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Abstract: Arm and hand function play a critical role in the successful completion of everyday tasks.
Lost function due to neurological impairment impacts millions of lives worldwide. Despite improve-
ments in the ability to assess and rehabilitate arm deficits, knowledge about underlying sources
of impairment and related sequela remains limited. The comprehensive assessment of function
requires the measurement of both biomechanics and neuromuscular contributors to performance
during the completion of tasks that often use multiple joints and span three-dimensional workspaces.
To our knowledge, the complexity of movement and diversity of measures required are beyond
the capabilities of existing assessment systems. To bridge current gaps in assessment capability, a
new exoskeleton instrument is developed with comprehensive bilateral assessment in mind. The
development of the BiLateral Upper-limb Exoskeleton for Simultaneous Assessment of Biomechanical
and Neuromuscular Output (BLUE SABINO) expands on prior iterations toward full-arm assessment
during reach-and-grasp tasks through the development of a dual-arm and dual-hand system, with
9 active degrees of freedom per arm and 12 degrees of freedom (six active, six passive) per hand.
Joints are powered by electric motors driven by a real-time control system with input from force and
force/torque sensors located at all attachment points between the user and exoskeleton. Biosignals
from electromyography and electroencephalography can be simultaneously measured to provide
insight into neurological performance during unimanual or bimanual tasks involving arm reach and
grasp. Design trade-offs achieve near-human performance in exoskeleton speed and strength, with
positional measurement at the wrist having an error of less than 2 mm and supporting a range of
motion approximately equivalent to the 50th-percentile human. The system adjustability in seat
height, shoulder width, arm length, and orthosis width accommodate subjects from approximately
the 5th-percentile female to the 95th-percentile male. Integration between precision actuation, human–
robot-interaction force-torque sensing, and biosignal acquisition systems successfully provide the
simultaneous measurement of human movement and neurological function. The bilateral design
enables use with left- or right-side impairments as well as intra-subject performance comparisons.
With the resulting instrument, the authors plan to investigate underlying neural and physiological
correlates of arm function, impairment, learning, and recovery.

Keywords: arm exoskeleton; bilateral; functional assessment; neurological impairment; rehabilitation;
human–robot attachment

1. Introduction

The human arm is one of the most complex manipulators in existence, and its level
of function vs. impairment has not been fully quantified using modern measurement
instruments. The dexterity of the hand and its opposable thumb, combined with the large
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workspace of the shoulder, make the arm an extremely versatile and efficient tool for inter-
action with a diversity of objects and environmental conditions. The world around us has
largely been created for interactions with arms and hands, shaping the objects of our daily
lives (i.e., touchscreens, steering wheels, handles, doorknobs, push buttons, keyboards,
etc.). As a result, impairment to arm function impairs not just our mobility but also our
ability to interact with our surroundings, affecting aspects of health, safety, independence,
and socialization. Understanding and addressing arm impairment, therefore, is vitally
important to millions of individuals living with functional deficits from both traumatic and
non-traumatic injuries.

1.1. Impairment Prevalence and Societal Impact

The largest contributor to motor impairment globally is cerebrovascular accident
(CVA), of which there are approximately 10 million cases per year having survived an
ischemic or hemorrhagic stroke. In more than 85 percent of cases, functional deficits of
motor control occur [1]. Range of motion (ROM) is often impaired, particularly in the
execution of reach extension movements of the arm involving support against gravity [2,3].
Losses in arm function and mobility from stroke alone affect millions of survivors, and
the number is projected to continue to rise due to increases in (1) life expectancies, (2) the
prevalence of stroke with age, (3) the number of baby boomers reaching the age of higher
prevalence, and (4) post-stroke survival rates. Addressing the deficits caused by stroke and
other CVAs has been a major motivating factor behind the recent proliferation of robotic
solutions for clinical assessment and training in the arm and hand.

Deficits in arm mobility are linked to reduced quality of life, affecting aspects of physi-
cal and mental health, hygiene, safety, and independence. Unimpaired movement requires
an intact musculoskeletal system and bilateral communication between nervous and mus-
cular systems. Jointly referred to as the neuromusculoskeletal system, an injury to any one
of its subsystems can significantly impair mobility. As a result, the correct identification
of underlying sources of impairment is important for optimal treatment and recovery.
Factors in CVA patients that have historically been cited as contributors to functional
deficits include muscle weakness, increased or decreased tone, spasticity, co-contraction, or
abnormal muscle synergies [2,4–7]. However, neither the relative contributions of these
factors, nor their underlying sources, have been determined. Illustrating the difficulty of
identifying sources of impairment, muscle weakness can be masked by co-contraction or
abnormal synergies; both weakness and low muscle tone may lead to a lack of control,
but so too might changes in muscle activation such as temporal and spatial changes in
amplitude, frequency, or resolution. As a result, the complex and multi-disciplinary nature
of neuromotor function has presented a significant barrier to its comprehensive study and
understanding.

1.2. The Assessment Gap

Despite improvements in our ability to assess and rehabilitate arm deficits, our knowl-
edge about underlying sources of impairment and related sequela has remained limited.
The relative contribution to deficit of the many factors that may contribute to lost function
has remained elusive with previous experimental setups, with measurements often ham-
pered by one or more limiting factors, such as (1) subjectivity, (2) the range or resolution of
measurement, or (3) the breadth of measurement focus [8].

Subjectivity—Standard assessment tests that are manually administered are typically
scored by a trained observer. Although some tests achieve high ratings for inter-rater
reliability (a measure of how consistently different raters would score the same individual),
subjectivity cannot be completely removed unless the determination of the measure can be
fully automated.

Range and resolution—Many assessments use a discrete point scoring system; for
example, the Fugl–Meyer Upper-Extremity Assessment (FMA-UA) is scored from 0 to 2,
where 0 means the task cannot be performed at all and 2 means it can be performed as
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well as with the unimpaired side [9]. This system, while usually affording high inter-rater
reliability, offers poor resolution while at the same time making it difficult to show change,
particularly at the upper and lower ends of the scale. These are called floor and ceiling
effects and are acknowledged as significant barriers to progress tracking in a number
of highly utilized assessments such as the FMA-UA, the Action Research Arm Test, the
Wolf-Motor Function Test, and others.

Breadth of focus—As described above, deficits can occur in any of several subsystems
and in some cases with similar functional impact. Therefore, it is important that a compre-
hensive measurement system include measures from the potentially affected subsystems,
not just their functional outcomes.

1.3. Key Design Considerations

In the development of a machine for comprehensive measurement, several key design
considerations emerge, including the importance of an exoskeleton vs. an end-effector
design, the ability to take bilateral vs. unilateral measurements, and the inclusion of a
lateral vs. axial donning approach.

1.3.1. Exoskeleton vs. End Effector

Among robotic systems for upper-extremity assessment and training, both exoskeleton
and end-effector approaches are common. Exoskeletons provide structural links along the
length of the arm with multiple points of human–robot attachment (HRA). Their kinematics
mimic anatomical motion by aligning robot joint axes with approximations of human joint
axes. End-effector robots, on the other hand, often use a single HRA at the hand and/or
forearm and enable an end-effector workspace that typically coincides with a subset of the
user’s workspace [10].

Exoskeletons are typically more complex, requiring linkage geometries that fit around
and align with the user, while end effectors can be made of simpler geometries with
minimal regard to user geometry except at the point of contact, usually the hand or forearm.
For safety reasons, the end effector’s entire workspace is typically limited to a subset of
the user’s workspace since robotic workspace that falls outside the workspace of the user
increases the risk of injury. Exoskeletons, on the other hand, are designed to align with
joints and have range limits that more closely align with users’ range of motion limits,
facilitating a much larger overlap between the robot and user workspace.

Exoskeletons have a clear advantage in the workspace, but achieving high trans-
parency within the workspace is still nontrivial due to the number of individual links
and bearing connections required to support the mobility of the arm. However, while
end-effector devices that utilize distal HRAs allow for lighter and simpler structures, their
simplicity also makes them unable to provide single-joint control, limiting the ability of
these devices to guide and support users [11] and limiting their potential for the assessment
of individual joints or segments of the body.

Related to the exoskeleton vs. end-effector debate, there is ongoing controversy over
whether training with 2D or 3D movements is better for rehabilitation. It is a debate of
both cost and effectiveness. Exoskeleton devices that support spatial (3D) task training are
typically more expensive than those that are limited to planar (2D) movements. Despite
significant advantages and disadvantages to each, ultimately, the key factor is the benefit to
the user being trained. The real question becomes the following: Do the benefits of 2D task
training carry over into less-constrained activities of daily living? Although comparison
studies of such devices are still limited, a recent study [12] found that the InMotion ARM
(end effector) was more beneficial for patients with moderate to severe deficits at four weeks
post-stroke than the ArmeoPower (exoskeleton). The authors proposed that this population
may have benefited from the more task-oriented training approach, lower device inertia,
and simpler movements provided by the InMotion ARM end effector [12]. Interestingly,
a similar meta-analysis comparing end-effector and exoskeleton robots for finger–hand
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motor recovery found the opposite result, with exoskeletons outperforming end-effector
devices [13], although potential reasons for the difference were not provided.

While end-effector robotics may be lower in cost, the ability of exoskeletons to measure
and/or assist at the level of individual arm segments or joints is an invaluable benefit for
assessment. Because exoskeletons are directly in contact with their user over the length
of the limb, their motors can provide assistive or resistive forces to individual joints and,
therefore, provide segment-specific test conditions in the assessment of function. Using an
end-effector robot for assessment provides quantitative information only at the point of
contact and, therefore, provides a cumulative assessment for all the joints that contribute to
controlling end-effector position and orientation. Limiting movement to a 2D plane can
be attractive and, in some cases, necessary in order to eliminate confounding factors in a
study; however, it is important to acknowledge that such constraints impose limitations on
the type of task that can be performed and, therefore, the likeness to real-world tasks that
can be assessed.

1.3.2. Bilateral vs. Unilateral

The choice of using bilateral (left- and right-arm) vs. unilateral (single-arm) systems is
another important aspect in comprehensive measurement. The assessment of arm function
can be highly individual, affected by aspects of body size, shape, composition, and the type
or severity of impairment, complicating inter-subject comparisons as well as comparisons
to population norms. Some impairments affect mainly one side of the body, making the
opposite side of the body the most relevant intra-subject baseline comparison. Even if
compatible for use with both the left and right arms, a unilateral system is limited to
measuring one arm at a time, often sacrificing range of motion for the ability to fit either
arm, and adds significant setup time to compare the left arm with the right. Furthermore,
interlimb coordination and the ability to perform bimanual tasks are important aspects of
arm function that are difficult to assess without a bilateral assessment system.

1.3.3. Importance of Lateral Arm Attachment

Early exoskeletons employed large-diameter thin-section bearings that surrounded
the arm to support the rotation of the upper and lower arm segments about their long
axes [14,15]. This election, however, complicated the donning process, particularly for
individuals with arm impairment. Recognizing the importance of facilitating ease-of-use in
the attachment process, recent exoskeleton developments for rehabilitation have almost
exclusively employed an open attachment design that allows the user’s arm to be secured
and released from the device laterally via straps [16,17].

1.4. State-of-the-Art Review

Since the early exoskeletons of the late 1960s [18] and human extenders of the early
1990s [19], exoskeletons have steadily increased in number and capability. In the field of
rehabilitation, their capacities for training and assessment have grown along with their
number of active joints, range of motion, and multi-domain sensing systems.

1.4.1. Exoskeletons for Rehabilitation

In the past five years alone (2019–2023), more than 25 review papers have been
published on the topic of rehabilitation robotics for the upper limbs [20–47]. These in-
clude reviews of systems targeting function in the shoulder [23], elbow [24], wrist [25],
or hand [26,27]; systems that include support for multiple arm joints [28–38]; reviews
comparing end-effector to exoskeleton-based approaches [13,39,40]; exoskeleton control
methods [41,42]; human–robot interaction dynamics during rehabilitation [43–45]; and the
recent incorporation of artificial intelligence and machine learning into the exoskeleton
rehabilitation approach [46,47].

The vast majority of shoulder-to-wrist exoskeleton designs use between five and
seven degrees of freedom (DOFs) per arm, with varying combinations of joints. The seven-
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degree-of-freedom (DOF) Harmony exoskeleton [17], for example, spans shoulder elevation
to forearm rotation, while the seven-DOF EXO-UL8 [48] and ARMinV [49] robots span
shoulder flexion to wrist deviation. A more recent system, called ANYexo2 [50], includes a
motor for each of the nine joints between the shoulder and wrist. With a particular focus
on minimizing mechanism inertia, the motor axes of ANYexo2 have been positioned in
non-orthogonal arrangements and links placed close to the axes of revolution. The resulting
system achieves control bandwidths for the shoulder approaching two times the reported
speeds of shoulder motion during typical ADLs [16], which are about 3 rad/s [51]. With any
design approach, there are trade-offs determined by system requirements. For ANYexo2,
the five motor placements at the shoulder are positioned such that two of the motors cross
over the sagittal plane, preventing its use in a bilateral configuration.

1.4.2. Sensor-Based Assessment

Sensor-based systems offer a higher-precision quantification of signals than can be
achieved with the manual scoring systems of traditional clinical assessments. Therefore,
researchers are investigating new assessment methods that are more sensitive to change and
rely less on therapist judgment. A recent literature review lists several sensor-based metrics
that show strong inter-rater reliability and reviews their validity with traditional clinical
assessments [8]. The more-promising metrics with both high reliability and validity scores
included the mean speed, the number of velocity peaks, and the task time [8]. However, few
studies were found that provided a multi-domain approach that included measurements
of brain and muscle activity.

The primary non-invasive measures of brain and muscle activity utilize electroen-
cephalography (EEG) on the surface of the scalp and electromyography (EMG) on the
surface of the skin above a contracting muscle belly. Other biosignals include electrocardio-
graphy (ECG) for the heartbeat and electrooculography (EOG) for eye movement. Limited
prior work has utilized EMG or EEG measurement in conjunction with exoskeleton robotics
for the upper [52–54] and lower limbs [55,56]. While some systems utilize biosignals purely
for assessment, such as to characterize movement smoothness [57] or identify movement
primitives exhibited by persons recovering from stroke [58], the majority of work has
focused on decoding EEG signals for brain–machine interfaces (BMIs) or on surface EMG
(SEMG) signals for the SEMG-based control of robotics. Other groups are working to
identify more effective methods of providing rehabilitation training; however, few efforts
are being focused on finding the underlying sources of impairment.

1.5. Project Overview

The instrument described in this work has been conceived and developed with the
aim of supporting both 2D and 3D tasks involving the shoulder, elbow, wrist, and/or hand
of either the left or right side, or both arms simultaneously. Termed the BLUE SABINO,
for BiLateral Upper-limb Exoskeleton for Simultaneous Assessment of Biomechanical and
Neuromuscular Output, this new robotic exoskeleton instrument measures both activation
and movement in order to enable full 3D reach-and-grasp tasks while measuring kinematic,
dynamic, and neurological function. The goal of the system is to make comprehensive
assessment possible, unlocking barriers to identification of sources and significance of
factors in motor impairment not previously discernable with available measurement equip-
ment. This paper will focus on the kinematics, controllers, and mechanical, electrical,
and neuromuscular hardware used in the design of a nine-DOF arm exoskeleton, which
was inspired by previous exoskeleton systems [48,59]. The system design and layout are
explained in Section 2. Preliminary validations of the design’s ability to simultaneously
capture motion, interaction forces, and neuromuscular activity are reported in Section 3.

2. Materials and Methods

The BLUE SABINO is a third-generation design, built from two prior successful bilat-
eral systems: EXO-UL7 (aka CADEN-7) [59] and EXO-UL8 [48] (Figure 1). With a primary
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focus on assessment, and a secondary focus on training, the BLUE SABINO development
targets the simultaneous collection of measures from the entire neuromusculoskeletal
system, including intention to move, muscle activation, and the resulting kinetics and
kinematics of arm movement. Importantly, the system aims to support such measures
during activities of daily living (ADLs), such as grasping, positioning, manipulating, and
releasing objects within the workspace of the shoulder, elbow, and wrist.
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2.1. System Requirements

Integral to the system requirements, common objectives for exoskeleton robotics
include (1) safety, (2) usability, and (3) functionality.

Safety—Safety is paramount to all systems that interface with the human body. Safety
is incorporated into the mechanical, electrical, and software systems to prevent unwanted
behavior that could occur when using the device. For example, the range of motion of the
joints is limited using mechanical hardstops and software limits to prevent hyperextension.
Safety systems should consider not only foreseeable but also unplanned incidents. E-stops
are designed to shut down the system by turning off the electrical power at the motors
and using software disabling the controller input sent to the drivers. The E-stops are
conveniently placed in locations accessible to the operator and subject and can be pressed
at any time.

Usability—A significant emphasis should be placed on the ease of donning (putting on)
and doffing (taking off), as this is important for both subjects and operators during impair-
ment assessment after stroke. Some of the most crucial design elements that complicate the
exoskeleton donning/doffing process are the use of open vs. closed bearing designs around
axial joints (i.e., shoulder internal/external rotation and forearm pronation/supination)
and the ease of attachment to the HRA interfaces. Closed bearings (i.e., bearings that fully
encircle the arm) require passing an arm through the center of the bearing, like a sleeve,
which is a difficult task for an impaired arm. The HRA design, similarly, makes a significant
difference in the system’s ease of use for the operator, determining the complexity of size
adjustment and securement to the subject.

Functionality—The functional objective of the system is to assess and train arm and
hand function during ADL tasks. These tasks require grasp-and-release movements and
the ability to contact objects with the fingertips. The system’s functionality would also be
enhanced by the ability to measure unwanted compensatory shoulder movements that
may occur during intense effort as a result of flexion synergies [60].

To investigate system requirements from a clinical perspective, a focus group was
conducted with eleven clinicians at St. Luke’s Rehabilitation Institute, including seven
Occupational Therapists (OTs) and four OT Assistants (OTAs), with an average of 5 years
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of experience in their current specialty [61]. Ten of the eleven participants also responded to
a survey of 32 potential system attributes to rate their level of importance. Outcomes from
the focus group and survey highlighted the importance of adapting the system movements
and interaction forces to the needs and limitations of individual users. The responses
recognized the importance of a bilateral system, an exoskeleton vs. end-effector approach,
arm and hand motions that are commonly targeted in therapy, and the ability to support
users in a seated posture that may be confined to a wheelchair.

In the survey, participants were asked to rate each attribute from 0 (unimportant) to
3 (extremely important). An average ranking was then computed for each attribute. Two
attributes were ranked extremely important by all ten respondents, and just one attribute
was not ranked extremely important by any respondent; that same attribute was also ranked
unimportant by four respondents and was the only attribute to be ranked unimportant
by any respondent. The results of the attribute survey, shown in Table 1, highlight the
importance of (1) adjustability to the needs of the patient (e.g., variable/customizable
resistance, motion, size, and difficulty); (2) the provision of supported movement from
the shoulder to the fingers; (3) the provision of meaningful feedback to both patient and
therapist; and (4) a preference for bimanual over unimanual training support. Overall, the
rankings were high (26 of 32 receiving above 2), indicating a close fit between the attributes
included in the survey and the desirable attributes from a clinical perspective. At the low
end of the rankings, only 6 of 32 attributes were rated below 2 (important).

Of the eleven participants, three reported having some prior experience with upper-
extremity robotics devices, including products from Neofect and Bioness. The focus group
session lasted 45 min and was audio-recorded for accuracy. The main objectives of the
focus group were to gather clinical perspectives on

1. Measures that would be of use to characterize patient performance and any change in
performance over time.

2. Aspects of instrument design that would make the BLUE SABINO clinically useful.

To support the discussion, therapists were provided with a document outlining the
project, the goals of the focus group, example measures that could potentially be obtained
from a system, and the list of 32 potential system attributes. The major themes of the 45-min
discussion centered on the importance of

• Short setup time (<10 min for set up, leaving >35 min for assessment).
• Providing instant feedback for the patient and therapist (motivation and insights).
• Detecting active muscle groups (to differentiate sources of deficit).
• System sensitivity to detect incremental change throughout recovery (helps to justify

the continuation of care).

The strengths and weaknesses of the FMA-UE as an assessment test and the suitability
of the system for inpatient vs. outpatient care were also discussed. Acknowledging the
popularity of the FMA-UE, participants felt that the FMA-UE provides a good starting
point metric from which robotic measures can be built. They also felt that instruments like
BLUE SABINO are best aligned with outpatient care where functional improvement drives
the continuation of treatment (with insurance coverage), whereas in-patient care requires
a short setup time and there is a greater preference for using the device for training after
the assessment. Key assessment metrics highlighted by the group included the following:
active range of motion, movement accuracy, shoulder–elbow coordination, joint angles,
smoothness, and proprioception. The anthropometric requirements of the system are
summarized in Table 2.
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Table 1. Clinical requirements of a robotic system, prioritized by therapist-perceived level of impor-
tance from Extremely Important (3) to Unimportant (0) *. Numbers in columns 2–4 indicate number
of therapist votes. Weighted rank is computed from the sum of rank score times the number of votes
at each rank divided by the total number of voters.

System Attribute
Ranking *

Weighted
RankExtremely

Important (3) Important (2) Not Very
Important (1)

1. Adjusts resistance based on patient strength 10 3

2. Accommodates a patient in a wheelchair 10 3

3. Usable in a seated position 9 1 2.9

4. Allows diagonal movement 9 1 2.9

5. Allow different hand/finger grips to be practiced 9 1 2.9

6. Allows full ROM movements of all arm joints 9 1 2.8

7. Allows planar movement (e.g., in the sagittal plane) 8 2 2.8

8. Has virtual ADL-specific activities 8 2 2.8

9. Able to accommodate bariatric (large body) patients 8 2 2.8

10. Gives performance feedback to the patient 8 2 2.8

11. Gives performance feedback to the therapist 8 2 2.8

12. Adjusts difficulty of movement task based on patient capability 7 2 2.8

13. Allows bimanual performance of goal-directed tasks that are not
mirror movements 7 3 2.7

14. Provides assistance as needed from robot with shoulder, elbow, or
wrist movement if patient cannot generate 7 3 2.7

15. Provides strength exercises 7 2 1 2.6

16. Provides range of motion exercises 7 2 1 2.6

17. Assistance as needed from robot with finger movements 6 4 2.6

18. Able to be used without trunk constrained to backboard 6 4 2.6

19. Allows unimanual performance 5 5 2.5

20. Designed as a bimanual exoskeleton with support for each joint
(Note: contrast this with the design feature below) 4 4 2.5

21. Able to accommodate pediatric (small body) patients 5 4 1 2.4

22. Provides harness for trunk to be secured to a backboard 5 4 1 2.4

23. Has goal-directed “games” to allow practice of non-ADL
movements 4 6 2.4

24. Requires little pre-performance adjustment from therapists 3 6 2.3

25. Allows simultaneous mirrored movements of both arms 2 8 2.2

26. Requires specific pre-performance adjustment from the therapist
to ensure good fit 1 8 2.1

27. Transportable 3 3 4 1.9

28. Compact 2 5 3 1.9

29. Movement from contralateral limb assists opposite limb 2 4 3 1.9

30. Usable in a standing position 7 3 1.7

31. Designed as an end-effector system with patient contact only at a
handhold (Note: contrast this with the design feature above) 1 1 3 1.6

32. Usable in a prone position 1 5 0.7
* The Unimportant (0) category is not shown as only the lowest-ranked attribute (Usable in a prone position)
received any ratings in that column, for which it received four.
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Table 2. Anthropometric design requirements.

Anthropometric Measure * 5th Percentile
Female (cm) 95th Percentile Male (cm) Range (cm)

Seat-Shoulder Height (HS-SH), seat to join center 46.4 59.7 13.2

Shoulder Width (WSH), center to center 29.4 39.2 9.8

Upper Arm Length (LUA), center to center
Upper Arm Circumference (CUA), muscles relaxed

25.3 30.3 4.9
21.8 35.1 13.3

Forearm Length (LFA), center to center
Forearm Circumference (CFA), muscles relaxed

22.5
19.9

26.9
32.7

4.4
12.8

Hand Length (LHD), crease to fingertip
Hand Grip Length (LHD-GR), crease to grip center
Hand Circumference (CHD), around grip center

Hand Width (WHD), across grip center
Hand Thickness (THD), across middle MCP joint

15.9
6.7

20.7
8.3

4.8
1.6

17.5
7.0
2.5

23.0
9.6
3.7

5.5
2.6
1.1

* Distances to the shoulder and elbow are measured with respect to their approximate joint centers for flex-
ion/extension. Lengths of the hand are measured with respect to the wrist crease at the base of the palm.
MCP = metacarpophalangeal [62,63].

In support of ADL movements, the system requirements for mobility are summarized
in Table 3. These design requirements were selected based on mapped ADL motion-capture
data from [62]. In the table, the ADL ranges are contextualized with biomechanics data
from Tilley [63], NASA [64], and Ludewig et al. [65,66]. The ADL measures represent a
subset of motions most interesting for rehabilitation and therapy, while the biomechanics
ranges provide a clearer sense of the absolute range of motion of a healthy user. BLUE
SABINO’s mobility covers approximately 95% of ADL motion and 86% of the healthy
50th-percentile biomechanical range (83% of healthy 50th-percentile females, and 89% of
healthy 50th-percentile males).

Table 3. Joint ROM requirements for combined male/female (M/F) population in comparison to
ROM required in ADLs.

Joint 95% of ADL
ROM (deg) *

Anthropometric M/F ROM (deg) **

Minimum Maximum

Shoulder Protraction/Retraction
Shoulder Elevation/Depression

55.9
42.1

35.0 †
40.0 †

Shoulder Abduction/Adduction
Shoulder Flexion/Extension

Shoulder Internal/External Rotation

164.3 142.0 207.5
110.7 202.5 284.5
108.9 84.5 181.5

Elbow Flexion/Extension 120.5 122.0 160.5

Forearm Pronation/Supination 215.7 161.6 ‡ 258.4 ‡

Wrist Flexion/Extension
Wrist Radial Ulnar Deviation

131.4
35.9

100.5
33.0

177.0
76.5

* Data from [62]; ** Data from [63]; † Data from [65,66]; ‡ Data from [64].
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2.2. Mechanical Systems Design

The BLUE SABINO final system design is composed of two seven-DOF arms sup-
ported by two-DOF shoulder modules, shoulder-width adjusting base structures, a height-
adjustable chair, and two optional 12-DOF (six active, six passive) hands (Figure 2). The
chair height is adjusted to vertically align the user’s shoulders with the exoskeleton shoul-
der centers. The chair position and base width are adjusted to align the shoulders in the
horizontal plane. The two-DOF shoulder module, called the Parallel Remote Inclusion
of Shoulder Mobility (PRISM), allows for continuous shoulder alignment during scapu-
lothoracic movement and has been detailed in [67]. Additional length adjustments in
the exoskeleton’s upper- and lower-arm links allow for alignment with the elbow and
wrist joints. Novel aspects of the design include the PRISM module, the inclusion of a
three-fingered hand exoskeleton, adjustable rigid orthoses along the arm and hand, and
the support of all degrees of freedom in a bilateral design.
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Figure 2. The BLUE SABINO instrument design is composed of a width-adjustable base, height-
adjustable chair, length-adjustable upper arm and forearm segments, size-adjustable HRA attach-
ments, remote-center four-bar mechanisms, two-DOF shoulder modules (PRISM), and optional
12-DOF hand modules.

2.2.1. Human Arm Joints: Seven DOF vs. Nine DOF

In both previous generation systems, the human arm was represented as a seven-DOF
shoulder-to-wrist mechanism, comprised of a three-DOF shoulder, a one-DOF elbow, a one-
DOF forearm, and a two-DOF wrist [48,59]. A seven-DOF shoulder-to-wrist design allows
the hand to reach a position and orientation with multiple possible arm poses, facilitating
task-specific reach patterns and obstacle avoidance. Despite the mobility redundancy
supported, this seven-DOF arrangement treats the shoulder center as a stationary point,
precluding movements of the arm that involve joints of the scapula and clavicle. This
prohibits shoulder movements such as up/down and fore/aft shrugs that are commonly
employed by populations both with and without cortical damage [68,69]. To allow for
the full assessment of shoulder mobility, two additional joints are needed to support
movements of the scapula and clavicle. These movements are termed elevation/depression
(up/down) and protraction/retraction (fore/aft), bringing the total number of arm DOFs
to nine, as shown in Figure 3.
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Figure 3. The kinematics of the human arm from the shoulder to the wrist can be represented by nine
degrees of freedom. (A) Joints J1–J9 and their corresponding anatomical axes (indicated by red dashed
arrows oriented along the axes of rotation). (B) The kinematics of BLUE SABINO accommodate these
nine degrees of freedom per arm (here, red arrows indicate the selected positive orientation of each
joint’s rotation axis).

2.2.2. Exoskeleton Arm Design

The arm design follows the same kinematic structure as its predecessor (EXO-UL8)
with the addition of two joints to support the translation of the shoulder. Thus, EXO-
UL8 joints 1–7 become BLUE SABINO joints J3–J9 (Figure 3A). While the kinematics of
these joints remain the same, the BLUE SABINO arm linkages have been redesigned with
significant changes occurring in remote-center (RC) mechanisms for axial rotation about
the upper arm and forearm, as well as the addition of the shoulder translation mechanism.

The nine-DOF arm structure is composed of a serial chain of eight linkage assemblies
driven by nine motors (Figure 3B). Five of the assemblies form rigid links connecting
one motor to the next, while the remaining three form movable assemblies composed
of variations of parallel-link mechanisms located at the upper arm, the forearm, and the
shoulder (Figure 4).

The shoulder structure maintains the orientation of axes from the EXO-UL series
exoskeletons, which place the shoulder singularity at an edge of the arm’s workspace that
is both difficult and rare to reach [64]. The largest link (L1 in Figure 4) is used to place
motor 3 (M3) at a distance from the shoulder, allowing a large workspace for the elbow.
The shape of link L1 allows motors M4 and M5 to articulate their corresponding linkages
while maintaining clearance between links.

The parallel mechanisms at the upper arm and forearm are used to couple the axial
motion of an arm segment to a motor axis that is offset to the side of the arm, forming
a triple-pivot parallel mechanism [70] similar to that used in the upper arm [71] and
forearm [17] of two prior exoskeleton designs. Additional details of the triple-pivot parallel
mechanism implemented in the upper arm and forearm can be found in Appendix A.
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Figure 4. BLUE SABINO rigid body links. The right-side rigid links of the right BLUE SABINO
arm are shown in an exploded view ((top left) and (center)). Three of the links form movable
assemblies composed of various parallel link mechanisms. The upper-arm (top right) and forearm
(bottom left) remote-center mechanisms are composed of five primary links and an additional link
for arm-length adjustment. PRISM (bottom right) is constructed with ten links, nine moving, and
one stationary base.

The parallel mechanism for the shoulder (previously shown in the center and bottom
right of Figure 4) is composed of two sets of orthogonal four-bar mechanisms that form
an imaginary cube, where the cube edges are rigid and allowed to pivot about vertices,
while the front and back faces of the cube remain square in shape. One four-bar set aligns
with the top and bottom faces of the cube, while the other set aligns with the left and right
faces. Each of the four horizontal links is connected proximally to a stationary bracket
aligned with the front face of the cube and distally to a moving bracket aligned with the
back face. Both ends of each of the four links connect to each bracket through a two-DOF
universal joint located at each of the cube’s eight vertices. With the proximal bracket fixed
to the base structure, the distal bracket is allowed to translate with the distal end of each
link, while the parallelograms formed by links on the left, right, top, and bottom faces
change shape with the movement of the distal bracket; the parallelograms formed by
links on the left and right faces change shape with up and down movement, while the
parallelograms on the top and bottom faces change shape with left and right movement.
The front and back faces remain parallel throughout movement in both directions. The
resulting kinematic constraints effectively mimic scapulothoracic movement, translating
the entire arm exoskeleton (mounted to the distal bracket) along the surface of the sphere,
where the radius of the sphere is defined by the length of the links connecting front and
back faces—approximately the length of a human clavicle. As described in [67], the design
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results in a two-DOF mechanism that can be actuated to drive the (1) protraction–retraction
and (2) elevation–depression of the shoulder.

2.2.3. Exoskeleton Hand Design

The hand exoskeleton, termed the “OTHER Hand”, was developed in collaboration
with researchers at the UCLA Bionics Lab to enhance the hand function of both the Uni-
versity of Idaho’s BLUE SABINO and UCLA’s EXO-UL8 systems. The primary objectives
of the hand were (1) to add grasping ability to both exoskeleton systems; (2) to support
the independent control of the thumb, index, and middle fingers in order to allow for a
wide array of grasp types; and (3) to keep the fingertips and palm open to enable direct
interaction with real objects.

2.2.4. Human–Robot Attachment Design

Human–robot attachments (HRAs) require an intimate fit with their wearer to ensure
a stable, comfortable connection. A poor fit in HRAs can result in gaps between the or-
thosis and user that introduce delays or spikes in sensor readings, in addition to points of
higher stress that reduce aspects of comfort and safety. Achieving comfort across different
body shapes and sizes is particularly challenging at the hand and forearm due to bony
prominences and the movement of underlying bone structures during pronosupination.
Scan geometry and elliptical approximations of arm geometry were used to facilitate the
design of an anthropomorphic attachment in SolidWorks 2021. The upper-arm interface
(Figure 5A) is based on two aligned elliptical shapes, whereas the forearm interface (Fig-
ure 5B) is generated from an elliptical model derived from best-fit ellipses to scanned
forearm geometry [72]. The hand interface surface is modeled from a 3D-scanned hand that
was processed in Blender 3.0 and imported into SolidWorks to generate a bent U-shaped
contour formed around the base of the thumb (Figure 5C). The surfaces are offset by 2 mm
from the skin to allow room for padding material. The upper-arm and forearm orthosis
surfaces are each 10 cm long.
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Figure 5. Anthropomorphic arm modeling for human–robot attachments (HRAs). Elliptical profiles
for proximal and distal ends of the (A) upper arm and (B) forearm, and (C) lofted bend-U-shaped
profile for the hand.
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To further improve the fit with the user, the orthoses are each size-adjustable and de-
signed with internal sliding mechanisms that allow their widths to be increased/decreased
with thumbscrews, as shown in Figure 6. The slides are spring-loaded and widen as the
thumbscrew is loosened. The upper-arm and forearm orthoses also include a smaller
thumbscrew that can be used to lock the slide in place.
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Figure 6. Adjustable HRA orthotic designs and exploded assembly views. (A) The upper-arm
orthosis. (B) The forearm orthosis. (C) The hand orthosis.

The upper “pressure cuff” is optional for the upper arm and forearm to aid with the
distribution of strap tension to a larger surface area of the arm. The hand orthosis uses two
thin foam-padded straps on either side of the thumb to comfortably fix the hand position
within the orthosis and prevent the forearm from sliding axially in the exoskeleton while
providing responsive force measurement.

2.3. Manipulator Kinematic and Dynamic Modeling

Kinematic and dynamic models of the human arm and nine-DOF exoskeleton are
developed for application in a control simulation. The “home” orientation of the right-side
manipulator is shown in Figure 7, as are points and vectors q and ω, which denote the
coordinates and directions of the manipulator’s joints.
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2.3.1. Forward Kinematics

The accurate control of BLUE SABINO requires forward kinematic relationships
between the measured joint angles and link positions, as well as knowledge of key locations
of the human arm, the force sensor body frames, and the center of mass coordinates of the
robot’s links. Combined, this awareness allows for the use of force sensors to drive the
robot (i.e., force control), the implementation of trajectory tracking (i.e., position control),
and modeling the effect of dynamic forces on the system, such as friction and gravity
(i.e., control compensation), to improve accuracy. Our approach used the product of
exponentials formulation to derive the forward kinematics [73,74]. For the sake of brevity,
only forward kinematics for the end effector and the force sensors on the right side are
described here. A complete formulation of BLUE SABINO’s forward kinematics, including
both arm sides and all of the robot’s rigid links, is available in [75].

Using the joint axis location and direction vectors q and ω defined in Figure 7, ho-
mogeneous coordinate frames and points can be computed for each of the manipulator
links as functions of the robot’s joint positions, θ. Transforms are determined using the
definitions for a twist, ξ, and for the hat operator, ˆ, which are

ξ =

[
−ω× q

ω

]
, ξ̂ =

[
ω̂ −ω× q
0 0

]
, ω̂ =

[
0 −ω

ω 0

]
. (1)

Given the manipulator’s joint positions, θi, the position of the end effector point, Pend,
with respect to the fixed spatial coordinate frame, is

Pend= e ξ̂1θ1e ξ̂2θ2e ξ̂3−θ2e ξ̂4−θ1e ξ̂5θ3e ξ̂6θ4e ξ̂7θ5e ξ̂8θ6e ξ̂9θ7e ξ̂10θ8 e ξ̂11θ9gst,end(0). (2)

2.3.2. Body Manipulator Jacobians and Human–Robot Interaction Applied Force

Accurate force control relies on mapping measurements of human–robot interaction
forces and torques to joint reaction torques about the manipulator’s actuated axes. Interac-
tion forces and torques are measured by sensors at each of the orthotic interfaces and the
manipulator structure. These sensors measure force and torque in a local frame of reference
(the body frame of the sensor), the orientation of which is dependent on the position of
the manipulator. Body manipulator Jacobians that relate these body measures to resultant
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joint torques are developed according to the approach in [73]. The derivation uses the Ad
operator, defined as

Ad(g)−1 =

[
RT −RT r̂
0 RT

]
, where g =

[
R r
0 1

]
. (3)

R and r are the 3 × 3 rotation matrix and 3 × 1 displacement vector from the 4 × 4 ho-
mogeneous transformation matrix g, respectively, defining the joint angle vector as follows:

ϕ =
[
θ1 θ2 −θ2 −θ1 θ3 θ4 θ5 θ6 θ7 θ8 θ9

]
(4)

and the home locations of the sensor body frame coordinates gua(0), gfa(0), and ghd(0),
allow the body twists, ξ†, to be defined as

ξ†
ua,i= Ad−1

((
7

∏
k=i

eξ̂kϕk

)
(gua(0))

)
, where i ∈ {1 : 7},

ξ†
fa,i= Ad−1

((
9

∏
k=i

e ξ̂kϕk

)
(gfa(0))

)
, where i ∈ {1 : 9},

ξ†
hd,i= Ad−1

((
11
∏

k=i
e ξ̂kθfull,k

)
(ghd(0))

)
, where i ∈ {1 : 11}.

(5)

The body manipulator Jacobians are then given by

JB
st =

[
ξ†

i · · · ξ†
n−1 ξ†

n
]
. (6)

Thus, the body Jacobians can be established for any of BLUE SABINO’s coordinate
frames. The force sensor Jacobians are of immediate interest for control and are defined as

JB
ua,full =

[
ξ†

ua,1 · · · ξ†
ua,7 0(6x4)

]
,

JB
fa,full =

[
ξ†

fa,1 · · · ξ†
fa,9 0(6x3)

]
,

JB
hd,full =

[
ξ†

hd,1 · · · ξ†
hd,11

]
.

(7)

Since only nine DOFs are directly actuated, the Jacobians can be reduced in size from
6 × 11 to 6 × 9 matrices by defining a transform:

θ = Tϕ, where T =


1 0
0 1
0 −1
−1 0

04x7

07x2 I7x7

 , (8)

then applying it as follows:

JB
ua{

(6x9)

= JB
ua,full{

(6x11)

T, JB
fa{

(6x9)

= JB
fa,full{

(6x11)

T, JB
hd{

(6x9)

= JB
hd,full{

(6x11)

T
. (9)

2.4. Electromechanical Systems Design

BLUE SABINO’s electromechanical system can be divided into five distinct parts.
These include:

1. Operator Console: the primary interface for the experimenter/therapist. It includes a
“Host PC” from which the control mode and therapy task can be configured. It also
includes an emergency-stop button for the operator.
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2. Main Electronics Box: a modular vertical server-rack structure that houses stationary
system components, including power supplies, motor drivers, EtherCAT networking,
and the real-time target PC, which serves as the primary processing unit for the system.

3. ATI Electronics Boxes: these mount to the base structure and contain interface boards
that convert analog force/torque signals to digital EtherCAT signals. These compo-
nents are external to the main electronics box because A/D conversion is performed
near the transducers to minimize measurement noise.

4. Human Interfaces: these allow the user and the robot to interact. They include the
HRAs, the two robotic exoskeleton arms, an emergency-stop switch for the user, a
foot pedal switch that turns control throughput on/off, and a display for presenting a
digital virtual environment.

5. Bio-Measurement System: this collects EMG and EEG signals. It includes an EEG
skullcap, EMG sticker electrodes, and an amplification system for simultaneous real-
time data collection.

2.4.1. System Components and Layout

The system uses actuators from Harmonic Drive (Beverly, MA, USA), dual-axis XE2
motor drivers from Copley Controls (Canton, MA, USA), six-axis force/torque (F/T)
sensors from ATI Industrial Automation (Apex, NC, USA), a target PC from Speedgoat
(Natick, MA, USA), an EtherCAT network block from Beckhoff (Savage, MN, USA), and
safety hardware including a PNOZ s5 relay (Pilz, Canton, MI, USA), two emergency-
stop buttons (Omron, Hoffman Estates, IL, USA), and a control-enable foot pedal switch
(Linemaster, Woodstock, CT, USA) (Figure 8).
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For system actuation, Harmonic Drive actuators were selected for their performance
characteristics of high torque, backdrivability, and power-to-weight ratio. Harmonic Drive
motors were also used in the EXO-UL8 but with differently sized motor and gear combina-
tions, as the redesign for BLUE SABINO provided an opportunity to downsize motors and
further reduce system weight.

System power requirements are largely driven by the expected current demands from
the actuators during continuous and peak loading conditions, considering the weight of the
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human and exoskeleton arms in an extended pose undergoing a typical peak acceleration
against gravity for ADL movements [51].

Anticipated torque distributions per joint during ADL tasks are illustrated in Figure 9
for Joints 1–6. Elbow flexion, wrist extension, and radial deviation all require the ability to
sustain gravitational loading in near-continuous conditions, while gravitational loading on
the other joints is more position-dependent and transient.

Figure 9. Anticipated torque distributions per joint during ADL tasks (adapted from [75]) used to
select motors and gears for Joints 1–6.

Based on the anticipated ADL position and torque distributions, motors were selected
to meet the desired continuous and peak load characteristics. Minimizing the number of
unique motor/gear combinations, the BLUE SABINO arms (shoulder to wrist) use just
three unique motors (Table 4).

Table 4. Harmonic Drive actuators and specifications.

Joints Motor/Gear
Combination

Cont. Torque
(Nm)

Peak Torque
(Nm)

Max Speed
(RPM)

J2, J3, J4 SHA25A/81:1 67 178 69.1

J1, J5, J6 SHA20A/51:1 21 73 117.6

J7, J8, J9 FHA11C/50:1 3 8.3 120
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2.4.2. Power and Communication

The power and communication layout is illustrated in Figure 10. Standard 120-V wall
power is distributed to the main electronics box, the g.tech bioamplifier, and the operator
console. The main electronics box provides power through two power supply units (PSUs)
to the F/T EtherCAT interface board and the Copley motor drivers, which in turn provide
power to the F/T sensors and the nine system actuators. The EtherCAT interface board and
the Copley motor drivers are connected to an EtherCAT junction box (Beckhoff CU1128)
that communicates with the real-time controller compiled to and run on the target PC. A
backup battery in the main electrical box provides Zener-diode-protected power to each of
the motor encoders to maintain calibration data even when powered off or in transit [76].
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2.5. System Safety

BLUE SABINO incorporates design for safety into mechanical, electrical, and soft-
ware mechanisms. For critical risks, redundant systems are implemented. Safe operating
procedures are established at startup and in transitions between operational modes to
reduce the potential for unwanted behavior that could harm the subject, the operator, or
the system. Both enable switches and emergency-stop (E-stop) switches are included for
routine and emergency use, respectively. Other limits include physical hardstops and soft
limits controlled in software by measures of force, position, and velocity.

2.5.1. System Startup Sequence

The operator performs a pre-operation check sequence on system startup, illustrated
in Figure 11. First, wiring harnesses and mechanical HRAs are inspected to ensure all
wires are contained within their protective covers and that the HRAs are rigidly secured
to each F/T sensor without additional points of contact internal or external to the robot.
After the initial inspection, the power is turned on, the status of LEDs on the driver and
sensors is checked, and the robot’s overall status is checked via the target PC’s monitor. If
status indicators show proper function, the E-stop is inspected to verify it is in the closed
(unpressed) position, and the robot is manually backdriven to confirm the brakes have
disengaged. If the system passes each of the four checkpoints, the operator may proceed to
the desired control mode for system use.
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2.5.2. Regular Operation “Enable” vs. “E-Stop” Switches

The enable switch is a foot-operated pedal that determines when force/torque com-
mand signals are sent from the ATI sensors to the controller. When unpressed, interaction-
force signal transmission to the admittance control ceases and the inner-loop position
control holds the robot in its current position. When pressed, the gain on force signals is
gradually ramped up from zero to one to minimize instability. The ramp-up time allows the
subject to recognize that the robot is no longer stationary and to reinitiate self-supported con-
trol via HRA interaction forces. The foot pedal remains depressed during system use and
is released at the end of a session to return the controller to a hold-current-position mode.

Two system E-stop switches (A22E-M-02B, Omron) are located near the therapist
and patient. When either E-stop is pressed, control signals are turned off and brakes are
initiated. Tests were conducted to verify the functionality and responsiveness of the E-stop
system. Estimates indicate that safety stops can be initiated within 1.5 s, which includes the
delay from humans engaging the E-stop. Once pressed, the delays added by the hardware
components are relatively small (15–20 ms from the Pilz relay; minimum 2.5 ms from the
Copley driver), according to the manufacturers’ documentation. The minimum brake
onset time from hardware is, therefore, between 17.5 and 22.5 ms. To reduce the delay
caused by human reaction and not rely solely on the operator to initiate the safety response,
automated hardware and software limits are in place to prevent overextension and high
forces from being exerted on the arm.

2.5.3. Hardware and Software Safety System

During normal operation, the target computer runs control software, which monitors
the force, torque, position, velocity, and status of the electromechanical hardware listed
in Figure 12 at a rate of 1000 Hz (i.e., every millisecond). If a system component reaches
a limit, the control program can detect overage within one timestep (1 ms) and initiate a
system control fault in the next timestep such that detection and communication of faults
in software occur within 2–3 ms. Possible software-level faults include (1) out-of-range
force/torque, (2) out-of-range joint position/velocity, (3) loss of network communication,
(4) non-operational motor status, including faults detected at the motor driver level (e.g.,
wiring short or break detection), (5) force-sensor status (e.g., disconnect or overload de-
tected), and (6) active E-stop status.

The software safety system is divided into value limits and state monitoring. Limit
enforcement prevents out-of-range signals from impacting control. For example, if an
orthosis makes stiff contact with an external hard surface, a large reaction force will result
on the force sensor; the force and torque limits also limit the response of the admittance
control, helping to ensure stable, safe control. State monitoring protects against more
severe issues. A Stateflow program is configured to switch the controller to safe mode
if a driver or sensor reports a fault, if communication with devices on the EtherCAT
network is interrupted, or if any measured position, velocity, or force/torque state exceeds
a safe-limit threshold.
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Figure 12. Automatic and manual safety systems are integrated into the BLUE SABINO control
architecture. Automatic systems provide fast and dependable safety responses, while the manual
system allows the user and operator to stop the system manually, if needed.

Startech PDUs provide electrical protection and limit system-level total current draw
to 15 Amps. The XE2 motor drivers monitor for various electrical faults at the hardware
level, including over/under current and voltage, drive over-temperature, short circuits, or
encoder battery failure, and initiate a drive fault when any limit is exceeded. Drive faults
are communicated to the target via the EtherCAT status, but drivers do not wait for the
target to respond to protect the user and hardware.

Mechanical hardstops function as an ultimate limit on range of motion and as a fallback
if all other software/electronic limits were to fail. Brakes are included in all SHA actuated
joints, and while they are not intended to be used for regular stopping due to the potential
for wear, they can assist in bringing the device to a halt in an emergency.

Finally, a manual safety system is implemented via operator and user E-stop switches
monitored by a Pilz relay. If any E-stop switch is pressed, the relay tells each driver’s Safe
Torque Off (STO) circuit to trigger brakes and halt motion.

2.5.4. Soft and Safe Range of Motion Limits

Software position constraints are enforced using soft and safe limits. If soft limits are
exceeded but safe limits are not, the control attempts to correct the user’s position using
a combination of limits on control states and model-based corrective joint torques. This
approach allows the user to continue operating the device without interruption so long as
no safe limit is surpassed. If any of the safe limits are exceeded, the state monitoring safety
system sets the robot to safe mode, which turns off control throughput and enables the
brakes on all joints that include them. The device can only be set to run mode again by first
setting the robot to setup mode to the release brakes and manually backdriving the joints
into the safe range. Both the soft and safe limits are adjustable, which allows the robot’s
ROM to be customized for users with a limited range of motion.

2.6. Controller Design

This section presents the nine-DOF right-control design for BLUE SABINO’s low-
interaction force-free motion admittance control mode. Just the right-side arm’s control
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is discussed for the sake of brevity. The control for the left-side arm is identical to that of
the right side, except that where Jacobians or forward kinematic transformations are used,
mirror versions are applied instead.

2.6.1. Control Overview

BLUE SABINO’s control software had been implemented using MATLAB’s Simulink
(R2019a) graphical programming environment [77]. The control program is developed
on a host PC for a real-time target (Speedgoat) deployment. Simulink’s real-time toolbox
provides I/O interface blocks for network communication with devices on an EtherCAT net-
work whose structure is configured using TwinCAT software (TwinCAT 3.1 Builder 4024).

The target acts as the main EtherCAT device, coordinating and acquiring data from
subordinate devices on the network. Control applications are automatically compiled to
C-code and downloaded to the target PC. TCP-IP communication between the host and
target allows control states and parameters to be accessed and changed by the host PC for
hardware-in-the-loop control development.

BLUE SABINO’s low-interaction-force controller is composed of a joint-level admit-
tance control loop, a trajectory control loop, a model-based compensation control loop that
includes compensation for friction and gravity, and a control safety system (Figure 13).
User-applied forces are mapped to joint torques via manipulator Jacobians [73]. The admit-
tance control loop sets the target position and velocity for the trajectory control loop, which
computes joint torque commands that are summed with model-based compensation for
joint-level friction and gravity torques before being sent to driver-level control.
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Figure 13. Admittance control scheme for BLUE SABINO. (1) User-applied forces are converted to
human joint torques, τh. (2) The admittance-control loop uses τh to set target states. (3) Joint-level
admittance models, including inertia, ma velocity damping, bv, and velocity error damping, bve, to
set the inner-loop trajectory targets. (4) The trajectory-control loop computes proportional-derivative
(PD) admittance-state tracking control torques, τPD. (5) Model-based compensation for friction and
gravity is added to the control torque, resulting in τu. (6) Safety limits are enforced on human–
robot interaction forces and joint range of motion. Control-state monitoring disables control torque
throughput if any safety limits are exceeded or network/device faults are detected.
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2.6.2. Combined Human and Robot Dynamics Control Law

The dynamics of BLUE SABINO can be described as follows:

M(θ)
..
θ+ C

(
θ,

.
θ
) .
θ+ τg+τf= τu+τh, (10)

where θ,
.
θ , and

..
θ are joint position, velocity, and acceleration, respectively. M is the

manipulator inertia matrix, C is the Coriolis matrix, τf is friction torque, τg is gravity torque,
τu is the control input vector, and τh is the human input torque.

The control input includes model-based compensation for friction and gravity as well
as the proportional-derivative (PD) tracking of the desired trajectory set by the admittance
model. Compared to gravity and friction, inertial torques are relatively small for typical
human movement speeds [59] and thus are not included in the control law, similar to [78,79].
The control law is defined as

τu = −KP θ̃− KD

.
θ̃+ τ̂f+τ̂g, (11)

where KP and KD are positive-definite proportional and derivative gain matrices. Terms

θ̃ = θm − θd and
.
θ̃ =

.
θm −

.
θd are joint position and velocity error vectors, respectively,

with the m and d subscripts indicating the measured and desired states. Joint friction, τ̂f, is
estimated by experimentally identified sigmoid models that capture coulombic and viscous
effects for each motor [80]. Gravity, τ̂g, is estimated using manipulator kinematics and
CAD modeling.

2.6.3. Mapping Human–Applied Forces/Torques to Joint Torques

Input forces are measured via three force sensors located at the upper arm, the fore-
arm, and the hand HRAs. The sensors measure interaction forces and torques between
the human and the robot in their respective body frames. These signals are mapped to
equivalent joint-level torques via body manipulator Jacobians. The resulting torque vectors
are, therefore, defined as follows:

τua
1:5 =

(
JB
ua

)T
Fua,

τfa
1:6 =

(
JB
fa

)T
Ffa,

τhd
1:9 =

(
JB
hd

)T
Fhd.

(12)

where JB
ua, JB

fa, and, JB
hd are the body Jacobians defined in Equation (7). The mapped joint

torques are combined to compute overall human applied joint torque as

τh =



τua
1 + τfa

1 + τhd
1

τua
2 + τfa

2 + τhd
2

τua
3 + τfa

3 + τhd
3

τua
4 + τfa

4 + τhd
4

τua
5 + τfa

5 + τhd
5

τfa
6 + τhd

6
τhd

7
τhd

8
τhd

9


. (13)

2.6.4. Admittance Force Control

The joint-level admittance model takes human joint torques (mapped from F/T sensors
at the HRAs) and outputs a desired trajectory to the inner-loop controller. The model
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includes inertia, ma, velocity damping, bv and velocity error damping, bve. The admittance
model for an individual joint has the form

[ .
θd..
θd

]
=

[
0 1
0 −(bv+bve)

ma

][
θd.
θd

]
+

[
0 0 0
0 bve

ma
1

ma

]θm.
θm
τh

. (14)

The joint-level models can be arranged into a state–space matrix form that accommo-
dates all nine joints as follows:

[ .
θd..
θd

]

{

.
x18×1

=


09×9 I9×9

09×9 I9×9


−(bv,1+bve,1)

ma,1
...

−(bv,9+bve,9)
ma,9




︸ ︷︷ ︸

A18×18

[
θd.
θd

]

{
x18×1

+


09×27

09×9 I9×9


bve,1
ma,1

...
bve,9
ma,9

 I9×9


1

ma,1
...
1

ma,9




︸ ︷︷ ︸
B18×27

θm.
θm
τh



{

u18×1

. (15)

The choice of admittance parameters determines the force “feel” of the interactive
force control. Most admittance/impedance controllers include heuristically tuned inertial
and resistive elements that store and dissipate energy so that the controlled system can
sufficiently reject unwanted disturbances [81,82]. Capacitive elements are not typically used
for free motion but are sometimes employed to guide the user’s motion [83,84]. Generally,
the lower the inertia and resistive parameters set, the more responsive the control will
be to input forces. However, in most cases, inertia and damping are required to achieve
stable force interaction. An investigation of different combinations of these parameters
was undertaken in [85]. In the remainder of this paper, we use a hybrid of the velocity-
damping (VD) and velocity-error-damping (VED) modes. VED was previously determined
to provide the best overall performance in terms of required user effort and the vibration
rejection of the considered modes. A small level of constant velocity damping is applied
here for its stabilizing effect, which was found to aid the user in bringing the device to a
stop when desired. The value used is small to maintain the low level of work required by
the user to move. The selected admittance parameters for this configuration are provided
in Table 5.

Table 5. Selected velocity-error-damping admittance control parameters.

Term Unit
Joint

J1 * J2 * J3 J4 J5 J6 J7 J8 J9

ma kg · m 0.6 0.6 0.5 0.5 0.3 0.1 0.01 0.01 0.01

bv kg · m/s 0.5 0.5 0.5 0.5 0.3 0.3 0.05 0.05 0.05

bve kg · m/s 15 15 15 15 9 9 3 3 3

* This tuning has only been tested on J3–9 at time of writing. Initial parameters for J1–2 are informed by knowledge
of acceptable tuning for J3–9.

2.6.5. Inner-Loop PD Control

Selecting appropriate inner-loop PD gains is critical to achieving accurate state track-
ing with the exoskeleton. BLUE SABINO’s inner-loop PD gains were tuned heuristically in
a hardware-in-the-loop configuration such that each joint accurately tracks sinusoid com-
mand inputs spanning the bandwidth of healthy human upper-limb motion (0.1–3 Hz for
the shoulder joints, 0.1–5 Hz for the elbow and wrist joints) [59]. Control gains are selected
to achieve high position- and velocity-state accuracy, as proposed in [86,87], which is ad-
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vantageous for achieving high force-rendering accuracy in the outer loop. The heuristically
selected diagonal gain matrices are

KP= diag
([

KP2 KP1 KP1 KP1 KP2 KP2 KP3 KP3 KP3
]) (N×m

rad

)
,

KD= diag
([

KD2 KD1 KD1 KD1 KD2 KD2 KD3 KD3 KD3
]) (N×m×s

rad

)
,

(16)

where values selected per actuator are given in Table 6.

Table 6. Proportional and derivative gains for admittance control gain selection.

Motor Term Value
(Nm/rad) Term Value (Nms/rad)

SHA25A KP1 4000 KD1 200

SHA20A KP2 3000 KD2 40

FHA11C KP3 320 KD3 1

It should be noted that this selection of gains is only appropriate for admittance force
control where the position-state targets change continuously with small time intervals
between updating targets. In position-tracking mode, these gains can result in large control
torques if there is a significant position error (e.g., the command position is distant from
the robot’s current position) or if updates are infrequent (e.g., a latency in communication
of the target position by a game creates a discontinuous state target).

2.6.6. Friction Compensation

Joint friction in BLUE SABINO’s structure primarily results from the Harmonic Drive
actuators’ gearing. Friction in Harmonic Drive actuators is often described as a combina-
tion of Coulomb and viscous friction and additional nonlinear effects, including Stribeck
effects and motor position dependencies [88]. While identifying perfect compensation for
friction effects in the motors is notoriously tricky, we only aim to achieve increased control
bandwidth here. Therefore, simplified models of friction-capturing dominant effects are
deemed acceptable.

To model the friction within each motor/gear pair, friction–velocity maps were experi-
mentally estimated following the procedure outlined in [89]. Further details on the friction
modeling and compensation process can be found in Appendix B.

2.6.7. Gravity Compensation

Given the forward kinematics functions of the link center-of-mass points, the joint
torques due to the external gravitational force on BLUE SABINO’s rigid links are computed
via the potential energy as in [74]. CAD model estimates of the mass of each link, mi,
and the forward kinematic mappings pCOM,i(θ), to center-of-mass (COM) as functions
of the joint position vector θ are used to derive the overall potential energy of the serial
chain. Defining gravitational acceleration in the negative y-direction, the overall potential
energy is

Pgrav =
Nlinks

∑
i=1

migTpCOM,i(θ). (17)

Gravitational torque is computed via partial differentiation with respect to the joint
position as

τg =
∂Pgrav

∂θ
, (18)

where τg is the vector of torques about the actuated joints due to gravity.
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2.6.8. Soft Limits: Joint Range of Motion and Boundary Torques

A soft boundary torque is applied at the joint level to any joints exceeding positive or
negative limits. The boundary torque is computed according to

τsb =


−
(

ksb|θsb,Max − θ|2 − dsb
.
θ
))

if θi > θsbMax,i(
ksb|θsb,Min − θ|2 − dsb

.
θ
)

if θi < θsbMin,i

0 otherwise

(19)

where ksb and dsb are vectors of virtual-boundary torsional spring constants and damping
coefficients corresponding to each actuated joint and θsb,Max and θsb,Min are the selected
maximum and minimum soft range of motion limits. The parameter values are defined per
actuator type as

ksb= diag
([

ksb2 ksb1 ksb1 ksb1 ksb2 ksb2 ksb3 ksb3 ksb3
]) (N×m

rad

)
,

dsb= diag
([

dsb2 dsb1 dsb1 dsb1 dsb2 dsb2 dsb3 dsb3 dsb3
]) (N×m×s

rad

)
,

(20)

with values defined in Table 7.

Table 7. Selected soft boundary spring and damping coefficients for free-motion admittance
force control.

Motor Term Value
(Nm/rad) Term Value (Nms/rad)

SHA25A ksb1 4000 dsb1 500

SHA20A ksb2 3000 dsb2 300

FHA11C ksb3 100 dsb3 10

The spring force magnitude is squared with respect to the magnitude of boundary
displacement, ensuring that the rate of applied corrective torque increases along with
displacement. The damping term reduces kinetic energy when a joint runs into a stop,
which helps prevent underdamped oscillation when a joint bounces off the virtual spring.
Instead, adequately tuned damping results in a joint smoothly coming to a halt after
impacting the virtual boundary.

Since the admittance controller operates by moving a joint state target in response to
interaction force, the admittance target positions must be bounded within the soft limits
of the range of motion. Otherwise, the admittance targets can drift away from the robot’s
position when a stop is reached, creating excessive control torques and the potential for
unexpected motion. Therefore, the integration function for the admittance control model is
also bounded by the soft position limits so that the admittance target state can only assist
in driving the user back into the acceptable range of motion.

2.7. Biosignal Acquisition System Selection

Significant design efforts throughout development were devoted to ensuring com-
patibility with acquiring electromyography (EMG) and electroencephalography (EEG)
biosignals. The analysis of electrophysiological signals complements the insights drawn
from kinematics and kinetics, offering a holistic picture of movement even before its oc-
currence. However, several critical considerations must be addressed when acquiring
biosignals with actuated exoskeleton devices like BLUE SABINO to maximize signal-to-
noise ratio (SNR) in a potentially noisy environment and ensure proper synchronization
between subsystems.

The inherently low SNR of these signals, particularly in EEG, influences the selec-
tion of the biosignal amplifier, electrode types, and placement, as well as experimental
paradigms [90] and processing pipelines [91]. Due to the proximity to multiple active
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motors around the participant, the system uses active electrodes. These electrodes digitize
the signal directly on the sensors (located on the scalp for EEG and on the skin for EMG),
enhancing signal robustness and reducing vulnerability to noise as the signal is transmitted
the rest of the way from the body to the amplifier. The SNR can be further enhanced
if low electrode impedances are maintained during experiments, which is essential for
establishing a good “connection” between the acquisition system and the participant. Fur-
thermore, the location of the biosignal amplifier, situated directly behind the participant’s
chair, was chosen to prevent EEG/EMG wires from interfering with motor power lines. As
an additional layer of isolation, biosignal acquisition is conducted on a dedicated computer,
separate from the robot’s real-time control system.

The high time resolution of EEG and EMG signals renders these measurements capable
of informing us about physiological processes that evolve rapidly over time [92,93]. These
processes are commonly studied by analyzing oscillatory activity and its evolution over
repetitions of the same task. Therefore, proper synchronization with the robot is paramount
in interpreting these signals in conjunction with kinematic and kinetic information. Syn-
chronization between systems is typically achieved by exchanging electrical pulses between
devices. These pulses denote moments of interest in repetitions of a task.

Other measures to minimize noise should be integrated into experiment design, includ-
ing the optimization of sensor placement and ensuring low impedances. Employing a clear,
simple, and repeatable task facilitates the differentiation of electrical biological activity
related to the task from noise and other activity (muscle or brain activity not related to the
task). Despite these precautions, residual noise in the signal persists, necessitating further
minimization during the various stages of signal preprocessing applied to these signals.
Common factors that contribute to biosignal acquisition quality are further discussed in
Appendix C.

2.7.1. Biosignal System Specifications

The specifications for a biosignal recording system in the context of this project were
the following:

- A multichannel system capable of synchronously recording different types of bio-
signals: EEG (unipolar signals referenced to a common location), EOG and EMG
(bipolar signals).

- Compatibility with active electrodes to minimize the incidence of electromagnetic
noise.

- Flexible EEG montages, allowing for layout customization to address various research
questions. The minimum number of electrodes should encompass 19 locations as per
the 10–20 standard.

- Multiple digital inputs to facilitate synchronization with other devices in different
experimental protocols.

2.7.2. Component Selection and Layout

The gtec g.HIamp RESEARCH multi-channel amplifier (g.tec, Schiedlberg, Austria)
was selected for biosignal acquisition. This device offers wide input sensitivity, enabling
the recording of EEG, ECG, EMG, EOG and others without saturation. It supports the
simultaneous acquisition of up to 80 channels (expandable to 256) with flexible montages. It
also allows for communication with other devices for the synchronization of simultaneous
data acquisition using 16 digital-input trigger channels. The amplifier is paired with
g.Scarabeo active electrodes for EEG measurement and disposable snap electrodes for EMG.

2.8. System Integration and Validation Methods

During system development, two-DOF, five-DOF, and seven-DOF configurations
of the arm were constructed and evaluated. The two-DOF configuration (Figure 14A)
supported movements of elbow flexion/extension and forearm pronation/supination.
The five-DOF configuration (Figure 14B) added movements of shoulder flexion/extension,
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abduction/adduction, and internal/external rotation. The seven-DOF configuration further
added wrist flexion/extension and wrist radial/ulnar deviation. The later addition of
PRISM will expand each arm to nine DOFs for an 18-DOF configuration (Figure 14C). In
each configuration, robotic cable guides from IGUS (Tri-flex TRL 30, TRE30, and TRL60)
protect actuator and sensor cables from excessive bending, tension, and torsion over the
length of the arm, from the stationary base modules to the hand.
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2.8.1. Kinematic Validation Methods 

Figure 14. System integration phases: (A) An initial two-DOF version supported elbow flex-
ion/extension and forearm pronosupination. (B) The five-DOF version added three orthogonal
joints to the shoulder. (C) The future 18-DOF bilateral version adds two joints at the wrist and two
joints at the base of the shoulder.

The system operation was validated first through (1) kinematic simulation, and then
through systematic tests to measure aspects of exoskeleton system performance, including
(2) spatial measurement validation; (3) anthropometric validation (i.e., size adjustability,
and range of motion); (4) safety validation (i.e., hardware and software systems and limits);
(5) controller validation (i.e., accuracy and repeatability); and (6) biosignal acquisition
validation (i.e., quality of simultaneous biosignal measurements).

2.8.1. Kinematic Validation Methods

A MATLAB script was developed that generates kinematics, Jacobians, and gravity
models tailored to BLUE SABINO. These models were exported as Simulink function blocks
for integration with the real-time control model. They were also exported as MATLAB
functions and C-code for utilization within the virtual game environment.

Additionally, an animator was created to play back trajectories and visualize the robot
in various joint configurations. The animator displays STL representations of the robot
links, force sensors, and a human user within a MATLAB 3D plot environment.
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2.8.2. Spatial Measurement Validation Methods

The accuracy of BLUE SABINO’s kinematic measurements is critical for evaluating
the precise motion of users. Joint position measurements are collected via Nikon encoders
located in each Harmonic Drive actuator, which achieve an accuracy of ±0.003 degrees.
However, deflection in the robot’s links, bearings, or post-gearing is not accounted for in
this measurement. For this reason, BLUE SABINO’s design has been carefully developed
to maximize structural rigidity and to also achieve low link weights. The balance of these
two design factors is critical to the performance of any upper-limb exoskeleton. Since
our FEA/FEM models cannot accurately account for all of the sources of deflection in the
exoskeleton, we sought to establish an empirical measure of its position measurement
accuracy using the forward kinematics and the encoder measurements. A motion-capture
setup used Flex 13 cameras and Motive software (OptiTrack, Corvallis, OR, USA) to track
reflective markers on the robot (Figure 15—top). A special end effector was placed at the
wrist with markers such that the tracked rigid body was located at the anatomical wrist
center. An inverse kinematic solver was established to define a set of shapes, including a
“UofI-I”, a “Circle”, a “Cube”, and a “Star” (Figure 15—bottom).
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Figure 15. Motion-capture setup and predefined robot trajectories. (Top) The motion of the right-side
seven-DOF BLUE SABINO arm is recorded simultaneously using a set of five Flex 13 IR motion-
capture cameras. The cameras track the spatial positions of retroreflective markers on a special
wrist-mounted motion-capture end-effector part. Optitrack software fits a rigid body in real time to
the markerset to define the position and orientation of Pc. (Bottom) Three-dimensional views of the
upper-arm section of BLUE SABINO (with orthosis components removed for clarity) are shown in
relation to the predefined trajectories traced out for motion-capture experiments. The path is traced
by the end-effector point Pc, whose initial position is indicated by the purple sphere and represents
the centroid of the rigid body tracked by the motion-capture system.
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The robot was placed in a trajectory tracing mode (simple PD control with the same
Kp and Kd values used for admittance control), and BLUE SABINO’s right seven-DOF arm
was commanded to trace out predefined shapes. Motion capture and joint kinematics were
recorded simultaneously for five repetitions of each motion to establish measures of error
between the motion capture and forward kinematic mapped-encoder measurements, as
well as estimates of inter-repetition variance.

2.8.3. Anthropometric Validation Methods

Anthropometric validation includes confirming the ranges of adjustability and the
ranges of motion of each arm joint. The adjustments for shoulder alignment, segment
length, and segment width were measured at the minimum and maximum limits of their
adjustable ranges and are reported in Section 3.2. The anthropometric size adjustments
include floor-to-seat height, exoskeleton shoulder width, upper-arm length, forearm length,
upper-arm width, forearm width, and hand width.

The range of motion allowed by the design is compared between joints of the arm
and exoskeleton following common conventions for joint movement axes, and it was
measured in CAD. However, for the shoulder, it should be noted that while the range
of shoulder internal/external rotation remains a consistent value, the orientation of the
range moves relative to the user depending on the orientation of the previous two shoulder
joints (J3 and J4) that both introduce combinations of shoulder flexion/extension and
abduction/adduction. As described in [64], the election of J3 and J4 axial placements shifts
the robot singularity to the edge of the workspace; it centers the shoulder range of motion
in a region of high mechanical manipulability (i.e., isotropy close to 1). This arrangement is
also desirable in that it shifts the shoulder range of motion for J5 during the movement of
J3 and J4 in an anthropomorphically desirable manner. For example, when the shoulder is
abducted, the J5 range of motion is shifted toward greater external rotation, similar to what
occurs in the biological shoulder.

2.8.4. Safety Validation Methods

The joint hardstops are designed to reliably limit the robot’s motion in the event that
all other safety mechanisms fail. The stops have been designed to withstand maximum
actuator torques and impacts under anticipated conditions. They have been tested under
normal use by temporarily disabling the soft and safe stop limits and placing the robot in
free-motion admittance control mode, with an external operator intentionally driving each
joint one at a time into collision with the stops to simulate realistic use cases. The device
was then inspected for any permanent deflection or structural failure and observed to have
sustained no damage.

The safe limits were similarly evaluated by disabling the soft stops and setting the
control to free-motion force mode. The operator then intentionally drives each joint past
the safe stop limits and observes that the control state is correctly changed to safe mode in
acceptable time.

To evaluate the soft stop limits, the limit positions are set temporarily to the midpoint
of the joint range of motion, and the external operator again drives the joints into the
limits at three different speeds. This process was repeated, with the joint boundary model
parameters being adjusted until the maximal overshoot was under three degrees and the
interaction with the soft boundary was sufficiently damped to produce no buzzing and
sufficiently stiff so as to correct the user’s position after the driving force was removed in
under 0.5 s.

2.8.5. Controller Validation Methods

To achieve the force-tracking bandwidth necessary for responsive, low-interaction
force-free motion admittance control, the inner-loop control is tuned to accurately track
command inputs spanning the bandwidth of healthy human upper-limb motion (0.1 to
3 Hz for the shoulder joints 0.1 to 5 Hz for the elbow and wrist joints) [59]. This ensures that
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high force-rendering accuracy can be achieved on the outer loop [86,87]. The performance
of the selected control gains is evaluated based on the achieved position- and velocity-state
accuracy and frequency response characteristics.

Joint Position Control—Trajectory error is used to benchmark the trajectory-tracking
performance of the inner-loop control. Joints 3–7 on the five-DOF version of the exoskeleton
right arm (see Figure 14) were driven through a sinusoidal input to compare tracking
accuracy in both position and velocity.

The sinusoidal input test was conducted by sequentially commanding each of the
robot’s joints to track 1 Hz position and velocity wave inputs. The sine input amplitude is
ramped up from 0 to 10 degrees over 10 s. The amplitude is held constant for 70 s and then
ramped down to zero over 10 s so that the joint returns to the center position. Ten seconds
of pause time was included before repeating the process on a different joint to allow any
vibration in the robot structure to dampen out. The state target inputs and resulting control
torque signals are shown in Figure 16 for the experiment conducted on J5.
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Figure 16. Sinusoid tracking inputs. The input position (red)- and velocity (blue)-state target signals
are shown for an experiment using joint J5. The PD control torque τPD (purple) and gravity/friction
compensation torque τ̂g+τ̂f (orange) are combined to generate the control input torque τu.

Defining the achieved tracking error for each joint as

θ̃ = θd − θm,
.
θ̃ =

.
θd −

.
θm. (21)

State-tracking accuracy for each joint is characterized by computing the root-mean-
square error (RMSE) of position and velocity over the time samples in the steady-state
portion of the tracking experiments (time t = 10 s to 80 s) and the variance of position and
velocity error over time. Phase and time-response lag are estimated by locating the input
and output position peak times and velocity response waves. Phase lag, Φ, is estimated by
computing the time delay of the position and velocity states. On the steady-state portion of
the input and response data, position and velocity waveform peaks are identified using
MATLAB’s “findpeaks” peak-finding function. A noncausal infinite-impulse response
lowpass filter was used to smooth the state response signals so that the peak-finding
algorithm is unaffected by high-order nonlinear dynamics. Then, time delay β, position-
state magnitude response ratio, Mp, and velocity-state magnitude ratio, Mv, are estimated
and averaged over all recorded time samples.

Chirp Test—Chirp-signal tracking experiments were performed to evaluate tracking
performance over typical range-of-motion frequencies. The chirp tracking experiment
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procedure is very similar to the sinusoidal tracking tests. Each of the five-DOF exoskeleton
joints is sequentially commanded to track a logarithmic chirp wave whose frequency ranges
from 0.1 to 2 Hz and has a 10-degree amplitude (Figure 17). The chirp wave is ramped up
over 75 s and then ramped down over 75 s. In addition to recording state-tracking accuracy,
the actuation torques were also recorded to measure the control/actuator effort required to
maintain tracking over the considered frequency range.
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the distances between mastoids, and the distance from nasion to inion, to correctly size 
and locate the cap, prior to data acquisition. During participant setup, conductive gel is 
applied at each electrode ring to reduce impedance and increase conductivity from the 
scalp to the electrode.  

Figure 17. Logarithmic-ramping chirp-state inputs. The input position (red) and velocity (blue) state
target signals, and the instantaneous command frequency (black) are shown for the first half of the
experiment with chirp ramping up between 0.1 and 2 Hz.

2.8.6. Biosignal Acquisition Validation Methods

To assess the capability of our system to simultaneously capture electrophysiological
data and kinematic measurements and yield valid results, we conducted a proof-of-concept
multi-domain experiment. A simple and repeatable task involving movements of the right
arm was performed while wearing the robot and EEG/EMG sensors. The task consisted of
reaching with the shoulder and elbow to a predetermined point in a single fluid motion,
and then returning to the initial position, with both initial and secondary locations marked
by physical targets in the workspace (Figure 18). Thirty-two EEG channels referenced to
the left earlobe (Figure 19) and five bipolar EMG channels (Figure 20) were acquired with
the gHiamp biosignal amplifier (Sample Rate = 1200 Hz). An auditory cue (beep) was
presented every 5 s to prompt movement initiation.
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Figure 18. Biosignal acquisition validation task. The user begins the task with the fingertips touching
the start target (tennis ball) located in the lower front part of the workspace. After hearing an audio
cue, the user reaches to the second target (tennis ball) in the upper right part of their workspace,
touches it, and returns their hand to touch the start target. An example trajectory for a single motion is
illustrated in pink (left) in context of a virtual robot model. Pink arrows overlaid on the experimental
setup (center) represent the movement from one target to the next and back. The transparent grey
scatter (right) illustrates the area traveled in all repetitions on the same virtual robot charts.
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Figure 20. EMG montage and target muscles of the upper limb. Five EMG locations were placed on
the skin over the shown target muscles. Bipolar electrodes were placed in pairs to enable differential
measurement for improved noise rejection.

EEG electrodes were placed on the scalp in standard positions, overlapping function-
ally known areas of the brain (Figure 19) [94]. Proper electrode placement, required for
acquiring reliable EEG data, is ensured by taking measurements of head circumference, the
distances between mastoids, and the distance from nasion to inion, to correctly size and
locate the cap, prior to data acquisition. During participant setup, conductive gel is applied
at each electrode ring to reduce impedance and increase conductivity from the scalp to
the electrode.

EMG electrodes were located bipolarly over large muscles involved in right-side shoul-
der movement (anterior, posterior, and medial deltoids; the trapezius; and the pectoralis
major) (Figure 20). The skin under the electrodes was prepared with gentle use of fine-grit
sandpaper and isopropyl alcohol to remove dry skin and oils.

A right-handed participant completed three blocks of 30 repetitions of this movement,
totaling 90 repetitions. The instruction was to initiate the movement promptly upon hearing
the cue and to maintain consistent timing in the movements throughout the repetitions.
To ensure consistency in movement trajectories, a tennis ball denoted the location of each
movement target.
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Electrophysiological data recording (EEG/EMG) and stimulus presentation were
managed through BCI2000 [95], and robotic data acquisition was facilitated by Speedgoat.
Auditory cues were processed and translated into electrical pulses, which were transmitted
to both Speedgoat and the biosignal amplifier as digital inputs (shown in Figure 10). This
synchronization of cue presentation across systems was achieved by adapting the teensy
code in the Audiomath Library [96], following the approach outlined in previous work
by Rueda-Parra et al. [97]. Epochs were created for all signals (EEG, EMG, kinematic,
and kinetic) for periods in the range of −2 to 4 s with respect to auditory cues. Then, all
extracted features were plotted over this period (using the same time scale) as feature
means over trials.

EEG was preprocessed following the steps in [97], with the goal of removing noise
sources and extracting frequency band-specific power over time. We focused on contralat-
eral (left hemisphere) changes in mu (µ, 8–12 Hz) and low-beta (Lβ, 13–20 Hz) power [98],
as the behavior of these frequency bands during movement is well-documented [99,100].
This allows us to qualitatively compare our results with known electrophysiological pat-
terns of active movement. The regions of interest were electrodes positioned over the left
sensorimotor area, especially C3.

EEG power was obtained using the Morlet wavelet convolution method [91] and
normalized to the period −800 to 200 ms with respect to stimulus presentation. Percentage
changes relative to this baseline were calculated for both frequency bands. Frequency band
power was averaged across trials. Lβ power was selected from the broader beta band
(12–30 Hz) due to its close association with upper-extremity control [98].

Muscle activation patterns were extracted from EMG. These signals underwent band-
pass filtering and rectification [101]. Subsequently, activation traces were averaged across
trials. Finally, muscle activation patterns were normalized to the period −500 to 0 ms with
respect to cue presentation and expressed as a percentage change. Muscle group activation
was averaged across trials.

3. Results

The BLUE SABINO instrument is composed of nine core exoskeleton modules (Figure 21).
Modules include (1) left and (2) right versions of the arm exoskeletons; (3) left and (4) right
versions of the hand exoskeletons; (5) an individual module for positioning the patient with
respect to the exoskeleton (i.e., a mobile chair with position-lockable casters and seat-height
adjustment); (6) an individual module for adjusting the distance between left- and right-
arm exoskeletons (i.e., a shoulder width adjustment mechanism); (7) a task display; (8) an
operator console; and (9) a control tower. The PRISM modules (still under development) are
represented in Figure 21 by a rigid box connecting each arm to each base. The final PRISM
module will include a gravity-balancing mechanism and counterbalance that will replace
the sandbags that currently enhance the stability of the arms when used individually. In
the configurations shown in Figure 21, the control tower houses the electronics for the left
arm while the operator console houses the electronics for the right arm; both employ open
designs for easy access during development, while the final configuration will likely merge
these into a single enclosed operator console, reducing the footprint of system peripherals.

Each arm module includes the exoskeleton, HRA orthoses, a rigid PRISM stand-in,
a rigid base structure, and wiring with connectors to the operator console. The base of
support is constructed from welded rectangular steel tubing and holds the arm exoskeleton
at a pre-determined height. A purpose-built adjustable chair uses commercial lifting
columns to elevate the subject for shoulder alignment. A width-adjusting mechanism
connecting the steel-base structures provides a shoulder width adjustment range of 126 to
760 mm (5 inches to 30 inches). The large shoulder width range of motion (greater than
anthropometrically required) allows for extra clearance during patient ingress/egress and
makes the system more practical for use as a unilateral system. Therefore, the arm modules
can be used independently or simultaneously as a bilateral arm and chair system. The
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combined bilateral robot occupies a footprint of approximately 4 feet by 8 feet to ensure
clearance from surrounding objects during use.
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Figure 21. BLUE SABINO exoskeleton: (A) Seven-DOF bilateral arm configuration with task display
screen, operator console, control tower, and shoulder-width adjustment mechanism; (B) Experimental
chair with footrest and control-enable footswitch; (C) Overhead and (D) front views with subject
wearing right-hand three-fingered OTHER Hand module.

In bilateral configurations, left and right base modules are connected via a leadscrew-
driven scissor mechanism that symmetrically pushes or pulls the two modules apart or
towards a central adjustment column. The base modules provide a stable base of support to
each arm exoskeleton and can be used as standalone unilateral structures or as a connected
bilateral (left- and right-arm) system. In the system shown in Figure 21, weights have been
added to the base to increase stability; however, these will later be replaced by a gravity-
balancing mechanism for PRISM with integrated counterweights while maintaining the
minimum footprint required to delineate the robot workspace boundaries. In the bilateral
setup, the width-adjusting scissor mechanism connects left- and right-arm base structures
to create a base of support with increased stability, one that delineates the bounding
workspace of both left and right arms of the robot. In both unilateral and bilateral setups,
wheels on the mobile chair are used to position the subject with respect to the robot and
then are retracted to lock the desired position in place. Once in position, the seat height can
be electronically adjusted with a digital readout (±0.05 inches; ±1.27 mm).
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The hand modules are equipped with 12 DOFs (six active and six passive) in each
hand, allowing for the independent control of the thumb and index and middle fingers.
Additional details of the hand exoskeletons (Figure 22) are reported in [102]. The following
subsections provide results of the BLUE SABINO instrument functional validation of the
following areas: (1) kinematic calculations, (2) exoskeleton position accuracy, (3) anthropo-
metric adjustability, (4) safety systems, (5) control systems, and (6) biosignal acquisition.
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Figure 22. OTHER Hand on the BLUE SABINO System.

3.1. Kinematic Validation

The developed kinematic simulation code incorporates features including the ability to
display link centers-of-mass and coordinate frame orientations, and it offers configurability
such that any subset of links, human arm segments, or robot version (e.g., 5-DOF-RIGHT
or 9-DOF-LEFT, etc.) can be shown. Using the 18-DOF-BILATERAL robot configuration,
the animator was used to generate videos of ADL joint motions (from [59]), demonstrating
the expected mirrored robot kinematics for bilateral arm movements (Figure 23).
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Figure 23. Animation of BLUE SABINO joints via kinematics-driven MATLAB script.

The force mapping was validated first by inspection, ensuring that the application of
simplified wrenches at each joint produced forces in the expected directions. The Jacobians
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for 14-DOF-BILATERAL have been further tested through application to the force control,
resulting in the robot correctly responding to user-applied forces.

3.2. Spatial Measurement Validation

In the trajectory tracing experiment, two different types of error are measurable,
corresponding to (1) the ability of the system to accurately track a pre-determined trajectory,
referred to as tracking error or tracking accuracy, and (2) the ability of the system to
accurately know its current position, referred to here as position error or position accuracy.
Tracking error is more relevant for industrial robotics, where inaccurate trajectory tracking
results in task failures. Position error is more relevant for rehabilitation and assessment,
where knowledge of true arm position is the primary objective.

The experimental validation of position accuracy shows that the tracking accuracy
predicted by the encoder-driven forwards kinematics (FK) are in good agreement (i.e.,
within 2 mm at the end effector) with the motion-capture (MC) results. Figure 24 shows the
measured trajectories using FK and MC approaches in comparison to the target trajectory.
Figure 25 provides a comparison of errors between each tracking method, where the first
two charts provide an indication of the absolute tracking accuracy per motion, and the
rightmost chart provides a measure of the agreement between FK and MC measurements
(i.e., the accuracy of the device to know its current position). The mean error across
the selected tasks was approximately 1.8 mm between FK and MC estimates, whereas
the mean errors from the target trajectory across all tasks were 2.8 and 3.1 mm for the
FK and MC approaches, respectively (Figure 25). The MC results of Figure 24 show
second-order damped oscillatory responses at corners of motion, indicating that much of
the disagreement between the encoder and motion-capture results is due to periods of
vibration in the exoskeleton structure; however, the low magnitude of error indicates that
the joint and link designs were successful in producing a structure with adequately high
stiffness. Interestingly, the front-plane UofI-I task exhibited notably less error than the other
three tasks, with a mean error of less than 0.5 mm, as opposed to 2 mm (Figure 25).
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Figure 24. Results of motion capture for a segment of the UofI I trajectory illustrate the high agreement
between end-effector position measured by motion capture (blue) vs. encoder position (red). The
absolute difference (purple) remains low, indicating that the robot is able to accurately measure its
true position within 0.4 mm on average for the task.
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Figure 25. Mean tracking error per shape. The means of the distance error between the end-effector
point pc and the target position are shown on the left and center charts. The left chart shows errors
reported by forward kinematics according to joint position measurements. The center chart shows the
error according to motion capture. The rightmost chart displays mean absolute difference between the
forward kinematic and motion capture measurements. Error bars display 95% confidence intervals
of the means. Blue bars indicate statistics computed over individual actions (five repetitions each),
while orange bars show statistics over all motions and repetitions (20 repetitions total).

3.3. Anthropometric Validation

The achieved range of anthropometric adjustments for body size is detailed in Table 8
and Figure 26, including adjustments in the custom chair, the base structure, the exoskeleton
arm links, and the HRAs. The ROM accommodated is estimated in terms of the percentage
of ADL and 50th-percentile male and female ROM coverage per joint, and on average
over all joints (Table 9). Figure 27 graphically compares BLUE SABINO’s attained ROM to
the reported 5th- to 95th-percentile anthropometric healthy ROM [62,63,103–105] and to
the approximate ROM used during ADL tasks (collected in a previous study [64,106,107]),
which is most relevant for rehabilitation. For further information on the ADL data mapping
to anthropometric joint ranges, see [75,106,107].

Table 8. BLUE SABINO-achieved anthropometric adjustment ranges in millimeters.

Measure
BLUE SABINO Adjustability Anthropometric Reference [62]

Min Max Range 5th-95th M/F Pctl. M/F Range

Seat-to-Shoulder Height 425 805 380 519–651 132

Foot-to-Seat Height 80 530 410 377–470 93

Shoulder Width 126 761 635 368–508 140

Upper-Arm Length 229 330 121 256–302 46

Forearm Length 222 330 109 221–271 50

Upper-Arm Circumference 304 440 136 244–351 107

Forearm Circumference 251 327 76 225–327 102

Hand Width 25 45 20 25–36 11
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Figure 26. The adjustments supporting 5th to 95th percentile users in BLUE SABINO are included in
its custom chair, base structure, length-adjustable arms, and the size-adjustable orthotic components
forming the human–machine attachments (HMAs) and adjustment mechanisms.

Machines 2024, 12, x FOR PEER REVIEW 40 of 64 
 

 

Upper-Arm Length 229 330  121 256–302  46 
Forearm Length 222 330  109 221–271 50 

Upper-Arm Circumference 304  440 136 244–351  107 
Forearm Circumference 251  327 76  225–327  102 

Hand Width 25  45  20  25–36 11 

  
Figure 27. Range of motion comparison between healthy male and female ROM reported in 
[62,63,103–105], healthy movements measured by motion capture during ADL tasks [64,106,107], 
and BLUE SABINO’s achieved ROM. BLUE SABINO’s ROM encompasses approximately 95% of 
the ADL motion range for all joints combined. It also covers between 83% and 89% of healthy 50th-
percentile ROM on all joints. 
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Figure 27. Range of motion comparison between healthy male and female ROM reported
in [62,63,103–105], healthy movements measured by motion capture during ADL tasks [64,106,107],
and BLUE SABINO’s achieved ROM. BLUE SABINO’s ROM encompasses approximately 95% of
the ADL motion range for all joints combined. It also covers between 83% and 89% of healthy
50th-percentile ROM on all joints.
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Table 9. BLUE SABINO achieved a range-of-motion coverage percentage of ADL distributions and
50th percentile male/female biomechanical range.
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Perry ADL 97.0% 82.0% 99.2% 96.4% 98.7% 99.0% 96.8% 98.1% 89.6% 99.8% 95.6%

50th Percentile
Male

100.0% 82.8% 86.5%
97.7% 80.5% 100.0% 100.0% 86.9% 75.9% 79.2% 88.6%

50th Percentile
Female 98.0% 75.8% 95.9% 94.6% 65.2% 69.0% 85.3% 82.9%

3.4. Safety Validation

The safety validation includes the confirmation of location and operation of manual
E-stops, built-in hardstops, and automatic software limits.

3.4.1. Manual E-Stops Human/Electromechanical Response Time

The manual E-stops were verified through a simulated error event. An error message
was presented to the operator at a random time, and the operator was required to hit an
emergency-stop button. The recorded time between the error occurring and when the robot
detected the E-stop being pressed is reported in Table 10. The test includes human reaction
time and the motor driver’s response in initiating the safety torque off (STO) feature in the
driver. The average response time was 1.49 s with a standard deviation of 0.41 s, while the
system contributes just 0.11 s (7.4% of the overall delay).

Table 10. Simulated response time to perform an emergency stop based on repeated trials with a
random event.

Human Response Time (s) System Response Time * (s) Total Response Time (s)

1.3196 0.110 1.4296
0.8621 0.110 0.9712
0.9680 0.110 1.0780
1.4159 0.110 1.5259
2.0883 0.110 2.1983
1.3580 0.110 1.4680
1.6250 0.110 1.7350

Average: 1.377 s Average: 1.487 s
* Estimated delay from E-stop relay documentation.

3.4.2. Range of Motion Hardstop Limits

The absolute ranges of motion of BLUE SABINO’s joints are limited by the mechanical
hardstops integrated into its design. The maximal ROMs allowed by the mechanical
hardstops are reported in Table 11.
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Table 11. BLUE SABINO ROM hardstop limits. Limits are reported for the right side following the
robotic sign convention and home position defined in the earlier kinematics section (Figure 3) for
positive (Pos) and negative (Neg) direction of motion for the shoulder (SH), elbow (EL), forearm (FA)
and wrist (WR).

Robot Joint Pos CCW
Limit (deg)

Corresponding
Anthropometric

Motion

Neg CW
Limit (deg)

Corresponding
Anthropometric

Motion

Total Joint ROM
(deg)

J1 25 * SH. Prot. 20 * SH. Retr. 45 *

J2 20 * SH. Elev. 20 * SH. Depr. 60 *

J3 10 SH. Add./Flex. 170 SH. Abd./Ext. 180

J4

55 (No Insert)

SH. Abd./Ext. 187.5 SH. Add./Flex.

242.5

31 (45◦ Insert) 218.5

10 (24◦ Insert) 197.5

J5 31 SH. Ext. Rot. 132 SH. Int. Rot. 163

J6
20 (110◦ Front Plate)

EL. Flex. 90 EL. Ext.
110

50 (140◦ Front Plate) 140

J7 65 FA. Pron. 85 FA. Sup. 150

J8 30 WR. Ext. 70 WR. Flex. 95

J9 20 WR. Uln. Dev. 30 WR. Rad. Dev. 50

* Joints 1 and 2 limits represent the limit specified in the CAD model.

As indicated by the terms insert and front plate in Table 11, the hardstop limits for J4
and J6 can be modified by inserting one of several optional components designed to reduce
the range of motion of particular joints, in the event that the individual has difficulty or
pain with normal ranges of shoulder elevation or elbow flexion.

3.4.3. Software and Safe Limits

In addition to hardstops, software limits are used to both reduce contact with hardstops
and maintain safety within the allowable workspace. Soft-limit boundaries are therefore
set to a three-degree offset from hardstop contact, with a maximum overshoot of three
degrees. Safe limits have been set at one degree from the hardstop impact, leaving a
two-degree range available without triggering a safe mode. In normal use, this was found
to be the smallest window that was not regularly triggered accidentally under normal
movement conditions.

3.5. Controller Validation

At the time of writing, the left and right sides of BLUE SABINO have been imple-
mented without the PRISM mechanism (Joints J1 and J2). Below, we report on results of a
sinusoidal tracking experiment and a chirp-trajectory tracking experiment, both conducted
with the five-DOF configuration (J3–J7).

3.5.1. Sinusoidal Input Tracking Experiment

The achieved steady-state position- and velocity-state-tracking accuracy are shown
per joint for the five-DOF system in Figure 28. The shoulder joint, J3, exhibits a peak
alignment error of approximately one degree. Joint J4 shows decreased velocity accuracy
at peak speeds. Joints J5 and J6 are the most accurate overall, while joint J7 exhibits the
most variance, particularly in the velocity state. Notably, even when there is velocity
error, it appears to be highly cyclical, as the velocity-error magnitude displays very little
variance between waves, which is indicative of the under- or over-compensation of friction
or drive dynamics stemming from the Harmonic Drive strain-wave gearing, as reported
in [88,108–110].
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Figure 28. Sinusoid tracking-state accuracy. (Top) Position- and velocity-state tracking accuracy is 
shown for each of the joints of BLUE SABINO 5-DOF-RIGHT. Progression between states moves 
clockwise around each circle with the position and velocity states shown in red, and the error shown 
in blue. Only the portion of the input with full 10-degree amplitude (between 20 and 80 s in Figure 
16) is shown. (Bottom) An enlarged view of the J7 state chart shows the cyclical tracking error present 
in detail. Sixty wave cycles are shown with measured state line colors progressing from red to yel-
low to blue to highlight the variation of tracking accuracy between cycles. 

Figure 29 illustrates the phase-delay estimation procedure on a segment of the J7 
time-series data. Table 12 summarizes the results of joint angle, phase delay, RMSE, and 
error variance results across all joints for the sine-wave-tracking performance evaluation. 
The estimated phase delay averaged 0.007 ± 0.002 s across the five joints, with the largest 
delays occurring on J5 and J7 and the smallest on J6. 

Figure 28. Sinusoid tracking-state accuracy. (Top) Position- and velocity-state tracking accuracy is
shown for each of the joints of BLUE SABINO 5-DOF-RIGHT. Progression between states moves
clockwise around each circle with the position and velocity states shown in red, and the error shown
in blue. Only the portion of the input with full 10-degree amplitude (between 20 and 80 s in Figure 16)
is shown. (Bottom) An enlarged view of the J7 state chart shows the cyclical tracking error present in
detail. Sixty wave cycles are shown with measured state line colors progressing from red to yellow to
blue to highlight the variation of tracking accuracy between cycles.

Figure 29 illustrates the phase-delay estimation procedure on a segment of the J7
time-series data. Table 12 summarizes the results of joint angle, phase delay, RMSE, and
error variance results across all joints for the sine-wave-tracking performance evaluation.
The estimated phase delay averaged 0.007 ± 0.002 s across the five joints, with the largest
delays occurring on J5 and J7 and the smallest on J6.
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low-pass filter with a 10 Hz cutoff that smooths the signal, making it easier to identify the response 
peak time. The state time delay β  is extracted as the time distance between peaks of the target and 
measured position states. The state-magnitude ratios are computed via the measurement and target 
state values at the identified peak times. 
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3.5.2. Chirp-Trajectory Tracking Experiment 
For the chirp test analysis, the RMSE position and velocity error are computed over 

ten frequency bins; they are shown in Figure 30 to summarize tracking accuracy vs. input 
frequency. Each joint successfully maintains accurate tracking over the 0.1 to 2 Hz range. 
At low frequencies, the velocity states exhibit higher noise-to-input signal ratios but main-
tain high tracking accuracy. At higher frequencies, position and velocity errors increase. 
At 2 Hz, J3 elicits the highest RMS position error of 0.7 deg, whereas J5 and J7 elicit the 
highest RMS velocity errors of just under 8 deg/s. 

Figure 29. Sinusoid tracking phase magnitude characterization. A single sine-wave input and
position/velocity response is shown for J7. The velocity-state measurement is filtered using a
noncausal low-pass filter with a 10 Hz cutoff that smooths the signal, making it easier to identify the
response peak time. The state time delay β is extracted as the time distance between peaks of the
target and measured position states. The state-magnitude ratios are computed via the measurement
and target state values at the identified peak times.

Table 12. Sinusoid tracking results.

Joint
Position Velocity

Mp Φp (deg) β (s) θRMSE (deg) Mv
.
θRMSE (deg/s)

M
et

ri
cs

J3 1.056 2.526 0.007 0.509 0.956 3.125

J4 0.999 2.367 0.007 0.187 0.946 3.261

J5 1.002 3.240 0.009 0.254 1.000 2.692

J6 1.004 1.800 0.005 0.128 1.000 1.616

J7 0.997 3.246 0.009 0.255 0.992 3.286

Joints Avg. 1.012 2.636 0.007 0.267 0.979 2.796

Joints
Std. Dev. 0.025 0.616 0.002 0.145 0.026 0.701

3.5.2. Chirp-Trajectory Tracking Experiment

For the chirp test analysis, the RMSE position and velocity error are computed over
ten frequency bins; they are shown in Figure 30 to summarize tracking accuracy vs. input
frequency. Each joint successfully maintains accurate tracking over the 0.1 to 2 Hz range. At
low frequencies, the velocity states exhibit higher noise-to-input signal ratios but maintain
high tracking accuracy. At higher frequencies, position and velocity errors increase. At
2 Hz, J3 elicits the highest RMS position error of 0.7 deg, whereas J5 and J7 elicit the highest
RMS velocity errors of just under 8 deg/s.
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deliver the desired movement. Control effort results are shown in Figure 32 in comparison 
to the continuous and peak torque bands. At low frequencies, all joint torques remain 
within the continuous torque band (green). At 2 Hz, the torque demands on joints J3 and 
J4 regularly exceed the continuous torque limits and enter the max torque band (blue). 
None of the joints exceeded the maximum torque band limit (red), indicating that the five-
DOF robot maintained acceptable torque command levels for low and high frequencies.  

As shown in Figure 32, most of the continuous torque band is used, and the maxi-
mum torque band is used transiently without exceeding its limits. This indicates that our 
tuning effectively leverages the capabilities of our motors and achieves nearly the best 
frequency-tracking capabilities that can be produced with PD control. This also means 
that we can achieve the maximal potential force bandwidth via our method of admittance 
tuning. 

Figure 30. RMS chirp-trajectory state-tracking error vs. frequency.

To characterize the consistency of tracking performance vs. frequency, the position-
and velocity-error variance are computed over ten bins. Because the directionally separated
distributions exhibit lower variance, and the variance is approximately the same for clock-
wise and counterclockwise motions, only the results for the clockwise data are reported in
Figure 31.

Machines 2024, 12, x FOR PEER REVIEW 45 of 64 
 

 

 
Figure 30. RMS chirp-trajectory state-tracking error vs. frequency. 

To characterize the consistency of tracking performance vs. frequency, the position- 
and velocity-error variance are computed over ten bins. Because the directionally sepa-
rated distributions exhibit lower variance, and the variance is approximately the same for 
clockwise and counterclockwise motions, only the results for the clockwise data are re-
ported in Figure 31. 

  
Figure 31. Chirp-trajectory state-tracking-error variance vs. frequency. 

Comparing the command torque (i.e., control “effort”) required to perform the chirp-
tracking tasks at each joint provides insight into the adequacy of each motor/gear pair to 
deliver the desired movement. Control effort results are shown in Figure 32 in comparison 
to the continuous and peak torque bands. At low frequencies, all joint torques remain 
within the continuous torque band (green). At 2 Hz, the torque demands on joints J3 and 
J4 regularly exceed the continuous torque limits and enter the max torque band (blue). 
None of the joints exceeded the maximum torque band limit (red), indicating that the five-
DOF robot maintained acceptable torque command levels for low and high frequencies.  

As shown in Figure 32, most of the continuous torque band is used, and the maxi-
mum torque band is used transiently without exceeding its limits. This indicates that our 
tuning effectively leverages the capabilities of our motors and achieves nearly the best 
frequency-tracking capabilities that can be produced with PD control. This also means 
that we can achieve the maximal potential force bandwidth via our method of admittance 
tuning. 

Figure 31. Chirp-trajectory state-tracking-error variance vs. frequency.

Comparing the command torque (i.e., control “effort”) required to perform the chirp-
tracking tasks at each joint provides insight into the adequacy of each motor/gear pair to
deliver the desired movement. Control effort results are shown in Figure 32 in comparison
to the continuous and peak torque bands. At low frequencies, all joint torques remain
within the continuous torque band (green). At 2 Hz, the torque demands on joints J3 and J4
regularly exceed the continuous torque limits and enter the max torque band (blue). None
of the joints exceeded the maximum torque band limit (red), indicating that the five-DOF
robot maintained acceptable torque command levels for low and high frequencies.

As shown in Figure 32, most of the continuous torque band is used, and the maximum
torque band is used transiently without exceeding its limits. This indicates that our tuning
effectively leverages the capabilities of our motors and achieves nearly the best frequency-
tracking capabilities that can be produced with PD control. This also means that we can
achieve the maximal potential force bandwidth via our method of admittance tuning.
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overlaid with each actuator’s continuous and peak torque output band. 

3.6. Biosignal Acquisition Validation 
The biosignal acquisition experiment was conducted with the right arm of the seven-

DOF configuration. In Figure 33, hand displacement, hand velocity, and shoulder torque 
are plotted for each reach-and-return repetition along with their respective ensemble av-
erages, giving a sense of the overall variance in the data. In Figure 34, similar ensemble 
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the ensemble averages from Figure 33 to qualitatively assess the correspondence between 
neurological and biomechanical signals. Time correlations between these signals were 
computed to further validate this correspondence (Table 13). Finally, EEG topographical 
plots are presented to provide insight into the brain regions that are most responsive to 
the experimental task in the Lβ band (Figure 35). 

Figure 32. Logarithmic-ramping chirp-tracking time-series results. The input position (red)- and
velocity (blue)-state targets signals and the instantaneous command frequency (dashed black) are
shown in the first four columns. Command torque signals are shown on the fifth and sixth columns,
overlaid with each actuator’s continuous and peak torque output band.

3.6. Biosignal Acquisition Validation

The biosignal acquisition experiment was conducted with the right arm of the seven-
DOF configuration. In Figure 33, hand displacement, hand velocity, and shoulder torque
are plotted for each reach-and-return repetition along with their respective ensemble
averages, giving a sense of the overall variance in the data. In Figure 34, similar ensemble
averages of EEG power (µ and Lβ) and EMG power are plotted on the same timescale as
the ensemble averages from Figure 33 to qualitatively assess the correspondence between
neurological and biomechanical signals. Time correlations between these signals were
computed to further validate this correspondence (Table 13). Finally, EEG topographical
plots are presented to provide insight into the brain regions that are most responsive to the
experimental task in the Lβ band (Figure 35).
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Figure 33. Ensemble-averaging robotic measures. (Top) Hand displacement in x (red), y (blue), z 
(green), and absolute displacement (purple); (Middle) Hand-velocity ensemble average (red) of all 
measurements (grey); (Bottom) Required shoulder torque to complete each reach trajectory and the 
ensemble-average torque profile (purple). Individual trajectories from all reach movements and 
shoulder torques required to drive the exoskeleton are displayed in grey. 

Several relationships can be seen in the multi-domain data of Figure 34, including 
synchronizations between features of contralateral EEG power and right-hand displace-
ment, velocity, and right-shoulder torque. Two event-related synchronizations (ERS) oc-
cur in the EEG power time-series in both Lβ and µ bands in concert with shoulder torque. 
Torque and EMG are also synchronized, as expected, as are EEG Lβ power and EMG ac-
tivation—a confirmation of cortico-muscular coherence [111]. The first ERS in Lβ power 
is observed following the rise of EMG, shoulder torque, and hand velocity. One clear 
event-related desynchronization (ERD) in Lβ power is observed at about 1.4 s, which co-
incides with maximal EMG and the reduction of torque and velocity measures toward 
local minimum values. A second ERS follows at 2.51 s, corresponding to the return-to-
home motion. Using the 20%-rise point as the onset event for displacement, velocity, and 
torque, the onset order following a muscle contraction is torque, velocity, and then dis-
placement, with displacement’s 20%-rise point occurring 0.12 s after the first ERS peak 
and the 20%-fall point occurring 0.10 s after the second ERS peak. Similarly, the 20%-rise 
points in hand velocity occur 0.13 s after each of the 20%-rise points in shoulder torque.  

Figure 33. Ensemble-averaging robotic measures. (Top) Hand displacement in x (red), y (blue), z
(green), and absolute displacement (purple); (Middle) Hand-velocity ensemble average (red) of all
measurements (grey); (Bottom) Required shoulder torque to complete each reach trajectory and the
ensemble-average torque profile (purple). Individual trajectories from all reach movements and
shoulder torques required to drive the exoskeleton are displayed in grey.

Several relationships can be seen in the multi-domain data of Figure 34, including syn-
chronizations between features of contralateral EEG power and right-hand displacement,
velocity, and right-shoulder torque. Two event-related synchronizations (ERS) occur in the
EEG power time-series in both Lβ and µ bands in concert with shoulder torque. Torque
and EMG are also synchronized, as expected, as are EEG Lβ power and EMG activation—a
confirmation of cortico-muscular coherence [111]. The first ERS in Lβ power is observed
following the rise of EMG, shoulder torque, and hand velocity. One clear event-related
desynchronization (ERD) in Lβ power is observed at about 1.4 s, which coincides with
maximal EMG and the reduction of torque and velocity measures toward local minimum
values. A second ERS follows at 2.51 s, corresponding to the return-to-home motion. Using
the 20%-rise point as the onset event for displacement, velocity, and torque, the onset
order following a muscle contraction is torque, velocity, and then displacement, with dis-
placement’s 20%-rise point occurring 0.12 s after the first ERS peak and the 20%-fall point
occurring 0.10 s after the second ERS peak. Similarly, the 20%-rise points in hand velocity
occur 0.13 s after each of the 20%-rise points in shoulder torque.
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interaction torque between the user and robot’s shoulder joints. 

Analysis with Pearson’s correlation coefficient (Table 13) provides additional support 
for the relationships between signal profiles, highlighting the correlation between shoul-
der torque and EEG, hand displacement and EMG (proportional with deltoid, inversely 
proportional with pectoralis major), and hand velocity and shoulder torque. 

  

Figure 34. Trial average EEG, EMG, and robot kinematics. The ensemble-averaged biosignal including
contralateral low-beta EEG at C3, EMG from three shoulder muscles, and robotic measurements,
including the displacement and velocity of the right hand, and the absolute summed magnitude of
interaction torque between the user and robot’s shoulder joints.

Analysis with Pearson’s correlation coefficient (Table 13) provides additional support
for the relationships between signal profiles, highlighting the correlation between shoul-
der torque and EEG, hand displacement and EMG (proportional with deltoid, inversely
proportional with pectoralis major), and hand velocity and shoulder torque.
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Table 13. Correlation matrix showing Pearson’s correlation coefficients between select measures of
EMG, EEG, displacement, velocity, and torque.
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EEG Contra. Beta 1.00
EEG Contra. Low Beta 0.92 1.00 Color Scale

EEG Contra. Mu 0.82 0.72 1.00 1.00
EMG Trap. 0.00 0.12 0.06 1.00 0.00

EMG Med. Delt. −0.23 −0.33 −0.07 0.40 1.00 −1.00
EMG Pect. 0.07 0.14 −0.09 −0.16 −0.58 1.00
Hand Disp. −0.02 −0.17 0.13 0.02 0.65 −0.89 1.00
Hand Vel. 0.32 0.13 0.43 −0.03 0.47 0.04 0.26 1.00
Shld. Torq. 0.73 0.62 0.74 0.20 0.18 −0.22 0.41 0.56 1.00

Figure 35. Topographical progression of EEG power: The top portion of the plot shows Lβ power
and µ power at C3, as well as shoulder torque from robot joints (RJ) 3–5, from 1000 ms before the cue
presentation to 4000 ms after the cue. On the same timescale along the bottom are topographical heat
maps showing the percent change in Lβ power with respect to baseline.

The topographical time progression of Lβ power in the brain can be visualized in
Figure 35 alongside the time-series plot of Lβ power, µ power, and shoulder torque from
Figure 34. Relative to baseline −800 to 200 ms before the audio cue, a first left-hemisphere
ERS develops from 200 to 1000 ms maximally located over CP1 and Cz electrodes. The ERD
then develops from 1000 to 2000 ms with significant presence over the contralateral (left)
electrodes. Finally, as the movement is terminated, a bilateral ERS over the centro-parietal
areas is observed (from 2000 to 3000 ms).
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4. Discussion

The results of the validation are further discussed in the subsections below, starting
with a discussion of the importance of bilateral measurement and implications on design,
followed by the same subsection structure of Section 2.8 (System Integration and Validation
Methods) and Section 3 (Results), with the exception that the first two subsections on
kinematics (Sections 2.8.1 and 3.1) and spatial measurement (Sections 2.8.2 and 3.2) are
combined into a single discussion section (Section 4.2) following a discussion on the
importance of bilateral kinematics.

4.1. The Importance of Bilateral Kinematics

A major focus in the BLUE SABINO design has been to support a large ADL-compliant
workspace for both arms. This means that each exoskeleton arm can only occupy space
on the side of the body that it supports. This constraint drove the original placement of
the shoulder singularity in UL-EXO7 and the design and placement of PRISM for BLUE
SABINO. To our knowledge, these elections and the resulting design furnish BLUE SABINO
with the largest workspace of any bilateral robotic exoskeleton system to date. While
PRISM will further extend this workspace with the ability to maintain proper shoulder
alignment during scapulothoracic movements, the range of motion provided by J3–9 is
already sufficient for the majority of tasks in both healthy and impaired users.

The bilateral capability allows individuals with impairment from stroke—a highly
heterogenous population that primarily results in one-sided impairment—to perform
intra-subject comparison between left- and right-side function. It also supports both
the assessment and training of bilateral tasks such as folding clothes, washing dishes,
cooking, or driving a car. The benefits of bilateral training have been reported in the
literature for decades and have been shown to produce improvements in both bilateral and
unilateral function. A bilateral exoskeleton system like BLUE SABINO has the capability
to leverage these findings and quantitatively compare outcomes from different bilateral
training approaches.

4.2. Kinematics and Spatial Accuracy

Achieving high positioning accuracy in the joints is extremely important for precision
assessment instruments. While error varies with speed of motion, in the ranges of speed
anticipated, average errors were 0.3 deg and 2.8 deg/s in 1 Hz sine-wave tracking, less than
1 deg and 8 deg/s in 0.1–2 Hz chirp testing, and 2 to 4 mm at the wrist in the trajectory
tracing of predefined profiles. The correct measurement of its own position at the wrist
(as confirmed by a separate motion-tracking camera setup) was more accurate than the
accuracy of tracing predefined profiles. The system’s self-measurement of position via
motor encoders provides average errors between 0.4 and 2.1 mm. As a system for precision
measurement, these are acceptable values as the measure of true position is the most
relevant for impairment assessment.

The spatial accuracy of the system is a product of correct kinematics, the avoidance
of play in joints and gearing, the rigidity of linkages, and precision sensing. Comparing
motor encoder-driven forward kinematics (i.e., robot-calculated wrist position) to wrist
position, measured with a motion-capture system (i.e., true wrist position), the BLUE
SABINO achieves a highly accurate self-awareness of pose. The accuracy was highest in
the frontal (X-Y) plane (~0.4 ± 0.4 mm) during the UofI-I task and was about five-times
higher on average when the movement involved motions in the Z direction, perpendicular
to the frontal plane. The UofI-I was the only task that involved no motion in the Z direction.
It is possible that this difference in accuracy reflects play in the joints involved in the
Z-direction movement and can be further reduced with error compensation strategies.
Further testing and analysis should be conducted to confirm the accuracy of motion in
the different directions as well as in different locations of the workspace, and the results
can then be used to steer the error compensation approach as needed throughout the
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workspace. Accuracy in trajectory tracing may be further improved through additional
control optimization.

4.3. Anthropometric Adjustability

The anthropometric goal of the design was to accommodate 95% of the population
(5th percentile male/female to 95th percentile male/female). While all but one of the
adjustments are larger than the corresponding target range, some ranges are far greater
than anthropometrically needed. The large range of shoulder width adjustment facilitates
greater ease of use during subject ingress/egress and provides space for single-arm system
use without full system separation.

The only values that currently fall short of the full target range are the sizes of forearm
attachments, which lack coverage for the smallest arm sizes. However, it is worth noting
that there is progressively less difference between percentiles at the lower end of the range,
and as such, smaller subjects can easily be accommodated in the reported design by adding
or changing the layers of internal HRA foam padding.

Between the adjustable range and use of additional layers of foam, a single adjustable
HRA can provide a secure and comfortable fit with arms of the full 5th-to-95th-percentile
target range. The current HRA design, however, does not adjust the radial offset from
the exoskeleton (with respect to the long axis of the arm) to compensate for misalignment
between the arm center and rotational center of the exoskeleton. If this alignment error
were large, this offset would produce a noticeable circumduction of the arm around its
long axis during axial rotation. Fortunately, the alignment error remains small across the
expected population size (see Figure 36) and is imperceptible by subjects during use.
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represent the center location of each ellipse when the adjustment is fully contracted (cyan), centered
(yellow), and fully expanded (green). Red axes represent the model coordinate system which was
built around the 50th-percentile arm.

The most important segmental alignment occurs at the hand, where the end-effector
position determines the position and orientation of the hand with respect to the envi-
ronment. However, even axial offsets from J7 (pronosupination) at the hand would be
unnoticed during use, as the force-based impedance controller will move multiple joints in
order to minimize forces and torques felt on the arm; this includes forces from misalign-
ments. Interestingly, the palmar geometry of the hand HRA includes a convex portion that
seats within the concavity of the palm and which tends to center hands of different sizes
(including small percentiles) at the center of rotation, even if a gap is present between the
lateral aspect of the palm and the base of the adjustable hand HRA.
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4.4. Safety Systems

In the interest of maximal safety, redundancy and automation are key aspects of the
safety architecture. Multiple systems (human, software, and sensors) continuously observe
the machine’s state and watch for signs of unwanted characteristics (motion, force, and
electrical). While having manual stops is a necessity, the human response time is an order
of magnitude slower than automated error detection. For this reason, extra effort has been
put into building inherent safety within hardware and software limits. Software limits
include both position- and velocity-based limits and can be easily adjusted to reduce the
allowable workspace for subject-specific motion limitations. The hardware limits are more
difficult to adjust, as changing mechanical plates and inserts requires disassembly and
re-assembly, but it remains an option for reducing the mechanical workspace further.

Position Limits—BLUE SABINO’s soft stops operate over the last three degrees of joint
ROM. Because the soft stops are designed to stop motion prior to contact with the hardstop,
under normal movement conditions, the soft stop provides progressive slowing over a
three-degree range approaching each hardstop. While this may alter the contribution from
joints acting near a system joint limit, we anticipate that this will primarily affect tasks
performed close to and far from the body, such as specific hygiene tasks (e.g., brushing
the teeth, washing the neck) and specific reaching tasks, when objects are placed near
the borders of the user’s workspace. Since most tasks can be evaluated in different parts
of the workspace and bimanual tasks take place in the center where left- and right-arm
workspaces overlap, the impacts on natural movement in ADL tasks can be minimized or
eliminated, particularly for tasks performed by individuals with impaired (i.e., reduced)
workspaces.

Velocity Limits—BLUE SABINO’s velocity is continuously monitored by changes
in motor-encoder position. The velocity command from the controller is capped by a
saturation threshold, and the threshold value can be configured based on individual user
capabilities or level of comfort with the exoskeleton. If the velocity threshold is set too low,
the naturalness of free motion will be decreased. To maintain naturalness, the system should
permit velocities in the expected ADL range of 100–200 deg/s depending on the joint.

Force Limits—The levels of interaction force and torque permitted between the user
and exoskeleton are monitored via force sensors in the fingers and via force-torque (F/T)
sensors in the arm. Similar to velocity thresholds, this force level is restricted by satura-
tion thresholds that can be configured to the individual. At their maximal levels, these
thresholds are limited to the safe operational ranges of each axis of the sensor, ensuring
that accurate interaction forces are constantly monitored. Below this level, increasingly
restrictive thresholds can be applied. In system testing so far, the limits imposed by the
F/T sensor operational ranges are sufficiently well-suited for the range of human–machine
interaction forces and torques encountered, such that we have not needed to limit the F/T
thresholds further.

One layer of safety that is not fully addressed by the safety systems reported above
is the potential for contact between the user and the exoskeleton outside of the HRA
locations. With the use of high-precision responsive F/T sensors and a high-bandwidth
low-impedance controller, any force or torque on the F/T sensors will result in a movement
of the exoskeleton away from the applied load. It is important, therefore, that nothing in the
environment contacts the exoskeleton except through the measurable interfaces of the F/T
sensors. Due to the large workspace of the shoulder and the interrelation between J3 and J4,
it is possible for the arm to rest directly against the body and even apply pressure on the
body. This situation is safe if the physical contact is between the user arm and user torso,
as contact with the inner surface of the arm will apply an opposing load on the F/T sensor
and stop exoskeleton motion. However, if contact is permitted between a non-sensorized
portion of the exoskeleton and the user, no F/T command will be generated to slow or
reverse exoskeleton motion. In the BLUE SABINO design, the main ways this can occur
are as follows: (1) a free hand (not secured to the orthosis) is inadvertently used to apply
loads to the exoskeleton F/T sensor, or (2) the user is in a neutral or supinated forearm
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pose and brings the hand too close to the lap in a seated position. In the latter case, the
wrist flexion-extension motor at J8 can contact the legs. For an able-bodied user with full
sensory function, this is easily detected and avoided. The safety for impaired users with
potential motor and sensory losses is not as clear.

To improve safety in collision avoidance between the exoskeleton and all users, a
boundary should be added to the software similar to the soft stops approaching the
system’s mechanical hardstops. This boundary should surround the known locations of
the user, such as the torso and upper thighs, and can be customized to the anthropometrics
of each user to maintain the maximal free workspace of the arm and hand.

4.5. Admittance/Impedance Control

In the 1 Hz sine-wave tests, the RMS velocity error increases with command state
frequency but remains under 8 deg/s for all joints over the tested range. The PD tuning
used achieves higher-fidelity position-state tracking than velocity-state tracking. This
is a consequence of the relatively large proportional gains selected to leverage the high
positional accuracy of the motor encoders. However, in future work, the effect of improved
velocity-state tracking should be investigated since velocity-state accuracy is known to
correspond well with force-tracking performance in admittance control. Additionally,
inertia compensation might improve overall performance since the velocity-state tracking
degrades with increased frequency.

Comparing the tracking performance of the individual joints, J1 exhibits the highest
overall position-tracking error (Figure 30), but the magnitude ratio and phase lag are
in line with the other joints. The elevated position-state error likely reflects the base
joint’s relatively high gravity and inertial load. Increasing the proportional gain or the
gravity compensation for J1 could improve its positional accuracy; however, the control
torque for J1 (Figure 32) indicates that the requested torque already exceeds the continuous
torque rating frequently. Therefore, the performance of J1 could likely be improved by
the inclusion of a gravity balance mechanism, as proposed in [106,107]. Figure 28 shows
that joints J3 and J5 exhibit a relatively high velocity-tracking error, especially when the
command signal changes sign, crossing through zero velocity, where nonlinear friction
effects are significant. These joints show elevated velocity-error variance over the entire
frequency range (Figure 31). Interestingly, the time-series response and error (Figure 28) are
remarkably consistent between repetitions of the sine-wave input. These results suggest
that stiction on these joints is impacting performance. The state-tracking error appears
to build up due to joints sticking at low speeds; then, when friction is broken, structural
excitation occurs (Figure 28). Therefore, the performance of these joints might be further
improved by supplying additional nonlinear friction compensation, or by increasing the
value of their derivative gains.

Overall, the tracking performance is accurate, and state tracking exhibits reasonably
low variance. While further tuning could potentially improve state-tracking performance,
these results establish a benchmark of BLUE SABINO’s performance and demonstrate
that the proposed tuning is sufficiently performant for the development of admittance
force control.

4.6. Biosignal Acquisition

Through the simultaneous collection of biosignals and robot kinematics and kinet-
ics, we were able to obtain and visualize a number of expected patterns in the data.
Figures 34 and 35 nicely illustrate the temporal relationships between measures of the
experiment where shoulder interaction torque is registered first, which then drives velocity,
and eventually induces displacement. The EMG activation of the shoulder is seen about
100 ms before the onset of force generation in the HMA. Table 12 shows that EMG correlates
with movement speed [112], and EEG features (beta and low-beta power) correlate with the
amount of shoulder interaction loading which may be similar to the previously reported
relationship between EEG and force observed in fingers [113].
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We were also able to observe expected power changes in the mu (µ) and low-beta
(Lβ) bands from the EEG signal over the contralateral (left) sensorimotor area. Beta and µ

oscillations are known to decrease with movement—a phenomenon referred to as event-
related desynchronization (ERD) or power suppression. After movement stops, these
oscillations remerge—a process known as event-related synchronization (ERS) [99]. For
the biosignal validation experiment, the µ and Lβ power over time display the expected
patterns of desynchronization and synchronization (Figures 34 and 35). These patterns
coincide with kinematic features and EMG activation in shoulder muscles. Trends are
observable for the periods of active movement (both in reaching and coming back to the
starting location). Moreover, Lβ power topographical maps reveal a prominent decrease
in power over the left hemisphere (blue in Figure 35), specifically over sensorimotor
areas [100,114].

While µ and Lβ ERS responses are present, they are less prominent than expected
due to the task design. The relatively short inter-trial intervals caused movement offsets
and the preparation for the next movement to overlap. Therefore, longer wait periods in
the task are needed to ensure enough time after movement to fully discern ERS in both
frequency bands [114].

Noise was successfully mitigated using the same pipeline previously used in experi-
ments without the robot [97]. This confirms that if the correct impedance levels are ensured
during participant’s setup, the EEG signal is not particularly susceptible to noise from the
motors and other hardware of the exoskeleton.

Muscle group activation, derived from EMG, was consistent across all the repetitions
of the experiment. These activations also highlight the muscles used for each of the gestures
in our task. The deltoid and trapezius muscles were primarily used in the outward-reaching
motion, while the deltoid and pectoralis major were most active in coming back to the home
position. This is seen in Figure 34, where muscle group activations coincide with kinematic
patterns. From the plot, a reduction of pectoralis major activation below baseline is also
seen during the outward movement, highlighting its lack of involvement in producing
the movement but also the importance of its activity suppression to avoid hindering the
movement generated by its antagonist muscle, the trapezius.

Another meaningful result can be seen in EMG activation remaining high while the
human–robot interaction torque falls, indicating high force transparency during move-
ment while the user primarily supports his or her own weight and inertia. High force
transparency, also called low impedance, is one of the most difficult modes to achieve in
exoskeletons and is also one of the most important factors in allowing individuals to move
freely and unrestricted. This mode is the basis from which all other control modes of the
exoskeleton are built (e.g., assistive, resistive, and others).

The results of our biosignal experiment confirm our system’s ability to simultaneously
and synchronously record and quantify multi-domain information related to movement.
The results show the validity of the features, as they align with the literature and prior
expectations. However, it is important to replicate the tests on a larger sample size and
expand to tasks with different movements using the forearms and hands in unimanual
and bimanual tasks, both of which are implementable with BLUE SABINO. Here, shoulder
movements were performed, as these large actuators are more likely to affect the signals,
especially the EEG, with electromagnetic noise from motors and cables lying closest to the
EEG sensors.

5. Conclusions

In this paper, we have introduced the design and validation of a new robotic instru-
ment for the bilateral assessment of arm and hand function. While our initial focus in
its development has been to support future investigations of the underlying sources of
function and impairment after neurological injury, the resulting instrument can have utility
in a wide variety of applications in multidisciplinary fields, combining engineering, neu-
rorehabilitation, neurophysiology, neuropsychology, and computer science. At the nexus
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of neurorehabilitation and neurophysiology, for example, applications may include the
analysis of movement primitives and the characterization of impairment and recovery
mechanisms. In the overlap between engineering and neurorehabilitation, the system
provides opportunities in brain-machine interfaces and neuroprosthetics, as well as in the
investigation of optimal training methods, with the ability to compare different approaches
on the same device. Other applications may include virtual reality training, psychometric
studies, and baselining normative human motor and sensory function. In the short term,
using BLUE SABINO, we hope to investigate healthy, impaired, and enhanced human
function in the arm and hand, particularly as it contributes to activities of daily living and
other aspects of healthy lifestyles. Our long-term goal is to improve the understanding
of underlying impairments and quantitatively investigate therapeutic approaches to the
neurological recovery of function.
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Appendix A. Parallel Mechanism Design for Axial Rotation about the Arm

The parallel mechanisms of the upper and lower arm are similar to a classical four-bar
(Figure A1A), except that both input and output links each have a third joint that forms a
triangle with the first two joints, such that the additional joints can be attached to a fifth link
in parallel with the intermediate link (Figure A1B). Both the intermediate and fifth link are
then extended beyond the connection to the output link to allow a sixth link to be driven in
the same way as the output link, but at a further distance from the input without needing
a bearing at its center (Figure A1C). In this way, a 180-degree rotation of a motor, located
beside the arm, can induce an equivalent rotation about a remote center (RC) aligned with
the long axis of the arm (Figure A2A).
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Figure A1. A triple-pivot four-par mechanism is similar to a standard four-bar mechanism (A), with
two intermediate links operated in parallel (B), and with both intermediate links extended beyond
the output link pivot to a remote center (RC) output link (C).

Variations of this mechanism have been used in two previous exoskeletons—one for
the internal–external rotation of the shoulder [71] and the other for the pronosupination of
the forearm [17]. Although novel in its application to exoskeletons, the same mechanism
was used decades earlier to apply full-round edges to the cutting surfaces of grinding
wheels ([70], pg. 93). In the Limpact design [71], the long and slender linkages’ geometry
produced an overly flexible assembly. In the BLUE SABINO design, the stiffness of the
assembly has been significantly increased. The link cross-sectional dimensions are widened
and machined with hollow cavities to improve strength-to-weight ratios further. Deep-
groove ball bearings are used to keep friction low while allowing moderate support against
both axial and radial loading.

All ball bearings have some degree of axial and radial play (i.e., looseness between
balls and bearing raceways). In a serial chain, the combined play of many bearings can
result in significant end-effector displacement, limiting control accuracy and bandwidth.
For these reasons, a dual preloaded bearing shoulder-bolt design was used to minimize
play (Figure A2B).
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Figure A2. Remote-center mechanisms. (A) Remote-center mechanisms at the upper arm and forearm
allow the placement of actuators for internal/external rotation and pronation/supination away from
the anatomical centers of rotation. (B) The mechanisms use ball bearing pairs that are spaced apart
to reduce angular play resulting from each bearing experiencing radial play in opposite directions.
Precision shims ensure a snug fit at each bearing interface. The shims and compression preload
applied by the precision shoulder bolts reduce both axial and radial play.

Appendix B. Friction Modeling and Compensation of Harmonic Drive Motors

Using Copley Control’s CME2 driver control software, the XE2 motor drivers were set
to velocity-control mode. A minimum threshold torque value to overcome Coulomb and
viscous friction was established for each motor as the minimum positive constant velocity
command that produces consistently low acceleration. This value indicated the minimum
torque needed to compensate for drive inertia.

To capture the complete relationship between friction torque and drive velocity, a
range of velocity commands between −4 and 4 rad/s was applied to each actuator for
~30 s each. Velocities in this range were sampled strategically to achieve enough density
of samples in the low-speed range to capture Stribeck effects. The resulting measured
velocity and applied torques were recorded for each velocity. The steady-state torque
required to maintain constant velocity was estimated as the average recorded torque at
each sample velocity. These mean torque values are plotted against command velocity to
create friction–torque/–velocity maps (Figure A3).

Several mathematical models have been fit to the friction–velocity maps using MAT-
LAB’s FMINCON optimization function [77]. The cost function used was

C =
N

∑
i=1

|τmeas− τ̂f|, (A1)

where N is the number of sampled velocities, τmeas is the average control torque measured
from the motor driver and τ̂f is the estimated torque computed from the mathematical
model. The mathematical model best describing the friction of the motors is
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where ci are the coefficients, i =
[
1, · · · , 4

]
, found via optimization, and

.
θ is the motor’s

velocity. The coefficients fit using FMINCON are presented in Table A1. Coefficients c1 and
c2 control the amplitude and slope of a slow-velocity component, respectively, whereas
coefficients c3 and c4 determine the amplitude and slope of the high-velocity component.
In other words, the first two coefficients capture Coulomb friction effects while the second
two model viscous friction. While this model does not capture the impact of Stribeck
friction, this is considered an acceptable tradeoff since Stribeck effects are observed to be
low magnitude and the sigmoid functions offer advantageous properties, namely they are
smooth, continuously differentiable, bounded, and monotonically increasing.

When the optimized fit parameters from FMINCON were applied to compensate for
friction in control, high-frequency vibration at a low motion speed occurred. This effect
is particularly noticeable if the gain on friction compensation approaches one (i.e., total
model compensation). Notably, the steep slope of the coulombic friction term, c2, was
determined to be the progenitor of this issue. At low speeds, noise in the velocity signals
measured by encoders is multiplied by relatively high friction compensation values, and
chatter, i.e., feedback amplification of encoder noise, can occur. While setting a lower gain
on the entire friction model (~0.4–0.6) does prevent chatter, it also has the unfortunate
effect of reducing viscous friction compensation. We resolve this issue by using a modified
set of coefficients with c2 intentionally reduced to improve noise rejection. These relaxed
parameters (also recoded in Table A1) enhanced overall performance at the cost of some
loss of Coulombic compensation. They successfully reduce Coulombic chatter without the
reduction of viscous compensation (Figure A4).
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Table A1. The coefficient values used with Equation (18) to estimate friction-based torque for each
motor type are listed.

Motor
FMINCON Best Fit Relaxed Coulombic Friction
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Appendix C. Biosignal Acquisition Signal Quality Factors

Several factors are known to affect the quality of measured biosignals, such as high
impedance between the electrode–skin interface, proximity to electromagnetic noise-
emitting devices (e.g., motors, power cords, lighting), movement artifacts introduced
with the motion of the biosignal acquisition electrodes or cables, and unwanted crosstalk.
While these can affect signals in both EEG and EMG measurement, EEG is particularly
susceptible to noise as the signal size is about three orders of magnitude smaller than that
of EMG.

Electrode–Skin Impedance—The quality of biosignals is enhanced by maintaining a
low contact impedance at the interface between the electrode and skin, usually facilitated by
applying a conductive gel between the two. Other aspects of interface preparation for EEG
may include ensuring the hair and scalp are recently washed, the absence of hair products,
parting the hair to facilitate more direct contact with the scalp, and the proper sizing of the
cap to ensure even pressure against the electrodes. For EMG, interface preparation to lower
impedance includes roughening the skin with a high-grit sandpaper, oil removal with
alcohol wipes, and properly drying the skin prior to the application of electrode adhesives.

Environmental Noise—Nearby sources of electromagnetic noise, such as 60 Hz noise
from line power and lighting, can be picked up by sensitive biosignal equipment. This
makes the selection and preparation of the environment an important consideration. Al-
though some noise is picked up directly at the sensor, additional noise is gathered along
the length of the cable on the way to the amplifier. Active electrodes that convert analog
biosignals to digital prior to transmission to the amplifier are better able to protect the raw
signal from additional noise, such as motor windings and electrical power.
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Movement Artifacts—Unwanted artifacts can occur in both EEG and EMG. The move-
ment of an electrode changes the population of signals that lie within the electrode’s
area of focus. The movement of cables changes the electromagnetic field in which the
cables reside and can impart forces on the electrode that affect the electrode–skin interface
pressure, which in turn affects impedance. Movement artifacts can be mitigated through
low-impedance interfaces, the use of active electrodes, shielded cables, and proper sensor
and cable securement, as well as by following simple, repeatable tasks that minimize
variation between repeated measures. The removal of remaining artifacts can be achieved
by pre-processing strategies such as independent component analyses (ICA).

Crosstalk and Volume Conduction—All surface electrodes are akin to a microphone
listening to sounds from within a conical volume below the skin. As a result, each electrode
will pick up activity from multiple sources (e.g., neighboring EEG, eye blinks, jaw muscle
contractions); this is known as “crosstalk” in EMG and “volume conduction” in EEG.
However, by measuring with a sufficiently large array of redundant sensors, applying ICA,
and knowing each electrode’s relative location in the array, some of the independent signals
can be reconstructed from the overall dataset.
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