecture share similar kinematic

solutions, each has advantages and disadvantages. The three revolute actuator ver-

sion presented first is the simplest and thus most economic, but is susceptible to low

torque output in certain configurations. Therefore, this architecture is not ideal for

high load applications. The two alternate designs discussed are more complicated,

but offer benefits that include more homogenous torque output and/or higher stiff-

ness. More details regarding the dynamic advantages of these two architectures are

provided in Section II-D.

4.2.2 Forward Kinematics

In order to implement practical control of the 4B-SPM, its forward kinematics

must be solved so that any differences between commanded and actual position can

be mitigated using a closed-loop controller. Solving the forward kinematics require a

unique solution to exist for a given set of commands. A singular kinematic solution

was shown to exist for the author’s prior SPM design that functioned using the same

number of substructures with the same number of active and passive DoF (Hunt

et al., 2017). Therefore, the 4B-SPM can be classified under the same category of
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Figure 4.1: Architecture of the 4B-SPM. The design consists of three substructures,
each comprised of a 4-bar linkage connected to a grounded revolute joint. The top
linkage in each 4-bar mechanism is extended to reach a mobile platform. Each top
linkage is coupled to the mobile platform using a spherical joint. The mobile platform
is capable of spherical motion about the point in which the axes of all three grounded
revolute joints intersect.

SPM and is subject to the same mobility.

As with many parallel architectures, the forward kinematics of the 4B-SPM are

not observable using only actuator feedback (Lee and Shah, 1988). Instead, it is

necessary to integrate additional sensors into each 4-bar substructure so that the roll,

in addition to the pitch, can be directly measured. By knowing the roll and pitch

of each substructure, the corresponding end points (i.e., platform mounts) shown

in Fig. 2 can be determined. This is most easily done by first realizing that the

platform mount vector P i that originates at the global origin frame at the center of

the spherical workspace is equal to the 4-bar linkage vector Ci. This is because P i

is not a physical linkage and consequently its magnitude and direction are dictated

by the parallel vector Ci. Therefore, if the pitch i and roll i sensors of a given

substructure are zeroed with respect to the global frame, then the resulting spherical

coordinates (
∣∣Ci

∣∣ , i, i) of Ci can be directly converted into the Cartesian coordinates
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Figure 4.2: Vector representation of the 4B-SPM. All vectors originate at the origin,
but are drawn in a configuration similar to Fig. 1 to help the reader identify what
each vector represents. The global origin frame is denoted by the RGB (xyz) frame
shown at the center of the spherical workspace.

(xi, yi, zi) of platform mount P i.

Once the three platform mounts P 1,2,3 are identified, they can be used to generate

a transformation matrix T that describes the position P c and orientation R of the

platform at its centroid. Referring again to Fig. 2, the transformation matrix T

can be obtained by first considering the platform orientation component R. The 3x3

matrix R can be determined by first generating an intermediate rotation matrix R′

that is dependent only on the position of the platform mounts P 1,2,3 and does not

consider the desired XY planar orientation needed to align the local platform frame

with the direction of a user limb. Assume that matrix R′ is orientated as shown in

Fig. 2, then R′ can be calculated as follows:
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R′ = [R
′
x R

′
y R

′
z] (4.1)

where

R
′
z =

(P 2 − P 1) × (P 3 − P 1)∣∣(P 2 − P 1) × (P 3 − P 1)
∣∣ (4.2)

R
′
y =

R
′
z × P 1∣∣∣R′z × P 1

∣∣∣ (4.3)

R
′
x = R

′
y × R

′
z (4.4)

If R′ is assumed to not have the same desired XY planar alignment as R, then it

must be multiplied by the rotation matrix Rz about the z-axis, such that:

R = RzR
′ (4.5)

where

Rz =


cos(α) −sin(α) 0

sin(α) cos(α) 0

0 0 1

 (4.6)

The angle α is taken to be measured from the axis R
′
x as shown in Fig. 2. The

direction of the new axis Rx is intended to be aligned with the user limb. Therefore,

α is dependent on the particular geometric design of the mobile platform.

With the rotation matrix R of the platform known, the only component of trans-

formation T left to determine is platform translation. If the translation P c of the

platform is taken to be its centroid, then calculating P c is a simple matter of finding

the mean vector described by P 1,2,3, which is:
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P c =
1

3

3∑
i=1

P i (4.7)

With both the rotation and translation of the platform known, the complete transfor-

mation matrix T that describes the platform position and orientation as a function

of the three platform mounts P 1,2,3, with respect to the global frame, can be written

as:

T =

 R P c

01x3 1

 (4.8)

To clarify the components of the transformation matrix T , 0n x m represents a zero

vector comprised of n rows and m columns, R represents the desired 3x3 platform

rotation matrix and P c represents the calculated 3x1 platform centroid vector.

4.2.3 Inverse Kinematics

The second kinematic operation that must be considered in order to implement

effective control over the 4B-SPM is its inverse solution. For this operation, the ro-

tation matrix R of the platform is given and the substructure pitch and roll angles

are to be calculated. As with the forward kinematics, identifying the mounting point

positions should be considered a first step toward obtaining the substructure pitch an-

gles. To find P 1,2,3 that correspond to the commanded R, a series of transformations

are used. These transformations in order are: (7.1) rotational transformation T 1 from

the global frame orientation to the mobile platform orientationR, (3.2) translational

transformation T 2 from the center of rotation to the platform centroid at radius r,

(6.2) translational transformation T 3,i from the mobile platform centroid to the plat-

form mounting point position. Therefore, the transformation matrix that describes

the position of each platform mount T p,i as a function of the platform orientation R,
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platform centroid radius of operation r, and the distance from the platform centroid

to the platform mounting points pi can be expressed as:

T p,i = T 1T 2T 3,i (4.9)

where

T 1 =

 R 03x1

01x3 1

 (4.10)

T 2 =


I

0

0

r

01x3 1


(4.11)

T 3,i =

 I pi

01x3 1

 (4.12)

Here, I represents a 3x3 identity matrix and 0n x m represents a zero vector comprised

of n rows and m columns. The platform mounts P 1,2,3 with respect to the origin

are given as the translational component of the transformation T p,i. The platform

centroid radius of operation is given as r. The pitch βi and roll γi angles of a given

substructure i can be identified using P i, Bi and the global reference frame vector z

such that:

βi = acos
P i •Bi∣∣P i

∣∣ • ∣∣Bi

∣∣ (4.13)

γi = acos

(
Bi × z

)
•
(
Bi × P i

)∣∣Bi × z
∣∣ • ∣∣Bi × P i

∣∣ (4.14)
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It should be noted that since Eq. 13 and Eq. 14 utilize a dot product operation, the

sign of each angle is undetermined. Therefore, it is important to observe the location

of P i so that the correct sign convention can be applied.

4.2.4 Roll Actuation of the 4B-SPM Substructures to Improve Dynamic

Performance

Many SPM designs have been shown to have sound kinematics, but do not function

well under real world conditions. The reason for this is that certain DoF of a given

SPM may not be directly actuated, but instead are determined by the synergistic

motion of its substructures (Walter et al., 2009; Liu et al., 2000). This is problematic,

because certain substructure orientations may produce low torques or forces along the

DoF that are not directly actuated. In the case of the 4B-SPM, this is potentially

the roll DoF of each substructure. Thus, for certain applications where high loading

is a possibility, it may be necessary to actuate the roll DoF of each substructure in a

more direct way in order to produce a more homogeneous output torque. Here, two

methods to do so are discussed.

D1. Roll actuation using three revolute motors

The simplest and most direct method of actuating the 4B-SPM substructure roll

is to actuate each ground revolute joint as shown in Fig. 3. Thus, for this version

of the 4B-SPM, both pitch angle i and the roll angle i found in Section II-C would

be directly controlled. This method of roll actuation would, in effect, produce three

simple serial architectures. Each of the serial architectures has its own independent

singular kinematic solution, but share the same coupled solution described in Section

II-A and II-B.

While the addition of three revolute motors works to actuate roll, it also brings the

total motor count to six. This may raise questions as to whether a more traditional
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Figure 4.3: Method of substructure roll actuation by the addition of three motors.
Each of the three motor are fixed to the ground and coupled to the roll axis of each
respective 4 bar mechanism.

six actuator parallel architecture, such as the Stewart Platform (i.e., hexapod) could

be used instead of the 4B-SPM. The answer to this goes back to the workspace

limitations. Because the 4B-SPM has only three substructures instead of six, it

encounters less mechanical interference between substructures and therefore affords

a larger spherical workspace.

D2. Roll actuation using two interconnecting motorized linkages

A second approach to roll actuation is to include linkages between substructures

1-2 and 2-3 as shown in Fig. 4. By connecting one end of a linkage to a motorized

slider mounted on one of the two corresponding substructures, it is possible to adjust

the linkage position such that it does not violate the kinematic solution found in

Section II. This approach has a two advantages. First, it only requires two additional

motors instead of three. Second, because the linkage is mounted away from the roll

axis of each substructure, it helps to further reduce deflection. On the other hand, the
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Figure 4.4: Method of substructure roll actuation by the addition of two linear actu-
ated sliders. The sliders are positioned on the outermost substructure with each cou-
pled to the central substructure using interconnecting linkages mounted with spherical
joints on either end.

use of motorized sliders makes this approach more complex from a design standpoint

than the three and six motor configurations described in Section A and Section D1,

respectively.

To find the slider positions that comply with the kinematic solution found in

Section II, a system of equations must be solved in a simultaneous manner. Referring

to Fig. 5, consider the system:

B1 + C1 + k1D1 + L1 = B2 + C2 + k2D2 (4.15)

Here, k1 and k2 are scalars of the corresponding D vectors such that kiDi < Di.

Assume the slider is placed along D1, then k1D1 describes the position of the slider

and k2D2 is a fixed position along D2. The position of k2D2 is a design choice and

therefore known. The vectors B1 C1 and D1 are also known from Section II. The

unknown terms are k1 and the interconnecting linkage vector L1. Thus, from Eq. 15,

we have three equations and four unknowns. The design choice of magnitude of L1
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Figure 4.5: Vector representation of the 4B-SPM with the inclusion of two linear
actuated sliders and two interconnecting linkages.

must be made before the unknowns can be determines, such that:

∣∣L1

∣∣2 = L1,x
2 + L1,y

2 + L1,z
2 (4.16)

By solving Eq. 15 and Eq. 16 simultaneously, it is possible to identify the slider

position k1 that complies with the kinematic solution given in Section II. In a similar

manner, k3 can be determined by choosing k2 to remain fixed.

4.2.5 Cooperative Control Method to Improve Effective Workspace

As mentioned in the Introduction, one of the disadvantages of parallel manipula-

tion is limited workspace. Although the 4B-SPM architecture presented here provides

one of the largest known spherical workspaces, it can still have difficulty matching

the range of motion of a highly flexible joint, such as the shoulder or hip. Depending

on the task, the mechanical limits of the 4B-SPM may be reached before that of the

human joint. One method for increasing workspace is control the roll axis of the
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4B-SPM such that the mobile platform is always rolling back toward the center of the

workspace, thus mitigating mechanical interference that occurs near its boundaries.

With this method, the human can maintain control of both pitch and yaw of the

limb while a controller determines the optimal roll for a given desired position. This

method is referred to as cooperative control and is presented here. It should be noted

that this new method shares some techniques with a similar method that the authors

developed in a prior work (Hunt et al., 2017).

The cooperative control technique discussed here involves allocating one of the

three DoF of the 4B-SPM to the robot controller. This is done so that the robot

controller can determine the solution to this DoF so as to keep the 4B-SPM within

its workspace while still following the 2-DoF commands sent by the operator. To

better understand this idea, the shoulder will be used as an example moving forward.

The shoulder arguably has the greatest range of motion of any joint in the body and

therefore is an ideal candidate for such a technique.

For the example of a shoulder exoskeleton, the operator would control the incli-

nation and azimuth of the arm, while the robot would control the roll of the shoulder

plate (i.e., mobile platform) in order to keep the 4B-SPM from hitting a mechanical

limit. This allows for greater range of motion with the 4B-SPM, but the division of

control has a drawback. Allowing the robot control of the shoulder plate roll limits

operator ability to reach a desired position with a particular roll orientation of the

arm. Therefore, for the device to remain effective, a 1-DoF revolute joint interface

between the human operator and the 4B-SPM must be added. This joint could be

passive or active depending on the application.

One novel method of determining the roll solution of the shoulder plate is presented

here. For this method, the roll of the shoulder plate is considered as a function of

the inclination and azimuth of the arm. From Section II, the rotation matrix R that

63



defines the orientation of the platform can be described by a set of three Euler angles.

These three angles will be defined as the azimuth ϕ, inclination θ, and roll ψ of the

arm. Therefore, using the global coordinate frame shown in Fig. 2, the matrix R can

be defined as:

R = RzRyRx (4.17)

where

Rz =


cos(ϕ) −sin(ϕ) 0

sin(ϕ) cos(ϕ) 0

0 0 1

 (4.18)

Ry =


cos(θ) 0 sin(θ)

0 1 0

−sin(θ) 0 cos(θ)

 (4.19)

Rx =


1 0 0

0 cos(ψ) −sin(ψ)

0 sin(ψ) cos(ψ)

 (4.20)

The matrices Rz and Ry are functions of ϕ and θ, respectively, and therefore are

determined by the operator. To determine the shoulder plate roll matrix Rx, it is

necessary to consider how one would desire the shoulder plate to move. For example,

Fig. 6 shows a set of shoulder plate orientations R selected for a particular range

of motion defined by arm at rest, 90◦ flexion, and 90◦ abduction. Each of these arm

directions has a corresponding roll matrix Rx associated with it. Since Ry, Rz, and

R are known, the roll matrix Rx can be determined by:

Rx = Ry
−1Rz

−1R (4.21)
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The angle ψ that defines Rx can be determined by comparing similar terms be-

tween Eq. 20 and Eq. 21. Now, with all the Euler angles known, it is possible to

choose a function for ψ that describes its solution for any location within the desired

range of motion. The chosen solution must not only satisfy the three boundary solu-

tions already known, but also take into consideration whether the desired roll motion

between boundary solutions should be linear, sinusoidal, etc. For example, assume

linear roll motion between points is desired, then the function ψ that also satisfies

the boundary solutions can be expressed as:

ψ =
2θϕ

π
− θ +

π

2
rad/s (4.22)

Therefore, the Euler angle ψ that describes the shoulder plate roll is a linear

function of the desired azimuth and inclination Euler angles ϕ and θ as determined by

the operator. This relation satisfies the three rotation matrices shown in Fig. 6. As a

result, it should be noted that since Eq. 22 was developed using the desired workspace

boundary orientations in Fig. 6, it is only applicable for that set orientations. For

example, consider the alternative case where the desired shoulder plate orientation

for 90◦ abduction were above rather than behind the shoulder, then a new function

for ψ would need to be developed using this new rotation matrix, along with the other

two shown in Fig. 6.

4.3 Results

4.3.1 Kinematics

To demonstrate the versatility and kinematics of the 4B-SPM, a series of ex-

oskeleton simulations created using Matlab (MathWorks, MA) are presented. These

include an ankle, a wrist, a hip, and a shoulder exoskeleton. For each simulation, both
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Figure 4.6: Desired shoulder plate orientations corresponding to the three boundary
arm configurations that define the workspace. These include: (A) arm at rest (ϕ = 0,
θ = π/2, and ψ = 0 or ϕ = π/2, θ = π/2, and ψ = π/2), (B) 90◦ flexion (ϕ = π/2,
θ = 0, and ψ = π/2), and (C) 90◦ abduction (ϕ = 0, θ = 0, and ψ = π/2). For
each arm configuration, the corresponding rotation matrix of the shoulder plate with
respect to the global frame is shown.

methods of roll actuation described in Section II-D are demonstrated. Additionally

included for the shoulder exoskeleton is the cooperative control technique discussed in

Section II-E. Each simulation shows the 4B-SPM linkages as red lines and the mobile

platform as a red plane defined by the three mounting points. It should be noted that

for a real device, the mobile platform would likely represent a shoulder plate for the

shoulder, a rigid cuff for the hip, a shoe for the ankle, and a glove for the wrist. One

final aspect of these simulations to be aware of is that since placement of both the

base mounts and platform mounts are flexible, each simulation only demonstrate one

possible configuration of the 4B-SPM. The configurations shown were chosen because

each interfaces well with the anatomy of the corresponding joint while still reaching

the desired workspace.

4.3.2 Ankle Exoskeleton:

A 4B-SPM ankle robot is shown in Fig. 7. A simulation of its kinematics for

both roll actuation methods described in Section II-D is shown in Extension 1. In

the video, the ankle range of motion is shown with bounds of 45◦ planter flexion, 15◦

dorsiflexion, 20◦ inversion, 20◦ eversion, 20◦ pronation, and 20◦ supination. These
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bounds were chosen to approximately match accumulative average range of motion

data (Hoffman, 2006), but could be changed if needed. In this configuration, the

base mounts are positioned about the tibia bone and the mobile platform mounts are

positioned atop the front and back of the foot. Depending on the application, the

mobile platform may be taken as a shoe and the stationary base as either part of a

greater exoskeleton or possibly a knee orthosis brace.

4.3.3 Wrist Exoskeleton:

The 4B-SPM wrist robot is shown in Fig. 8. A simulation of its kinematics

for both roll actuation methods described in Section II-D is shown in Extension

2. In the video, the wrist range of motion is shown with bounds of 65◦ flexion,

65◦ extension, 75◦ pronation, 75◦ supination, 20◦ ulnar deviation, and 20◦ radial

deviation. These bounds were chosen to approximately match accumulative average

range of motion data (Schiele and Van Der Helm, 2006), but could be changed if

needed. In this configuration, the base mounts are positioned about the forearm and

the mobile platform mounts are positioned on the back of the hand opposite the palm.

Depending on the application, the mobile platform could be taken as a partially rigid

glove and the stationary base as either part of a greater exoskeleton or possibly an

elbow orthosis brace.

4.3.4 Hip Exoskeleton:

The 4B-SPM hip robot is shown in Fig. 9. A simulation of its kinematics for

both roll actuation methods described in Section II-D is shown in Extension 3. In the

video, the hip range of motion is bounded by the three operator leg configurations of

90◦ flexion, 30◦ abduction, and at rest. These bounds were chosen to approximately

match accumulative average range of motion data Schiele and Van Der Helm (2006),
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Figure 4.7: 4B-SPM ankle exoskeleton. (A) Shows the 4B-SPM architecture used
for three or six revolute motors as described in Section II A and Section II D1,
respectively. (B) Shows the 4B-SPM architecture used for three revolute motors and
two linear actuators as described in Section II D2. The interconnecting linkages that
slide up and down the outermost substructures via linear actuation are shown in blue
to help distinguish them from the rest of the 4B-SPM.
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Figure 4.8: 4B-SPM wrist exoskeleton. (A) Shows the 4B-SPM architecture used
for three or six revolute motors as described in Section II A and Section II D1,
respectively. (B) Shows the 4B-SPM architecture used for three revolute motors and
two linear actuators as described in Section II D2. The interconnecting linkages that
slide up and down the outermost substructures via linear actuation are shown in blue
to help distinguish them from the rest of the 4B-SPM.
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but could be changed if needed. In this configuration, the base mounts are positioned

about the waist and the mobile platform mounts are positioned about the femur.

Depending on the application, the mobile platform could be taken as a cuff about the

upper leg and the stationary base as either part of a greater exoskeleton or possibly

a partially rigid vest.

4.3.5 Shoulder Exoskeleton:

The 4B-SPM shoulder robot is shown in Fig. 10. A simulation of its kinematics

for both roll actuation methods described in Section II-D using the cooperative con-

trol technique for improving effective workspace discussed in Section II-E is shown

in Extension 4. To help demonstrate the importance of cooperative control for large

range of motion joints, Extension 5 shows what happens when it is not implemented

for the shoulder exoskeleton. In these videos, the shoulder range of motion is bounded

by the three operator arm configurations of 90◦ flexion, 90◦ abduction, and at rest.

While the range of human shoulder motion on average exceed these bounds Schiele

and Van Der Helm (2006), this workspace is sufficient to demonstrate both the archi-

tecture’s potential application for a shoulder exoskeleton device and the cooperative

control techniques descripted in Section II-E. The range of motion could be increased

by utilizing bounded nonlinear multi-objective optimization to configure the parallel

substructures so as to maximize the workspace [33]. In this configuration, the base

mounts are positioned behind the operator and the mobile platform mounts are posi-

tioned on a shoulder plate. Depending on the application, the stationary base could

be taken as either part of a greater exoskeleton or possibly an electric wheel chair.

70



Figure 4.9: 4B-SPM hip exoskeleton. (A) Shows the 4B-SPM architecture used
for three or six revolute motors as described in Section II A and Section II D1,
respectively. (B) Shows the 4B-SPM architecture used for three revolute motors and
two linear actuators as described in Section II D2. The interconnecting linkages that
slide up and down the outermost substructures via linear actuation are shown in blue
to help distinguish them from the rest of the 4B-SPM.
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Figure 4.10: 4B-SPM shoulder exoskeleton. (A) Shows the 4B-SPM architecture
used for three or six revolute motors as described in Section II A and Section II D1,
respectively. (B) Shows the 4B-SPM architecture used for three revolute motors and
two linear actuators as described in Section II D2. The interconnecting linkages that
slide up and down the outermost substructures via linear actuation are shown in blue
to help distinguish them from the rest of the 4B-SPM.
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4.3.6 Case Study: 4B-SPM Shoulder Exoskeleton Design and Development

Considerations

In order to have the opportunity to discuss 4B-SPM exoskeleton design aspects

such as cost feasibility, material selection and control methods, a case study is per-

formed here. The objective of this case study is to demonstrate viability of the 4B-

SPM architecture through a dialogue regarding aspects critical to its development.

A 4B-SPM shoulder exoskeleton was chosen as the subject of this case study. The

shoulder was chosen because its complexity relative to the hip, wrist and ankle would

suggest that the design methods involved could likely be extrapolated and applied to

these simpler joints as well. For this case study, the device is assumed to not be part

of a greater exoskeleton system, but instead mounted to a support structure, such as

a stationary frame or electric wheel chair.

For this case study, the roll actuation method described in Section-II D1 was

chosen in order to provide good dynamic performance. This method was selected

because the top linkage connecting each four bar mechanism to the shoulder plate

is relatively short for the chosen actuator configuration and therefore does not lend

itself well to the roll actuation method described in Section-II D2.

The 4B-SPM shoulder exoskeleton for this case study is shown in Fig. 11, 12.

The design consists of three substructures, each equipped with two Dynamixel MX-

106R smart servo motors (Robotis, South Korea) with the actuated roll configuration

shown in Fig. 3. Each four bar mechanism is built using a combination of rod end

bolts, threaded rod, ball bearings, and 6061 aluminum tubing. Each four bar mecha-

nism is coupled to a shoulder plate constructed from 6061 aluminum using a ball joint

rod end. The position and orientation of each substructure is held fixed with respect

to one another through the use of static Stewart-Gough platforms (SSGP) built using
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threaded rod and ball joint rod ends. The use of SSGPs is an affordable position-

ing solution that also offers high stiffness and the ability to alter the substructure

configuration if desired. A third SSGP (not shown in Fig. 11, 12) is used to rigidly

connect the shoulder exoskeleton to a stationary support frame. It should be noted

that the use of SSGP is only one possible solution for the positioning of each actuated

substructure. Alternatively, a single piece of custom fabricated material with mounts

to connect the three substructures could be used.

It is important to mention not only where the actuated substructures are posi-

tioned, but how they are positioned. Proper alignment of the actuated substructures

is important. If all substructures do not rotate about the same center of rotation,

then the workspace would be ellipsoidal instead of spherical. Additionally, mechanical

stress due to misalignment will occur. Two methods to ensure proper alignment of

the substructures have been considered: (7.1) With a CAD rendition of the desired

4B-SPM, the designer could extend rods along the roll axis of each substructure and

intersect them at the center of rotation. These rods could be encapsulated about the

center of rotation by a cubic structure. By subtracting the rod geometry from the

cubic geometry, the designer would be left with a part that could be used to orient all

three substructures. This cubic part could be 3D printed or fabricated out of more

robust materials. The designer would only need to fix temporary rods along the axis

of rotation of each substructure to intersect the cubic part during installation of the

SSGPs. (3.2) As previously mentioned, one alternative to SSGPs would be to use a

single piece of custom fabricated material with mounts to connect the three substruc-

tures. If this option were used, then the designer would only need a CAD rendition

of the desired 4B-SPM with known substructure mounting locations to design and

commission a single piece component that would ensure that the roll axis of each

substructure intersects at the same point.
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Figure 4.11: 4B-SPM shoulder exoskeleton with a six motor configuration. Shown
is a back, side and front view of the device.

To couple the shoulder plate to the operator, a cuff positioned at the upper arm is

used. As briefly mentioned in Section II-E, in order for cooperative control techniques

that improve the effective workspace of the shoulder exoskeleton to be applied, an

additional DoF must be added at the cuff. This is accomplished by constructing

the cuff from two concentric tubes. The outer tube is connected to the shoulder

exoskeleton and the inner tube is positioned around the upper arm with a padded

interface between operator and cuff, as shown in Fig. 11, 12. Not only does this

design permit the rotational 1-DoF required for cooperative control, but it also allows

1-DoF of minor translational slip motion between the cuffs. This slip is critical to

preventing possible joint misalignment between the operator and shoulder exoskeleton

from applying dangerously high force to the human shoulder joint (Cempini et al.,

2013; Stienen et al., 2009). More details regarding this slip mechanism can be found

in the authors’ prior work (Hunt et al., 2017) where it was first introduced.

While the cost of the 4B-SPM will vary depending on design choices such as the

servos or the controller used, this case study demonstrates the majority of the parallel

substructure components can be purchased off-the-shelf and therefore do not invoke

high fabrication costs. In addition to this, as discussed in the Introduction, parallel

actuation has the inherent ability to rectify positioning errors. This means that
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Figure 4.12: 4B-SPM shoulder exoskeleton with a six motor configuration as de-
scribed in Section D1. With this configuration, each of the three substructures consists
of two motors: one for the pitch of the four bar mechanism and one for the roll. Note-
worthy components are as follows: (A) Revolute motor. (B) Four bar mechanism.
(C) Shoulder Plate. (D) Arm cuff with one translational and one rotational passive
DoF. (F) Static Stewart- Gough platform for rigid positioning of adjacent actuated
substructures.

cheaper, lower tolerance sensors and components can be used without a significant

impact on position accuracy. So even if the six motor 4B-SPM configuration is chosen

for high dynamic performance, the architecture may still prove to be more affordable

than a serial actuated shoulder exoskeleton with a comparable 3-DoF.

To operate the shoulder exoskeleton, an admittance control scheme (Glosser and

Newman, 1994; Hogan, 1988) that utilizes force feedback from the cuff could be used

to determine user commands in terms of position. These commands could be sent

to the motors using a Dynamixel CM-700 (Robotis, South Korea) motion controller.
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Force feedback could be measured using an array of piezoresistive force sensors placed

between the inner and outer cuff to capture both the magnitude and direction of the

contact force vector. This vector could be converted to angles ϕ and θ in order to

calculate the desired operator command rotations Rz and Ry described in Section

II-E.

Finally, a comment regarding the dynamic performance of this 4B-SPM shoulder

exoskeleton. Even without a complete dynamic model for this particular actuator

configuration, the output torque can still be estimated within a given range. It

should be noted that a torque estimate is only possible for the six motor configuration

shown in Fig. 3 and used for this case study. This is because each substructure of

the parallel system is fully actuated and thus can operate independently as a 2-

DoF serial manipulator. The torque output of a 2-DoF serial manipulator is well

understood and is easily calculate based on the motor outputs. Therefore, estimates

of static output torque for three 2-DoF serial manipulators operating synchronously

can be given. Each MX-106R servo has a rated stall torque of 10 Nm. Therefore, if

each servo were fully engaged, ∼60 Nm of torque output would be expected for the

static case. However, most shoulder plate orientations will not utilize all six servos

fully at once. As shown Section-II C, operation is possible with only three servos.

Therefore, depending on the commanded shoulder plate motion, operating torques

can be approximated to be between ∼30 and ∼60 Nm of output at the shoulder for

the static case. If conversely, three motors were used, then the approximated torque

output would be between ∼0 and ∼30 Nm of static torque output. The occurrence of

∼0 Nm torque output for certain shoulder configurations can be mitigated by carefully

considering the placement of each actuator or by constraining the workspace.
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4.4 Discussion

The development of the 4B-SPM was motivated by the need for a exoskeleton

robotic architecture that can operate effectively with complex ball and socket joints

like the shoulder, hip, wrist, and ankle. Conventionally, these spherical joints have

been augmented using serial actuation as it can offer a large workspace. However

this approach requires the use of a long serial moment arm that in turn results poor

dynamic performance. Not only does the unique architecture of the 4B-SPM provide

a short moment arm while still maintaining a large workspace, but its use of multiple

mounting points and fully active DoF offers some of the dynamic advantages inherent

to parallel actuation.

In this work, an analysis of the 4B-SPM forward and inverse kinematics was per-

formed, along with multiple methods of actuation that can be implemented depending

on dynamic performance requirements. These actuation types include a three revolute

actuator, a six revolute actuator, and a three revolute two prismatic actuator version

of the 4B-SPM. Also discussed is a technique of cooperative control that allows the

4B-SPM a greater effective workspace by preventing mechanical interference between

the device and operator from occurring.

The results of this paper detail four example exoskeleton types that could be built

using the 4B-SPM. These include a shoulder, hip, wrist, and ankle device. Each was

designed to match the approximate range of motion of the respective joints. Video

simulations of each exoskeleton were included in this work. Also included in all four

simulations were the different methods of roll actuation to improve dynamic perfor-

mance. Furthermore, for the shoulder simulation, the cooperative control technique

discussed in Section II-E was demonstrated.

The four embodiments of the 4B-SPM presented in this work help to establish
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its versatility as a result of flexible placement of the actuator mounting points. This

versatility means the 4B-SPM substructures could be positioned to not only accom-

modate the human anatomy, but also aspects of a greater exoskeleton system as well.

Therefore, certain design decisions such as placement of a power source, life sup-

port, and onboard sensors could be made before 4B-SPM substructure placement is

considered.

In conclusion of this work, the 4B-SPM can be realized as a viable parallel actuated

design that allows for the augmentation complex biologicals joints like the shoulder,

hip, wrist, and ankle. With advantages such as a short moment arm, low inertia, and

rigidity associated with parallel structures, the 4B-SPM can be considered a viable

alternative to the traditional use of serial actuation to the same end. Along with other

architectures such as the Stewart-Gough platform, which has been suggested to be

an effective solution for augmenting torso movement (Park et al., 2015), the 4B-SPM

could assist in the development of a future series of parallel actuated exoskeletons

that are more effective than their contemporary serial counterparts.
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Chapter 5

DEVELOPMENT OF A LOW INERTIA PARALLEL ACTUATED SHOULDER

EXOSKELETON ROBOT FOR THE CHARACTERIZATION OF

NEUROMUSCULAR PROPERTY DURING STATIC POSTURE AND

DYNAMIC MOVEMENT

5.1 Introduction

The neuromuscular properties of the human body, determined by the collective

behaviors of bones, joints, muscles, nerves and receptors, are responsible for static

posture and dynamic movement. These properties can be quantitatively described by

mechanical impedance, a fundamental property of the human neuromuscular system

in interaction with the physical world (Burdet et al., 2001; Hogan, 1985; Perreault

et al., 1999). Characterizing mechanical impedance and its underlying mechanisms,

including intrinsic and reflexive impedances, is an important field of study that has

significance for a variety of applications. Two examples that are of particular interest

to the authors include:

1. Medical: characterizing abnormal mechanical impedance associated with neu-

ropathies or neuromuscular autoimmune conditions to assist clinicians in the

development of new rehabilitation protocols that more accurately target pa-

tient impairment.

2. Military/Industrial: characterizing normal mechanical impedance would al-

low for the development of exoskeleton devices that rely on cooperative human-

robot critical stability interaction to provide highly responsive performance.
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Efforts to quantify mechanical impedance and its components (e.g., stiffness,

damping, reflex gain) of major joints such as the elbow (Popescu et al., 2003), ankle

(Lee et al., 2011; Lee and Hogan, 2015; Kearney et al., 1997), and wrist (Pando et al.,

2014) have been made prior. Each study utilized a different exoskeleton characteriza-

tion device designed specifically to interface with the joint of interest. These devices

work by applying position/angle (or force/torque) perturbations to the accompanying

limb segment/joint and measuring the corresponding force/torque (or position/angle)

response.

More complex joints with a large range of motion and high torque output, like

the shoulder, are yet to be thoroughly investigated. This is largely due to the lack of

exoskeleton characterization tools capable of both interfacing with and manipulating

the shoulder joint effectively. This includes the ability to rapidly perturb the limb in

multiple directions during both static posture and dynamic movement. This is impor-

tant, as mechanical impedance has an intrinsic and reflexive components that occur

during the first 20 ms and 20-100 ms of an applied external perturbation, respectively

(Ito et al., 2004; Kurtzer et al., 2008). Therefore, the limb needs to be reasonably dis-

placed during this period to characterize intrinsic and reflexive responses and separate

their contribution from that of voluntary response. This can be difficult, primarily

due to high robot inertia.

Most shoulder exoskeleton robots utilize a serial type architecture that works to

bridge the glenohumeral joint using a chain of motors and linkages (Zhang and Nelson,

2011). The moment arm associated with these linkages has the inherent disadvan-

tage of amplifying torques applied to the joint by external forces. Furthermore, each

motorized joint in the armature must be capable of not only actuating the corre-

sponding human limb, but also able to lift and manipulate the motors that follow in

series. This requires larger motors with more inertia, which as previously mentioned,
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makes executing a rapid perturbation difficult.

One solution to this problem is to use a parallel actuated architecture instead.

Parallel actuation has several inherent properties that make it ideal for characterizing

the neuromuscular properties including joint mechanical impedance. These include

low end effector inertia, high end effector acceleration and high potential stiffness

(Hunt, 1983; Merlet, 2012; Pashkevich et al., 2009; Gosselin, 1990). These advantages

are in part why neuromuscular property characterization tools like the AnkleBot, (Roy

et al., 2009), Rice Wrist (Gupta et al., 2008) and Manus (Hogan et al., 1992) all utilize

parallel architectures.

In an effort to develop a shoulder exoskeleton robot with high acceleration in

order to characterize the neuromuscular properties of the shoulder, the authors re-

cently introduced a new type of parallel architecture specifically designed to interface

with multiple degree-of-freedom (DoF) biological joints. The architecture can be de-

scribed as a type spherical parallel manipulator (SPM) that utilizes three 4-bar (4B)

substructures to move a mobile platform about a fixed point. A kinematic solution

to the 4B-SPM architecture was proposed by the authors in a prior work (Hunt and

Lee, 2018).

In this work, a shoulder exoskeleton prototype that utilizes the 4B-SPM archi-

tecture is presented. In addition to providing a new research platform for shoulder

studies, this work is meant to show the viability of the 4B-SPM architecture. This

could lead to its use for other spherical joint applications, such as the wrist, hip and

ankle.

The rest of this paper focuses on the design, development and validation of the 4B-

SPM shoulder exoskeleton robot. Section II begins with a detailed description of the

prototype, complete with a video demonstration of its operation. This is followed by

discussion of the setup and parameters of position accuracy and step response tracking
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experiments. Section III presents the results of the two experiments. Finally, Section

IV concludes the paper with discussion of the results and a summary of contribution.

5.2 Methods

5.2.1 A. Prototype Overview

The 4B-SPM shoulder exoskeleton prototype is presented in Fig. 1. A video

demonstrating its kinematics can be found here: https://youtu.be/ZsSo4RxwrwU.

The design consists of three actuated substructures that couple a stationary base

to a mobile ABS shoulder plate. Each substructure is comprised of two Dynamixel

MX-106R Servos (Robotis, South Korea) and one aluminum/steel 4-bar mechanism.

The first servo of each substructure is fixed to the stationary base and works to

actuate the roll of the second servo in series and its corresponding 4-bar mechanism.

The second servo of each substructure works to actuate the pitch of the attached

4-bar mechanism. The three axes for the three fixed servos intersect at a singular

point in space that represents the center of rotation for the shoulder plate. The top

linkage in each 4-bar mechanism is extended to reach a shoulder plate, which operates

spherically about the center of rotation. Each top linkage is coupled to the shoulder

plate using a 3-DoF universal joint. The shoulder plate is connected to an upper arm

cuff using a pair of embedded aluminum tubes. The prototype as described is shown

in Fig. 2 with labels that highlight key components. The substructure architecture

as described is shown in Fig. 3.

For ideal operation, the center of rotation of the human shoulder and exoskeleton

would exist at the same point. However, because the human shoulder can translate as

well as rotate, perfect alignment cannot be assumed. Therefore, to resolve this issue,

the inner aluminum ring of the cuff has both a passive translational and rotational
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Figure 5.1: 4B-SPM shoulder exoskeleton mounted to a stationary platform with a
human subject in the seated position. This orientation is taken to be the zero pitch,
yaw and roll position of the shoulder piece.

DoF along the arm. In the event that joint misalignment occurs, the inner ring will

slip to prevent discomfort to the user. This slip mechanism was first introduced in the

authors’ prior work (Hunt et al., 2017). A diagram of the slip mechanism is provided

in Fig. 4.

The arm cuff of the exoskeleton contains four LLB300 Subminiature Load Cells

(Futek, California). Each load cell is positioned between steel disks that are embed-

ded within inner and outer ABS holding rings. The ABS rings are positioned between

inner and outer aluminum rings for rigidity. The inner aluminum ring holds a blood

pressure cuff that can be inflated to ensure proper contact between user and exoskele-

ton. All of these components are encapsulated by an ABS outer shell that connects

the arm cuff to the shoulder plate aluminum tubing. The arm cuff as described is

shown in Fig. 5 with labels that highlight key components.

To control the exoskeleton, desired roll, pitch and yaw Euler angle commands for

the shoulder plate are translated into servo rotations using the 4B-SPM kinematic

model (Hunt and Lee, 2018). The model runs on nearby PC that sends position
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Figure 5.2: 4B-SPM shoulder exoskeleton: (A) dual servo substructure, (B) 4-bar
mechanism arm, (C) universal joint, (D) mobile shoulder piece, (E) arm cuff, (F)
revolute joint, (G) stationary mounting structure.

commands to a CM-700 Servo Controller (Robotis, South Korea) at 100 Hz. This

controller is in turn connected to the six servo motors. This setup is shown in Fig.

6. While the current prototype utilizes position control, it should be noted that the

embedded load cells in the cuff would permit an admittance control scheme to be

used instead if needed.

While any set of Euler angle commands could be sent to the 4B-SPM shoulder

exoskeleton, it is important that the operator avoid mechanical interference that might

occur if the workspace is overextended. In prior work, it was demonstrated that the

practical workspace of any 4B-SPM device could be increased by utilizing a function
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Figure 5.3: 4B-SPM actuated substructure. Each substructure is comprised of two
servo motors that control the roll (red) and pitch (green) of a four-bar mechanism.
The end effector of the four-bar mechanism operates on the surface a sphere centered
at C. By connecting three of these substructures end effectors to a shoulder piece, it
is possible to have that shoulder piece rotate about C with a singular define kinematic
solution.

Figure 5.4: diagram showing how the arm cuff slip mechanism translates when the
shoulder exoskeleton center of rotation CE and humen shoulder center of rotation CH

are not aligned.
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Figure 5.5: Arm cuff: (A) external casing, (B) embedded load cell, (C) 2-DoF slip
ring, (D) blood pressure cuff.

that determine roll of the mobile platform given a commanded pitch and yaw to avoid

mechanical interference (Hunt and Lee, 2018). For the 4B-SPM shoulder exoskeleton,

this function would ensure that the shoulder plate always rolls back toward the center

of the workspace as the pitch and yaw approach their respective limits. This was

demonstrated in the video provided. It should be noted that this cooperative control

technique is made possible by the previously mentioned passive roll DoF at the cuff

that permits the shoulder plate to rotate freely without harming the operator. If

a particular study requires the actuation of the roll DoF of the shoulder, then the

passive roll DoF at the cuff can be locked and the roll of the shoulder plate actuated

as normal.

B. Shoulder Plate Design

The design of the shoulder plate is a critical factor in determining the perfor-

mance the 4B-SPM exoskeleton. Careful placement of the three mounting points on
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Figure 5.6: Hardware setup showing the open loop (single arrow) and closed loop
(double arrow) processes. The hardware includes: six Dynamixel MX-106R Servos
(Robotis, South Korea), one CM-700 Servo Controller (Robotis, South Korea), four
LLB300 Subminiature Load Cells (Futek, California) four IAA100 Analog Amplifiers
(Futek, California), custom DAQ and PC. For the experiments performed in Section
II-B, four Flex 3 IR Cameras (OptiTrack, Oregon) are used to confirm the shoulder
piece Euler angles.
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the shoulder plate can mitigate mechanical interference between the substructures

during motion, resulting in a large permissible workspace. In addition, mounting

point placement can improve overall 4B-SPM stiffness as well. Increasing the spacing

between the mounting points increases the distance between each substructure end

effector and the center of rotation of the shoulder plate. This results in improved

stiffness as each substructure has a longer moment arm to resist applied torque.

Several contrasting shoulder plate designs are provided in Fig. 7 to demonstrate

how the workspace can be varied. Shown in Fig. 7A is the primary shoulder plate used

in this work as it provided a good balance between stiffness and workspace. Shown

in Fig. 7B is alternate design to Fig. 7A that utilizes the same mounting point

locations, but rotates the entire workspace 65◦ by changing the fixed orientation of

the arm cuff relative to the shoulder plate. Shown in Fig. 8C is another alternate

design to Fig. 7A that utilizes that same fixed orientation of the arm cuff relative to

the shoulder plate, but utilizes a different set of mounting point locations to give a

similar, yet slightly larger workspace. A video of the 4B-SPM with the shoulder plate

shown in Fig. 7C can be found here: https://youtu.be/KtbHZuGzHuU.

Increasing the shoulder plate stiffness of the 4B-SPM exoskeleton while still main-

taining a large workspace can be done through optimization techniques. One such

method for optimizing the stiffness of a parallel actuated SPM was detailed in a prior

work by the authors for a similar robot architecture. This method involved apply-

ing a genetic algorithm to an analytical robot stiffness model created using a matrix

structural analysis (Hunt et al., 2018).

5.2.2 C. Experimental Setup and Protocols

To evaluate the 4B-SPM shoulder exoskeleton’s performance, two experiments

were performed. These include a quantification of position error and response time.
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Figure 5.7: Various shoulder piece designs with corresponding roll (R), pitch (P),
yaw (Y) workspaces. (A) Current shoulder piece with tested workspace. (B) Alternate
shoulder piece design with same mounting point locations as (A), but with a different
cuff position, so as to apply a 65◦ rotation to the workspace. (C) Alternate shoulder
piece design with different mounting point locations than (A), but with the same cuff
position, so as to give a similar yet slightly larger workspace.

90



To conduct these tests, accurate Euler Angle measurements of the 4B-SPM shoulder

plate are needed. To measure the Euler Angles, four Flex 3 infrared (IR) Cameras

(OptiTrack, Oregon) cameras operating at 100 Hz were used. These cameras track

three IR markers placed on the shoulder plate to recreate its rotation matrix. These

markers can be seen in Fig. 1-2. It should be noted that, while the prototype does

already have feedback of the shoulder plate position via the six servo encoders and

a forward kinematic model (Hunt and Lee, 2018), the decision was made to not rely

on this feedback until these initial evaluation tests are complete. Details of the two

performance experiments are as follows:

1. Shoulder Plate Tracking: To check for possible mechanical interference and

positioning errors due to misalignment of the three actuated substructures dur-

ing hand assembly, a position tracking experiment was performed. This was

done by comparing the Euler angle input and measured values of the shoulder

plate shown in Fig. 7A. To perform this test, the shoulder exoskeleton was first

positioned at the 0◦ pitch, yaw and roll orientation shown in Fig. 1. The roll,

pitch and yaw of the shoulder plate were varied from 0 to -75◦, -55◦ and -55◦,

respectively. This matches the motion shown in the video link provided in II-A.

As previously mentioned, a larger workspace or an entirely different workspace

is possible if desired. The scale and position of the workspace are primarily

dependent on the design of the shoulder plate [19]. To show this, Experiment

1 was repeated with the shoulder plate shown in Fig. 7C. The roll, pitch and

yaw for this second shoulder plate were varied from 0 to -90◦, -90◦ and -90◦,

respectively.

2. Step Response Tracking: to benchmark the 4B-SPM shoulder exoskeleton

response time, a step input was applied along multiple directions. To perform
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this test, the shoulder exoskeleton was positioned at the 0◦ pitch, yaw and roll

orientation, as shown in Fig. 1. A 10◦ step perturbation was commanded along

the shoulder plate pitch and yaw. The measured and input pitch and yaw angles

were then compared against the commanded values to evaluate rise time of the

4B-SPM shoulder exoskeleton under these conditions. The rise time definition

of 10% to 90% of its steady value was used. To ensure that the results are not

position dependent, the test was repeated with the second shoulder position of

0◦ pitch, -45◦ yaw and 0◦ roll.

5.3 Results

The results of the shoulder plate tracking test using the shoulder plate given in

Fig. 7A are shown in Fig. 8. The experiment showed average roll, pitch and yaw

errors during motion of 1.12◦, 1.15◦ and 1.56◦, respectively. The standard deviation

of the roll pitch and yaw angles were 0.75◦, 0.53◦ and 1.19◦, respectively. Similarly,

the results of the shoulder plate tracking test using the shoulder plate given in Fig.

7C are shown in Fig. 9. This second test showed average roll, pitch and yaw errors

during motion of 1.18◦, 1.23◦ and 1.81◦, respectively. The standard deviation of the

roll pitch and yaw angles were 0.77◦, 0.85◦ and 1.72◦, respectively.

Some Euler Angle errors were expected for the shoulder plate tracking experiment,

since the manufacturing and assembly of the device was done by hand with limited

tooling. Most likely this error is due to misalignment of the substructures, which

results in the three roll axes to not intersect preciously at a single point. This causes

the shoulder plate to rotate about an ellipsoid instead of a perfect sphere. Another

cause of potential error is part tolerance. Many of the components were machined or

3D printed in house, which could contribute to a buildup of position errors. Proper

CNC components with high tolerance could likely resolve any errors in position. How-
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Figure 5.8: Euler angles of the 4B-SPM shoulder plate shown in Fig. 7A as it moves
throughout the workspace.

ever, this is why it is important to use a 3D motion capture system to measure the

shoulder plate position during neuromuscular property characterization studies, since

a high degree of accuracy is required to perform these tests. The motion capture

system reports high Euler Angle accuracy, regardless of prototype position errors or

deflection that may be cause by physical human-robot interaction.

The results of the step response tracking experiment for the 4B-SPM in a 0◦ pitch,

yaw and roll orientation are shown in Fig. 10. The experiment showed a rise time

of ∼70 ms to a ∼10◦ step displacement along both pitch and yaw. To confirm that

these results are not position depended, the second shoulder position of 0◦ pitch, -45◦

yaw and 0◦ roll was tested. These results are shown in Fig. 11. Slight variations

in the step response amplitude along different directions are observed. This can be

explained by the results of the first experiment. The rise times are consistent across

all four step responses.
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Figure 5.9: Euler angles of the 4B-SPM shoulder plate shown in Fig. 7C as it moves
throughout the workspace.

5.4 Discussion

The development of the low inertia 4B-SPM shoulder exoskeleton was motivated

by the need for a highly responsive device that could be used to characterize the

neuromuscular properties of the shoulder during static posture and dynamic move-

ment. This includes the ability to quantify the intrinsic and reflexive responses of the

shoulder. In this work, a prototype 4B-SPM shoulder exoskeleton is presented for the

first time. A video of its operation is shown, along with a complete description of its

architecture, hardware and controls.

Two preliminary experiments were performed in this work. The first was to evalu-

ate the device’s performance by tracking its shoulder plate positional accuracy across

a given workspace. This test was performed for two different shoulder plates to

demonstrate that the workspace is dependent on the shoulder plate design. The

results showed that the overall kinematic model used for the 4B-SPM exoskeleton

is correct, though some minor errors due to part tolerances issues and substructure
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Figure 5.10: 4B-SPM shoulder exoskeleton response at shoulder position of 0◦ pitch,
0◦ yaw and 0◦ roll to: (A) 10◦ pitch angle step input, (B) 10◦ yaw angle step input
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Figure 5.11: 4B-SPM shoulder exoskeleton response at the shoulder position of 0◦

pitch pitch, 45◦ pitch yaw and 0◦ pitch roll to: (A) 10◦ pitch pitch angle step input,
(B) 10◦ pitch yaw angle step input.
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misalignment were identified. This means for upper limb studies requiring less than

1◦ Euler angle accuracy of the shoulder, the 4B-SPM shoulder exoskeleton’s onboard

encoders should not be solely relied on for position feedback. Instead, an off-board

3D position tracking system should be used in conjunction with on-board feedback.

Precise machining and assembly of the 4B-SPM exoskeleton would eliminate the need

for a secondary feedback mechanism. Ultimately though, for the purposes of char-

acterizing the neuromuscular properties of the shoulder, using a secondary source of

feedback is not an issue.

The second experiment performed was a test of the 4B-SPM response to a step

input. The experiment benchmarked the device’s ability to perturb ∼10◦ in ∼70 ms.

This exceeds the initial target speed of 100◦/s, which would suggest that 4B-SPM

response time should be sufficient for many types of dynamic upper limb studies.

Most shoulder exoskeletons do not report response time to a step input, possibly

because most are not designed for rapid perturbations. Therefore, a direct compar-

ison between the 4B-SPM performance and that of current state-of-the-art shoulder

exoskeletons is not easily made. However, it should be noted that the motors used for

the 4B-SPM were relatively small compared to most shoulder exoskeletons, yet the

target of >100◦/s speed was still achieved. This suggests that the end effector speed

of the 4B-SPM shoulder exoskeleton could greatly exceed that of a serial actuated

shoulder exoskeleton for matched motor specifications.

In conclusion of this work, the 4B-SPM shoulder exoskeleton presented shows

promising potential to be a useful tool for the characterization of neuromuscular

shoulder properties. From this work, a comprehensive study to map the mechanical

impedance of the shoulder workspace for both static posture and dynamic movement

is to follow.
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Chapter 6

OPTIMIZING THE RIGID OR COMPLIANT BEHAVIOR OF A NOVEL

PARALLEL-ACTUATED ARCHITECTURE FOR EXOSKELETON ROBOT

APPLICATIONS

6.1 Introduction

In the field of exoskeleton robotics, parallel actuation can offer many advantages

over more commonly used serial actuation. Despite having complex kinematics and a

typically small workspace, parallel actuation has numerous useful properties including

low end-effector inertia, high acceleration, high position accuracy, and the potential

for high stiffness (Merlet, 2012; Taghirad, 2013; Li and Bone, 2001). Furthermore, cer-

tain types of parallel architectures, such as the 3-SPS (spherical-prismatic-spherical)

(Alici and Shirinzadeh, 2004), 3-RRR (revolute- revolute-revolute) (Wu et al., 2011)

and 3-UPU (universal-prismatic-universal) (Di Gregorio, 2003), can operate without

occupying the center of rotation, which is particularly useful when interfacing with

multiple degrees-of-freedom (DoF) biological joints such as the ankle, hip, shoulder

and wrist. Parallel actuation has been utilized for a number of exoskeleton applica-

tions. These include devices for the wrist, ankle, hip and shoulder. The wrist ex-

oskeleton RiceWrist (Gupta et al., 2008), uses a 3-RPS (revolute-prismatic-spherical)

architecture with an additional serial revolute joint to generate 4-DoF. These DoF

include the rotation of the forearm, wrist height and 2-DoF in rotation of the end-

effector platform. Since the introduction of the RiceWrist, several other exoskele-

ton research prototypes have adopted the 3-RPS architecture (Fan and Yin, 2009;

Nurahmi et al., 2017). The ankle exoskeleton Anklebot (Roy et al., 2009) uses a
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2-SPS-1S (spherical-prismatic-spherical, spherical) manipulator in conjunction with

the ankle joint to achieve semi-spherical motion. The shoulder exoskeleton BONES

(Klein et al., 2010) uses a RRPS (revolute-revolute-prismatic-spherical) manipula-

tor to achieve spherical motion. Because all of these architectures, along with the

previously mentioned 3-SPS, 3-RRR and 3-UPU, generate spherical motion through

parallel actuation, they can further be categorized as spherical parallel manipulators

Spherical parallel manipulators (SPMs) are the most popular choice for exoskeleton

applications, primarily because they offer a greater workspace than parallel archi-

tectures with a high degree of actuation, like the Stewart-Gough Platform (Stewart,

1965). This is a result of SPMs typically having two to three actuated substructures

instead of the four, five or six of typical of higher DoF parallel manipulators. This

means that SPMs have less mechanical interference between substructures. However,

fewer active DoF also means that SPMs typically have lower stiffness performance

than higher active DoF parallel manipulators (Walter et al., 2009; Gosselin and An-

geles, 1989; Jiang and Gosselin, 2009). This can be problematic, particularly for

augmentative exoskeleton systems that require high rigidity. In order to improve the

workspace/stiffness tradeoff of SPMs, the authors introduced a new type of SPM ar-

chitecture (Hunt et al., 2017). The architecture utilizes a new design method that

the authors refer to as modular motion coupling. The method involves coupling

multiple DoF of each actuated substructure in order to maintain a high level of actu-

ation while still maintaining a relatively low number of substructures. The authors

developed a shoulder exoskeleton prototype that utilized this new architecture and

performed a stiffness analysis on it (Hunt et al., 2018). Many approaches to ana-

lyzing the stiffness of parallel manipulators have been proposed over the years. One

popular method utilizes the Jacobian matrix to calculate the stiffness matrix (Gos-

selin, 1990). While this method provides a reasonable approximation of stiffness, it
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does not take into account linkage flexibility, which is critical for an accurate end-

effector stiffness estimate. Another method utilizes strain energy to develop a model

of stiffness (Yan et al., 2016). While promising, this strain energy method is quite

new and therefore less proven than other solutions. Additional methods include a

lumped parameter approach (Pashkevich et al., 2009) and a more traditional FEA

approach (El-Khasawneh and Ferreira, 1999). After considering each of these, the au-

thors opted for a different method that utilized matrix structural analysis techniques

that have been used extensively in civil engineering and have been proven to provide

accurate estimates of end-effector stiffness for parallel manipulators with both passive

and active DoF and flexible linkages (Deblaise et al., 2006). The results of the stiffness

analysis identified some non-homogeneous stiffness behavior for certain end-effector

orientations. This was determined to be a result of each substructure not having an

actuated roll DoF. In addition, this SPM architecture was non-backdrivable, which

limited its number of practical applications. Having identified these limitations, the

authors developed a second-generation SPM that resolved these issues (Hunt and

Lee, 2018, 2019). The second-generation SPM developed by the authors utilized a

system of 4-bar (4B) mechanisms to rotate a mobile platform about a center point.

The advantage of this new 4B-SPM design is that the 4-bar system achieves similar

arc motion to the previous design while utilizing a far more simplistic construction

and maintaining back-drivability. Furthermore, the 4B-SPM utilizes three additional

motors to actuate the roll DoF of each substructure, eliminating the primary issues

of the previous design mentioned above. An additional property of the 4B-SPM ar-

chitecture is flexibility of actuator placement. The three substructures that comprise

the device can be placed in any position about a center point. Placement is critical,

as the stiffness of the 4B-SPM will be highly dependent on the configuration chosen.

Therefore, a stiffness model with substructure placement as an input and end effector
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stiffness as an output would be useful for achieving desired dynamic behavior. Several

examples of this include:

1. Maximizing stiffness for applications such as lifting or crush protection.

2. Maximizing compliance for applications requiring a high degree of unpredictable

human-robot interaction or collision protection.

3. Designing custom non-homogeneous stiffness ellipsoids for applications that may

require non-homogeneous dynamic behavior.

With a stiffness model, the 4B-SPM could have widespread application for ex-

oskeleton devices, as it has been shown to (1) interface well the shoulder, hip, wrist

and ankle, (2) not require any complex mechanical components, (3) have very flexible

actuator placement, and (4) not require the human joint for a singular kinematic so-

lution (Hunt and Lee, 2018). For this reason, a 4B-SPM stiffness model is developed

and presented in this work. It should be noted that, as previously mentioned, the

authors have developed stiffness models for past parallel architectures. However, the

ability of the 4B-SPM to interface well with different biological joints, along with its

economic design, makes it a major improvement over past parallel architectures de-

velopment by the authors. Therefore, a separate stiffness analysis of this architecture

is justified as it would offer other researchers and members of the robotics commu-

nity a complete and flexible parallel actuated solution that could be customized to

fit many different exoskeleton design requirements. The rest of this paper presents

the steps taken to optimize the rigid or compliant behavior of the 4B-SPM for a

given workspace. The sections are organized as follows: Section II includes (1) a

brief overview of the of the 4B-SPM architecture, (2) the model used to character-

ize stiffness, (3) the experimental setup to validate the stiffness model, and (4) the
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optimization techniques used to maximize the rigid, compliant or nonhomogeneous

stiffness behavior of the 4B-SPM. Section III details (1) the results of the stiffness

model validation experiment and (2) the optimal actuator placement for maximum

rigid, compliant or nonhomogeneous stiffness behavior. Finally, Section IV concludes

the paper with a discussion and summary of the contribution.

6.2 Methods

6.2.1 A. 4B-SPM Design Overview

The previously developed 4B-SPM architecture is presented in Fig. 1 (Hunt and

Lee, 2018). The 4B-SPM uses three parallelogram 4-bar substructures. Each sub-

structure has two actuated DoF: pitch and roll. The roll DoF axis of each substructure

intersects with the others at a singular point which represents the virtual center of a

spherical workspace. The top linkage in each 4-bar substructure is extended to reach

a mobile platform that moves tangential to the spherical workspace. Each top linkage

is coupled to the mobile platform using a spherical joint. Shown in Fig. 2 are four

different embodiments of the 4B-SPM architecture that the authors have developed

kinematic models for (Hunt and Lee, 2018). In preparation for the dynamic analysis

performed in this work, the authors developed a shoulder exoskeleton prototype of

the 4B-SPM architecture (Hunt and Lee, 2019). This prototype is shown in Fig. 3.

A video of the shoulder exoskeleton is included as an attachment to this work.

6.2.2 B. 4B-SPM Stiffness Model

For the purpose of determining end effector stiffness of the 4B-SPM for different

substructure configurations, an analytical model was created. The model is based

off of a matrix structural analysis method commonly used for calculating stiffness
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Figure 6.1: 4-Bar Spherical Parallel Manipulator (4B-SPM) architecture. The 4B-
SPM uses three parallelogram 4-bar substructures. Each substructure has two actu-
ated DoF: pitch and roll. The roll DoF axis of each substructure intersects with the
others at a singular point which represents the virtual center of a spherical workspace.
The top linkage in each 4-bar substructure is extended to reach a mobile platform
that moves tangential to the spherical workspace. Each top linkage is coupled to the
mobile platform using a spherical joint.

of complex truss networks typically found in bridges. The concept of applying this

method to parallel manipulators was first introduced by Dominique Deblaise (Deblaise

et al., 2006). For brevity, the reader will be referred back to Deblaises prior work for

some of the more derivative or expansive steps required in the development of this

model. With the model, it is possible to generate the end effector rotational stiffness

ellipsoids that will govern how the 4B-SPM responds to externally applied torques.

To start, each actuated substructure k (k=1,2,3) is represented by a nodal system

that corresponds to characteristic points. Shown in Fig. 4 are the node locations
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Figure 6.2: Four embodiments of the 4B-SPM architecture for which the authors
have solved the kinematics for include: ankle, shoulder, wrist and hip exoskeletons.
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Figure 6.3: 4B-SPM shoulder exoskeleton prototype mounted to a stationary plat-
form with a human subject in the seated position. The subject is coupled to the
device through the use of an upper arm cuff. To maintain good contact between the
subject and device, a blood pressure cuff is used at the contact point. The pitch, roll
and yaw axes are represented by the orthogonal red, green and blue axes, respectively.

for each substructure. It should be noted that a simplification has been made to the

nodal diagram with regards to the 4-bar mechanism. In the prototype shown in Fig.

3, there are actually four parallel vertical bars connecting the top and bottom linkage

of the 4-bar mechanism, whereas the nodal diagram shown in Fig. 4 reduces this

down to two. This is done to simplify the analysis and is justified by the fact that

only one of the four parallel vertical bars is actually connected to the servo motor and

therefore grounded, similar to Fig. 4. Thus, pitch and roll stiffness of the substructure

will not be affected by this simplification. The yaw may be slightly affected, although

it is not considered to be of the same contributing magnitude to the overall stiffness

model as pitch and roll. Nevertheless, to mitigate this error, the authors make an

adjustment to the geometric properties of the two vertical bars within the model to

more accurately reflect the actual prototype.

The nodes shown in Fig. 4 are coupled by either a flexible beam or passive revolute

joint. Each beam n is fixed at its ends by one or two nodes, depending on if the beam
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Figure 6.4: (Top) 4-bar substructure equivalent nodal diagram, (Bottom) shoulder
plate end effector equivalent nodal diagram.

is considered rigidly fixed at one end. Therefore, each beam is represented by either

a 6x6 or the 12x12 beam stiffness matrix Kn,k as defined in EulerBernoulli beam

theory. Each of these beam stiffness matrices must be oriented through multiplication

of matrix P n,k comprised of rotational submatrices Rn,k along its diagonal. The

rotated beam stiffness matrix K′n,k can be expressed as:

K′n,k = P n,k
−1Kn,kP n,k (6.1)
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Where rotation matrix P n,k can be determined by:

where P n,k =


Rn,k 0 · · ·

0 Rn,k · · ·
...

...
. . .


The n number of rotated beam stiffness matrices K′n,k can then be assemble

into a singular substructure stiffness matrix KT,k. This assembly can be done us-

ing recognized stiffness matrix assembly methods (Hughes, 2012). The substructure

stiffness matrix KT,k represents substructure stiffness before the addition of passive

joints shown in Fig. 4. Each passive joint will be defined by a kinematic relationship

matrix An,k, which can be expressed as:

An,k =

 I3x3 03x3

02x3 Vn,k

 (6.2)

Where rn,k is comprised of the rotation matrix vectors orthogonal to the rotation

axis unit vector of the passive joint. One of these rotation matrix vectors should

also be parallel to the adjacent beam. The An,k matrices can then be assembled into

a singular substructure kinematic matrix AT,k, similar toKT,k. The kinematically

adjusted substructure stiffness matrix, with the inclusion of passive joints, is derived

using the minimum total potential energy principle (Deblaise et al., 2006). It can be

expressed as:

KG,k =

 KT,k AT,k
T

AT,k 0

 (6.3)

At this point, it is necessary to permutate KG,k in order to move the last node

submatrix to the end of the KG,k so that it can be redefined as the endpoint sub-

structure stiffness matrix Keq,k. In order to determine the global stiffness of the
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4B-SPM architecture, the substructure end point stiffness matrices Keq,k=1,2,3 must

be assembled to the end effector node 7 shown in Fig 4. The shoulder plate that

connects Keq,k=1,2,3 is considered rigid and therefore cannot be modelled using Eu-

lerBernoulli beam theory. Instead, it will be modeled as series of rigid beams with

infinite stiffness. This rigid beam model will be defined by the kinematic relationship

matrix Bn, which can be expressed as:

Bn =

 03x3 I3x3

I3x3 L̂Wn

 (6.4)

Where L̂Wn is the symmetric skew matrix defined by the rigid beam direction

vector Wn = [Lx Ly Lz]n
T . With the kinematic relationship matrix Bn defined, the

kinematic relation matrix AT of the shoulder plate can be constructed in a similar

manner to AT,k. The shoulder plate stiffness matrix KT . Can also be constructed in a

similar to KT,k. The kinematically adjusted shoulder plate stiffness matrix, with the

inclusion of passive joints and rigid beams, is once again derived using the minimum

total potential energy principle:

Keq,T =

 KT AT
T

AT 0

 (6.5)

Similar to KG,k, it is necessary to permutate Keq,T in order to move the last

node submatrix to the end so that it can be redefined as the 6x6 end-effector stiffness

matrix Kee, which represents the stiffness at node 7 in Fig. 4. The end-effector

stiffness matrix Kee can be visualized by plotting its translational and rotational

stiffness ellipsoids. As defined in the work of Mussa-Ivaldi (Mussa-Ivaldi et al., 1985),

these ellipsoids are created by first decomposing Kee into its symmetric Ks and an

antisymmetric Ka component. Assume that Kee is defined by the following four

submatrices:
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Kee =

 Kxx Kxy

Kyx Kyy

 (6.6)

Then Ks and Ka can be written as:

Ks =

 Kxx
Kxy+Kyx

2

Kyx+Kxy

2
Kyy

 (6.7)

Ka =

 0 Kxy−Kyx

2

Kyx−Kxy

2
0

 (6.8)

where Kee = Ks + Ka.The first three eigenvalues and eigenvectors of Ks represent

the direction and magnitude of the three pairwise perpendicular axes of symmetry for

the translational stiffness matrices. The last three correspond to the perpendicular

axes of symmetry of the rotational stiffness ellipsoid.

6.2.3 C. 4B-SPM Stiffness Model

An experiment was performed to test the validity of the stiffness model through a

comparison of the theoretical 4B-SPM stiffness to that of the prototype. The shoulder

exoskeleton was oriented at 90 flexion and coupled to one end of a 6-axis force/torque

sensor (Delta IP65, ATI, NC). To provide an accurate displacement of the load cell,

a 7-DoF research robotic arm (LBR iiwa R820, KUKA, Germany) was connected to

the other end of the sensor. This robot was chosen for its ability to perform these

sensitive experiments. In addition to a rated payload that exceeds to forces exerted

during these tests, the device has highly repeatable position control (0.015 mm),

which is necessary for accurate stiffness estimates (KUKA, 015c). The 7-DoF robotic

arm was in turn bolted to a steel structural support column. The experimental setup

is shown in Fig. 5.

109



Figure 6.5: Experimental setup for evaluating the 4B-SPM prototype stiffness ori-
ented at 90 flexion. (A) 4B-SPM Shoulder exoskeleton, (B) 7-DoF robotic arm (LBR
iiwa R820, KUKA, Germany), (C) 6-axis load cell (Delta IP65, ATI, NC). The shoul-
der exoskeleton was mechanically coupled to the load cell, which was in turn coupled
to the 7-DoF robotic arm. The roll, pitch and yaw angles of the shoulder exoskeleton
about its center-of-rotation O are represented , and , respectively.
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The roll (), pitch () and yaw () angles of the shoulder exoskeleton were perturbed

3 by the 7-DoF robotic arm. A sinusoidal perturbation profile commanded over 3000

ms was used. The corresponding forces were recorded by the 6-axis load cell at 1

kHz. All the collected measurements were filtered using a zero-phase 2nd order But-

terworth filter with a 20 Hz cutoff frequency. With measurements of corresponding

displacement and force F, it is possible to calculate the stiffness k of the prototype

using F = k. Peak displacement and the corresponding force were used for calcu-

lating stiffness. It should be noted that the theoretical stiffness model is a function

of the kinematic relationship matrix AT and stiffness matrix KT . These matrices

are sensitive to change, so if it were incorrect, then significant differences from the

theoretical stiffness model and prototype would be expected. For the simulation, all

flexible beams were modeled as 1045 carbon steel, except for the top linkage that was

modeled as 2024 aluminum. This is representative of the materials used for the pro-

totype. All critical dimensions used in the simulation match those of the prototype.

The only exception to this was the flexible beam connecting nodes 4 and 5 of the

4-bar mechanism shown in Fig. 4. For the reasons mentioned in the beginning of this

Section, the cross-sectional area of this beam was doubled to more accurately reflect

the duel beam design used in the prototype.

6.2.4 D. Stiffness Optimization

In order to maximize overall rigidity, compliance, or nonhomogeneous stiffness

behavior for a given workspace, the placement of each substructure needs to be op-

timized. There are a couple of parameters applied to this optimization. First, so-

lutions for each substructure location must be bounded to a practical region were

mechanical interference between robot-robot and human-robot cannot occur. After

considering the geometry of the human model shown in Fig. 4 and the approxi-
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mate workspace of the human shoulder, the regions [−0.3 < xt < 0.1,−0.4 < yt < 0,

0 < zt < 0.3] m, [−0.3 < xm < 0.1, −0.4 < ym < 0, −0.3 < zm < 0.1] m, and [−0.4 <

xb < 0.1, −0.4 < yb < 0, −0.4 < zb < −0.2] m were selected for the top, middle and

bottom substructure, respectively, As is convention, the coordinates x-y, y-z and z-x

used here represent the transverse, sagittal and coronal planes, respectively . Sec-

ond, in order to optimize the rigidity or compliance of the 4B-SPM, the stiffness

ellipsoid volume equation O = (43)kakb was chosen as the objective function to max-

imize or minimize, here ka, kb and kc are the orthogonal axes of the ellipsoid. These

two parameters make the problem a bounded nonlinear multi-objective (roll, pitch

and yaw axes) optimization problem. Because of the multiple parameters, a ge-

netic algorithm was chosen as the optimization method for determining substructure

placement. The genetic algorithm attempts to minimize the objective function, so

in order to maximize rigidity and compliance, O = −(43)kakbkc and O = (43)kakbkc

were used, respectively. For maximizing nonhomogeneous stiffness, the objective

function O = −(ka − kb − kc) was used, which drives ka, kb0andkc0 as the objective

function is minimized. In this case, maximizing ka and minimizing kb and kc is the

arbitrarily chosen nonhomogeneous behavior. Alternatively, kb or kc could also be

maximized if desired. For executing the genetic algorithm, Matlabs Optimization

Toolbox (Mathworks, MA, USA) was used. The genetic algorithm function (ga) was

given the boundary conditions and objective functions stated, along with the stiffness

model with shoulder plate orientation as an input and the stiffness ellipsoid as an out-

put. The shoulder plate orientation was varied in 10 along the pitch and yaw Euler

angles and bounded by the octant (+x, +y, -z). At each orientation, the genetic algo-

rithm was executed and the optimal substructure mounting points were found. The

approach generates a point cloud of best solutions for each substructure mounting

location. The mean of these point clouds is taken as the generalized best solution.
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6.3 Results

6.3.1 A. Stiffness Model Testing

A comparison of the theoretical and mean measured stiffness is shown in Fig. 6

for the shoulder plate orientated at 90 flexion. The mean error along roll-pitch-yaw

is 11.8 percent with a standard deviation of 8.4. While error does exist, it should

be noted that the size and shape of the theoretical model demonstrates a reasonable

approximation of stiffness based on the global axis measurements taken.

Several causes for the error have been identified by the authors: (1) Imperfect

intersection of the roll axes for the three substructures. This misalignment could pro-

duce increased resistance to applied torque that may contribute to differing stiffness

results. This could be corrected with higher manufacturing tolerances. (2) Backlash

in the servo motors. This could potentially cause play in the shoulder plate that could

affect the stiffness measurements. It should be noted that efforts to minimize backlash

were taken by applying minor tension of the three substructures against the shoulder

plate equal to the measured backlash of the servos. This minimizes backlash without

changing the kinematic solution. (3) Imperfect modeling of the prototypes geometric

and material properties. Measurements taken from the prototype and materials uti-

lized vary within tolerance. These tolerances are not accounted for by the theoretical

model and are therefore a potential source for minor error. (4) Simplification 4-bar

mechanism nodal diagram, as described in Section 2. B.

6.3.2 B. Stiffness Optimization

For the octant workspace bounded by the +x, +y, and -z axes defined in Fig. 7,

the 4B-SPM substructure configurations to achieve optimal rigid, compliant and non-
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Figure 6.6: Orientation of the shoulder exoskeleton along with projections of the
associated theoretical rotational stiffness ellipsoid (Nm/rad) shown in black. The roll,
pitch and yaw stiffness measurements are shown in red for contrast. The origin of the
frame is at the center-of-rotation of the human shoulder.114



homogeneous stiffness behavior were found. The optimal configurations are shown in

Fig. 7, along with a point cloud of best solutions for different shoulder plate orien-

tations. These solutions were found at 10 increments along the pitch and yaw Euler

angles. The optimal substructure configuration for each result is taken to be the

mean location of each substructure point cloud. For optimal rigidity, the virtual cen-

ter of each point cloud for the top, middle and bottom substructure, respectively,

are At = [−0.23, −0.16, 0.27]T m, Am = [−0.27, −0.21, 0.02] m and Ab = [−0.21,

−0.12,−0.31]T m. For optimal compliance, the virtual center of each point cloud for

the top, middle and bottom substructure, respectively, are At = [−0.25, −0.16, 0.11]T

m, Am = [−0.29, −0.23, 0.01]T m and Ab = [−0.28, −0.14,−0.24]T m. For the op-

timal nonhomogeneous stiffness behavior, the virtual center of each point cloud for

the top, middle and bottom substructure, respectively, are At = [−0.29,−0.24, 0.29]T

m, Am = [−0.29,−0.24,−0.10]T m and Ab = [−0.21,−0.14,−0.26]T m. The general-

ized rotational stiffness ellipsoid that represents the average stiffness across the entire

workspace for each solution is shown in Fig. 7 as well. Included with them is the

standard deviation for each solution.

The results shown in Fig. 7 help identify a few interesting characteristics of the

4B-SPM. Firstly, a comparison between maximum rigidity and compliance suggests

that stiffness is largely dependent on the distances between substructures mounts.

This is somewhat intuitive, although the extent of dependency was not clear until

now. Another interesting feature identified by these findings is how the rigid and

compliant results show fairly symmetric solutions corresponding to relatively homo-

geneous stiffness ellipsoids. In contrast, the nonhomogeneous stiffness results shown

in Fig. 7C correspond to a highly nonsymmetrical substructure mounting point so-

lution. These observations would suggest that symmetry of the 4B-SPM affects its

degree of homogeneous stiffness behavior. The results shown in Fig. 7 also provide
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Figure 6.7: (A) Shown at top is the generalized maximum stiffness configuration
for the 4B-SPM substructures along with point clouds of the best solutions found
throughout the workspace. Shown at bottom are projections of the generalized max-
imum stiffness ellipsoid. (B) Shown at top is the generalized minimum stiffness con-
figuration for the 4B-SPM substructures along with point clouds of the best solutions
found throughout the workspace. Shown at bottom are projections of the gener-
alized minimum stiffness ellipsoid. (C) Shown at top is the generalized maximum
desired nonhomogeneous stiffness configuration for the 4B-SPM substructures along
with point clouds of the best solutions found throughout the workspace. Shown at
bottom are projections of the generalized maximum nonhomogeneous stiffness ellip-
soid. For all three figures, the origin of each frame is at the center-of-rotation of the
human shoulder.

the opportunity to compare the stiffness of this new 4B-SPM architecture to that of

the previous motion-coupled SPM architecture developed by the authors for similar

purposes and discussed in the Introduction. In prior work the authors analyzed the

rotational stiffness of this motion-coupled design across the same workspace used in

this paper for the 4B-SPM (Hunt et al., 2018). For a maximum stiffness configuration,

the motion-coupled design had a mean stiffness ellipsoid volume of 6.22106(Nmrad)3.

In comparison, the 4B-SPM has a mean stiffness ellipsoid volume of 3.24107(Nmrad)3
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for the maximum stiffness configuration. This increase in stiffness is likely due to (1)

the addition of the three revolute actuators that control the roll of each 4B-SPM sub-

structure and (2) the simplified 4-bar design that possess fewer failure modes. Other

factors, such as part materials and geometry may also contribute to the increased

stiffness.

6.4 Discussion

The work performed for this paper was motivated by the need for exoskeleton

architectures that are capable of matching the workspace of a user while exhibiting

desired stiffness characteristics. Because of limitations in the stiffness or workspace

of typical serial and parallel actuated architectures, the authors developed the new

4B-SPM architecture in prior work that was specifically designed for exoskeleton

applications involving complex biological joints like the shoulder, hip, wrist and ankle.

Demonstrated in the form of a shoulder exoskeleton, the authors performed a dynamic

analysis on the 4B-SPM in order to help validate the derived stiffness model. The

model was then used to optimize the 4B-SPM configuration in order to achieve rigid,

compliant and nonhomogeneous stiffness behavior. The results of this paper detail

a theoretical stiffness model for the 4B-SPM presented, along with an experiment to

validate the model. An error between the prototype stiffness and theoretical stiffness

of 11.8 percent with a standard deviation of 8.4 was reported. Despite some error, the

model still proved to be a reasonable approximation of stiffness. Possible causes for

the error are discussed in Section 3. A. The stiffness model was used in conjunction

with a bounded nonlinear multi-objective optimization method in order determine

the optimal placement of the three actuated substructures to achieve certain dynamic

behavior within a given workspace. The workspace was chosen to be one octant of a

sphere defined by the three arm orientations: 90 flexion, 90 abduction, and at rest.
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For this workspace, the actuator placements for optimal rigid, compliant and certain

nonhomogeneous stiffness behavior were demonstrated. The main contribution of this

work is providing researchers and members of the robotics community who chose to

use the 4B-SPM architecture a means of adjusting its dynamic performance to fit

many different exoskeleton applications. To reiterate, there are many reasons to use

the 4B-SPM, the primary ones being: (1) interfaces well the shoulder, hip, wrist and

ankle; (2) does not require any complex mechanical components; (3) has very flexible

actuator placement; and (4) does not require the human joint for a singular kinematic

solution. With the addition of the presented stiffness model, future wearable 4B-SPM

devices could be optimized for a variety of tasks and applications, such as lifting,

jumping, running, crush protection and impact absorption.
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Chapter 7

VALIDATING THE 4B-SPM SHOULDER EXOSKELETON FOR

CHARACTERIZATION OF NEUROMUSCULAR PROPERTIES

7.1 Introduction

The human shoulder plays an integral role in upper limb motor function. As

the basis of arm motion, its performance is vital to the accomplishment of daily

tasks. Impaired motor control, as a result of stroke or other disease, can cause

errors in shoulder position to accumulate and propagate to the entire arm. This is

why it is a highlight of concern for clinicians and why it is an important point of

study. One of the primary causes of impaired shoulder motor control is abnormal

mechanical joint impedance, which can be modeled as a 2nd order system consisting

of mass, spring and damper. Quantifying shoulder stiffness and damping between

healthy and impaired subjects could help improve our collective understanding of

how many different neuromuscular diseases impact arm performance. This improved

understanding could even lead to better rehabilitation protocols for conditions such

as stroke through better identification and targeting of damping dependent spasticity

and stiffness dependent hypertonicity. Despite its importance, there is a fundamental

knowledge gap in the understanding of shoulder impedance, mainly due to a lack of

appropriate characterization tools.

Perhaps the most prominent studies that examine shoulder impedance are per-

formed using a single axis servo that attaches to the human arm and can be manually

re-positioned to allow for perturbations in either pitch or yaw (Lipps et al., 2015,

2020). While the pioneering research has helped lay the groundwork for shoulder
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impedance studies, it has limitations inherent to the hardware setup. First, the de-

vice has limited work-space, which makes it difficult to test a variety of postures.

Second, It does not allow for multi-dimensional (i.e. off-axis) perturbations without

changing the entire device’s setup. These multidimensional perturbations are neces-

sary to develop a more complete picture of shoulder impedance. Finally, the limited

active DoF of the device makes characterization during dynamic movement difficult.

Given these limitations, the Authors sought to develop a more flexible robotic so-

lution for shoulder impedance characterization, the result of which is the 4B-SPM

shoulder exoskeleton described in Chapters 4-6.

In order to characterize human shoulder mechanical impedance using the 4B-SPM

exoskeleton, the device must first be validated. To do this, a set of experiments were

performed on the exoskeleton using a shoulder mock-up. These experiments consisted

of first attaching different masses and springs with known inertia and stiffness to the

mock-up. The mock-up was then perturbed by the exoskeleton while the resultant

interaction forces and torques between the exoskeleton and mock-up were measured,

along with the position of the mock-up. From these measurements, it is possible

to estimate the inertia and stiffness of the attached masses and springs by using a

2nd order system model. In addition to validating the exoskeleton by characterizing

masses and springs with known properties, a preliminary human test was performed

to show the devices ability to be used by human subjects without issue while collecting

all necessary data for impedance estimates.

The rest of this paper describes the efforts made to validate the shoulder exoskele-

ton for human impedance studies, along with some preliminary results from human

testing.The sections are organized as follows: Section II includes (1) hardware setup,

(2) inertia and stiffness estimations, (3) mock-up tests, (4) human tests. Section III

details (1) the results of the mock-up tests and (2) the results of the human tests.
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Finally, Section IV concludes the paper with a discussion and summary of the con-

tribution.

7.2 Methods

7.2.1 Validation Testing: Hardware Setup

A mock-up of the human shoulder was constructed using a piece of 6 mm threaded

steel rod attached to a steel tie-rod joint. The tie rod joint was attached at the center-

of-rotation of the exoskeleton shoulder using a steel mounting fixture. This point is

also the theoretical center-of-rotation of the human operator. The thread rod was

secured within the upper arm cuff of the exoskeleton using a fitted wooden block. To

test different inertia and stiffness properties, a set of calibrated masses and springs

were used. The masses were attached by sliding them over the threaded rod and

securing them with nuts and washers. The springs were attached at one end to the

mock-up using copper cable. The other end of the springs were fixed to a point on

the ceiling or wall using copper cable, such that the springs act orthogonal to the

mock-up at the initial position prior to perturbations. This setup is exemplified in

Fig. 1-3.

The position of both the exoskeleton and mock-up are tracked using three Bonita

10 (Vicon, Denver USA) IR motion capture cameras operating at 250 Hz and posi-

tioned throughout the testing space. The cameras track three markers attached on

the exoskeleton and three markers on the mock-up. Each set of three markers allows

a rotation matrix to be constructed the represents the orientation of the attached

object. The Euler angles used to track the pitch and yaw of mock-up can be decon-

structed from its rotation matrix. These angles, along with torque inputs, are used

to estimate inertia and stiffness.
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Figure 7.1: Angle 1 - Shown is the shoulder exoskeleton with a mock-up of the human
shoulder installed. Attached is a 1 kg mass and a 42.3 Nm/rad spring oriented for
testing in the negative pitch direction.
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Figure 7.2: Angle 2 - Shown is the shoulder exoskeleton with a mock-up of the human
shoulder installed. Attached is a 1 kg mass and a 42.3 Nm/rad spring oriented for
testing in the negative pitch direction.
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Figure 7.3: Angle 3 - Shown is the shoulder exoskeleton with a mock-up of the human
shoulder installed. Attached is a 1 kg mass and a 24.4 Nm/rad spring oriented for
testing in the negative yaw direction.
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The torques exerted on the exoskeleton by the mock-up are measured using a

AXIA 80 EDU (ATI-AI, NC USA) force/torque transducer. This transducer is fixed

at one end onto the shoulder plate of the exoskeleton, while the other end is attached

to carbon fiber tubing that in turn is connected to the upper arm cuff of the exoskele-

ton. The pitch and yaw torques as measured by the transducer are used, along the

measured pitch and yaw Euler angles mentioned previously, to estimate inertia and

stiffness.

7.2.2 Inertia and Stiffness Estimations

Inertia and stiffness of the human arm can be estimated using a 2nd order system

model. In this model, inertia, damping and stiffness are represented. These terms can

be correlated to position, velocity, acceleration and interaction torque in the following

manner:

T = Iθ̈ +Bθ̇ +K∆θ (7.1)

For the experiments conducted, the torque is measured using the force/torque

transducer and Euler angle theta is measured from the motion capture setup. Both

θ̈ and θ̇ are derived form theta and the known sampling rate of 250 Hz. The Euler

angle difference ∆θ is measured relative to theta at the beginning of the perturbation.

The inertia I, damping B, and stiffness K are determined using multiple input and

multiple out linear (MIMO) regression.

The robot was commanded to perturb in two directions: -pitch and -yaw. These

directions were selected as they represent two independent (i.e. decoupled) Euler

angles. Demonstrating accurate characterization along these directions is important,

as it would suggest that any coupled combination of the two would also yield accurate

estimates. A 5th order minimum jerk perturbation profile was used for each direction.
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The perturbation had a commanded magnitude of 7 degrees and rise time of 160 ms.

Masses and springs were chosen that reflect inertia and stiffness estimates that

would be approximately in the range of what is expected for human subjects, which

is between 20-40 Nm/rad in the relaxed state (Lipps et al., 2020). Dampers were not

used in these validation experiments. The reason for this is that pure dampers do

not exist. Commercially available dampers have stiffness components that are highly

nonlinear, therefore characterization of damping using MIMO is not practically done.

Furthermore, because position, velocity and acceleration are related by the sample

rate, accurate estimates of position dependent stiffness and acceleration dependent

inertia would suggest the the related velocity dependent damping would also be ac-

curately estimated. A total of four mass spring conditions were used for each of the

two directions: (1) 24.4 Nm/rad with 0 kg add, (2) 24.4 Nm/rad with 1 kg added,

(3) 42.3 Nm/rad with 0 kg added, and (4) 42.3 Nm/rad with 1 kg added. Three

tests were performed for each of these conditions. Therefore, with two directions, four

conditions and three repetitions, the total number of experiments conducted with the

mock-up was 24.

The position, velocity, acceleration and torque data is filtered using a 4th-order

Butterworth with a 12 Hz cutoff frequency. This cutoff was chosen due to some

unidentified noise in the system occurring at 13-14 Hz. An outlier rejection criteria

of 2/sigma is applied to all filtered trials.

7.2.3 Human Testing

Preliminary human testing with the 4B-SPM shoulder exoskeleton was perform

in order to demonstrate the devices ability to collect the measurements needed to

estimate shoulder stiffness and damping while worn by a subject. To conduct these

experiments, minor modifications had to be made in order to track the position of a
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human arm instead of the mock-up. A carbon fiber rod with a 3D printed right-angle

fixture at its end was secured to the subject’s upper arm using tape. Mounted to the

printed fixture are the three IR markers previously used to track the position of the

mock-up. This setup, which is shown in Fig. 4, allows for the position of the human

arm to be tracked during perturbations. To further secure the right-angle to the arm,

both were wrap in a blood pressure cuff before being locked into the exoskeleton arm

cuff. Once locked to the exoskeleton, the blood pressure cuff was lightly inflated.

The second modification made in order to perform human experiments was the

addition of a forearm brace armature. This brace helped the subjects maintain a

consistent arm posture throughout the experiment. The brace armature consisted of

two 3-DoF joints that were connected by a piece of aluminum tubing. This aluminum

tube could also translate within each universal joint. Therefore, the brace armature

had a total of 7-DoF. All 7-DoF could be lock in place using a pair of locking handles

positioned on the universal joints. At the end of the brace armature was a wrist brace

that could be adjusted with straps to fit different subjects. This setup is shown in

Fig. 4.

For human testing, a total of 30 perturbations in each of the +- pitch/yaw di-

rections were performed. To prevent the human arm from getting tired, these per-

turbations were divided into subsets of 10 in each direction, or 40 total. after these

40 perturbations, the subjects were allowed to rest for up to 5 minutes. The same

perturbation profile conditions that were used in the mock tests were used in the

human tests.
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Figure 7.4: Shown is a human subject connected to the 4B-SPM exoskeleton.

7.3 Results

7.3.1 Mock-up Tests

The results of the 24 mock-up tests performed to characterize the performance

of the 4B-SPM shoulder exoskeleton are provided in the following figures: Fig. 5-

8 show the numerical results of the 24 experiments, Fig 9-32 show the Euler angle

position, velocity, acceleration, along with the corresponding measured torque and

IBK contribution estimates.
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For the pitch direction with a 24.4 Nm/rad spring and 0 kg of added mass, the

mean estimates of the 3 experiments for inertia and stiffness were 0.063 kgm2 (10.47

percent error) and 22.88 Nm/rad (6.22 percent error). For the pitch direction with a

24.4 Nm/rad spring and 1 kg of added mass, the mean estimates of the 3 experiments

for inertia and stiffness were 0.133 kgm2 (1.31 percent error) and 24.12 Nm/rad (1.12

percent error).

For the pitch direction with a 42.3 Nm/rad spring and 0 kg of added mass, the

mean estimates of the 3 experiments for inertia and stiffness were 0.067 kgm2 (4.76

percent error) and 43.79 Nm/rad (3.43 percent error). For the pitch direction with a

42.3 Nm/rad spring and 1 kg of added mass, the mean estimates of the 3 experiments

for inertia and stiffness were 0.131 kgm2 (4.62 percent error) and 41.88 Nm/rad (1.55

percent error).

For the yaw direction with a 24.4 Nm/rad spring and 0 kg of added mass, the

mean estimates of the 3 experiments for inertia and stiffness were 0.072 kgm2 (2.38

percent error) and 23.77 Nm/rad (3.54 percent error). For the yaw direction with a

24.4 Nm/rad spring and 1 kg of added mass, the mean estimates of the 3 experiments

for inertia and stiffness were 0.145 kgm2 (6.08 percent error) and 22.54 Nm/rad (8.83

percent error).

For the yaw direction with a 42.3 Nm/rad spring and 0 kg of added mass, the

mean estimates of the 3 experiments for inertia and stiffness were 0.076 kgm2 (7.14

percent error) and 44.31 Nm/rad (5.37 percent error). For the yaw direction with a

42.3 Nm/rad spring and 1 kg of added mass, the mean estimates of the 3 experiments

for inertia and stiffness were 0.159 kgm2 (16.5 percent error) and 44.11 Nm/rad (6.3

percent error).

It should be noted that the 0.07 kgm2 estimate of the robot inertia (i.e. no

mass added) is based the measured mass of different major components and the
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relative distance of each component to the center-of-rotation. The robot is however,

a complex system, so these inertia calculations may have some error associated with

them. However, if instead one examines the difference between 0 kg of mass added

and 1 kg of mass added, it can be seen that the measured inertia of 1 kg with a

known moment arm is 0.061 kgm2 for pitch and 0.084 kgm2. In comparison the

calculate inertia of this point-mass is 0.067 kgm2. This gives confidence that the

setup is providing reasonable estimates of inertia.

7.3.2 Human Tests

The results of the human test performed to estimate human shoulder impedance

are provided in the following figures: Fig. 33 shows the numerical results of human

test, Fig 34-37 show the Euler angle position, velocity, acceleration, along with the

corresponding measured torque and IBK contribution estimates.

For the positive yaw direction, the estimated inertia is 0.124 kgm2 and stiffness is

33.7 Nm/rad. For the positive pitch direction, the estimated inertia is 0.134 kgm2

and stiffness is 40.8 Nm/rad. For the negative yaw direction, the estimated inertia

is 0.14 kgm2 and stiffness is 29.5 Nm/rad. For the negative pitch direction, the

estimated inertia is 0.099 kgm2 and stiffness is 35.6 Nm/rad.

7.4 Discussion

This chapter has provided the setup and results of an extensive set of tests to

validate the 4B-SPM shoulder exoskeleton for human testing. The results of these

tests show that the device is capable of estimating stiffness and inertia of a mock-up

shoulder for a variety of different mass and spring conditions. This gives confidence

that the device will be capable of performing humans tests with a high degree of

accuracy.
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This chapter also introduces some preliminary results from human testing with

the 4B-SPM. This human test was performed to show the devices ability to interface

with and collect data on human subjects. While in no way is this early test conclusive

of human shoulder impedance, it provides a starting point in terms of experimental

protocol that more extensive future tests can benefit from. It also shows the device’s

ability to provide reasonable impedance estimates that are representative of what

is expected, based on current literature (Lipps et al., 2020). One point of note for

future experiments, the authors have since developed a torque feedback GUI in order

to help reduce the variance during experiments. The subjects are now required to

maintain a certain near-zero torque value before a perturbation will occur. This will

help improve initial condition consistency across all trials.

This work is an important first step toward characterizing human shoulder impedance

for a variety of applications. One such application would be using the 4B-SPM shoul-

der exoskeleton to develop a model of shoulder impedance for both static posture

and dynamic motion of healthily human subjects. This model will then be used as a

point of comparison for similar studies conducted with stroke impaired individuals.

Quantifying shoulder stiffness and damping between healthy and impaired subjects

could help improve our collective understanding of how many different neuromus-

cular diseases impact arm performance. This improved understanding could even

lead to better rehabilitation protocols for stroke and other conditions through better

identification and targeting of damping dependent spasticity and stiffness dependent

hypertonicity. A second application example would high performance military indus-

trial upper limb exoskeletons. Characterizing normal mechanical impedance would

allow for the development of exoskeleton devices that rely on cooperative human-robot

critical stability interaction to provide highly responsive performance.
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Figure 7.5: IBK results for 6 pitch direction perturbations experiments with a 24.4
Nm/rad spring. The first 3 are with 0 kg of added mass. The last 3 are for 1 kg of
added mass.
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Figure 7.6: IBK results for 6 pitch direction perturbations experiments with a 42.3
Nm/rad spring. The first 3 are with 0 kg of added mass. The last 3 are for 1 kg of
added mass.
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Figure 7.7: IBK results for 6 yaw direction perturbations experiments with a 24.4
Nm/rad spring. The first 3 are with 0 kg of added mass. The last 3 are for 1 kg of
added mass.
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Figure 7.8: IBK results for 6 yaw direction perturbations experiments with a 42.3
Nm/rad spring. The first 3 are with 0 kg of added mass. The last 3 are for 1 kg of
added mass.
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Figure 7.9: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 0 kg of added mass, experiment
1
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Figure 7.10: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 0 kg of added mass, experiment
2
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Figure 7.11: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 0 kg of added mass, experiment
3
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Figure 7.12: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 1 kg of added mass, experiment
1
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Figure 7.13: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 1 kg of added mass, experiment
2
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Figure 7.14: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 1 kg of added mass, experiment
3
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Figure 7.15: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 0 kg of added mass, experiment
1
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Figure 7.16: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 0 kg of added mass, experiment
2
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Figure 7.17: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 0 kg of added mass, experiment
3
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Figure 7.18: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 1 kg of added mass, experiment
1
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Figure 7.19: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 1 kg of added mass, experiment
2
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Figure 7.20: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 1 kg of added mass, experiment
3
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Figure 7.21: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 0 kg of added mass, experiment
1
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Figure 7.22: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 0 kg of added mass, experiment
2
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Figure 7.23: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 0 kg of added mass, experiment
3
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Figure 7.24: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 1 kg of added mass, experiment
1
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Figure 7.25: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 1 kg of added mass, experiment
2
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Figure 7.26: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 24.4 Nm/rad spring, 1 kg of added mass, experiment
3
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Figure 7.27: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 0 kg of added mass, experiment
1
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Figure 7.28: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 0 kg of added mass, experiment
2
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Figure 7.29: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 0 kg of added mass, experiment
3
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Figure 7.30: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 1 kg of added mass, experiment
1
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Figure 7.31: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 1 kg of added mass, experiment
2
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Figure 7.32: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for 42.3 Nm/rad spring, 1 kg of added mass, experiment
3
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Figure 7.33: IBK results for the human subject in all four primary directions
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Figure 7.34: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for the human subject in the positive yaw direction.
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Figure 7.35: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for the human subject in the positive pitch direction.
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Figure 7.36: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for the human subject in the negative yaw direction.
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Figure 7.37: Shown are position, velocity, acceleration, corresponding torque and
IBK contribution estimates for the human subject in the negative pitch direction.
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