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Abstract

Mechatronic Considerations on the Development of an Upper Limb Exoskeleton for Rhesus
Macaques

by

Junkai Lu

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor Masayoshi Tomizuka, Chair

Integrating an exoskeleton as the external apparatus for a brain-machine interface has the
advantage of providing multiple contact points to determine body segment postures and al-
lowing control to and feedback from each joint. Most current brain-machine interface studies
use non-human primates, for example rhesus macaques (Macaca mulatta), as the research
subjects. In order to develop an upper limb exoskeleton for macaques which can provide both
data acquisition and motion actuation, this dissertation investigates the mechatronic con-
siderations of developing such a device, including 1) the kinematic modeling and structural
design, and 2) the actuator design and control.

An exoskeleton is a wearable robot, and is supposed to be attached to the user’s body
segments. Thus the kinematic structure needs to match the macaque’s upper limb as closely
as possible, which requires the exoskeleton to be compact and singularity free in workspace,
as well as have biomorphic nature joints and firm attachments. In order to provide sufficient
output torque and guarantee the user’s safety, the actuators of the exoskeleton should be
backdrivable, of high power-to-weight ratio, and capable of executing compliant actuation
algorithms.

Based on the above design requirements, this dissertation presents the development pro-
cess of an upper limb exoskeleton for macaques from kinematic modeling and analysis, pas-
sive exoskeleton prototyping and animal training, compliant actuator design and control, to
completion of an actuated exoskeleton and system integration with a brain-machine inter-
face. First an upper limb exoskeleton model is proposed with a redundant shoulder joint to
achieve improved manipulability than conventional designs. The advantageous features of
the proposed exoskeleton model are demonstrated by a series of kinematic analysis. Then a
passive upper limb exoskeleton is fabricated for kinematic model validation, motion charac-
terization and animal training purposes, and its effectiveness is demonstrated by the animal
tests. In order to obtain a compact, powerful, backdrivable and torque-reflecting actuator
for the actuated exoskeleton, a cable-driven series elastic actuator is designed, and an in-
teractive impedance control algorithm is proposed and experimentally validated. On top
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of the development of the passive exoskeleton and the impedance-controlled actuator, an
actuated multi-degree of freedom upper limb exoskeleton is developed and integrated with a
brain-machine interface, and the effectiveness of the proposed exoskeleton system is finally
supported by pilot animal tests.
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Chapter 1

Introduction

1.1 Background
Humans have long held a fascination for inventing a piece of technology that would let people
control a device simply using their mind. To implement such a system as shown in Fig. 1.1,
a neural interface needs to be implanted on the motor cortex to record the firing of neurons,
and then input the neural signal to a computer program which is called a decoder. This
decoder will translate the brain activity into a small number of output signals to control
the external devices. In order to give the users not only the control of the device but also
the ability to feel it, tactile sensors can also be installed on the device to send the sensing
information back to the brain. This entire system is called a brain-machine interface (BMI),
which can provide means to enable the communication between the brain and the outside
world [10].

BMIs are often directed at assisting, augmenting, or repairing human cognitive or sensory-
motor functions, specifically, for paralysis patients. Since the introduction of BMI, re-
searchers around the world have been putting tremendous efforts into finding ways to en-
able the paralyzed people to move a prosthetic device with their mind. Researchers at
the University of Pittsburgh have realized an able-bodied monkey to control a robotic arm
by decoding the monkey’s neural signals [83], and one study published in [26] has demon-
strated that people suffering from brainstem stroke can also control a robotic arm to perform
three-dimensional (3D) reach and grasp movements through a BMI system. These research
breakthroughs have also helped promote a new paradigm of human-robot interaction. And
the BMI system may also become a promising rehabilitation solution for people who suffer
from loss or difficulty of mobility.

In terms of providing physical therapy training or assistive power to the upper limb
rehabilitation, most of the existing therapy robots are either end-effector-based or exoskeleton
devices [59]. Since an end-effector-based robot generally interacts with patients through only
one point, it cannot fully determine the patient’s arm posture or the interaction torques at
each joint. Although a wearable exoskeleton has more complicated mechanical structures
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Figure 1.1: General structure of an invasive brain-machine interface system [15].

and system dynamics, the multiple contact points with the user’s body allow control to and
feedback from each joint individually.

Specifically, an exoskeleton solution can be useful to help restore the mobility of the
affected upper limbs by allowing the shared control of the limb between the exoskeleton
controller and the patient’s residual motor control abilities. For paralyzed patients with some
residual sensory abilities, it would be highly desirable for the assistive device to give them
somatosensory and proprioceptive feedback that is consistent with their limb movements,
which would be easy to achieve with an exoskeleton device, but not with an end-effector
based robot. Even for completely paralyzed patients, an exoskeleton may offer better control
than an end-effector based robot given that the patient should be better able to “embed”
the movements of an exoskeleton into the patients’ body schema since the device should
follow their desired movements more precisely. And there are other motor disorders beyond
the above yielding paralysis for which exoskeletons would be superior to end-effector based
robots. In dystonia, for instance (which often co-occurs with Parkinson’s disease), patients
are typically able to initiate but not to complete their movements. In such situations, an
exoskeleton is able to track their initial movement and then execute the remainder of the
motion after decoding the desired goal (not from neural activity but just from the initial
movement). Thus, an exoskeleton as an apparatus controlled by the BMI may more closely
match natural motion, which may allow better study of the neural control of movement.

Based on the above discussions, this collaborating research effort at UC Berkeley explor-
ing the integration of the BMI and the exoskeleton system has the potential to promote
people’s understanding of fundamental principles in the neural control of movement in sce-
narios involving physical interactions with the world, as well as to motivate a new generation
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Figure 1.2: KINARM for non-human primates [30].

of rehabilitation or power augmentation exoskeleton systems. This project proposed an in-
vasive BMI system with rhesus macaques (Macaca mulatta) as the study subjects, and the
exoskeleton device involved provides both kinematic motion data acquisition and motion
actuation.

1.2 Challenges and the Cutting Edge
Fig. 1.2 shows the well-known KINARM exoskeleton for upper limb motion sensing and
actuation. By now the KINARM is the only upper limb exoskeleton that can be used by
non-human primates (NHP) for BMI studies. It has five links, and two motors are installed
on top of the frame to provide angular position of the joints and apply torques either to
the shoulder or elbow, or both. The KINARM joints are designed to align with the NHP’s
shoulder and elbow, and allows the NHP to make arm motions in the horizontal plane. Thus
it can be regarded as a two degrees of freedom (DOF) device which only allows movement
in a two-dimensional (2D) task space. More details of this apparatus can be found in [78].
KINARM has been commercialized by BKIN Technologies, and the price is high.

One other exoskeleton-like device designed for NHPs is the lower limb exoskeleton devel-
oped by Dr. Nicolelis and his colleagues at Duke University, which is shown in Fig. 1.3. Its
links are made of low-cost metal bars, and the motion is pneumatically powered. This NHP
lower limb exoskeleton is also controlled by motion commands decoded from neural signals
from the macaque’s motor cortex.

Compared with the exoskeletons designed for NHPs, the exoskeleton systems for humans
have been much more widely investigated in applications of power augmentation and reha-
bilitation. Although their target functions and design requirements are different from what
we would like to achieve, they can still serve as pilot examples to investigate. The develop-
ment of an exoskeleton consists of the kinematic structural design and the actuation system
design. Next, the state of the art of human upper limb exoskeleton design and the motion
actuation for subject-robot interaction will be discussed in this section.
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Figure 1.3: Lower limb exoskeleton for non-human primates [31].

1.2.1 Kinematic Modeling and Structural Design

There are many design difficulties for developing an appropriate mechanism of an upper limb
exoskeleton. Most of the difficulties result from the anatomy of the upper limb, especially
from the shoulder complex, one of the most anatomically complicated areas in the human
body, whose center of rotation is changing with its motions [21]. Specifically, the elevational
rotation movement of the humerus can also cause the scapular to move, and this joint
movement is called scapulohumeral rhythm [44]. Next, we will give a brief explanation about
this phenomenon.

It can be noticed in Fig. 1.4 that the shoulder complex actually consists of four joints
that function in a precise and coordinated manner: the sternoclavicular (SC) joint, the
acromioclavicular (AC) joint, the glenohumeral (GH) joint, and the scapulothoracic (ST)
joint [64]. Therefore, the shoulder complex is a highly-coupled mechanism of great complexity
due to the fact that each of the four joints also possesses multiple DOFs (refer to [86] for
more information).

A non-redundant 5-DOF mathematical model of the shoulder complex is introduced in
[87], including three rotational DOFs (correspond to abduction/adduction, flexion/extension,
and internal/external rotation movement) and two translational DOFs (correspond to ele-
vation/depression, and protraction/retraction motion), with the thorax as the fixed base,
as shown in Fig. 1.5. And it is exactly the two translational DOFs that cause the position



CHAPTER 1. INTRODUCTION 5

Glenohumeral
(GH) joint

Sternoclavicular
(SC) joint

Acromioclavicular
(AC) joint

Scapulothoracic
(ST) joint

Figure 1.4: Joints located at the shoulder complex [32].
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Figure 1.5: Non-redundant 5-DOF shoulder complex model.

change of the center of the GH joint.

Anatomical Joint and Exoskeleton Joint Alignment

Since the exoskeleton will be directly attached to the user’s upper limb, if the motion is
generated by the exoskeleton (i.e., user’s limb moves passively, which is most of the cases
in upper limb rehabilitation application), a shoulder complex design which has a shoulder
joint center with translational DOFs would be of great importance. More generally speaking,
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Alternatively, several bioengineering researchers have fa-

vored the “azimuth-elevation-roll” convention commonly used
in scientific practice [23]. In this standard, the first shoulder
rotation, “azimuth,” is the rotation about a vertical axis through
the shoulder. The second rotation, “elevation,” is rotation of
the upper arm about an axis orthogonal to both the azimuth
axis and the longitudinal axis of the upper arm. The third
shoulder axis, “roll,” is the rotation of the upper arm about its
longitudinal axis and is the same as the “shoulder” rotation in
the biomechanics convention.
Several of the arm exoskeleton prototypes that have been

built to-date are listed in Table I. The table lists the number
of joints, power source, mass, upper/forearm lengths, and the
shoulder type. If the exoskeleton is portable, then the mass of
the backpack and exoskeleton are each given. The two lengths
reported are for the upper arm and forearm links. Four different
shoulder types appear based upon the sequence of rotations
in the shoulder. The range of motion and continuous static
torques for several of these devices are listed in Table II and
Table III.
The majority of exoskeletons listed in Table I were devel-

oped as haptic devices for virtual reality (VR) applications.
Haptic devices are typically driven by motors to provide the
high control bandwidth required for interaction with virtual
environments and thus have relatively low power output as
seen in Table III. The only exoskeleton that even comes
close to human output capability is the hydraulically-powered
Sarcos Dextrous Arm Master developed as a force-reflecting
master arm for teleoperation applications [11]. While this may
be the most powerful exoskeleton, it is also the heaviest.

TABLE I

ARM EXOSKELETON PROTOTYPES.

DOF Port? Power Mass† Length‡ Type
DEVICE # Y/N * (kg) (cm) �

EXOS [4] 5 Y E 8.2/1.8 ?/? FAR
Dex [11] 7 N H 20.9 31.1/25.9 FAR
Sensor [21] 7 N E 6 24.0/28.5 FAR
GIA [2], [16] 5 N E 10 30.5/25.0 AFR
ATHD [8] 7 Y E ?/2.3 ?/? BSR
MB [22] 7 Y ∅ ?/15 28.3/26.5 ZLR
FreFlex [10] 7 N E ? 37.2/29.9 AFR
pMA [25] 7 N P 2 ?/? FAR
Salford [5] 9 Y ∅ ?/0.75 ?/? AFR
MULOS [12] 5 N E 2 ?/? ZLR
UWash [24] 7 N E ? ?/? AFR

∗ E-electric, H-hydraulic, P-pneumatic, ∅-unactuated
† Backpack/Arm (from first GH joint)
‡ Upper Arm (GH to Elbow)/Forearm (Elbow to Wrist)
� FAR (flexion-abduction-rotation), AFR (abduction-flexion-rotation), ZLR
(azimuth-elevation-roll), BSR (ball&socket-rotation)

A number of unactuated devices have also been built for
gathering anthropomorphic data such as the MB Exoskeleton
developed for the U.S. Air Force and shown in Figure 2
[22]. Although this device is passive, it incorporated a number
of features important for physiotherapy applications such as
good range of motion, adjustable link lengths (±2.5 cm upper

arm, ±2.0 cm forearm), and portability. The project was
discontinued before a powered exoskeleton was built, but first-
hand observation provided a lot of valuable information.

Fig. 2. SSL personnel dons the MB Exoskeleton during visit to Wright-
Patterson Air Force Base. (SSL Photo Archives – used with permission of the
Wright-Patterson Air Force Research Laboratory)

The tradeoff between power-to-weight ratio and control
bandwidth for haptic devices has been addressed by several
researchers [4]. Recent articles suggest a trend toward using
pneumatically powered exoskeletons for physical therapy. Ex-
amples of these include the pMA Exoskeleton which utilizes
pneumatic muscle actuators (pMA) [25] and the Skil Mate
wearable elbow/forearm exoskeleton powered by McKibben
artificial muscles [26] and developed for astronaut extravehic-
ular activity (EVA). While these devices have excellent power-
to-weight ratios, they have relatively low bandwidth capability
(≈ 0.5Hz), making them poorly suited at present for virtual
reality applications. However, they do show excellent promise
as assistive and resistive training devices.
The Motorized Upper Limb Orthotic System (MULOS) is a

wheelchair-mounted exoskeleton developed for use by persons
with weak upper limbs [12]; thus, it is not intended as an
exercise system for fit adults. In addition, there is no compen-
sation for scapulo-thoracic motion, which is considered key for
shoulder rehabilitation. Nonetheless, MULOS provided some
valuable guidelines for designing the shoulder kinematics as
well as instituting a number of novel safety features, such as
a slip clutch for protection against spastic motions.
The only exoskeleton that has explicitly allowed for scapu-

lothoracic motion is the non-driven Salford ArmMaster de-
veloped for tactile VR applications [5], [6]. This exoskeleton
incorporates scapula tilt of up to 60◦ and scapula medial
rotation of up to 45◦ that could generate up to 12 cm of
scapula elevation/depression. MULOS researchers examined
the translation of the GH joint for several assistive tasks and

525

Figure 1.6: MGA exoskeleton proposed in [9].

this can be classified as the alignment problem between the user’s anatomical joint and the
mechanical joint of the exoskeleton’s. If the exoskeleton axes cannot coincide with the user’s
anatomical rotation axes, the user’s range of motion (ROM) will be reduced, which will also
cause discomfort to the users [41].

The importance of the scapulohumeral rhythm in designing an upper limb exoskeletons
was first emphasized in [7], and a passive exoskeleton was designed with two DOFs at the
scapulothoracic joint dealing with this issue. Another design that has incorporated the
scapulothoracic joint motion is the MGA exoskeleton shown in Fig. 1.6 [9], which allows for
active adjustment to scapula rotation by using an extra actuated revolute joint in series with
three actuators to form a spherical joint.

ARMin I [55], II [56], and III [58] are a series of well-known designs of rehabilitation-
oriented exoskeletons (shown in Fig. 1.7). The shoulder complex of ARMin I just uses
a 3-DOF spherical joint model, which cannot impose ergonomic movements to the user;
ARMin II manages to come up with a design that has an extra vertical translational DOF
to the shoulder joint corresponding to shoulder elevation/depression movement, which ac-
cordingly increases system kinematic complexity; ARMin III features its design of achieving
the ergonomic movement by a circular shoulder joint motion, which has simplified system
structure, but consequently reduced mechanism’s ergonomy compared with ARMin II.

MEDARM [4] is a rehabilitation exoskeleton 5 DOFs at the shoulder complex composed
of two at the sternoclavicular joint and three at the glenohumeral joint (shown later in
Fig. 1.11). In particular, the two DOFs mimicking the sternoclavicular joint is actuated and
can assist elevation/depression and protraction/retraction of the shoulder girdle. However,
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(a) ARMin I (b) ARMin II (c) ARMin III 

Figure 1.7: Three generations of the ARMin exoskeletons.

in addition to its complexity, the design suffers from joint misalignment since the shoulder
girdle mechanism approximates the path of the center of the glenohumeral joint as a circle
at the sternoclavicular joint [18].

IntelliArm [63] is an exoskeleton design with seven actuated and two passive DOFs. In
order to address the alignment issue of the shoulder center, two passive and one active DOFs
are assigned at the shoulder complex, among which the two passive joints are implemented
using linear slides, and the elevation/depression movement of the shoulder is tracked by a
linear motor. This design allows for the ergonomic movements of the shoulder, in spite of
lacking shoulder protraction/retraction movement, but with higher system complexity due
to its possession of nine DOFs.

Another design with six DOFs at the shoulder complex is proposed in [41]. Thanks to
its novel arrangement of the sequence of joints, this design enjoys the ability of providing
both elevation/depression and protraction/retraction movement of the shoulder, and also
manages to have increased the workspace of the exoskeleton. However, since five DOFs of
the six are motorized, system complexity is also greatly increased.

The design in [18] proposes a 7-DOF exoskeleton with six active joints and one passive
joint. This design features a 3-DOF self-aligning module for adjusting the alignment of
human joint axes and the device axes for exoskeletons, which is a planar parallel mechanism
with high position accuracy and large range of rotations (shown in Fig. 1.8). This module
is quite generic, and can also be applied to types of exoskeleton designs, even to the designs
that already exist.

Kinematic Singularity

Another design difficulty of the shoulder joint that is not discussed as widely as the mecha-
nism alignment problem is the kinematic singularity issue.

The physical meaning of a kinematic singularity refers to the configurations in which
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(a) Hardware design of the self-aligning joint (b) Schematic model of the self-aligning joint 

Figure 1.8: The 3-DOF self-aligning module of [18].

there is a change in the expected or typical number of instantaneous degrees of freedom [17].
When singularity occurs, at least one DOF of motion is lost, and the mechanism cannot
move arbitrarily, which is highly undesirable for a motion tracking system. Meanwhile, in
the vicinity of a singularity for a motorized design, small desired velocities in the task space
will require very large joint motions if the task space velocities have components along the
degenerated directions. These large joint motions may damage the motors or even result in
severe injuries to the user.

Apart from the translational DOFs at the shoulder complex, the shoulder can be basically
modeled by a ball-and-socket joint (or spherical joint), which consists of three rotational
DOFs. Therefore, it is intuitive to use three serial revolute single joints to mimic the shoulder
joint. However, for any mechanism that uses a series of revolute joints to mimic the ball-
and-socket joint, singularities always exist. Fig. 1.9 shows the singular configuration of a
three serial joint model where Axis 1 and Axis 3 are collinear, making this mechanism lose
the rotational DOF about the defined z0 axis.

In spite of the singularity problem, engineers prefer utilizing the “canonical” form of a
triad model to characterize the shoulder joint for system simplicity, as shown in Fig. 1.10.
The “canonical” here means that the three axes are perpendicular to each other at its home
posture, and the axis directions are in accordance with those of the world coordinate system.
It can be noticed that no matter how this mechanism reach the posture with entire arm
pointing to the user’s front direction, the axis of Joint 1 will always be collinear with that
of Joint 3, and the singularity occurs. The exoskeletons proposed in [33, 52, 72, 82] all use
this model with their should joint designs.

To reduce the occurrence of singularities, some researchers revised the canonical triad
model with different approaches based on different reasons and assumptions. Typical designs
that have taken this issue into consideration are MEDARM [4], (CADEN)-7 [65], and SAM
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Figure 1.9: Singular configuration of a three serial joint ball-and-socket model.
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Figure 1.10: The shoulder model of IKO [52].
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Figure 1.11: Relationship illustration of the shoulder axes of the MEDARM model [4].

[45].
MEDARM deals with the singularity issue using an optimization-based approach. The

relative angle between its first axis and the second axis is obtained by maximizing a metric
(the box product of the unit direction vectors of three axes) which the authors utilize to
evaluate mechanism’s manipulating ability, as well as avoiding configurations where there
exist collisions between the exoskeleton and the user body. Using the parameters they
proposed, the authors claim there is no singularities in their prescribed workspace.

(CADEN)-7 uses a strategy of assigning the system’s singular posture to a direction that
is rarely (in the sense of statistics, which can be found in [66]) reached by people in their
activities of daily living (ADL), or anthropometrically hard to reach, as shown in Fig. 1.12.
In this way, the authors claim that the majority of the exoskeleton workspace is free of
singularities [65]. Note, unlike MEDARM, the first joint axis of (CADEN)-7 and its second
joint axis are still perpendicular to each other.

SAM is designed in a way that is more like between MEDARM and (CADEN)-7. Similar
to (CADEN)-7, the first joint axis is designed to have two successive rotation angles about
two task space reference coordinate axes, which results in its singular direction being at the
frontier of the workspace. However, the design principle is based on analyzing the system’s
manipulating ability, which is similar to what the authors have done for MEDARM, but with
the metric being the ratio of the extreme singular values of the Jacobian matrix (isotropic
index).
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Figure 2. The Exo-UL7 a two-arm exoskeleton system with 7 DOFs in each arm. (a) System overview. (b) Rotation axes – definition.
Orientation of the base shoulder frame (joints 1, 2, 3) to adjust the singular configuration of the shoulder joint. Mechanical Singularities
– mechanical singularities between axes 1 and 3 occur around the shoulder internal–external rotation axis in configurations (e) and (f). A
singularity between axes 3 and 5 also occurs in full elbow extension (g).

abduction, values that lie in the median of the shoulder’s
range of motion (ROM) as assessed from the ADL study.

C. Dynamics

The human arm dynamics were studied using an analytical
approach. A mathematical model of the human arm with
7 DOFs, consistent with the 7-DOF VICON model used
during data collection, was developed using Mathematica
(Wolfram Research, Inc.). The Power of Exponentials ap-

proach (Murray and Sastry 1994) was used to eliminate po-
tential singular effects at the shoulder, a common problem
associated with the use of Euler angles. Analytical expres-
sions of the seven equations of motion were derived from
the model and converted to Matlab syntax for single-syntax
post-processing.

The general form of the equation of motion is ex-
pressed as Equation (5).

τ = M(�)�̈ + V (�, �̇)�̇ + G(�), (5)
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singularity between axes 3 and 5 also occurs in full elbow extension (g).
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Figure 1.12: Singular posture of the shoulder joint design of (CADEN)-7 [66].

1.2.2 Actuation System Development

The actuation system of an exoskeleton robot is also of significant importance since it should
be designed to provide sufficient drive force for motion actuation as well as to guarantee the
safety of the users. The development of such actuation system consists of the hardware level
actuator design and the software level control algorithm development.

Control Algorithms

Generally depending on the applications, an exoskeleton can be operated in at least one of
the following three control modes: 1) torque control; 2) position control; and 3) impedance
control.

The position control mode is commonly used to make sure that the exoskeleton joints
rotate to the desired angles. For instance in the rehabilitation application, position control
can be used to complete the tasks that are specified by certain trajectories. One typical
example is the ARMin II in [60].

The torque control mode is generally used in applications where assistive torque or force
needs to be provided by the exoskeleton to help augment the user’s power. Examples of
these applications could be on industrial assembly lines to share the loads with the workers
in assembly activities, or in rehabilitations to help the patient with some residual mobility to
finish the tasks. Typical examples can be found in [39] and [70]. In this case, an upper-level
controller is need to decide how much assistive torque is needed to command the torque
controller.

The impedance controller is an extension of the torque control and position control. It
neither only controls the torque nor the position, but controls the relation of the two and
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regulate the interaction force between the exoskeleton and the user to a target impedance.
Both the position controller and the torque controller can be used as the low-level controllers.
In the torque based impedance controller, the desired impedance model in the outer loop
receives the position error between the desired position reference and the actual joint position,
and then generates the torque reference for inner loop torque controller. The torque controller
will enforce the torques exerted by the exoskeleton to be close to the torque references.
Impedance controllers allow motion to deviate from the reference, and thus for rehabilitation
applications, it is a desirable safety feature of exoskeleton systems which helps to release the
patient in the cases of power loss or therapist-triggered cut-off [58]. Typical examples are
the MGA in [8] and the ARMin III in [58].

Actuator Design

In order to achieve satisfactory control performance, which are typically based on the
impedance control architectures, the exoskeleton should have low friction and negligible
backlash, and the actuator also should be backdrivable [58]. And passive backdrivability
helps to achieve good performance of the impedance controller [42].

Most upper limb exoskeleton designs utilize electric motors to produce the drive force
for motion actuation. A number of these designs use gear and cable/tendon drive as their
power transmission [20, 55, 56, 58, 73]. The drawback of this type of actuator is that the
friction and backlash inherent with the gearbox could be significant, and the backdrivability
of the actuator would decrease as the gearbox reduction ratio gets large. The authors of
[24] use the direct drive approach to reduce the nonlinearity of the actuator, but as a result,
the magnitude of the output force is greatly reduced, and the motor inertia is large. The
(CADEN)-7 proposed in [65] uses brushed motors and cable-driven systems with two-stage
pulley reductions as its actuators. Most brushed motors are mounted on a stationary base
to reduce the exoskeleton weight and inertia. Moreover, compared with gear transmissions,
cable and pulley system has the advantage of transmitting loads with extremely low friction
and backlash which is desirable. However, the cable routing increases the mechanical design
complexity. To obtain a backdrivable actuator which can also produce sufficient output
force, some researchers choose the series elastic actuator (SEA) for their upper or lower limb
exoskeleton designs [38, 39, 70, 84]. The SEA has an elastic component connecting its motor
side and load side, and thus can be regarded as backdrivable even if the motor is geared with
a high reduction reducer. Another merit of the SEA is that its output force can be evaluated
by Hooke’s law based on position sensor measurements on both sides, which means that the
SEA can also work as a low-cost force/torque sensor.

Apart from electric motors, pneumatic muscles and hydraulic power have also been
adopted by researchers due to their unique characteristics. Pneumatic muscles are lightweight,
and simultaneously strong and compliant. The low impedance feature comes from the in-
herent compliance of air. The disadvantages of pneumatic muscles include nonlinearities in
both force and airflow dynamics, and the requirement of an external source of compressed air
[85]. Typical upper limb exoskeletons use actuators of this kind are [3, 37, 74, 82]. Hydraulic
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actuators have compact size, low weight, and high force capabilities. Since hydraulic fluid is
generally incompressible, the hydraulic actuator also has a relatively high-control bandwidth
[89]. Their drawbacks include relatively low accuracy, leaking fluid, and the requirement of
many companion parts. Typical design examples can be found in [57, 89].

1.3 Motivation and Contributions
As we have discussed in the previous sections, the integration of BMI study and exoskeleton
technique can help to promote our understanding of fundamental principles in the neural
control of movement in scenarios involving physical interactions with the world, as well as
to motivate new generation of rehabilitation or power augmentation exoskeleton systems.
In order to serve as the external apparatus that can help establish a closed-loop BMI and
enable the macaque’s proprioceptive feedbacks, the exoskeleton to be developed should be
able to work in several different control modes to realize both data acquisition and motion
actuation of the macaque’s upper limb, which means the target functions of the proposed
macaque exoskeleton are different from most of the existing human rehabilitation-oriented
designs.

Per the previous discussions of the state of the art upper limb exoskeletons for both
NHPs and humans, a list of requirements of developing such an apparatus for the macaques
is summarized as follows:

• Biomorphic nature joints: exoskeletons are wearable devices and should match and
capture the motion of each individual joint.

• Shoulder joint design with unlikely singularity in workspace: the shoulder joint of
an upper limb exoskeleton should be designed with unlikely internal singularities (i.e.,
singular configurations not due to reaching joint limits) in the workspace for both large
joint ROM and safety considerations.

• Compact: compactness is a necessity of an upper limb exoskeleton that is designed
for macaques. Since the body dimensions of macaques are much smaller than those
of humans, the mechanical components of the exoskeleton should be kept sufficiently
compact.

• Firm attachment: considering that the two internal/external rotation joints of the
upper arm and the forearm also serve as the attachment joints of the exoskeleton to
the user’s body segments, and that the macaque’s body is furry, firm attachments are
required.

• High power-to-weight ratio: the exoskeleton should be lightweight while capable of
providing sufficient output torque to complete the designed tasks, which means that
the exoskeleton should have a high power-to-weight ratio.
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• Backdrivability: considering that the target users in this project are macaques which
cannot explicitly communicate with the researchers during operations, backdrivabil-
ity would allow the ease of subject-induced motion when the device is unpowered or
reaching to a posture that is not safe or comfortable to the subject.

• Safe and comfortable: the exoskeleton should be designed safe and comfortable for the
subject. Safety needs to be guaranteed on both hardware level and software level.

The requirements of biomorphic nature joints, singularity free in workspace, compactness
and firm attachment need to be addressed during the kinematic modeling and structural
design process, and the features of high power-to-weight ratio, backdrivability, and safe and
comfortable motion actuation should be included in the actuator design and control stage.

This dissertation focuses on the mechatronic considerations on the development of an
upper limb exoskeleton for macaques. In order to handle the challenges mentioned above,
investigations have been made on both the kinematic modeling and structural design, and
the actuator design and control aspects. The specific contributions of this work are listed
here.

1. A kinematic upper limb exoskeleton model which has a redundant shoulder joint and
exhibits high manipulability.

2. A passive upper limb exoskeleton which enables macaque kinematic motion sensing and
characterization, as well as safe animal training.

3. A compact, backdrivable and torque-reflecting cable-driven series elastic actuator which
is impedance-controlled to achieve compliant motion actuation for subject-robot inter-
actions.

4. An actuated upper limb exoskeleton which is driven by series elastic actuators and
realizes data acquisition and motion actuation of the macaque upper limb in a BMI
system.

1.4 Dissertation Outline
The details of each chapter are as follows.

Chapter 2: Kinematic Design and Analysis of an Upper Limb Exoskeleton
Model for Rhesus Macaques

A 6-DOF upper limb exoskeleton model with 4 DOFs at the shoulder complex is proposed
in this chapter to achieve better manipulability than conventional shoulder models. The
advantageous features of the proposed exoskeleton model are demonstrated by a series of
kinematic analysis. Singularity and manipulability analysis is first investigated, and then a
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gradient projection based joint space trajectory planning approach is provided as one way
to utilize the redundancy of the proposed shoulder joint to avoid system unsafe regions. The
effectiveness of the proposed shoulder joint model is evaluated by simulation studies.

Chapter 3: Development of a Passive Upper Limb Exoskeleton for Rhesus
Macaques

The development of a passive upper limb exoskeleton for macaques is presented based on the
kinematic exoskeleton model proposed in the Chapter 2. The mechanical design is introduced
in terms of biomorphic joints and joint ranges of motion. Then real-time motion data
acquisition and motion capture system based system kinematic calibration are discussed. The
experimental results of the animal test are finally provided to demonstrate the effectiveness
of the proposed passive exoskeleton.

Chapter 4: Design and Control of a Cable-Driven Series Elastic Actuator

In order to obtain a compact, backdrivable, high power-to-weight ratio, and torque-reflecting
actuator for the actuated exoskeleton, a cable-driven SEA is proposed in this chapter. Both
the mechanical design and the development of an interactive impedance controller are pro-
vided. The cable-driven mechanism of the proposed actuator helps achieve a compact and
high power-to-weight ratio design, and the interactive impedance control algorithm helps re-
alize a safe motion actuation when the user is in the loop. The effectiveness of the proposed
actuator is verified by a series of experiments.

Chapter 5: Development of an Actuated Upper Limb Exoskeleton for Rhesus
Macaques

On top of the development of the passive exoskeleton and the cable-driven SEA, the devel-
opment of an actuated multi-DOF upper limb exoskeleton for macaques is presented in this
chapter. Compared with existing 2D non-human primate exoskeleton KINARM, the pro-
posed exoskeleton allows for freedom of movement in additional dimensions. The mechanical
design is discussed in terms of kinematic structural design and actuation system develop-
ment. Finally the system integration of the BMI with a macaque subject is introduced, and
pilot animal test results are provided.

Chapter 6: Concluding Remarks and Open Issues

The concluding remarks of this dissertation are summarized in this chapter, and some open
issues are also discussed as future work.
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Chapter 2

Kinematic Design and Analysis of an
Upper Limb Exoskeleton Model for
Rhesus Macaques

2.1 Introduction
An exoskeleton generally refers to an external structural mechanism with joints and links
that corresponds to those of the users [65]. It is a wearable device which is attached to the
user’s body segments for motion actuation. Kinematic design is one of the key aspects for
developing an upper limb exoskeleton, and matching a mechanical exoskeleton to a biolog-
ical structure faces difficulties, especially in the shoulder complex. Specifically, two major
problems are axis alignment between the anatomical and device joints and the kinematic sin-
gularity of mechanical models, as has been discussed in Chapter 1. Compared with the axis
alignment problem, the singularity issue in the shoulder complex design has not drawn the
same amount of attention since rehabilitation-oriented exoskeletons typically do not require
large ROM, and the training motions for patients are expected to be within certain patterns.
Thus mechanism singularities can be intentionally avoided. However, for an exoskeleton de-
signed for macaques, when operated in the passive tracking mode where the macaque’s arm
is free to do arbitrary motion, a shoulder joint design with unlikely singularity is of signifi-
cance for allowing precise tracking and addressing safety concerns, considering macaques are
generally non-cooperative.

The shoulder complex can be basically modeled by a ball-and-socket joint consisting of
three rotational DOFs, which can be mechanically implemented using three serial revolute
joints. The two conventions shown in Fig. 2.1 are widely used to describe the rotation
sequence [72]. However, since both conventions use a triad model, singularities cannot be
avoided if their postures require an alignment of their first joint axis with the third. To reduce
the occurrence of kinematic singularities, several research groups revised the aforementioned
standard triad models based on different concerns and assumptions. Typical designs are
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(a) flexion-abduction-rotation (b) azimuth-elevation-roll

Figure 2.1: Two rotation conventions for glenohumeral joint model.

(CADEN)-7 [65], MEDARM [4], and SAM [45]. Details of their design strategies has been
detailed in Chapter 1. However, all these designs use a triad joint model to mimic the
shoulder complex, making each task space posture correspond to a unique inverse solution
for the joint space realization, therefore a singularity always exists.

In this chapter, a 6-DOF upper limb exoskeleton model with 4 DOFs at the shoulder
complex is proposed to achieve better manipulability than conventional shoulder models.
The advantageous features of the proposed exoskeleton model will be demonstrated in this
chapter by a series of kinematic analysis. Singularity and manipulability analysis will be first
investigated. Then a gradient projection based joint space trajectory planning approach will
be provided as one way to utilize the redundancy of the proposed shoulder joint to avoid
system unsafe regions. Simulation results will be provided to demonstrate the effectiveness
of the proposed shoulder joint model.

2.2 Upper Limb Joints and an Exoskeleton Model
The functionality of primate upper limbs is determined by the shoulder complex, elbow
complex, wrist, and hand.

The shoulder complex is one of the most difficult structures to model for an upper
limb. Although [14] and [11] point out that the morphology of the macaque shoulder
joint is not exactly the same as a human’s, human upper limb structure can still serve
as a reference for developing the kinematic design of an exoskeleton in the absence of
macaque shoulder joint models in existing literature. [87] introduces a non-redundant 5-DOF
mathematical model of the shoulder complex for humans including three rotational DOFs
(abduction/adduction, flexion/extension, and internal/external rotation) and two transla-
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(b) Hinge joint model 

(c) Pivot joint model 

(a) Ball-and-socket  

      joint model 

Elbow complex 

    Shoulder 

complex 

Figure 2.2: Mechanical models of the upper limb joints.

tional DOFs (elevation/depression, and protraction/retraction) with the thorax as the fixed
base. However, in the engineering world, for simplicity, mostly only the glenohumeral joint
(Fig. 1.4) is modeled for the shoulder complex using a ball-and-socket joint model, as shown
in Fig. 2.2a. The elbow complex mainly consists of the elbow joint and the radioulnar joint.
The former is commonly modeled using a hinge joint as shown in Fig. 2.2b, and the latter
is generally regarded as a pivot joint corresponding to pronosupination of the forearm as
shown in Fig. 2.2c. This DOF can be included either with the elbow or the wrist, and serves
as a revolute joint connecting the elbow and the wrist. Considering the upper limb motion
of interest in the BMI study, the wrist and the hand motions and their modeling are not
investigated in this dissertation.

Fig. 2.3 shows a kinematic model of the proposed 6-DOF upper limb exoskeleton. Details
of the mechanical design will be presented in Chapter 3. Based on the mechanical models
for each joint illustrated in Fig. 2.2, four DOFs are assigned at the shoulder complex, one
DOF is assigned at the elbow, and one DOF is assigned at the radioulnar joint. All joints are
serially linked rotational joints. Compared with conventional 3-DOF shoulder joint models,
the proposed 4-DOF model has more flexibility for positioning and trajectory tracking due
to its possession of one more DOF than required.
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Figure 2.3: Proposed 6-DOF upper limb exoskeleton model.

2.3 Kinematic Modeling and Analysis
To evaluate the effectiveness of the proposed shoulder joint model to avoid kinematic sin-
gularities in future actuated exoskeleton designs, the kinematic properties of the proposed
4-DOF shoulder model will be investigated in this section.

2.3.1 System Kinematic Model

Denavit-Hartenberg (DH) parameters can fully define the kinematic model of a mechanism.
Let θ ∈ R6 be the joint variable, then the DH parameters of the proposed exoskeleton model
are as shown in Table 2.1 following the frame definition in Fig. 2.3, where L1 and L2 are the
distance from the shoulder center to the elbow, and the distance from the elbow to the palm,
respectively. The posture at θ = [π/4, −π/2, π/2, 0, 0, 0]> is defined as the home posture
of the exoskeleton.
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Table 2.1: DH parameters of the proposed upper limb exoskeleton.

Joint θ d a α

1 θ1 0 0 −π
2

2 θ2 0 0 π
2

3 θ3 0 0 −π
2

4 θ4 L1 0 π
2

5 θ5 0 0 −π
2

6 θ6 L2 0 0

Forward Kinematics

Forward kinematics defines the subject’s wrist position and orientation in the base frame
as a function of the joint variables. The wrist position vector p0 and the orientation vec-
tors (n0, s0,a0) can be obtained by calculating the coordinate transformation matrix T 0

6 (θ)
describing the wrist Frame 6 with respect to the base Frame 0

T 0
6 (θ) = A0

1A
1
2A

2
3A

3
4A

4
5A

5
6 =

[
n0 s0 a0 p0

0 0 0 1

]
(2.1)

where θ =
[
θ1 θ2 θ3 θ4 θ5 θ6

]T denotes the joint space angles, and Ai−1
i is the trans-

formation matrix from Frame i to Frame i− 1.

Jacobian Matrix

A linear mapping between the task space velocity ve and the joint space velocity θ̇, i.e.,
differential kinematics, can be established via the Jacobian matrix as

ve = J(θ)θ̇ (2.2)

where ve = [ ṗTe ωT
e ]T and J(θ) = [ Jp(θ)T Jo(θ)T ]T. The end point linear velocity ṗe

and the angular velocity ωe can be then expressed as

ṗe = Jp(θ)θ̇, ωe = Jo(θ)θ̇ (2.3)

2.3.2 Singularity Analysis

Since the designs of the elbow joint and the forearm rotation joint are following the subject’s
anatomical structure, the subject’s natural actuation DOFs should be preserved at these two
joints. Thus, we are only interested in the motion realization by the other four joints (the
shoulder complex model), in particular, the singularity and joint limits avoidance of these
four joints.

In order to analyze mechanism singular configurations, the Jacobian matrix is usually
the first tool to be used, since it is a function of the joint space configuration θ, and when a
mechanism is at its singularities, the Jacobian matrix J(θ) will become rank-deficient [80].
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Table 2.2: Ranges of the joint space angles.

Angle θ1 θ2 θ3 θ4

ADL range (◦) 170 145 110 150
DH convention range (◦) −50 ∼ 120 −205 ∼ −60 −55 ∼ 55 −75 ∼ 75

For this spherical shoulder complex model with fixed upper arm length, the end point is
moving on a spherical surface. Thus the orientation Jacobian Jo(θ)1 will be investigated,
and can be expressed as

Jo(θ) =

 0 −s1 c1s2 −c1c2s3 − s1c3

0 c1 s1s2 −s1c2s3 + c1c3

1 0 c2 s2s3

 (2.4)

where si = sin(θi), and ci = cos(θi).
Using (2.4) we can find that the orientation Jacobian matrix Jo(θ) will lose rank (i.e.,

singularity will occur) for the following four cases:

1. θ2 = −π, θ3 = 0, θ1 and θ4 are arbitrary;

2. θ2 = −π, θ3 = π, θ1 and θ4 are arbitrary;

3. θ2 = 0, θ3 = 0, θ1 and θ4 are arbitrary;

4. θ2 = 0, θ3 = π, θ1 and θ4 are arbitrary.

Note that not all of these four configurations are the actual singularities of this 4-DOF
shoulder complex model. The ranges of the first four joint angles are listed in Table 2.22.
Thus among the aforementioned four potential singularities, there is only one singular config-
uration within the defined joint angle ranges, i.e., when θ2 = −π and θ3 = 0, corresponding
to the situation where Axis 1 is collinear with Axis 3, and Axis 2 is collinear with Axis 4,
respectively, as shown in Fig. 2.4. The rotational DOF about the x0 axis in the task space
is lost.

2.3.3 Manipulability Analysis

To quantitatively evaluate the mechanism’s manipulation ability, the measure of manipula-
bility [88] can be defined as

cm(θ) =
√

det(J(θ)J(θ)>), (2.5)
1Hereafter, θ = [ θ1 θ2 θ3 θ4 ]T and Jo(θ) ∈ R3×4 due to the emphasis on the 4-DOF shoulder

complex model.
2Note, angles in first row are defined in the way commonly used in the biomechanics world, while angles

in the second row are defined following the DH parameter convention in Fig. 2.3, with the home position of
θ1 = π/4, θ2 = −π/2, θ3 = π/2, and θ4 = 0.
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Figure 2.4: Singular posture of the proposed 4-DOF shoulder complex model.

where J(θ) is a general Jacobian matrix.
The manipulability of a mechanism depends on its link lengths, number of joints, and the

dimension of its task space. In order to compare manipulabilities of different manipulators
working in different workspaces, [36] proposed the concept relative manipulability which is
independent of scales and dimension orders:

crel(θ) =

m

√
det(J(θ)J(θ)>)√

n∑
i=1

(a2
i + d2

i )

, (2.6)

where n is the number of joints, m is the dimension order of the task space, and ai and di are
the i-th link length and joint offset defined in the DH parameters convention, respectively.

The manipulability or relative manipulability provides a measure of the dexterity of the
exoskeleton given a joint space configuration. The mapping from the joint space to the task
space may not be unique, in particular, for redundant mechanisms or scenarios where only
partial task space constraints are considered (e.g., positions without orientations). Then
the manipulability of a particular task space point may take multiple values. Thus we
introduce the terminology manipulability distribution here. As an example to demonstrate
the advantage of the proposed design, the manipulability distributions of the rotational
degrees of freedom on the task space transverse plane (i.e., the x0O0y0 plane defined in
Fig. 2.3) are investigated for the following four models: the conventional standard triad
model (IKO, [52]), the triad models with rarely-reached singular direction ((CADEN)-7),
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Figure 2.5: Top view of macaque on the transverse plane. Macaque is plotted with its
shoulder joint center fixed and its elbow as the end point.

and with optimized axis relative angles (MEDARM), as well as the proposed model. The
performance of the exoskeleton on this horizontal plane is important considering the designed
BMI tasks previously discussed. An illustration of the manipulability study is shown in
Fig. 2.5 with the elbow position as the investigated end point.

Fig. 2.6 plots the manipulability distributions of the four models with their end points at
different directions (β = −50◦ ∼ 140◦, defined in Fig. 2.5) on the horizontal plane. Fig. 2.6a
shows the manipulability distribution of the IKO shoulder joint model. It uses rotation
convention (a) with the strict forward direction (β = 90◦) as its singular direction on the
horizontal plane. Each posture is uniquely determined by one joint space realization due to
its possession of only three DOFs, which means the singularity will always occur (i.e., the
manipulability vanishes) in the vicinity of the strict forward direction and one rotational
DOF (either shoulder flexion/extension, or abduction/adduction) will be lost.

Fig. 2.6b presents the manipulability distribution of the shoulder joint of (CADEN)-7.
This design is also an orthogonal triad model using the rotation convention (a). But with
the first joint axis having an acute angle about the vertical direction, the singularity of this
model was designed in a direction that is rarely (statistically) reached by the subject. Thus
compared with the IKO shoulder joint model, there is no “hard” singularities within the
feasible workspace (in the horizontal plane), and the average manipulability is improved.
However, singularities still exist in some other regions of the workspace (outside the horizon-
tal plane). Therefore, it is still possible for the subject to enter the vicinity of the singular
region, resulting in limited feasible workspace.

Fig. 2.6c plots the manipulability distribution of the MEDARM shoulder joint. It features
the first two revolute axes with an optimized angle rather than an orthogonal relationship.
By inclusion of an “azimuth” (not a full azimuth) axis, the ROM on the horizontal plane is
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(a) IKO model (b) (CADEN)-7 model

(c) MEDARM model (d) The proposed model
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Figure 2.6: Manipulability distributions of four models on the horizontal plane.

extended, though some regions are physically unable to be reached by a macaque. Besides,
the non-unique inverse kinematic solutions lead to multiple joint space realizations since
only task space positions (not orientations) are considered in this example. Thus it has more
flexibility regarding the upper arm’s motion on the horizontal plane. However, its average
manipulability is relatively low due to its lack of a dedicated internal/external rotation joint
for the upper arm.

Fig. 2.6d shows the manipulability distribution of our proposed model with four DOFs
combining both of the two glenohumeral joint rotation conventions (convention (a) and (b)).
From Fig. 2.6a to Fig. 2.6d, the improvement of the manipulabilities is evident. With an
azimuth axis, this model enjoys the similar multiple joint space realizations as the MEDARM
model on the horizontal plane. The inclusion of a standard triad model following the az-
imuthal DOF makes it possible to obtain the maximal manipulability value in all directions
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Figure 2.7: Block diagram of the task space trajectory tracking of the shoulder joint.

(i.e., the feasible workspace is the whole horizontal plane). In fact, each posture of the
proposed shoulder joint model possesses different levels of manipulabilities. Thus it is pos-
sible for an actuated mechanism with the same kinematic structure to avoid the singular
configuration by properly selecting the joint space trajectories, and one approach is the gra-
dient projection control [80] which will be presented in Section 2.4. Similar manipulability
advantages can also be found in other regions of the workspace.

2.4 Joint Space Trajectory Planning of the Redundant
Shoulder Model

Our goal is to design an actuated upper limb exoskeleton with several control modes, to
realize both passive data acquisition and active control of the macaque’s upper limb motion
for the BMI study. This actuated exoskeleton may follow the structure of the current passive
version. Thus it is of interest to verify whether the designed exoskeleton kinematic model is
able to avoid undesired workspace (i.e., singularity and joint limits) when given the actuation
ability to follow the desired task space trajectory.

2.4.1 Overview of Task Space Trajectory Tracking

As mentioned above, we are particularly interested in the four shoulder complex joints which
are essential to realize 3D orientation of the upper arm. Normally, the desired task is given
in the task space (i.e., task space orientation Ωd and/or angular velocity ωd for the 4-DOF
glenohumeral joint exoskeleton). To achieve the desired task, two control loops are typically
utilized as shown in Fig. 2.7 – one inner dynamic control loop and one outer kinematic
control loop.
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Kinematic Control

The kinematic control loop generates the desired joint space trajectory (e.g., θd and θ̇d)
from the desired task space motion (e.g., Ωd and ωd). A simple first-order inverse kinematic
solution is given as [5]

θ̇d = Jo
†(ωd +Koeo) + (I − Jo†Jo)θ̇N (2.7)

where Jo† = Jo
T (JoJo

T )−1 is the pseudo-inverse of Jo, Ko is a positive definite matrix,
(I − Jo†Jo) is a projector into the null space of Jo, and θ̇N is an arbitrary vector to be
designed. eo is the task space orientation error, and the method to calculate eo is well
documented in [51] and will not be detailed here. Note that, (2.7) provides infinite solutions
due to the redundant exoskeleton design, whereas θ̇

N
is the free variable to be designed to

shape the final inverse kinematic solution to avoid reaching singularities and joint limits,
which can thus be regarded as the control action to be designed.

Dynamic Control

The dynamic control loop is used to control the exoskeleton joints to track the desired joint
space trajectory. The general form of robot dynamics is given by

M (θ)θ̈ +N (θ, θ̇) = τ , (2.8)

where M (θ) is the mass matrix, N (θ, θ̇) is a vector of Coriolis and gravity terms, and τ
is a vector of joint torques. To realize joint space trajectory tracking, either centralized or
decentralized control approaches can be used. Typical methods are PD control and computed
torque control.

2.4.2 Unsafe Region Description

On one hand, obviously the singularity issue should be taken into consideration. As pre-
viously discussed, the manipulability defined in (2.5) can serve as the metric to evaluate
system’s singularity condition. Fig. 2.8 plots the distribution of this metric over different
configurations of (θ2, θ3). We can notice that this value will decrease as system approaches
to the singularity, and will stay relative large when system is away from the singular config-
uration. Thus we rewrite Eq. (2.5) as the manipulability metric as

`m(θ) :=
√

det(Jo(θ)Jᵀ
o (θ)) (2.9)

On the other hand, when we do the joint space trajectory planning, only the realizations
with all the joint space variables located within the joint limits are feasible. Therefore, it is
of practical significance to also take the joint limits issue into consideration. There are many
metrics to describe mechanism’s distance to the joint limits, and one candidate is

`l(θ) := 1− e−k
4
Π
i=1

(θi−θi,min)(θi,max−θi)
(θi,max−θi,min)2 (2.10)
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Figure 2.8: System singularity metric.
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Figure 2.9: System joint limits metric.

where θimin and θimax are the minimum and maximum position limits for the i-th joint,
respectively. k is a customary positive scalar. Fig. 2.9 shows three clips of the distribution
evolution of this metric over (θ1, θ2) when θ3 increases from a neighborhood around its limits
to the middle value of the joint range while θ4 remains at its center of joint range. As we
expect, this metric gets to its maximum when all the joint variables are at their middle
values, and tends to vanish if any of them reaches to their joint limits.

To this end, we can define the universe set of the joint variables as

Ωθ := {θ : θimin ≤ θi ≤ θimax, i = 1, 2, 3, 4.}. (2.11)
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With the help of the singularity metric and the joint limits metric, system’s safe set of the
joint variables can be defined as

S := {θ : `m(θ) ≥ Km, `l(θ) ≥ Kl, θ ∈ Ωθ}, (2.12)

whereKm andKl are two threshold constant scalars. And accordingly, system joint variable’s
unsafe set will be

U := {θ : θ /∈ S, θ ∈ Ωθ}. (2.13)

2.4.3 Gradient Projection Method

When the manipulability metric and the joint limit metric are considered simultaneously,
the objective function to be maximized is

c(θ) := ρ` 0
m(θ) + (1− ρ)` 0

l (θ), (2.14)

where ρ ∈ (0, 1) is a weighting factor, and ` 0
m(θ) and ` 0

l (θ) are the normalized metrics of
manipulability and joint limits, respectively.

A typical choice of θ̇
N
is [80]

θ̇
N

= Ku
∂c(θ)

∂θ
, (2.15)

where Ku > 0. This approach is called gradient projection method, and θ̇
N

in this form
locally maximizes the objective function c(θ).

To investigate the stability of this approach, the following assumptions are worth consid-
ering:

• The dynamic control loop can be simplified as

θ = θd. (2.16)

• The time derivative of the orientation error can be defined as

ėo = ωd − ω (2.17)

In reality, the first simplification is reasonable since this study focuses on the kinematic
control for singularity and joint limit avoidance, and the dynamic control bandwidth is
generally much higher than the kinematic control. Besides, the animal-exoskeleton system
normally does not require fast motions or rapid accelerations. For the second assumption,
although there are different ways of defining orientation errors under different assumptions,
Eq. (2.17) is one reasonable way when the orientation error is small [80].

Based on the above assumptions, the following proposition investigates stability with this
approach.
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Proposition 2.1. Under the above assumptions, the desired joint space trajectory generated
by Eq. (2.7) and Eq. (2.15) guarantees that the task space orientation tracking error converges
to zero asymptotically.

Proof. Since θ = θd, by Eq. (2.7) we have

θ̇ = Jo
†(ωd +Koeo) + (I − Jo†Jo)θ̇N .

Premultiply Jo(θ) on both sides we have

Jo(θ)θ̇ = ωd +Koeo.

Since ω = Jo(θ)θ̇, we then have

ω = ωd +Koeo.

Noting Eq. (2.17), this equation means

ėo +Koeo = 0.

Hence, with a proper choice of Ko, for example, Ko = ko · I and ko > 0 ∈ R, the
orientation error eo converges to zero asymptotically.

2.4.4 Simulation Study

Consider the following sequence of the shoulder motion which may enter the singular con-
figuration with the proposed shoulder joint model: home position → 90◦ abduction → 90◦

horizontal rotation → 90◦ extension → 90◦ internal rotation.
After having executed an abduction of 90◦, Axis 1 and Axis 3 are collinear. For the next

move, there are two ways of doing the 90◦ horizontal rotation motion, as shown in Fig. 2.10.
One strategy is to rotate Axis 3 which will result in Fig. 2.10b. Since Axis 2 aligns with Axis
4, the mechanism enters the singular posture, losing the DOF of conducting the next 90◦

extension motion. This is not desirable. However, if Axis 1 is selected to achieve the second
move, before executing the 90◦ extension in the next step, the mechanism still possesses three
rotational DOFs, as shown in Fig. 2.10c, which means that by using appropriate joint space
trajectory planning strategy, the kinematic singularity of the mechanism can be avoided.

Next, the kinematic control law by Eq. (2.7) and Eq. (2.15) will be utilized to track
the aforementioned task space motion. Fig. (2.11) shows the joint space trajectories of the
4-DOF shoulder model during kinematic control. The values of θ1 ∼ θ4 follow the DH rule
introduced in Section 2.3.1. It can be noticed that at the onset time of the horizontal rotation
motion (i.e., t = 2.5sec), Axis 1’s motion is much more significant than Axis 3’s, which is the
result of using Eq. (2.15) to locally maximize the manipulability metric defined in Eq. (2.9).
The task space motion is shown in Fig. 2.12. This result matches the nonsingular strategy
in Fig. 2.10c well, and the reason why Axis 3 also slightly moved is because Eq. (2.15) is
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Figure 2.10: Singular and nonsingular joint space trajectories for one same shoulder joint
motion in task space.

maximizing the joint limit metric defined in Eq. (2.10) to avoid θ1 reaches its limit. The
behaviors of the normalized manipulability metric and the joint limit metric are shown
in Fig. 2.13, from which we can see that tradeoffs between the manipulability metric and
the joint limit metric were made during the kinematic control which was adjusted by the
weighting factor in Eq. (2.14), but the values of two metrics were kept at a relatively high level
due to the selection of Eq. (2.15) to adjust the null space motion to prevent the mechanism
from entering into the unsafe region. The corresponding orientation error is plotted in
Fig. 2.13c, which demonstrates the convergence of the orientation error by the kinematic
control.
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Abduction Horizontal Rot. Extension External Rot. 

Figure 2.11: Joint space trajectories during kinematic control.

2.5 Chapter Summary
This chapter presented the kinematic design and analysis of a 6-DOF upper limb exoskeleton
model for macaque monkeys. The anatomical structure of the primate upper limb was first
introduced based on existing literature on human upper limb extremity. The commonly used
upper limb models in both biomechanics world and the engineering world were presented.
Then a 6-DOF upper limb exoskeleton model with four DOFs at the shoulder complex was
proposed to achieve more flexible manipulation of the mechanism. The kinematic singularity
of the proposed shoulder complex model was discussed and quantitatively investigated based
on the manipulability metric. The manipulabilities of four different shoulder complex designs
were compared, and the results indicated that the proposed model had the ability to avoid
entering the vicinity of system singularity by appropriately planning joint space trajectories.
Finally gradient projection method based kinematic control was proposed for joint space
trajectory planning of the redundant should joint model. Simulation study of one task
space motion tracking which may result in the singular configuration was investigated to
demonstrate how the redundancy can be utilized to avoid system unsafe region.
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t = 6sec t = 7.5sec t = 9sec t = 10sec 

Figure 2.12: Task space motion during kinematic control.
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Figure 2.13: Performance metrics during kinematic control.
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Chapter 3

Development of a Passive Upper Limb
Exoskeleton for Rhesus Macaques

3.1 Introduction
Based on the kinematic design and analysis presented in the previous chapter, this chapter
presents the development of a non-motorized/passive upper limb exoskeleton for macaques.
This passive exoskeleton prototype is first built for the purpose of kinematic motion sensing
and animal training. Passive kinematic motion data acquisition needs to be investigated to
directly characterize the motion of each macaque local joint (e.g., range of motion and joint
speed limit), which will provide guidance to the actuation system design for the actuated
exoskeleton development. Besides, an entirely passive training apparatus is also safe to
operate for the animal subjects which have not ever been exposed to an exoskeleton-like
wearable robot.

Since the device should be wearable and will be attached to the user’s body segments, a
list of requirements of developing such an apparatus is summarized as follows:

• Biomorphic nature joints: exoskeletons are wearable devices and should capture the
motion of each individual joint.

• Compact: compactness is a necessity of an upper-limb exoskeleton that is designed
for macaques. Since the body dimensions of macaques are much smaller than those
of humans, the mechanical components of the exoskeleton should be kept sufficiently
compact.

• Lightweight: since a passive device does not have actuators to compensate its gravity
and inertia, the structures of the passive exoskeleton should be lightweight to avoid
interfering the natural motion of the subjects.

• Firm attachment: considering that the two internal/external rotation joints of the
upper arm and the forearm also serve as the attachment joints of the exoskeleton to
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the user’s body segments, and that the macaque’s body is furry, firm attachments are
required.

In this chapter, the development of a passive upper limb exoskeleton for macaques will be
presented based on the above requirements. The mechanical design will be first introduced
in terms of biomorphic joints and joint ranges of motion. Then real-time motion data
acquisition and motion capture system based system kinematic calibration will be discussed.
Finally experimental results of the animal test with the proposed passive exoskeleton will be
provided.

3.2 Mechanical Design
The kinematic structural design of the passive exoskeleton follows the kinematic model pro-
posed in Chapter 2, and the supporting and motion guidance mechanisms need to be carefully
designed to accommodate the biological joint motion with the mechanical joint motion, i.e.,
to meet the anthropomorphic joints requirement. Fig. 3.1 shows the hardware design of the
proposed passive upper limb exoskeleton.

3.2.1 Biomorphic Joints

Exoskeletons are supposed to be wearable, and thus the prosthetic joints of an upper limb
exoskeleton can be classified into two types: one with rotation axis being perpendicular to
the arm segments (Joint 1, 2, 3, and 5, Fig. 3.2a), and the other one with rotation axis being
along the longitude of the arm segments (Joint 4 and 6, Fig. 3.2b). Two cuffs 3D-printed
following macaque arm morphology are used to attach the exoskeleton to the macaque arm.
In order to guarantee tight attachment, blood pressure cuffs are glued on the inner surface of
the 3D-printed cuffs to prevent slippery motion between the exoskeleton and the user’s body
segments. An opening is left for each cuff for easy attachment as well as avoiding collision
between the exoskeleton cuff and macaque body. A curved guide rail, a sliding roller with
bearing groups, and a timing belt with pulley are mounted on the cuff to transmit the
rotation motion of the upper arm and the forearm to the sensors.

3.2.2 Joint Ranges of Motion

Compared with human ADL ROM, most designed mechanical joint limits (listed in the
last column of Table 3.1) meet the design requirements. The designed ROM of the elbow
joint is restricted by the spacial limitations due to the mechanical collision between forearm
and upper arm cuffs, but since the interested BMI task is prescribed as always in front of
the macaque’s coronal plane and generally does not involve elbow flexion of over 90◦, the
designed ROMs of each joint satisfy the specified requirements.

Human physiological and ADL ROMs are referenced (in the third and the fourth column
of Table 3.1, averaged from [18, 65, 16]), which are sufficient to cover the workspace (in
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Figure 3.1: Design of the proposed 6-DOF passive exoskeleton.

front of the coronal plane of macaque body) in the proposed BMI tasks. Additionally, it is
assumed that the elevation/depression and protraction/retraction of the macaque shoulder
are negligible during BMI task motions.

3.3 Real-Time Motion Data Acquisition
For real-time motion data acquisition, a target PC consisting of an NI FPGA board (NI
7851R) running real-time and FPGA modules is used for collecting the measurements of
the encoders, and a host PC serves as a terminal for monitoring and analyzing the data
acquisition process, as shown in Fig. 3.3.
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Figure 3.2: CAD design of two types of joints.

Table 3.1: Human ROM and the designed mechanical limits.

Physical ADL Mechanical
Joint Motion ROM ROM limit
1 Shoulder horizontal rotation – 170◦ 191.0◦

2 Shoulder adduction/abduction 182◦ 145◦ 276.6◦

3 Shoulder flexion/extension 249◦ 110◦ 196.2◦

4 Shoulder internal/external rotation 187◦ 150◦ 160.0◦

5 Elbow flexion/extension 142◦ 140◦ 96.8◦

6 Forearm internal/external rotation 190◦ 135◦ 160.0◦
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Figure 3.3: Structure of the real-time motion data acquisition of the passive exoskeleton
system.

3.4 System Kinematic Calibration
Encoders are mounted on the proposed passive exoskeleton as the position sensors. Here the
US Digital S6 incremental optical encoders are selected with 2500 counts per round for each
joint, and encoder indices are utilized to indicate the reference positions.

For the current setup, position measurement error comes from two major sources – the
unknown encoder value offsets at exoskeleton home posture and the kinematic model uncer-
tainties. Kinematic calibration needs to be conducted to reduce the position measurement
error. An external optical tracking system is a nice candidate for providing 3D position
information as the reference values. By comparing the position data in the tracking sys-
tem frame and the exoskeleton frame, the unknown variable values can be identified using
an optimization-based approach. Note, this is an offline process, which only needs to be
completed once before the exoskeleton is put into use.

3.4.1 Calibration Setup

Our optical tracking setup is the PhaseSpace IMPULSE X2 Motion Capture System consist-
ing of ten cameras with a sampling rate of 480 Hz. This system can track its active LED
markers and has sub-millimeter accuracy [67]. To acquire the position information of the
exoskeleton, one marker was rigidly attached to the end point of the last link (Fig. 3.4). The
end point was moved along some arbitrary trajectory in the task space during which all six
joints were involved as much as possible. The positions of the marker were recorded by the
motion capture system, and the joint space motions by each encoder. The sampling rate of
the encoder reading is 1 kHz, and the two data acquisition systems were synchronized via
the Network Time Protocol (NTP).
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Figure 3.4: Illustration of synchronized data acquisition of the exoskeleton system and the
motion capture system.
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Figure 3.5: Block diagram of the calibration algorithm.

3.4.2 Calibration Algorithm

Calibration algorithm for the j-th sampling point is shown in Fig. 3.5 (variables in red are
to be identified). Define ∆θ0 ∈ R6 as the vector of all six encoder offsets at exoskeleton’s
home posture. Together with the encoder readings θR,j, the joint space variable θj can be
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expressed as
θj = ∆θ0 + θR,j. (3.1)

Introduce ∆pM ∈ R3 as the marker’s coordinates deviation from its nominal and actual
value in the O6-x6y6z6 frame (following the definition in Fig. 2.3). Then the marker position
in the exoskeleton’s frame pjexo can be obtained via the coordinate transformation matrix
T 0

6 (∆ζ,θj) by forward kinematics, where ∆ζ := [∆d2,∆d3,∆d5,∆a3,∆a5]> ∈ R5 represents
the vector of the concerned deviations of the exoskeleton nominal DH parameters from
their actual values. Besides, as shown in Fig. 3.4, the relative posture between the camera
frame and the exoskeleton frame is not exactly known, and thus two additional variables
d ∈ R3 and ϕ ∈ R3 are introduced to represent the relative translations and rotations
(Euler angles) between the two frames, respectively. The marker’s coordinates in the camera
frame pjcam(∆θ0,∆ζ,∆pM ,d,ϕ) can be calculated through the frame transformation matrix
Acam

exo (d,ϕ) with knowledge of the encoder information. On the other hand, the marker’s
coordinates in the camera frame (pjcam)∗ can be directly acquired by the cameras, which
serve as the reference in this calibration process. Thus the position error is

ej = ||(pjcam)∗ − pjcam(∆θ0,∆ζ,∆pM ,d,ϕ)||2. (3.2)

Select N calibration points along the trajectory, and define

x := [(∆θ0)>, (∆ζ)>, (∆pM)>,d>,ϕ>]>

as the parameter vector to be identified. Then the calibration algorithm can be cast as the
following optimization problem

min
x

∑N
j=1 ||(pjcam)∗ − pjcam(x)||22

s.t. xLi ≤ xi ≤ xUi , i = 1, 2, . . . , 20,
(3.3)

where xLi is the lower bound of the corresponding element, and xUi the upper bound. This is
a typical nonlinear least squares problem, and can be solved using the lsqnonlin command
in the Matlab Optimization Toolbox [53].

3.4.3 Parameter Calibration and Analysis

Parameter Identification

400 data points are sampled in one experiment session for parameter training. Figure 3.6
shows the comparison between data fitting results before and after calibration with the blue
lines representing the position errors. The identification results and initial guesses (nominal
mechanical design values for system dimensions, and manually tested values for encoder
offsets) are listed in Table 3.2. Before kinematic calibration, the root-mean-square (RMS)
position error of the training dataset was 13.6 mm with the mean of 13.6 mm and standard
deviation of 1.35 mm; and after kinematic calibration, the RMS position error of the same
training dataset became 1.05 mm with the mean of 0.95 mm and standard deviation of 0.44
mm, which demonstrates the effectiveness of the proposed kinematic calibration approach.
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Figure 3.6: Sampled marker positions in the camera frame for reference data and generated
data before/after calibration.
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Table 3.2: Kinematic calibration results.

Parameter Guess Result Parameter Guess Result
∆θ0

1 (deg) 30.7 31.85 ∆a5 (mm) 0 0.03
∆θ0

2 (deg) −16.3 −17.60 ∆pMx (mm) 0 −0.10
∆θ0

3 (deg) −15.2 −13.45 ∆pMy (mm) 0 −0.16
∆θ0

4 (deg) −17.1 −17.19 ∆pMz (mm) 0 −8.46
∆θ0

5 (deg) −25.5 −22.11 dx (mm) 203.2 203.29
∆θ0

6 (deg) −2.3 −2.39 dy (mm) 852.1 849.31
∆d2 (mm) 0 −1.79 dz (mm) 216.8 224.30
∆d3 (mm) 0 −0.48 ϕx (deg) −90.0 −89.01
∆d5 (mm) 0 2.80 ϕy (deg) 0 −0.10
∆a3 (mm) 0 −4.01 ϕz (deg) −135.0 −135.52
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Figure 3.7: Position errors of both training and cross-validation datasets.
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Figure 3.8: Experiment scene of a macaque wearing the proposed exoskeleton.

Cross-Validation

To evaluate the results, cross-validations were conducted using six datasets of 300 data
points downsampled from other experimental sessions. Position errors of the cross-validation
and the training datasets are given in Fig. 3.7. It can be noticed that the position errors
of the cross-validation datasets are approximately the same level as the training dataset.
Considering the accuracy levels of state-of-the-art neural decoders with virtual cursors [19,
79], the positioning accuracy of this exoskeleton is within acceptable levels.

3.5 Experimental Results of Animal Test
In order to verify the effectiveness of the proposed exoskeleton system, animal tests of a
self-feeding task were performed with one adult male rhesus macaque. All procedures were
conducted in compliance with the National Institute of Health Guide for Care and Use
of Laboratory Animals and were approved by the University of California, Berkeley In-
stitutional Animal Care and Use Committee. Fig. 3.8 shows the experiment scene of an
able-bodied macaque wearing the proposed exoskeleton. Some food was presented in front
of the macaque, and the macaque voluntarily performed the reaching, grasping, and finally
self-feeding motion. The linkages of the exoskeleton were made of thin aluminum bars and
the cuffs were 3D-printed using acrylonitrile butadiene styrene (ABS). Thus it is considered
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Table 3.3: Measured macaque ROM in reach-grasp-feed task.

Joint Motion ROM
1 Shoulder horizontal rotation 30.9◦

2 Shoulder adduction/abduction 5.1◦

3 Shoulder flexion/extension 75.3◦

4 Shoulder internal/external rotation 39.9◦

5 Elbow flexion/extension 84.7◦

6 Forearm internal/external rotation 54.9◦

that the entire passive exoskeleton is light enough for the macaque to operate, which can be
observed during the animal’s self-feeding motion. Besides, a compression spring was used to
connect the second linkage and the beam of the exoskeleton frame to help the exoskeleton
maintain in its home position (gravity compensation) when no subject was attached.

A total of twenty-five trials were performed within seven minutes. Fig. 3.9 shows the
joint space trajectories of all six joints for a period of 150sec. Table 3.3 lists the measured
ROMs of all six DOFs during the twenty-five trials, which indicates that the ROM of each
joint provided by the exoskeleton (see Table 3.1) is sufficient for the designed task. Fig. 3.10
shows the time series of the normalized manipulability metric of the shoulder joint for six
trials within 150 seconds. Notice that the normalized manipulability metric remained at a
high level, which demonstrates the manipulation flexibility of the proposed shoulder joint
during the animal training tasks.

Fig. 3.11 and Fig. 3.12 plot the joint space position and speed trajectories of all six
joints for one trial, and a 3D task space trajectory of the macaque palm is presented in
Fig. 3.13 for more intuitive visualization by performing the forward kinematics to the joint
space motion measurements (assuming rigid wrist joint), which matched the actual motion
well and supported the effectiveness of the proposed exoskeleton system.

3.6 Chapter Summary
This chapter presented the development of a passive upper limb exoskeleton for macaques
which serves as a kinematic motion sensing and a safe animal training device prior to the
development of an actuated exoskeleton system.

The mechanical design and the fabricated exoskeleton was first introduced, and the de-
sign requirements of biomorphic joints, compactness, light weight, and firm attachment were
also addressed. Real-time data acquisition of the exoskeleton system was set up, and ap-
proximately 2mm end point position sensing accuracy was achieved by kinematic calibration,
which is sufficient for the neurophysiology applications. Animal tests were conducted in the
scenario of a reach-grasp-feed task. The effectiveness of the proposed exoskeleton system
was demonstrated by both joint space measurements and task space trajectory visualiza-
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Figure 3.9: Joint space trajectories of six trials within 150 seconds.



CHAPTER 3. DEVELOPMENT OF A PASSIVE UPPER LIMB EXOSKELETON FOR
RHESUS MACAQUES 45

Time (sec)
0 50 100 150N

or
m

al
iz

ed
 m

an
ip

ul
ab

ili
ty

 m
et

ric

0.9

0.92

0.94

0.96

0.98

1

Figure 3.10: Normalized manipulability metric of the shoulder joint for six trials within 150
seconds.

tion. The motion sensing functionality of the proposed exoskeleton helps analyze the motion
characteristics in the sense of each individual joint of the upper limb, which will provide
guidance for the actuated exoskeleton design in Chapter 5.
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Figure 3.11: Joint space trajectory of the reach-grasp-feed task for one trial.



CHAPTER 3. DEVELOPMENT OF A PASSIVE UPPER LIMB EXOSKELETON FOR
RHESUS MACAQUES 47

Figure 3.12: Joint space speed of the reach-grasp-feed task for one trial.
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Figure 3.13: Task space trajectory of the macaque palm for one trial. The palm was initially
placed on the primate table, and the macaque started to reach the food, grasped and fed
itself when some food was placed in front of it, and finally placed its palm back on the table.
The coordinate system O0−x0y0z0 follows the convention in Fig. 2.3, and the macaque sat
facing the positive direction of the y0 axis.
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Chapter 4

Design and Control of a Cable-Driven
Series Elastic Actuator

4.1 Introduction
The actuation system plays a key role in the development of an actuated exoskeleton. The
safety issue is far more critical than non-continuous-contact subject-robot applications since
the user’s body segments are embedded in the exoskeleton. Compared with the actuation
systems used in traditional industrial robots, soft or compliant actuation will be considered
for this continuous contact application. Compliant actuation refers to the robot’s ability
to adjust its motion and interaction force by the states of the environment with which it
interacts. Generally speaking, compliant actuation can be achieved at both the hardware
and the software/algorithm level.

On the hardware level, the actuator should be designed to be backdrivable, force/torque-
reflecting, compact and lightweight. The series elastic actuator (SEA) proposed in [69] is a
nice candidate which meets the backdrivable and torque-reflecting requirements. It decouples
the motor side and the load side by an elastic component which introduces an intrinsic
compliance in the actuator. Thus with an appropriately selected elasticity, an SEA can be
regarded as backdrivable even if the motor is geared with a high reduction reducer. Moreover,
the output force/torque of an SEA can be evaluated by Hooke’s law based on position sensor
measurements on both sides. For applications of SEAs in upper/lower extremity exoskeleton
designs, most SEAs impose the motor on the user’s body [39, 70, 38, 75], which will increase
the inertia of the overall system and also reduce the system compactness on the user’s side.
To achieve a lightweight and compact design, [84] proposes a Bowden cable driven SEA
which is able to avoid attaching the geared motors on the user’s body. In this case, the
geared motor can be installed on a fixed base and the driving force is transmitted through
the Bowden cable to the actuator’s load side. One challenge with this design is to account
for the variable friction on the Bowden cable [40].

On the algorithm level, the impedance controller proposed in [28] provides a systematic
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method to regulate the robot force and motion in the form of virtual mechanical impedance.
Since “compliance” can also be understood as the inverse of impedance, this approach en-
ables a way to create the user-defined virtual compliance accommodating to different tasks.
Most existing literature on impedance control of SEA use the proportional-derivative form
(PD form) impedance controllers to regulate the SEA output force and the deviation of the
robot’s actual position from the desired virtual reference [68, 81, 62, 6], instead of regulat-
ing the interaction force to the target impedance. They work well for applications where
robots interact with high stiffness environment (e.g., the ground). However, in applications
where the robots interact with humans, impedance controllers which regulates the interac-
tion force to the target impedance can generate more accurate haptic sensation of the desired
impedance to the users. Hogan introduced an impedance control approach for contact tasks
in [27]. Based on this work, an interactive impedance control algorithm of the cable-driven
SEA will be proposed in this chapter to realize direct regulation of the interaction torque to
a desired mechanical impedance.

This chapter presents the development of a cable-driven SEA which will be used for
motion actuation of the actuated exoskeleton. The cable-driven mechanism in the proposed
actuator helps achieve a more compact subject side design, and the interactive impedance
control algorithm helps realize a safe motion actuation when the user is in the loop.

4.2 Mechanical Design of Cable-Driven SEA
Fig. 4.1 shows the hardware setup of the proposed cable-driven SEA. The joint side mech-
anism (Fig. 4.1a) is attached to the subject elbow joint, and the driving torque generated
by the geared motor (Fig. 4.1b) is transmitted to the joint side through a Bowden cable to
affect the joint side motion. The torsional spring between the motor side and the joint side
acts as an energy buffer and a torque sensor.

The cable-driven mechanism helps avoid attaching the motor to the subject, and thus
helps achieve a compact and lightweight actuator design. The motor is installed on a sta-
tionary base and the driving force from the motor is transmitted through the cables to the
subject joint. The Bowden cable, which is difficult to extend but easy to wind, is selected
for our application. To reduce backlash, a pair of barrel adjusters are used for adjusting the
preload cable tension. One big challenge of introducing the Bowden cable is to deal with the
variable friction between its tendon and sheath [40], and this will be detailed in Section 4.4.

4.3 System Modeling and Interactive Impedance
Control

Interactive impedance control regulates the interaction torque τint between the robot and the
user with respect to their motions as a form of virtual mechanical impedance. In impedance
control there is always a desired virtual reference θd that specifies the desired load side



CHAPTER 4. DESIGN AND CONTROL OF A CABLE-DRIVEN SERIES ELASTIC
ACTUATOR 51

① 

② 

③ 

④ ⑤ 

⑦ 

⑥ 

In use 

(a) Joint load side design consisting of: 1 moving linkage, 2 load
side encoder, 3 torsional spring, 4 joint side pulley, 5 joint pulley
side encoder, 6 mechanical stop, 7 fixed linkage.

① ② 

③ 

④ 

(b) Motor side design consisting of: 1 Bowden cable, 2 barrel
adjuster, 3 gearbox pulley, 4 geared motor with optical encoder.

Figure 4.1: Hardware setup of the proposed Bowden cable-driven SEA.

trajectory, and deviation in the actual robot load side trajectory θ` from this virtual reference
will result in interactive torque τint. Thus the target interactive impedance is generally in
the following form [68]:

τint = Jd(θ̈d − θ̈`) +Bd(θ̇d − θ̇`) +Kd(θd − θ`) + τ doffset, (4.1)

where Jd, Bd,Kd and τ doffset are virtual impedance parameters representing the desired virtual
inertia, virtual damping, virtual stiffness, and virtual offset torque, respectively. Fig. 4.2
shows an illustration of a subject interacting with a virtual impedance.

In this section, system modeling of the proposed actuator and the subject it interacts with
will be first presented, and then follows the overall architecture of the interactive impedance
control system.
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Figure 4.2: Illustration of interacting with a virtual impedance.

4.3.1 System Modeling

Fig. 4.3 shows a schematic of the cable-driven SEA labeled with key kinematic and kinetic
quantities. The equations of motion of the system are:

Geared motor side:

Jmθ̈m + τfr,m + τfr,gm = u− τgear,in, (4.2)

Jgθ̈g + τfr,gb + τcable,in = τgear,out, (4.3)
τgear,out = N · τgear,in, (4.4)

θm = N · θg, (4.5)

where Jm, Jg are the inertia of the motor and the gearbox; τfr,m, τfr,gm and τfr,gb are the fric-
tion torque of the motor, the gear meshing and the bearing on the gearbox side, respectively;
τgear,in and τgear,out are the gearbox input and output torque; τcable,in is Bowden cable torque
at the motor side before cable transmission; θm and θg are the angular displacements of the
motor and the gearbox; u is the input torque command to the current-controlled motor, and
N is the gearbox reduction ratio.

Cable transmission:

τcable,in = τcable,out + τfr,cable, (4.6)
τcable,out = τSEA + τfr,pulley, (4.7)
τSEA = kspring(θjp − θ`), (4.8)
θjp = (rgp/rjp) · θg, (4.9)

where τcable,out is Bowden cable torque at the joint side after cable transmission; τfr,cable is
the friction torque on the Bowden cable which highly depends on the curvature of the cable
sheath (i.e., bend radius) [34]; τfr,pulley is the friction torque at the joint-side pulley; τSEA is
the actuator’s output torque to the joint load side by the torsional spring; θjp and θ` are the
angular displacements of the joint side pulley and the joint load side; rjp and rgp are the radii
of the joint-side pulley and the gearbox pulley, and kspring is the spring stiffness coefficient.
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Figure 4.3: Schematic representation of the actuator.

Joint load side:

J`θ̈` +B`θ̇` + τgrav(θ`) + τfr,` = τSEA − τint. (4.10)

where J`, B`, θ`, τgrav(θ`), τfr,`, and τint are the joint load side inertia, damping, angular
displacement, gravity torque, Coulomb friction torque, and the interaction torque with the
subject, respectively.

Subject side:

Jsθ̈s +Bsθ̇s + τgrav(θs) = τs − τint,s. (4.11)

where Js and Bs are general forms of the subject body segment inertia and damping; θs,
τgrav(θs) and τs are the subject angular displacement, gravity torque and muscle torque,
respectively; and τint,s is the interaction torque reflected on the subject joint.

Eq. (4.2) ∼ (4.5) yield

JM θ̈m + τfr,M = u− 1

N
τcable,in, (4.12)

where JM := Jm + Jg/N
2 and τfr,M := τfr,gb/N + τfr,m + τfr,gm represent the equivalent

inertia of the geared motor and the equivalent friction torque referred to the motor side,
respectively. Considering the feasibility of implementation, it is reasonable to group several
friction torques together as an equivalent one reflected on the motor side for modeling and
estimation [12]. To characterize the friction torque, the following model is used [2]

τfr,M = BM θ̇m + τnlfr,M , (4.13)

where BM is the damping coefficient with respect to the motor speed θ̇m, and τnlfr,M includes
all the nonlinear friction.

Fig. 4.4 shows the block diagram of the actuator system including the external interaction
torque. u is the driving force of the motor side loop (denoted as L1), and the resultant torque
τSEA − τint is the driving force of the joint load side loop (denoted as L2); the two loops are
connected by the torsional spring. τnlfr,M and τfr,cable + τfr,pulley can be regarded as the
disturbances to the system, which should be rejected by the controllers.
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Figure 4.4: Block diagram of the actuator’s coupled motor side and load side.

4.3.2 Interactive Impedance Control Architectures

Generally there are two ways of regulating the interaction torque τint under the interactive
impedance control framework.

One approach is to control the load side position (θ`) first, and then feedback the measured
joint torque (τSEA) to the impedance controller1 to produce a desired position deviation (∆θ)
between the desired virtual trajectory and the robot’s current position states, and finally
realize the desired robot position feeding into the position controller by comparing the desired
position deviation and the desired virtual trajectory (θd), as shown in Fig. 4.5a. This is a
position based impedance control framework, and requires the inner position control loop to
have sufficiently large bandwidth. However, SEA load side position is subject to external
disturbance due to the inclusion of a compliant element between the load side and the motor
side. High fidelity position control typically needs a high gain controller, but SEAs tend to
become unstable under direct high gain position control [25]. Thus the bandwidth of such
inner loop position control will be limited.

Another method uses a fast torque controller in the inner loop to reject the disturbance
torques and control the joint torque (τSEA) to the desired value (τd), and then feedback
the robot’s current position (θ`) into an outer impedance controller to generate the desired
torque, as shown in Fig. 4.5b. Throughout this dissertation, this torque based architecture
will be adopted for implementation. For cascade controller design, typical rule of thumb is
to make the inner loop have a bandwidth five times larger than the outer loop such that
the two loops can be designed separately to avoid the difficulty of tuning both controllers
simultaneously. Considering that application of the actuator is for motion actuation in a BMI
system, in which motion frequency is much slower than that of typical human or macaque
monkey’s natural motion, a 2Hz bandwidth2 for the outer interactive impedance control loop

1In this case, the impedance controller is also called an admittance controller.
2In fact the outer loop is a nonlinear system, and the bandwidth here is a generalized concept.
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Figure 4.5: Two types of impedance control frameworks.

is aimed at, and thus the designed bandwidth for the inner torque control loop will be 10Hz.
Fig. 4.6 shows the overall control system of the actuator, where

d := −τnlfr,M −
1

N
(τfr,cable + τfr,pulley) (4.14)

is the equivalent disturbance, and

G(s) :=
NP (s)

kspringP (s) +N
(4.15)

is the equivalent plant to be controlled with P (s) :=
rgp/(N ·rjp)

s(JMs+BM )
. The inner loop corresponds

to the L1 loop in Fig. 4.4, and the outer loop corresponds to the L2 loop.

4.4 Torque Controller Design
Per the discussions in last section, the inner torque control loop in Fig. 4.6 needs to be
designed much faster than the outer impedance control loop. Thus the L2 loop can be
regarded as cut open, and θ` can be treated as a known external reference to the L1 loop.
The goal of designing a torque controller is to realize the fast tracking of τSEA to τd.

Since the friction on the Bowden cable is significant and sheath profile dependent [34, 40],
as well as the cable is mobile in practical applications, the rejection of such variable friction
is challenging to achieve high fidelity torque control of the cable-driven SEA. Disturbance
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Figure 4.7: Block diagram of the DOB based torque-mode control system.

observer (DOB) has the nice properties of robust disturbance rejection and the ability of
shaping the actual plant to the nominal plant model at specific frequency range[61, 35], thus
a DOB based torque control algorithm is proposed in this work.

4.4.1 DOB Based Torque Controller

Fig. 4.7 shows the block diagram of the proposed DOB based torque-mode control system
where Q(s) is a low-pass filter to be designed, and the nominal plant model to be controlled
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is defined as

Gn(s) =
NPn(s)

kspringPn(s) +N

=
Nrgp

N2rjpJMs2 +N2rjpBMs+ kspringrgp
, (4.16)

where Pn(s) is the nominal model of P (s), and Gn(s) is directly invertible since it is stable
and minimum phase.

Note that the load side motion θ`kspring/N also enters the equivalent plant G(s) in the
disturbance channel. Since θ` is measurable, the effect of θ`kspring/N can be compensated
using a feedforward compensation. Thus we now have

Gũθjp(s) =
GGn

Gn +Q(s) (G−Gn)
, (4.17)

Gdθjp(s) =
GGn (1−Q(s))

Gn +Q(s) (G−Gn)
. (4.18)

In the low frequency region where Q(s) ≈ 1, we have Gũθjp(s) ≈ Gn(s) and Gdθjp(s) ≈ 0,
which indicates that the DOBmakes the dynamics from ũ to θjp behave like the nominal plant
and rejects low frequency disturbances. The DOB loop (from ũ to θjp) was then stabilized
by an outer controller C(s) to meet the performance requirements such as bandwidth.

To investigate the stability robustness of the DOB loop, assume that there is a multi-
plicative uncertainty ∆(s) between the actual and the nominal equivalent plant

G(s) = Gn(s) (1 + ∆(s)) . (4.19)

By small gain theorem, the DOB loop will be stable if [35]

||∆(jω)Q(jω)||∞ < 1. (4.20)

4.4.2 Identification of Geared Motor Damping

We know from (4.13) that the geared motor damping can be included in the equivalent
friction torque τfr,M , and thus the identification of BM is turned into a problem of friction
torque identification of the geared motor. (4.12) shows that τfr,M will exactly be equal to the
input torque command of the motor u if the unloaded geared motor is running at a constant
speed. Fig. 4.8 plots the experimentally measured friction torques (reflected to the motor
side before gearbox) at different motor side speeds which well matches the static friction
model with the Stribeck effect [1] as follows

τfr,M = σθ̇m +
(
τCL + (τst − τCL)e−(θ̇m/θ̇SB)2

)
sgn(θ̇m), (4.21)

where σ, τCL, τst and θ̇SB represent the damping coefficient, the Coulomb friction, the static
friction and the Stribeck speed, respectively; and sgn(·) is the signum function.
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Table 4.1: Identified parameters with different step input levels.

Step input level (×10−3N·m) JM (kg·m2) βM (N·m·sec/rad)
1.22→ 1.94 1.85× 10−6 5.50× 10−6

1.22→ 2.19 1.86× 10−6 5.31× 10−6

1.22→ 2.43 1.85× 10−6 5.53× 10−6

By applying a nonlinear least squares fitting, the identified parameters are σ = 8.022 ×
10−7N·m·sec/rad, τCL = 2.384 × 10−3N·m, τst = 1.425 × 10−3N·m, θ̇SB = 130.75rad/sec.
This friction model cannot be directly used for friction compensation since this approach
is not able to satisfactorily identify τst and θ̇SB; however, the estimation of σ is generally
of high quality [1, 12]. Moreover, considering the reduction ratio N = 132, the nonlinear
friction torque after the gearbox will be approximately 0.3N·m, which is significant in our
application. This is also why the nonlinear friction term is treated as a disturbance and the
DOB is used to reject such friction as discussed in previous sections.

The damping of the geared motor BM can be directly assigned to be σ as identified
above. However, when taking a close look at Fig. 4.8 it can be noticed that σ matches
the geared motor damping in the high speed region (> 200rad/sec, known as quasi-linear
domain at hight speed [1]) well rather than that in the low speed region (<200rad/sec). In
this case, one natural way would be gain scheduling, which adjusts the damping coefficient
in the nominal model according to the speed region. This however introduces the controller
complexity and stability issue during parameter switching. Alternatively, a uniform damping
value as a trade-off between the low and high speed regions can be adopted, although model
mismatch would occur accordingly. Further discussions about the selection of damping will
be detailed in Section 4.4.4.

4.4.3 Identification of the Inertia of the Geared Motor

The inertia of the geared motor JM is identified by investigating the step responses from the
input torque u to the unloaded motor side speed θ̇m. To overcome the static friction τst, the
step responses were collected by starting at u = 1.22× 10−3N·m and ending at 1.94× 10−3,
2.19× 10−3, 2.43× 10−3N·m, respectively. Then JM was identified by estimating the trans-
fer function 1/(JMs + βM) using the tfest function in the Matlab System Identification
Toolbox [54].

Table 4.1 shows the identified inertia and damping of the geared motor with different
step input levels. It turns out that the identified inertia values are quite consistent. Since
the step input levels are selected to generate a steady-state speed in the low motor speed
region, the identified dampings match Fig. 4.8 well.
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Figure 4.8: Steady-state speed-friction characteristic of the geared motor (reflected to the
motor side before gearbox).

4.4.4 Controller Design and Stability Analysis

Design of C(s)

Generally the controller C(s) is designed before the Q-filter based on the nominal model
Gn(s). In this work the C(s) is selected as a PD controller. To ensure the requirements of
robust stability and bandwidth, the PD gains are set to be KP = 0.052, and KD = 0.023.
The controller is digitally implemented using the LabVIEW Real-Time Operating System
(National Instrument) with a sampling rate of 1kHz.

Design of Q-filter

The low-pass filter Q(s) is selected to be a third-order binomial filter [43]

Q(s) =
3(τs) + 1

(τs)3 + 3(τs)2 + 3(τs) + 1
, (4.22)

where τ = 2π/wc with ωc being its desired cutoff frequency.
To guarantee the stability of the DOB loop, it is required by (4.20) that the magnitude of

theQ-filter should always be smaller than that of the inverse of the multiplicative uncertainty.
In this work we assume that the only source of uncertainty is introduced by the difference
of the damping value BM in the low motor speed region and in the high speed region, as is
discussed in Section 4.4.2. Under this assumption, the multiplicative uncertainty ∆(s) can
be expressed as

∆(s) =
N2rjp(B

n
M −B[·]

M)s

N2rjpJMs2 +N2rjpB
[·]
Ms+ kspringrgp

, (4.23)
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Figure 4.10: Comparison of frequency responses of closed-loop transfer function τSEA(s)/τd(s)
(straight cable).

where Bn
M is the selected nominal damping coefficient, and B

[·]
M represents the damping

coefficient either in the low speed region (BL
M) or in the high speed region (BH

M).
Fig. 4.9a shows the relationship between ||Q(jω)|| and ||∆−1(jω)|| in the case of di-

rectly using either BL
M or BH

M . It can be noticed that when Bn
M = BL

M , the resulting
∆−1

1 (jω) due to BH
M already crosses the Q-filter curve; if we assign Bn

M = BH
M , the result-

ing ∆−1
2 (jω) overlaps with the Q-filter as well. Then an intermediate value is selected as

Bn
M = 1.37 × 10−6N·m·s·rad−1, and the relationship between ||Q(jω)|| and ||∆−1(jω)|| is

shown in Fig. 4.9b, from which we can see that the stability condition is satisfied.

4.4.5 Performance Analysis of Torque Controller

In order to verify if the proposed torque controller meets the design requirements, the
closed-loop frequency responses from the desired torque reference to the actual SEA output
τSEA(s)/τd(s) (fixing θ` at a constant angle) are identified with the proposed DOB based PD
controller, PD controller (using the same gain) without DOB, and a well-tuned proportional-
integral-derivative controller (PID controller) without DOB when the cable was straight,
respectively. Fig. 4.10 indicates that compared with the two non-DOB based controllers, the
proposed DOB based approach produced improved performance due to its enhanced ability
of suppressing disturbances, and the bandwidth was also increased to around 9Hz which can
be regarded as having met the design goal.
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Figure 4.11: Frequency responses of closed-loop transfer function τSEA(s)/τd(s) under differ-
ent cable bent angles with DOB based torque controller.

To investigate the effect of different cable profiles on the torque controller performance,
frequency responses of τSEA(s)/τd(s) were identified under different cable bend angles (and
radii) with the same proposed DOB based controller. Fig. 4.11 shows that system per-
formances were slightly degraded in the high frequency domain due to the changed cable
curvature, while remained similar performance to the straight cable situation in the low
frequency domain, which supports the effectiveness of the proposed torque controller.

4.5 Impedance Controller Design
Now that a fast inner loop torque controller with sufficiently large bandwidth has been devel-
oped, τ dSEA can be considered as the direct control input to the outer interactive impedance
control loop, i.e., τSEA = τ dSEA. The goal is to directly regulate the interaction torque be-
tween the actuator’s load side and the human, as well as to achieve a 2Hz position tracking
bandwidth when there is no interaction.
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4.5.1 Interactive Impedance Controller

Remember that the outer loop dynamics is described in Eq. (4.10), and applying feedback
linearization to Eq. (4.10) with Eq. (4.1) yields the interactive impedance control law [27]

τSEA =
(
1− J`(Jd)−1

)
τint + J`(J

d)−1
[
Jdθ̈d +Bd(θ̇d − θ̇`)

+Kd(θd − θ`) + τ doffset
]

+B`θ̇` + τgrav(θ`) + τfr,`. (4.24)

When there is no interaction, i.e., τint = 0, Eq. (4.24) indeed is the well-known computed
torque controller which realizes position control to track the reference trajectory θd. However,
in general interaction control scenarios, since there is no force sensor feeding back τint at the
interface between the actuator’s load side and the user, a force sensor-less approach is needed.
One way to get rid of the τint term in Eq. (4.24) is to set the desired virtual inertia Jd = J`,
and then the interactive impedance control law reduces to

τSEA = Jdθ̈d +Bd(θ̇d − θ̇`) +Kd(θd − θ`) + τ doffset +B`θ̇` + τgrav(θ`) + τfr,`, (4.25)

where Jd = J`.
Compared with the PD-form impedance controller adopted by [68, 81, 62, 6], i.e.,

τSEA = Bd(θ̇d − θ̇`) +Kd(θd − θ`) + τgrav(θ`), (4.26)

the interactive impedance controller Eq. (4.25) has a virtual inertia term with which to realize
interface force sensor-less control, as well as the term B`θ̇` + τfr,` to compensate the load
side damping and Coulomb friction in a feedforward manner. In this way, Eq. (4.25) makes
it possible to directly regulate the interaction torque. Note that since Eq. (4.25) includes
feedforward terms B`θ̇` + τgrav(θ`) + τfr,`, this approach needs the load side dynamics to be
well identified during implementation.

4.5.2 Stability Analysis

When there is no interaction between the robot and the subject, asymptotic tracking stability
of the proposed controller can be guaranteed if Jd, Bd, Kd > 0 and τ doffset = 0 [76]. However,
when there is interaction between the robot and the subject, the stability analysis of the
coupled system is generally difficult since the subject’s dynamics is complicated. Without
loss of generality, let us consider the most interactive scenario where the actuator is attached
to the subject body and shares the same motion with the subject, for example, in the
exoskeleton application. In this case, we have θs = θ` and τint,s = −τint. Assume the desired
offset impedance compensates the gravity torque of the subject body segment nicely (i.e.,
τ doffset = τgrav(θs)) and the subject inertia and damping coefficient are time-invariant, then
Eq. (4.10), (4.11) and (4.25) yield

Jsθ̈s +Bsθ̇s = Jd(θ̈d − θ̈s) +Bd(θ̇d − θ̇s) +Kd(θd − θs) + τs, (4.27)
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Figure 4.12: Block diagram of the coupled subject-actuator system under impedance control.
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Figure 4.13: Experiment scene of human interacting with the actuator.

which is illustrated in Fig. 4.12. The closed-loop transfer function from subject muscle torque
τs to the shared position θs is

Φτsθs =
1

(Jd + Js)s2 + (Bd +Bs)s+Kd
, (4.28)

which indicates that the coupled system is always stable if τs is bounded, and Bd and Kd

are positive (Jd = J`).

4.6 Experimental Results and Analysis
To verify the effectiveness of the proposed interactive impedance controller, a load inertia
was attached to the moving linkage, and the damping and Coulomb friction torque of the
load side were experimentally identified. Table 4.2 lists the parameters that were used in the
experiments, and Fig. 4.13 shows the scene of a male human subject interacting with the
actuator. One load cell was attached at the interaction interface which only provided con-
tact force measurements for verification rather than for feedback controls. Experiments were
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Table 4.2: Parameters used in interactive impedance control.

Parameter Value Unit
JM 1.85× 10−6 kg·m2

BM 1.37× 10−6 N·m·sec/rad
kspring 3.49 N·m/rad
N 132 unitless
rjp 0.0254 m
rgp 0.0254 m
KP 0.052 N·m/rad
KD 0.023 N·m·sec/rad
τ 0.2 sec
J` 7.9× 10−3 kg·m2

B` 0.0355 N·m·sec/rad
τfr,` 4.4× 10−3 N·m

conducted running the actuator in three interactive control modes: moderate impedance con-
trol interacting with human, zero impedance control interacting with human, and impedance
control without interaction.

4.6.1 Moderate Impedance Control

Fig. 4.14 shows the experimental result of a constant desired virtual reference tracking under
human disturbance. We can notice that at the onset of human disturbance, the load side
angle θ` started deviating from the reference, and the SEA output torque τSEA started in-
creasing at the same time due to position deviation; after the subject released the load side,
θ` recovered to the reference again. Meanwhile, the inner loop torque controller was able to
accurately generate the desired SEA output torque.

4.6.2 Equivalent Position Control

Fig. 4.15 shows the sine signal tracking results with 1Hz and 2Hz, respectively. No human
interaction was applied, and the proposed impedance controller enforced position control.
It can be noticed that after transient behaviors, both cases have stabilized tracking per-
formance. The RMS tracking error of the 1Hz signal tracking was 1.2deg under moderate
impedance gains. For the 2Hz signal tracking, the ratio of the output-input signal magnitude
was 0.763 (−2.35dB), which indicates that the outer loop impedance controller satisfies the
bandwidth design requirement.
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Figure 4.14: Interaction control with subject under moderate impedance control (Jd = J`,
Bd = 0.1N·m·sec/rad, Kd = 4.0N·m/rad, τ doffset = 0).

4.6.3 Zero Impedance Control

Fig. 4.16 presents the zero impedance controlled load side interacting with the subject using
two different outer impedance controllers. Both two approaches use the same inner torque
controller. Since there was no gravity force to compensate, the PD-form controller became
τ dSEA = 0, and the proposed controller τ dSEA = B`θ̇` + τfr,`, i.e., in both cases, the impedance
controller reduces to a torque controller. The subject applied arbitrary motion moving the
load side with increasing motion frequencies. The RMS SEA output torques were 0.0278N·m
and 0.0447N·m for the PD-form controller and the proposed controller, respectively. How-
ever, the RMS contact force measured by the load cell at the interaction interface were
0.183N and 0.082N, respectively, which meant that the proposed approach regulated the in-
teraction impedance much closer to zero than the conventional one with an improvement of
55%. This is because with the feedforward compensation term, the subject did not have to
overcome the damping and Coulomb friction at the load side on his own, which also indicates
that the PD-form impedance controller does not directly regulate the interaction torque.
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Figure 4.15: Equivalent position control under no interaction (Jd = J`, Bd = 0.05
N·m·sec/rad, Kd = 1.5 N·m/rad, τ doffset = 0).
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(b) Proposed controller (Eq. (4.25)).

Figure 4.16: Zero impedance control with two different controllers.

4.7 Chapter Summary
This chapter presented a torque based interactive impedance control algorithm of a cable-
driven SEA interacting with a subject. Torque-mode control is fundamental to SEA, but the
introduction of the cable-driven transmission makes it more challenging due to the presence
of variable cable friction. A DOB based torque controller was proposed and successfully re-
jected the friction at the motor side and on the cable transmission simultaneously. Compared
with conventional approach, the proposed algorithm significantly improved torque tracking
performance and exhibited large system bandwidth. Based on such fast inner loop torque
control, an outer loop interactive impedance controller was designed to regulate the interac-
tion torque between the actuator’s load side and the subject. Considering that the conven-
tional PD-form impedance controller only regulates the SEA output torque, the proposed
approach has the advantage of being able to directly characterize the impedance behavior
between the interaction torque and the load side motion. The effectiveness of the proposed
control algorithm was verified by a series of experiments with and without the interaction
with a human subject.

The proposed torque based impedance control approach is also applicable to the non-
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cable-driven scenarios, and the entire controller design process does not depend on the infor-
mation from the subject side. Besides, under different conditions, the impedance controller
may reduce to a position controller or a torque controller. Specifically, the impedance con-
troller becomes a position controller when there is no interaction between the robot and the
environment, and becomes a torque controller when the virtual impedance parameters are
all zeros.
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Chapter 5

Development of an Actuated Upper
Limb Exoskeleton for Rhesus Macaques

5.1 Introduction
On top of the development of the passive exoskeleton and the cable-driven SEA presented in
the previous chapters, this chapter investigates the development of an actuated upper limb
exoskeleton for rhesus macaques.

The functionalities of the upper limb exoskeleton in the BMI system include both data
acquisition and motion actuation. Apart from the design requirements of biomorphic joints,
compactness, light weight, and firm attachment that are listed in Chapter 3, the following
requirements also need to be addressed:

• Shoulder joint design with unlikely singularity in workspace: as previously discussed,
the shoulder joint of an upper limb exoskeleton should be designed with unlikely in-
ternal singularities (i.e., singular configurations not due to reaching joint limits) in the
workspace for both large joint ROM and safety considerations.

• High power-to-weight ratio: the exoskeleton should be lightweight while capable of
providing sufficient output torque to complete the designed tasks, which means that
the exoskeleton should have a high power-to-weight ratio.

• Backdrivability: considering that the target users in this project are macaques which
cannot explicitly communicate with the researchers during operations, backdrivabil-
ity would allow the ease of subject-induced motion when the device is unpowered or
reaching to a posture that is not safe or comfortable to the subject.

• Safe and comfortable: the exoskeleton should be designed safe and comfortable for the
subject. Safety needs to be guaranteed on both hardware level and software level.

The hardware design of an exoskeleton consists of the kinematic structural design and
the actuation system design. The kinematic structural design will mainly follow the passive
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exoskeleton proposed in Chapter 3, and the motion actuation of each joint will be provided
by the series elastic actuators proposed in Chapter 4.

Guided by the above mentioned design requirements, the development of an actuated
multi-DOF upper limb exoskeleton for macaques will be presented in this chapter. Compared
with the non-human primate exoskeleton KINARM, the proposed exoskeleton allows for
freedom of task space movement in additional dimensions. The mechanical design will be
discussed in terms of kinematic structural design and actuation system development. Finally
the system integration of the BMI with a macaque subject will be introduced, and pilot
animal test results will be provided to support the effectiveness of the proposed exoskeleton
system.

5.2 Mechanical Design

5.2.1 Kinematic Structural Design

The kinematic structural design mainly follows the passive exoskeleton design proposed in
Chapter 3, the feasibility of which has been demonstrated by animal tests. Three DOFs are
assigned at the shoulder complex for the actuated exoskeleton corresponding to the shoulder’s
horizontal rotation, flexion/extension, and internal/external rotation motion. Together with
one DOF for the elbow’s flexion/extension and one DOF for the forearm’s internal/external
rotation, the actuated exoskeleton has a total of five DOFs. Fig. 5.1 shows the hardware
design of the proposed actuated upper limb exoskeleton.

Compared with the passive exoskeleton proposed in Chapter 3 which has four DOFs
at the shoulder complex, no joint is dedicatedly designed to execute the shoulder’s abduc-
tion/adduction motion in the actuated exoskeleton design, and the shoulder’s abduction
/adduction motion needs to be realized by the combined motion of Joint 1 and Joint 2.
This is because the BMI study task for the macaque has been finalized to be mainly in
front of its coronal plane which is similar to the reach-grasp-feed task in Chapter 3, and it
can be noticed from Fig. 3.9 and Table 3.3 that the shoulder’s abduction/adduction motion
(corresponding to the second DOF in Fig. 3.9 and Table 3.3) is not obvious in this kind
of tasks. For simplicity of mechanical design and control algorithm implementation, the
shoulder joint is designed to be of three DOFs. In this case, the kinematic singularity of
the shoulder joint occurs when the axis of Joint 1 aligns with the axis of Joint 3, which
corresponds to the situation in which the upper arm rests pointing downward and perpen-
dicular to the ground. However, this cannot actually happen due to the space constraint of
the primate chair on which the macaque sits to perform the BMI task (see Section 5.3 for
more details). Thus it is considered that the proposed shoulder joint design of the actuated
exoskeleton is singularity-free in its workspace.
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Figure 5.1: The proposed actuated upper limb exoskeleton for rhesus macaques.

5.2.2 Actuation System Design

Per the discussions of the design and control of a cable-driven SEA in Chapter 4, the proposed
cable-driven SEA satisfies the requirements of high power-to-weight ratio, backdrivable, safe
and comfortable motion actuation. In this section, in order to provide sufficient output force
and velocity, the selections of geared motors, torsional springs and power transmissions will
be discussed based on the kinematic and dynamic characteristics of each macaque upper
limb joints.

Selection of Geared Motors

DC motors will be used to provide the actuation to the system, and should be selected based
on the characteristics of the macaque’s motion, among which joint torque and speed are the
major factors. Table 5.1 shows the kinematic and dynamic characteristics of the macaque’s
upper limb. Measuring the joint torques of an animal is complicated and time-consuming,
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Table 5.1: Kinematic and dynamic characteristics of macaque’s upper limb.

Shoulder Elbow
Peak muscle torquea (N·m) 15.7 9.4
Maximum speed in BMI tasksb(rad/sec) 2.1 3.8
a data from [23].
b data from animal tests in Section 3.5.

Table 5.2: Physical information of BMI macaques.

Body Length (cm) Circumference (cm)
Subjects Sex weight (kg) Upper arm Forearma Hand Upper arm Forearm

Macaque G M 10 14.5 15.2 6 23.2 16.2
Macaque J M 13.3 13.7 16.2 9 24.5 18.0
Macaque W M 10.5 14.2 16.3 9 23.5 17.1

Human - - 37.4b 48.8b - 31.8c 24.2c

a from elbow to hand.
b average of male and female data from [29].
c data from [77].

thus the peak muscle torques obtained from existing literature are used. The maximum joint
speeds were measured during the reach-grasp-feed animal tests in Section 3.5.

Generally joint torques at high speed should be relatively small. Thus, a maximum
muscle torque of 15N·m at a maximum speed of 2rad/s is assumed for the shoulder joint,
which results in a maximum power of 30W. Similarly, a typical muscle torque of 4N·m at
a maximum speed of 3.5rad/s is assumed for the elbow joint, which results in a maximum
power of 15W. A 30% power transmission efficiency is assumed for both the shoulder and
the elbow joint considering the efficiency of the motor (70%), the gearbox (70%) and the
transmission efficiency of other motion transmission mechanisms (for example, assumed to
be 60% due to friction loss for a cable transmission). Thus the rated motor power should
be approximately 100W for the shoulder joint and 50W for the elbow joint, respectively.
Table 5.2 shows the physical information of the three macaques we have for the BMI studies,
and based on these data, the estimated body segment mass and inertia of the BMI macaques
are listed in Table 5.3 using the approach proposed in [13]. Table 5.4 shows the estimated
mass of each mechanical link of the actuated exoskeleton. Taking the mass and inertia which
also need to be compensated by the motors into consideration, the selected motors and gear
reduction ratios of each joint are presented in Table 5.5. Note that the nominal torques,
stall torques, and nominal speeds are calculated after the gear reduction. It can be noticed
that the selected hardware can provide sufficient power for the exoskeleton actuation.
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Selection of Torsional Springs

The elastic element plays an important role in the SEA design. On one hand, it introduces
compliance in the actuation mechanism, which can accommodate the low intrinsic stiffness
of the subject body and thus ensure the safety during the subject-robot interaction; on the
other hand, it serves as a torque sensor which can save the space and cost of a dedicated
one. The considerations on interaction safety and torque resolution require a more compliant
elastic component in the SEA. However, compliant elasticity in the elastic component cannot
provide sufficiently large output force/torque, and also may reduce the large force bandwidth
of the SEA [71]. Therefore, a balance should be made among all these factors. So far a
heuristic way of selecting the elasticity of the elastic component for an SEA is utilized with
tests of springs with different stiffness.

Thus, a collection of torsional springs with the stiffness of 3.49, 7.61, 8.82, 16.43 and
27.03N·m/rad was examined, and in the end we chose the stiffness of 8.82N·m/rad such that
the linearity of the torsional springs can be maintained at a high level within their feasible
working ranges.

Selection of Power Transmission

Most SEAs impose the motor on the subject body [38, 39, 70, 75], which will increase
the inertia of the overall system and also reduce the system compactness on the subject
side. A comparison of the macaque upper limb dimensions and those of humans is shown in
Table 5.2, which suggests that the space around the macaque upper limb is quite limited. As
a result, the mechanical components of the exoskeleton should be kept sufficiently compact,
and some complex designs good for adult humans may not be applicable to the exoskeleton
for macaques. To achieve a lightweight and compact design, [84] proposes a Bowden cable-
driven SEA which is able to avoid attaching the motors on the subject body. In this case, the
geared motor can be installed on a fixed base and the driving force is transmitted through
the cable to the actuator’s load side. Thus the three distal joints of the exoskeleton (i.e.,
Joint 3, Joint 4 and Joint 5) are designed to be cable-driven by SEAs. Considering that the
first two joints can be supported by the frame of the exoskeleton, these two proximal joints
are designed to be collocated with conventional SEAs, as shown in Fig. 5.1.

5.3 System Integration

5.3.1 Overview of the Integrated BMI System

Fig. 5.2 shows a rendering of the designed 3D BMI task with a macaque subject. The
macaque is seated in a primate chair with its collar and torso constrained, and the proposed
actuated upper limb exoskeleton is attached to the macaque’s right upper limb. By decoding
the monkey’s neural signal, the exoskeleton realizes the task of using the end point of the
bar extend from the exoskeleton to touch the target plate positioned by the 3D presenting
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Figure 5.2: Overview of the designed 3D BMI task with a macaque subject.

system. One force sensor is installed on the tip of the bar indicating whether the task has
been completed in one trial. Specifically, the Plexon neural data acquisition system collects
the neural spikes measured by the electrodes that are implanted on the macaque’s motor
cortex, and sends the neural data to the BMI host PC. The host PC runs the neural decoder
which translates the brain signal into the upper limb motion, and sends the decoded motion
commands to the target PC. The control algorithms are implemented in the target PC to
realize the decoded upper limb motion.

5.3.2 Control System Architecture

Compared with conventional neural decoders for the 2D task space motion decoding, neural
control of a redundant kinematic chain has been investigated by Gowda in [22], which enables
motion decoding in the joint space. In this work, it is assumed that the decoded joint space
trajectory can be provided by the neural decoder, and the exoskeleton will enforce the
corresponding motion. Considering that the system dynamics become highly complicated
when the macaque is in the loop, and that modeling of the higher order dynamics inherent in
a multi-DOF series elastic robot is difficult [62], a decentralized control approach can be used
by regarding each joint as an independent system. The decentralized control approach is also
feasible because the motion speed in a BMI task is generally low, and thus the coupling effects
between joints due to varying configurations during motion is not obvious. In this case, the
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Figure 5.3: Block diagram of the integrated BMI system.

decoded joint space trajectory will be allocated to a set of single-joint controllers each of
which uses a single-input single-output control algorithm to realize the joint-level trajectory,
as shown in Fig. 5.3. Then the single-joint impedance control architecture proposed in
Chapter 4 can be utilized to achieve the joint-level control goal. A detailed block diagram
of such controller is presented in Fig. 5.4.

5.4 Experimental Results of Animal Test
Animal tests were conducted operating the actuated exoskeleton to complete the reach and
touch task with one able-bodied adult male rhesus macaque in the loop. All procedures
were conducted in compliance with the National Institute of Health Guide for Care and
Use of Laboratory Animals and were approved by the University of California, Berkeley
Institutional Animal Care and Use Committee.

At the animal training stage, the exoskeleton will be first computer controlled to realize a
designed joint space trajectory (rather than commanded by a neural decoder), then gradually
will be operated in a shared control manner between a computer and a neural decoder, and
finally will be only controlled by a neural decoder. At the initial phase, considering the
complexity of the joint space neural decoder development, only the first four joints were
actuated leaving the forearm’s internal/external motion being fixed. Fig. 5.5 shows the joint
space trajectory of the subject side positions in one trial of computer controlled reach and
touch task. The macaque has been well trained and no obvious resisting motion was applied
to the exoskeleton by the macaque. The corresponding task space trajectory is illustrated
in Fig. 5.6, which matched the actual motion well and supported the effectiveness of the
proposed actuated exoskeleton system.
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Figure 5.5: Joint space trajectories of one trial.
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Figure 5.6: Task space trajectory of the exoskeleton distal end point at which the force
sensor was attached. The macaque’s right arm initially rested on the primate table, and
then was driven by the exoskeleton to let the distal end point touch the target plate. Once
the force sensor detected the touching, the exoskeleton paused at the current posture for a
while. Finally the macaque’s arm was driven to recover to the initial posture. The origin of
the coordinate system O0−x0y0z0 locates at the macaque shoulder center, and z0-axis points
upright and x0-axis points the front direction of the macaque.

5.5 Chapter Summary
In this chapter, the development of an actuated upper limb exoskeleton for rhesus macaques
was presented in terms of design requirements, mechanical design, and system integration. In
the aspect of mechanical design, the kinematic structure of the actuated exoskeleton mainly
followed the passive exoskeleton design proposed in Chapter 3; and the drivetrain selections
were based on the kinematic upper limb motion data by the passive exoskeleton. System
integration was presented by combining the neural interface, the neural decoder, and the
exoskeleton together. A decentralized control architecture was then introduced, and the
single-joint impedance control algorithm proposed in Chapter 4 can be utilized to achieve
the joint-level control goal. Finally the effectiveness of the proposed actuated exoskeleton
was supported by pilot animal test results.



81

Chapter 6

Concluding Remarks and Open Issues

6.1 Concluding Remarks
This dissertation investigates the mechatronic considerations of developing an upper limb
exoskeleton for rhesus macaques, including two major aspects: 1) the kinematic modeling
and structural design, and 2) the actuator design and control. The contributions of this
dissertation are summarized as follows:

A Kinematic Upper Limb Exoskeleton Model with a Redundant Shoulder Joint
Design for Rhesus Macaques

Based on the analysis of the primate upper limb anatomical structure, a 6-DOF upper
limb exoskeleton model for rhesus macaques was first proposed in this dissertation. Four
DOFs were assigned at the shoulder complex to achieve more flexible manipulation of the
mechanism. The kinematic characteristics of the proposed redundant shoulder model were
quantitatively investigated based on the manipulability metric comparison with three other
types of designs. The results showed that the proposed shoulder joint model had the ability to
avoid entering the system’s singular configuration by appropriately planning the joint space
trajectories. And the gradient projection method based kinematic control could be utilized
for the redundant shoulder joint trajectory planning. Simulation results demonstrated the
feasibility of the proposed approach. This work was published in [46].

A Passive Upper Limb Exoskeleton for Motion Characterization and Animal
Training

A passive upper limb exoskeleton with position sensors was fabricated following the proposed
kinematic model, which aimed at serving as a motion sensing device and a safe pilot facil-
ity for animal training prior to the development of an actuated exoskeleton system. A two
millimeter position sensing accuracy of the end point was achieved by the motion capture
system based kinematic calibration, which was sufficient for the neurophysiology applica-
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tions. Finally the animal tests were conducted in the scenario of a reach-grasp-feed task.
The effectiveness of the proposed exoskeleton system was demonstrated by both joint space
measurements and task space trajectory visualization. The collected kinematic motion data
from each macaque upper limb joint was then used to provide guidance for the actuation
system design of the actuated exoskeleton. This work was published in [48, 50].

A Cable-Driven Series Elastic Actuator for Compliant Motion Actuation

In order to obtain a compact, powerful, backdrivable and torque-reflecting actuator for the
exoskeleton motion actuation, a cable-driven series elastic actuator (SEA) was proposed,
and the torque based interactive impedance control algorithm was developed to enhance
safe actuation. Torque-mode control is fundamental to an SEA. A big challenge to achieve
high fidelity torque control of a cable-driven SEA is to suppress the friction disturbance
introduced by the cable-driven transmission. A disturbance observer based torque controller
was proposed and successfully rejected the friction at the motor side and on the cable trans-
mission simultaneously. Compared with conventional approach, the proposed algorithm
significantly improved torque tracking performance and exhibited large system bandwidth.
Then an outer loop interactive impedance controller was designed to regulate the interaction
torque between the actuator’s load side and the subject. Compared with the conventional
proportional-derivative form impedance controller, the proposed approach has the advantage
of being able to directly characterize the impedance behavior between the interaction torque
and the load side motion. The proposed impedance control architecture is also applicable
to the non-cable-driven scenarios. Besides, under different conditions, the impedance con-
troller will reduce to a position controller or a torque controller. Specifically, the impedance
controller becomes a position controller when there is no interaction between the robot and
the environment, and becomes a torque controller when the virtual impedance parameters
are all zeros. The effectiveness of the proposed control algorithm was verified by a series of
experiments with and without the interaction with a subject. This work has been reported
in [49, 47].

An Actuated Upper Limb Exoskeleton for a Brain-Machine Interface with
Rhesus Macaque Subjects

On top of the development of the passive exoskeleton and the impedance-controlled actua-
tor, an actuated multi-degree of freedom upper limb exoskeleton was finally developed and
integrated with a brain-machine interface for macaques. In the aspect of mechanical design,
the kinematic structure of the actuated exoskeleton mainly followed the proposed passive
exoskeleton design, and the actuator specifications were selected based on the macaque
kinematic motion data collected by the passive exoskeleton. System integration was then
presented by combining the neural interface, the neural decoder, and the exoskeleton to-
gether. A decentralized control architecture was then introduced, and the proposed single-
joint impedance control algorithm can be utilized to achieve the joint-level control goal.
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Finally the effectiveness of the proposed actuated exoskeleton was supported by pilot animal
test results.

6.2 Open Issues
Although a number of aspects on the development of an upper limb exoskeleton for rhesus
macaques have been discussed in this dissertation, there are still many issues left open for
further investigation:

Modeling of the Rhesus Macaque Upper Limb

In order to achieve an exoskeleton design which can well match the macaque upper limb
motion, an accurate model of the macaque upper limb is first needed. Since the upper limb
anatomy of rhesus macaques is not identical with that of humans, the existing studies on
human upper limbs cannot provide comprehensive information for the macaque upper limb
exoskeleton development. However, the macaque upper limb anatomy are not as widely
studied as that of human’s. Thus the modeling of the macaque upper limb needs to be
further investigated, especially the upper limb morphology, the shoulder complex anatomy,
and the angle between the upper arm and the forearm when the elbow is fully extended.

Criterion of Virtual Impedance Parameter Selection

In this dissertation, the criterion of the virtual impedance parameter selection is not fully
discussed. To the author’s best knowledge, there is also no existing literature working on
the virtual impedance parameter selection for an impedance-controlled exoskeleton system.
However, these parameters should be carefully determined according to the user’s haptic
sensation as well as different applications. For the exoskeleton systems, generally it can be
considered that the user’s limb motion is the same as the exoskeleton’s load side. In this
case oscillation may cause discomfort to the user and thus the transient motion should be
well-damped. One big challenge is that the user’s body dynamics are hard to model, which
makes it difficult to propose a systematic way to design the virtual impedance parameters.

Integration of Force Sensors at the Points of Interaction

For the sake of reducing the development cost and design complexity, no dedicated force
sensor is installed at the points of interaction between the proposed exoskeleton and the user
body segments. The only force/torque feedbacks are the joint torques estimated from the
SEAs by its deflection angles and the spring stiffness. One problem is that the performance
of the impedance controller is limited due to the lack of force feedback from the interaction
points, and the integration of force sensors at the points of interaction helps enforce the
interaction force to a more general forms of virtual impedance with higher accuracy. One
challenge is that mounting force sensors to the appropriate places on an exoskeleton is
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difficult, and the mechanical design complexity will also be increased. Besides, the torque
measurements from the SEAs should be consistent with the measurements from the force
sensor, which requires the elastic element of the SEAs to have high linearity.

Stability of the User-In-the-Loop System in Presence of Time Delay

In the integrated BMI system with the user wearing the exoskeleton in the loop, the position
commands to the exoskeleton are decoded from the user’s neural signal. Generally decoding
the neural signal into the body segment motions takes some computation time, and data
transmitting between the neural decoder and the exoskeleton controller also takes some time.
Thus there will be time delay between the received motion commands by the exoskeleton
and the user’s actual thoughts which is based on user’s instant visual feedback. If the
time delay is significant, it is highly possible that the exoskeleton’s motion cannot follow
the user’s mind, and in turn the subject tends to adjust its intention. For applications in
which the subject still some residual mobility, the exoskeleton’s motion may conflict with
the user’s own motion intension, which could cause the coupled user-exoskeleton system to
be “unstable”. This issue needs to be further investigated to help the user better learn how
to use an exoskeleton device, and realize safe and comfortable motion actuation.
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