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Abstract

A novel 3-degrees-of-freedom (DOF) spherical mechanism, singularity-free in the
anatomical shoulder joint workspace, is described. The use of curved scissors linkages
interconnected by revolute joints, whose axes share the same remote centre-of-motion,
achieves the most compact design of its kind. The kinematics of this scissors shoulder
mechanism (SSM) are derived and presented. A design equation restricting the linkage’s
curvature by the central/pitch angle of the fully stretched scissors is obtained. Motion-
captured data are used for validating the reachable 3-d workspace while a test-subject is
wearing a null protraction/retraction constrained exoskeleton. The embodiment of the SSM
as a shoulder joint for an exoskeleton device does not compromise the upper extremity
function within the anatomical reachable 3-d workspace. It operates within a volume of
0.236 m3, corresponding to 68.09% and 94.97% of the volumes of the full active (0.350
mq) and null protraction/retraction constrained active (0.223 m®) reachable workspaces of
the test-subject, respectively. Thus, the SSM represents a simplification of a spatial
spherical mechanism design and overcomes the need for the use of redundant links and
optimization routines.

Keywords
Scissors spherical mechanism, Compact shoulder mechanism; Scissors linkages;
Kinematics; Exoskeleton; Reachable Workspace.



1. Introduction

The need for spherical mechanisms and robotic spherical manipulators is increasing.
The conventional industrial serial manipulators, composed of consecutive revolute joints,
can work around an object but they often require a change of configuration when the robot
approaches a singularity [1]. From that point, changing the configuration of a manipulator
with straight links can be problematic, as it must be simultaneously ensured that the robot
does not collide with objects. For this reason, the creation of serial spherical mechanisms
with curved links is advantageous, as they work on a spherical surface around the object.
Most of the spherical shoulders are composed of three perpendicular rotation axes (3R),
thus behaving like a gimbal mechanism [2—4]. An inherent disadvantage of this class of
mechanisms is locking in inevitable singular configurations. To avoid the complications
related with the singularity, some improvements and workarounds were made in the past:
for example, the use of extra/redundant linkages [5] and design optimization on linkages’
lengths [6] were reported.

Spherical mechanisms are critically important for building an exoskeleton’s shoulder
joint, since it has to surround the anatomical shoulder structure while pairing with its
motions. Since the anatomical shoulder joint is a spherical ball-and-socket joint itself, the
surrounding biological structures (bones, muscles and skin) will occupy the workspace of
the shoulder mechanism. Additionally, both joint centres must coincide to avoid discomfort
[7]. Attempts were made to meet these requirements. In some works [2—4], the spherical
serial mechanism was configured in such way that the singular configurations lie outside
the anatomical reachable workspace. Lo and Xie [5] also suggested a 4R shoulder
mechanism with the addiction of an extra revolute joint, but this extra joint creates
kinematic redundancy. The double parallelogram mechanism proposed by Christensen and
Bai [8] is able to produce singularity-free rotations in the anatomical shoulder joint
workspace, which is a variation and a down-scaled version of the classic double
parallelogram mechanism [9]. On the other hand, despite its singularity-free characteristic,
the mechanism protrudes out of the shoulder region and its lack of compactness
compromises its wearability, which is usually a challenging and relevant design feature in
these devices [10,11].

In this work, we attempt to achieve a mechanism which is both singularity-free in the
anatomical shoulder joint workspace and as compact as a serial spherical mechanism by
means of scissors with curved linkages. The traditional scissors mechanism can be found
in lifting and tongue mechanisms [9] and has also been used to generate deployable spatial
structures [12,13]. A famous case is the one proposed by Charles Hoberman, a radially
deploying structure, which resulted in a well-known children’s toy, the Hoberman Sphere
[14]. A few years ago, the use of curved scissors linkages in a so called “symmetrical
parallelogram mechanical network™ was presented by Kocabas [15] as a 1-DOF gripper
mechanism. Other authors, Watson et al. [16], also referred to these as spherical
pantographs. To the authors’ knowledge, the extension of curved scissors linkages to a
spatial shoulder joint has never been explored.

In this paper, a novel serial spherical scissors mechanism with crossing, curved
linkages is proposed and described. Its kinematics are derived and the respective
manipulability measure will be used to evaluate the performance of the mechanism and
eventual singular points in its workspace. An application case of the mechanism as a
spherical joint for an upper extremity exoskeleton is presented. The device’s performance
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is evaluated by experimentally measuring the reachable 3-D workspace on a participant
while wearing and not wearing a real prototype. The paper will be concluded with the
discussion of these results.

2. Mechanism Kinematics

2.1. Conceptual development

The anatomical shoulder complex is an intricate joint which is mainly capable of
performing three rotations (flexion/extension, internal/external rotation and
abduction/adduction) about three different axis perpendicular to three distinct planes and
has two translation directions (elevation/depression and protraction/retraction), as
exemplified in Figure 1. Designing mechanical shoulder joints that are singularity-free in
the anatomical shoulder joint workspace is a problem that has been addressed repeatedly,
either by repositioning the axes of the typical curved serial linkages shoulder configuration
or by using redundant linkages. The problem for one particular case was comprehensively
dissected by Lo and Xie [17]. For the configuration presented in Figure 2-A, the existing
singularity of the system coincides with the posture of a 90° shoulder flexion as represented
in Figure 2-B. At this singularity point, the mechanism’s internal/external rotation axis
aligns with its abduction/adduction axis, resulting in the loss of a DOF. The practical
consequence is that the mechanism no longer allows shoulder movements in the direction
of abduction/adduction, hence compromising its functionality.

Elevation
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\
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Figure 1. The anatomical shoulder complex is capable of three rotations about three
different axis perpendicular to three distinct planes (colored planes) and two translation
movements (black arrows).



To solve this singularity problem, an attempt was made to create a similar mechanism
with the exact same rotational properties but without the kinematic constraint imposed by
the singularity. Taking Figure 2-B as the starting point, it is possible to substitute the first
curved link of the shoulder mechanism by a sliding element such that enables avoiding the
singularity problem when the arm attains a 90 degree shoulder flexion. Such a sliding
element was designed as a rhombus mechanism, as shown in Figure 2-C, and it allows the
abduction/adduction movements to be performed. The introduction of this rhombus
mechanism results in the addition of an extra revolute joint in the spherical joint, which
allows removal of the very last of the original joints (along the longitudinal axis of the arm)
given its redundancy as depicted in the final Figure 2-D.

Figure 2. (A) The original configuration of the spherical shoulder mechanism discussed
by Xo & Lie [17]; (B) The posture in which the configuration presents a singularity with a
loss of a DOF as result of the alignment between the mechanism’s internal/external rotation
axis (green arrow) and its abduction/adduction axis (blue arrow). (C) By introducing the
first linkage in the joint by the simplest spherical scissor mechanism (one rhombus), the
mechanism recovers the missing DOF. (D) The original sliding mechanism corresponding
to the third rotation axis, longitudinal to the segment, then becomes redundant.

The obtained spherical joint is, however, still not useful in the context of an exoskeleton
due to the interference of the edges in the big diagonal with both musculatures of the arm
and of the clavicle region when the mechanism is collapsed. Figure 3-A illustrates this
problem. The solution is presented in Figure 3-B as the single rhombus is discretized into
smaller rhombi as it will be explained in the following section.

2.2. The scissors shoulder mechanism

Curved linkages with known, constant curvature (fixed radius), will make all linkages
of the rhombus move on a spherical surface, as illustrated in Figure 4. This occurs since all
revolute joints’ axes share a common remote centre-of-motion (RCM). In a spherical
mechanism, a link is characterized by its great circle arc — i.e. the geodesic — between two
joints at the sphere centre [18]. Thus, this spherical shoulder mechanism with three DOF
will be hereinafter designated as the scissors shoulder mechanism (SSM)!. One of its key
features is that its linkages lay and move always on a spherical surface with a pre-defined

! The mechanism has been also named as ‘CXD’, short for Compact X-scissors Device.
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radius, which is essential to the achievement of a compact design in a spherical shoulder
mechanism.

Figure 3. (A) The configuraﬁon of the spherical scissor mechanism with one rhombus still
interferes with the upper arm anatomy by penetrating within its volume; (B) Therefore, the
initial single rhombus can be discretized in smaller rhombi, in this case two rhombi.

Kinematically, the SSM is equivalent to a serial manipulator. This makes the modelling
of the mechanism straightforward. Figure 4 shows the setup of coordinate systems and
motion parameters of the three rotations on a single and simplified rhombus.

In the case of multiple rhombi composing the SSM as exemplified in Figure 5, the
smallest linkages have one half of the arc length, which is defined as the product between
the linkage curvature angle and the spherical radius, while the longer crossing linkages
maintain their original arc length. This can be of importance in assemblies where it is
desired to minimize the spherical area occupied by the mechanism, i.e. the total area
enclosed by the linkages. In comparison, the area enclosed by the linkages of both rhombi
ABCD and DEFG shown in Figure 5 represents half of that enclosed by the linkages of the
rhombus ABCD shown in Figure 4.

The kinematics of many spherical mechanisms were previously presented [19]. The
derivation of the kinematics of a similar spherical gripper mechanism was presented by
Kocabas [15] using a set of projection angles to describe the mechanism’s capability of
grabbing objects. A new kinematic formulation for this SSM will be derived for the simpler
single rhombus version, showing the ease of driving this mechanism from its base joint
like a pure spherical shoulder mechanism.

2.2.1.Forward Kinematics

To model the single rhombus shown in Figure 4, the RCM was chosen as the common
origin for all reference frames of the links comprising the mechanism. This helps
simplifying the use of a Denavit-Hartenberg [20] angle convention for lower-pairs since
radial distances and elevation parameters are not included. According to Ouerfelli and
Kumar [21], the spherical mechanism with a closed loop is separated into two distinct
chains: an upper and a lower chain with even and odd indexing, respectively. That said, the
inter-linkage joint angles set ¢; and the associated linkages’ twist/curvature angles a;_
are presented for the upper chain linkages 11 and 1V of the SSM in Figure 6 and in Table 1.
An extra linkage six is added to represent the rotations of an end-effector link. The z-axis



of the reference frame in each linkage points along its proximal revolute joint axes while
the x-axis points to the left, perpendicularly to the great circle where that linkage lies
(denoted by the dashed lines in Figure 6).

Figure 4. The principle of the novel SSM — a spherical mechanism. Each linkage describes
a great circle arc, between two revolute joints, on a spherical surface. The mechanism
rotations are described by the Euler angles of Z-X-Z convention: 6,, 6, and 6,
respectively.

Table 1. Denavit-Hartenberg parameters of the SSM.

Link a;_q Qi
I 0 P1
1] 0 0,
\' a -,
VI a Pe

The rotation matrix R,, corresponding to the transformation from the end-effector
coordinates to the global reference frame, is readily obtained as

Re = Rz(¢1)Rz(@2)Rx(@)Rz(—@2)Rx(@)Rz(¢6) (1)

R, can also be found by resorting to three sequential rotations with three Euler angles
8; following the ZXZ-angle convention. This is valuable to relate the scissors’ internal
angle ¢, with the pitch angle 6, of the end-effector of the manipulator. Hence, two of the

relations can be directly derived from known angular quantities shown in Figure 6, while
the third relation can be obtained from the spherical law of cosines shown in Equation (2).

cos 0, = cos? a + sin? a cos(m — ¢;) )

These relations are described through Equations (3), (4) and (5).
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Figure 5. A SSM constructed with two rhombi/scissors. This enables decreasing the
spherical surface occupied by the mechanism, which can be advantageous in some
situations.

01 =¢ + % (3)
6, = arccos(cos? @ — sin? a cos ¢,) (4)
03 = ¢ — % ®)

Finally, rotation matrix R, entries are presented in the following Equation (6),

Re = Rz(01)Rx(68,)Rz(63) =
cO;c03—sB,cO,s0; —cO;s03—sbO,cO,cH; sO;s0,
sf,cl3+cH,cl,s0; —sB;s03—cH;cl,cl; —cb;s0, (6)
s0,s03 sf,cl; co,

where c; and s6; correspond to the cosine and sine functions of a 8; angle, respectively.
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Figure 6. Description of the SSM in terms of the inter-linkages angles. Two angles sets
can help describing the kinematics of the mechanism: the inter-linkage joint angles set ¢;
and an Euler angles set 8; following the ZXZ-angle convention. A curvature angle «a is
associated to each linkage.

Figure 7 shows the scissors’ internal angle ¢, with the pitch angle 8, of the end-
effector (the most distant vertex of the scissors), where an inverse proportionality between
the pitch angle 6, and scissors’ internal angle ¢, can be observed. Moreover, for a closed
and stretched scissors (¢, = 0°), the pitch angle 6, is twice that of the curvature angle «
corresponding to the arc length of each linkage.
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Figure 7. End-effector pitch angle 6, - internal scissors angle ¢, relationship for different
values of links curvature angle. On a single rhombus SSM, for a given curvature angle
curvature angle a corresponds a pitch angle 8, with twice its value.

2.2.2.Inverse Kinematics

The inverse problem consists of computing the three Euler angles 6; from a given final
positions of the end-effector of the manipulator. This can be achieved by initially
calculating the value of the pitch angle 8, directly from the last entry of the rotation matrix
R, as in Equation (7). The r;; represents the matrix element in the i row and j*" column.
Since the mechanism operates in the range of 8, € [0, 2«], only the positive angle from
Equation (7) is of interest.

cos 6, =135 @)

Once the pitch angle 8, is known, the remaining elements in the last row and last
column of the rotation matrix R, can be paired in terms of the remaining 8, and 65 angles
and trivially obtained by the geometrical tangent function as in Equations (8) and (9).

0, = arctan2(ry3/s 65, — 123/ 65) (8)
05 = arctan2(r3,/s 0, ,132/565,) 9

Upon these solutions, the mechanism’s joint angles ¢; can be obtained using Equations
(3), (4) and (5).

2.2.3.Manipulability Analysis

A manipulator’s Jacobian matrix J(0) relates the mechanism’s joint velocities © with
the angular velocity w, of its last reference frame, i.e. the angular velocity of its end-
effector



w, =J(0) 6 (10)

where the generalized velocity vectoris ® = [8, 6, 65]7, and the end-effector angular-
velocity vector is w, = [@x @y @z]T,

According to Euler’s rotation theorem, any sequence of rotations can be described by
a unit vector k — the instantaneous axis of rotation — which is then scaled by the amount of
rotation 6 about that same axis. The theorem can then be extended such that, at any time
instant, the angular-velocity vector w, is equal to the speed of rotation 8 about that same
instantaneous axis of rotation k — see equation (11).

w, = 0k (11)

Likewise, the angular-velocity vector w, can be derived from the skew-symmetric
matrix S of the angular-velocities for the particular rotation matrix R, of the mechanism
[22]. This is achieved by solving the matrix Equation (12), which corresponds to the three
independent Equations (13), (14) and (15).

0 —w; Wy
S=R.Rl=|w, O —wxl (12)
—wy Wy 0
Wy = 31721 + 132122 + 733723 (13)
Wy = T11731 + 12732 + 113733 (14)
Wy = Tp1711 + Toolip + 123713 (15)

By solving these equations for the generalized velocity vector 6, it is then possible to
obtain the following Jacobian matrix J(0) for the mechanism — Equation (16).

0 cO; s6;s06,
](9) = [0 591 —C91592
1 0 co,

(16)

The manipulability, w(0), accesses whether the maximum rank of the Jacobian matrix
is, at a given point, lower than the number of DOFs of the mechanism [23]. For this
spherical joint, the manipulability is found as

w(8) = /det(J(8)J7(8)) = [det(J(8))] = |s 6,] (17)

For the sake of enabling actuation of this mechanism in future applications, the
manipulability can also be expressed in terms of the inter-linkages angles ¢ and linkage
curvature angle a, i.e. w(e, a). This can be quickly achieved by recursively deriving the
Jacobian matrix J(¢, a) in the end-effector frame, by propagating the angular velocity from
link to link [22]. Thus,
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(0
‘we = [J1(@ @) J2(@.0) J3(@ )] |92 (18)
Pe
where
0
J1(@, @) = (Rz(@2)Rx(@)Rz(=92)Rx(0)Rz(96))" [0] (19)
1
0 0
J2(@, @) = (Rx(@Rz(—0;)Rx(@Rz(96))" |0] — (Rx(@)Ry(05))" o] (20)
0 1 1
J3(g,a) = [0 (21)
1
Consequently, the following manipulability result is obtained
w(@, @) = \/det(J(@, 0] (@, a)) = |det(J(@,a))| = |sp,s* al (22)

A vanishing manipulability implies a singular configuration. Apart from the trivial
requirement imposed by the linkage curvature angle a, which must be greater than zero,
both Equations (17) and (22) show that the singularities of the mechanism are only
dependent on the SSM’s rhombus angles, i.e. either on the pitch angle 6, or on the scissors’
internal angle ¢, depending on the chosen angle formulation. These occur at
configurations where the first and last rotation axes are aligned as represented in Figure 8:
the folded scissors configuration (6, = 0°, ¢, = 180°) and the fully stretched scissors
configuration (6, = 180°, ¢, = 0°). In order to grant stability to the mechanism and
create a minimum lever arm distance to facilitate the motion near the kinematic range
limits, the following general design Equation (23) relating the maximum pitch angle 87***
with the chosen linkages’ curvature angle a and the n number of rhombi in the mechanism
has been derived.

07'** = 2an < 180°, n €N (23)

2.2.4.Practical Design Considerations

From a practical point-of-view, the joint and linkages of the mechanism do not behave
as point or line entities. This means that, on a real manufactured mechanism, material exists
around each joint axis, for example to accommodate bearings. The bearings themselves
occupy some of the effective spherical surface on which the mechanism works. As
illustrated in Figure 9, as the mechanism reaches its singular configurations, the boundaries
of the parts composing the SSM will collide. This naturally occurs for both situations
mentioned above, of the most folded and most stretched scissors configurations. An
intrusive angle B is defined as the angle from the joint axis C to an imaginary axis M
passing through the collision point. This spherical triangle ACM allows defining the real
mechanism’s angular limits in its most stretched configuration by the spherical law of
cosines as in Equation (2). Since the cosine of the right angle at the vertex M is zero, the
spherical law of cosines is simplified to Equation (24).
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Figure 8. The two singular configurations obtained from the manipulability analyses for
the SSM: (A) the folded and (B) the stretched scissors configurations. These correspond
to 90° of shoulder external rotation and to 90° of shoulder internal rotation, respectively.

cos 0, = cosa/cosfB (24)

where 6, represents the portion of the scissors’ pitch angle spanned between the
mechanism’s base joint axis A and the tangential imaginary axis M from which the
intrusive angle B is measured. Thus, the maximum pitch angle is effectively 6°** =
2n6, . On the other hand, by reasoning on the same intrusive angle g for the most folded
configuration, the minimum pitch angle is 627%™ = 2nf. Such mechanical stop arises from
design constraints imposed by housing bearings and grants stability by providing a small
lever arm distance, which is suitable for facilitating the motion of shoulder mechanisms.

3. Prototype design and development

3.1. Design of an exoskeleton shoulder

As arm assistive devices run in parallel with the human body segments, they must not
violate the physical constraints imposed by the anatomical shape of the user, and they must
be kinematically compatible with the natural motions of the human, else they can cause
discomfort or limit the range-of-motion of the user. As illustrated in the preceding section,
constraints of the folded configurations may also limit the range-of-motion beyond the
theoretical limits. These considerations call for prototype tests, which are performed in
experiments.

A exoskeleton prototype (see Figure 10) was designed with the specifications
mentioned in Table 2. A small intrusive centre angle g = 8° generated around each axis for
housing bearings prevents the mechanism from reaching any of the singular points. The
SSM can fold to a minimum pitch angle of 8, = 32° and extend to a maximum pitch angle
of 8, = 136°. These enables 58° of external shoulder rotation and 46° of internal shoulder
rotation, respectively. The designed exoskeleton has a total of five DOFs, thus allowing for
shoulder elevation (one DOF), three shoulder rotations provided by the SSM (three DOFs)
and elbow flexion (one DOF).

12
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Figure 9. Maximum stretched configuration of the SSM illustrating the collision point
between revolute joints’ bearings represented by the two circular symbols. An intrusive
angle g is defined as the angle from the joint axis to an axis M passing through that collision
point. The spherical law of cosines applied to the triangle ACM enables relating g with «
and 6;.

Figure 11 shows the SSM prototype with steel 3D-printed parts of curved links. The

remaining parts of the exoskeleton were manufactured in aluminium. Once every part was
assembled, the exoskeleton was tested on the subject.

Table 2. Specifications of the built SSM prototype.

Sphere Radius 60 mm
Linkage curvature angle a 35°
Intrusive angle g 8°

Minimum SSM pitch angle 6, (shoulder external rotation)  32°
Maximum SSM pitch angle 6, (shoulder internal rotation) 136°

13
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Figure 10. (Right) The lateral view of the curved linkage elements used in the built SSM
prototype. The included specifications are: the inner sphere radius, linkage curvature angle
a and intrusive centre angle . (Left) CAD representation of the 5-DOF exoskeleton with
the assembled SSM.

F

Figure 11. A detailed view of the steel 3-D printed version of the SSM prototype. On the
right, a closer view of the mechanism when assembled on the manufactured version of the
aluminum exoskeleton, while the latter is being worn.

3.2. Kinematic validation using the reachable 3-D workspace

An exoskeleton device is meant to assist or enhance strength of its user while
performing common activities of the daily living (ADL). As it may not be feasible to test
such device for every ADL, an alternative is to use the reachable 3-D workspace that gives
a global approximation of the working ranges of the mechanism and can account for
extreme cases too. Thus, the full anatomical reachable 3-D workspace was estimated based

14



on the five-tasks protocol created in our previous work, Castro et al. [24]. These five tasks
are capable of capturing the close-to-torso (through the ‘shower’, ‘curls’ and ‘free-motion’
tasks) and far-from-torso (through the ‘vertical’ and ‘horizontal’ tasks) regions of the
reachable 3-D workspace, allowing estimation of its envelope shape and volume. On top
of that, given the distinct nature of these five-tasks, the upper extremity posture
redundancy, with regards to the reachable 3-D workspace, is also captured. Hence, the
AnyBody Modelling System v.6.1 (AnyBody Technology A/S, Aalborg, Denmark)
software was used to model the upper extremity from the ‘MocapModel’ (AnyBody
Managed Model Repository v.1.6.3). The full model comprised: a lumbar spine model,
based on the work of De Zee et al. [25], and arm and shoulder models, based on the work
of the Delft Shoulder Group [26-28]. In total, 7-DOF were allowed: three on the shoulder
girdle, three on the shoulder joint and two on the elbow joint (flexion/extension and
forearm pronation/supination). Wrist motions were disregarded and kept constant at neutral
angles. The pelvis segment was fixed to the thorax such that both behaved as a single
segment. The scapula was also kinematically constrained to slide on the surface of the rib
cage.

To experimentally evaluate the reachable 3-D workspace, the test-subject was
instrumented with reflective markers, according to the marker-set presented in [24] as
exemplified in Figure 12. Firstly, all segments’ length and hand breadth in the model were
geometrically scaled to one test-subject (male, age 27, body mass 80 kg, height 1.75 m,
upper-extremity length 0.642 m) from a static calibration trial using the method by
Andersen et al. [29]. Afterwards, the participant was instructed to perform the five-tasks
protocol for the kinematic assessment of the reachable workspace [24] three times: the first
time consisted on recording the full active reachable workspace; keeping in mind the
exoskeleton’s mechanical constraint preventing shoulder protraction/retraction motion, the
participant was instructed to perform the protocol a second time without protracting or
retracting the shoulder (null angle); lastly, the protocol was performed while wearing the
exoskeleton prototype. The recorded kinematic data was then used to drive the skeletal
model by optimizing all model’s marker trajectories as formulated by Andersen et al. [30].

Later, a point cloud set including all hand palm points (the end-effector of the upper
extremity), for each of the two five-tasks protocols performed, was recorded relative to a
thorax reference frame located on top of the sternum bone. The non-convex shaped
envelopes of each of the three reachable workspaces were obtained resorting to the alpha-
shape algorithm [31] according to the processing steps described on our previous work
[24]. This algorithm works on a mesh of the point cloud as a “carving” sphere shaping its
envelope and enables to capture its non-convex nature. Subsequently, the radius of that
sphere was defined according to the convex shape of the human torso, which corresponds
to the non-convex region of the envelope. Thus, such alpha-radius was defined as the semi-
minor (smallest) radius of the cross-sectional area of the ellipsoid used to wrap the serratus
anterior muscle around the thorax segment — as modelled by van der Helm et al. [26]: a
value of 0.132 m was obtained in the case of this participant. The volumes of each reachable
workspace’s envelope were trivially calculated on MATLAB® (MathWorks, Natick, MA
USA) and compared afterwards.
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4. Experimental results

The participant’s upper extremity reachable workspace point clouds and respective
envelopes are presented below on Figure 13 and Figure 14. Without the exoskeleton, the
volume obtained for the full active reachable workspace was 0.350 m® and when the
shoulder protraction/retraction angle was forced to be zero, the volume decreased to 0.223
m3. Once the participant worn the exoskeleton, the obtained reachable workspace volume
was measured as 0.236 m>. This value represents an intersection volume percentage of
68.09% in relation to the full active reachable workspace and a percentage of 94.97% in
relation to the constrained active reachable workspace. Moreover, the shape difference and
volume reduction observed in Figure 13 affects mostly the counter-lateral and frontal
aspects of the full active reachable workspace.

Figure 12. The reflective marker set presented in [24] for motion capture of the reachable
workspace movement tasks while the subject was wearing and not wearing the exoskeleton
with the SSM assembled.

5. Discussion

In this paper, a novel spherical SSM was described, highlighting its singularity-free
characteristic in the anatomical shoulder joint workspace and its compactness as its
linkages are constrained to a spherical surface with pre-defined radius. The mechanism’s
forward and inverse kinematics were derived and it was found that the mechanism
comprises the three typical yaw-pitch-roll rotation axes known from gimbal mechanisms,
but it is practically singularity-free. Moreover, the analysis of the performance of the
mechanism through a manipulability metric enabled also to discover that there are only
two configurations in which the SSM reaches a singularity: both when the scissors
mechanism is completely folded or completely stretched. Nevertheless, the SSM can
theoretically nearly work in the full spherical surface. A design constraint equation was
derived to describe and detect the fully stretched scissors singularity. The design constraint
states that the curvature angle a of the smallest of the linkages must be smaller than 90°
divided by the number of rhombi/parallelograms in the mechanism. This finding agrees
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with the previously reported by Kocabas [15] after the creation of a 1-DOF spherical
gripper mechanism, also using scissors linkages.

The use of the SSM as a shoulder joint for an exoskeleton appears to be an improvement
compared to what was previously presented in the literature. Lo and Xie [5] showed that
most of the spherical serial mechanism’s assemblies used to create valuable shoulder joints
for exoskeletons cannot avoid singularities within the useful anatomical shoulder ROM.
Most authors tend to work around the problem by moving the singularities to postures that
are not reached very often [5-7] and the linkages of these serial spherical shoulders often
have a curvature angle @ = 90°. Lo and Xie [5] also proposed the use of a redundant link
through optimization. That leads afterwards to more required actuation. The SSM is
therefore capable to overcome this limitation avoiding the computation expense inherent
from that optimization step.

Frontal

ANATOMICAL VIEW
Sagittal

Transversal

No Exoskeleton With Exoskeleton Overlapping
Figure 13. Comparison of the experimentally obtained reachable workspaces’ point clouds
and volumes while the participant was not wearing (green shape) and wearing (red shape)
the exoskeleton. The obtained volumes were 0.350 m® and 0.236 m?® respectively,
corresponding to an intersection volume percentage of 68.09%.
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Christensen and Bai [8] recently presented a double parallelogram shoulder mechanism
which can equally solve that singularity problem. However, since exoskeletons are meant
to be wearable [10,11], the protruding portion of the double parallelogram can now be
eliminated by the use of the presented SSM. Thus, this work contributes with more
wearability, compactness for lighter exoskeletons.

It is also important to mention that the only singularities in the human shoulder for this
SSM with near full workspace occur both at 90° of shoulder internal (8, = 180°, ¢, =
0°) and external (8, = 0°, ¢, = 180°) rotations. The first is not attainable since it would
mean penetrating the torso or performing an unusual maximal shoulder internal rotation,
which resultant hand rotation can also be accomplished by pronating the forearm. The
second corresponds to a point in the vicinity of the human upper extremity reachable
workspace which is not within the 95" percentile maximum shoulder external rotation
angle (55°) for healthy individuals [32]. After manufacturing and testing the prototype of
the SSM it was possible to assess that is has a good fit to the shoulder anatomy. However,
the mechanism still interferes with the collar bone while performing extreme shoulder
abduction movements about the frontal (anatomical) plane. Whether this limitation is
relevant depends on the application of the exoskeleton but it is not expected to cause issues
as the exoskeleton enables the ROM required for common ADL [33]. Furthermore, the
actual void spaces within the spherical area spanned by the SSM might need some shielding
to avoid harming the user, for example, through finger impingement.

The manufactured prototype showed that having an intrusive angle, as described
earlier, helps to avoid the fully folded and fully stretched scissors configurations, granting
stability to the mechanism. The exclusive use of revolute joints may represent an advantage
from a fabrication point-of-view, in the sense that revolute joints can be realised with
standard bearings of low cost and high reliability. While common serial chain spherical
shoulder manipulators inherently have low stiffness relative to the parallel ones [21,34],
the presence of closed-loops in the scissors shoulder grants the mechanism a higher
stiffness when compared to its purely serial relatives. Nevertheless, its stiffness when
compared to a normal parallel spherical manipulator remains to be investigated. Another
advantage of this mechanism is that, similarly to parallel spherical manipulators, it can be
actuated from its base. Thus, it avoids the need for the proximal actuators to carry their
distal counterparts.

The slight mismatch observed between volumes on Figure 13, more precisely the
68.09% intersection volume percentage, can be explained by the protraction/retraction
DOF that the exoskeleton is missing, not enabling the test subject reaching that far. On top
of that, it was later proven that removing such DOF from the active reachable workspace,
as seen in Figure 14, leads to a 94.97% intersection volume percentage. Such phenomenon
was previously observed by Schiele and van der Helm [35] while testing the reachable
workspace of another wearable exoskeleton. Typically, such devices still compromise the
complexity and all known DOFs of the shoulder girdle. However, even though the back
and left hemispheres have reduced reachability, most activities of the daily living fall on
the frontal hemisphere and when objects need to be manipulated on the left hemisphere,
the left arm can cover that volume.
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Frontal

ANATOMICAL VIEW
Sagittal

Transversal

No Exoskeleton With Exoskeleton Overlapping
Figure 14. Comparison of the experimentally obtained reachable workspaces’ point clouds
and volumes while the participant was instructed to keep the shoulder protraction/retraction
angle null without wearing the exoskeleton (green shape) and when freely moving the
shoulder while wearing it (red shape). The obtained volumes were 0.223 m® and 0.236 m®
respectively, corresponding to an intersection volume percentage of 94.97%.

Last but not least, it must be highlighted that the mechanism allows a spherical
coordinate space, as opposed to the Cartesian coordinate space of most robotic
manipulators. Besides exoskeleton applications, and as an extension of its functionality, a
spherical coordinate positioning tool can be advantageous, for instance, in the medical
field. The currently available robots for minimally invasive surgery tend to require large
spaces [36]. Many of these surgery tools are required to be confined to a small space, such
as that of an imaging scanner, when performing intraoperative navigation [37]. The
spherical scissors shoulder can potentially provide a stiff surgical support tool which could
otherwise only be achieved by larger, parallel robots. Other potential application areas of
this mechanism are 3d-printing, haptic devices, laser welding/cutting tools and camera
inspection structures for quality control, but all of these applications require further
investigation.
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6. Conclusion

In conclusion, the presented mechanism enables simplifying the design of spherical
shoulder mechanisms by overcoming both the need for the use of redundant links or
optimization routines. In its current state, the SSM can be used on a shoulder stabilizing
brace for rehabilitating a traumatic dislocation or stroke-related subluxation of the
shoulder, without requiring an actuation system. The mechanism is able to hold the
humerus bone head in place as the upper extremity moves. With regards to the exoskeletons
research field, its compactness can enable devices that can fit underneath clothing. This
inconspicuousness will be a major improvement to overcome the stigmatization and low
acceptance that these devices still have.
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