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Abstract

Full use of the upper limb is necessary to carry out most tasks of daily life. Upper limb
deficiencies, whether through complete or incomplete paralysis, inevitably lead to a loss
of autonomy. Assistive orthoses are a potential method for restoring some autonomy.
Pronation and supination, the turning of the wrist relative to the elbow, receives less focus
than other joint movements in the arm. First, the utility of this degree-of-freedom in the
arm is less obvious. Second, when compared to flexion and extension of the elbow, wrist
prono-supination has no clear center of rotation due to the combined movement of the
ulna and the radius bones as they cross and uncross in the forearm. This paper presents
initial work in the design of a mechanism for a portable assistive orthosis that is expected
to include powered prono-supination. The component proposed in this work is based on
a spherical mechanism architecture. The capacity of these mechanisms to have a hollow
center and to produce paths that follow arcs on spheres makes them worth consideration
in this application. An optimization was carried out to perform path generation of a
single spherical four-bar with the intent of replicating it three times to create the device
proposed in this work. The mechanical design was modeled and a conceptual prototype
was constructed to perform preliminary operational evaluations.

Keywords: linkage synthesis; spherical mechanism; wrist orthosis

1. Introduction
Prono-supination, the rotation of the wrist relative to the elbow, allows for rotation of

the hand to adjust grasp for tasks such as feeding or writing. This movement is beneficial
for individuals with weak grasp as an object’s weight can be shifted to the palm for better
grip. The basic model of prono-supination movement is a gradual rotation from the elbow
along the length of the forearm, producing motion at the wrist [1,2].

Limb deficiencies that impact autonomy reduce the capacity to perform activities
of daily living and can require caregiver assistance [3,4]. Assistive orthoses are medical
devices designed to support or assist the function of impaired limbs. Orthoses are typically
worn externally and are customized to fit an individual’s unique body structure and needs.
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To optimize the functionality of a prono-supination orthosis, a rotation of the wrist relative
to the elbow must be produced, with no components inside the forearm space, and with
minimized size, power requirements, and weight. Multiple-degrees-of-freedom (DOF)
wrist orthosis designs include those of Rocon et al. [5] and Dezman et al. [6].

The work presented in this paper investigates the use a low-degree-of-freedom assis-
tive orthosis to uniquely address prono-supination, originally proposed in [7]. Low-DOF
devices tend to have fewer components and, therefore, are more space-efficient and sim-
pler in design. This simplicity can lead to increased reliability and reduced maintenance
requirements. With fewer DOF, fewer actuators are required, with undemanding controls.

A spherical mechanism was selected for investigation into an assistive orthotic design
for several reasons. First, a mechanism can be readily synthesized that is capable of pro-
ducing complex motions [8]. Second, as their motion is prescribed by angles instead of
lengths, spherical mechanisms can be designed to operate around a task, as seen in concep-
tualizations such as those in [9,10]. Third, spherical mechanisms have been considered in a
variety of applications including the agile eye [11], wrists [12], assembly operations [13],
grippers [14–16], and surgical robots [17]. Finally, the point of a path on the coupler of a
spherical four-bar mechanism follows a trivariate quartic curve [18] that can designed to
pass through exactly nine points [19] and above to satisfactory levels of accuracy [20,21].
This versatility of the spherical four-bar is used in this work to solve a 21 path point
synthesis challenge.

In the orthotics available on the market and those being developed and tested in
research, cable-driven systems are frequently employed due to their reliability, weight
advantages, and their ability to perform extrinsic actuation. Implemented as external ten-
dons, cables are commonly used as a means of transmission to drive machine components,
such as links or pulleys. Since they are only capable of pulling, a pair of cables that work
antagonistically are used. In a prono-supination orthosis, cables can vary the lengths of
the rods to cause wrist rotation [6], or turn the wrist utilizing a C-shaped cuff along the
forearm [22,23]. A pair of cables twisted around each other has been shown to produce high
torques with low-speed movements [24]. Moreover, cables are frequently coupled with
DC motors, providing significant weight and mobility advantages compared to pneumatic
systems. As such, design decisions regarding the device under consideration in this paper
are made to ensure it is conducive to being cable- and DC motor-driven.

This paper is organized as follows. In Section 2, the synthesis of a single four-bar
mechanism to follow a trajectory that closely matches a constant line of latitude is presented.
Section 3 details the kinematics of a spherical four-bar mechanism, focusing on the path of
the coupler point meant to act as a critical spherical joint in the system design. Section 4
discusses the coupling of several of these mechanisms into a single mechanical system.
The assembling and testing of a conceptual prototype is detailed in Section 5. Section 6
concludes the paper.

2. Synthesis of a Single Mechanism
The objective of the kinematic synthesis is to determine the dimensions of a spherical

mechanism that directs a point on the coupler along a desired path. The desired path
is specified by a set of path points that are placed on a sphere, along an 80◦ sweep on
a constant line of latitude at 45◦ above the equator. These path points are shown as P⃗i,
i = 1, . . ., 21, in Figure 1. The choice of 45◦ for the path points was derived from envisioning
the prosthetic as a tube-like object to be placed around the forearm. With the fixed axes
of the spherical mechanism located at −45◦, the ends of the device can be observed on
circles of the same size. Although any positive and negative angle of latitude provides such
properties, the desire for the mechanism to be located on and move between the end circles
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requires the circles to be away from the equator. Other angles of positive/negative latitude
could be explored, but as the current goal was to validate the design concept, optimization
was left for future work. The choice of the 80◦ sweep was derived from the goal sweep of
100◦ to encompass the range of prono-supination in most ADLs. Desirable sweep details are
profiled in Section 4.4. With the design concept involving “stacked” components, as seen in
the figure in Section 4.5, successfully achieving 80◦ was identified as the optimization goal.

Figure 1. A coupler point on a spherical four-bar mechanism aiming to follow the path points P⃗i

along the line of latitude 45◦ above the equator.

The position of the path points are given by

P⃗i =

 Pxi

Pyi

Pzi

 =

 cos 45◦ cos ϕi

cos 45◦ sin ϕi

sin 45◦

 (1)

where ϕi is 21 equally spaced values from ϕ1 = −40◦ to ϕ21 = 40◦, using 4◦ increments.
Note that the radius of the path points on the 45◦ circle of latitude is

rP =
√

P2
xi
+ P2

yi
= cos 45◦. (2)

As a path synthesis problem with more than nine path points, an approximate motion
optimization technique must be employed.

The fixed revolute joint axes of the spherical mechanism are designated G⃗1 and G⃗2, as
shown in Figure 2. The moving revolute joint axes, corresponding with the ith position of
the mechanism and specified in the fixed frame, are Z⃗1,i and Z⃗2,i.

For these axes to define a spherical four-bar mechanism, the angles between the axes
connected by each link must remain constant for all locations of the mechanism. Thus,

cos γ = G⃗1 · G⃗2, (3)

cos α = G⃗1 · Z⃗1,i, (4)

cos β = G⃗2 · Z⃗2,i, (5)

cos η = Z⃗1,i · Z⃗2,i, (6)

where all vectors are assumed to be the same length as the unit. The remaining two angles
that define the coupler are

cos η1 = Q⃗i · Z⃗1,i, (7)
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cos η2 = Q⃗i · Z⃗2,i. (8)

The synthesis process seeks to obtain the values of γ, α, β, η, η1, and η2, such that the
coupler point Q⃗i is located as close as possible to P⃗i as the mechanism moves.

Figure 2. The axes of a spherical four-bar mechanism intersect at a common point.

Instead of determining the point Q⃗i as part of the optimization, its position is deter-
mined afterwards. This approach aims to minimize differences in the angles between the
moving axes and the desired coupler point over the sweep of the mechanism. Thus,

J =
20

∑
i=1

∣∣∣P⃗i · Z⃗1,i − P⃗i+1 · Z⃗1,i+1

∣∣∣+ ∣∣∣P⃗i · Z⃗2,i − P⃗i+1 · Z⃗2,i+1

∣∣∣. (9)

Note the similarity of the terms in Equation (9) to those on the right side of Equations (7)
and (8). For a mechanism that exactly reaches all of the P⃗i, each term of Equation (9) would
be |cos η1 − cos η1|+ |cos η2 − cos η2|, resulting in J = 0. Using this approach, Z⃗1,i and Z⃗2,i

for i = 1, . . . , 21 are optimization variables. Several alternate optimization approaches
could be considered. Many of the Z⃗j,i variables could be eliminated by introducing the
position-dependent joint variables associated with loop closure, somewhat reducing the
number of variables involved. Likewise, the coupler point location Q⃗i could also be explic-
itly introduced, adding another three variables per position and two location-dependent
constraints per position, but allowing the optimization to be stated as minimizing the
distance between P⃗i and Q⃗i. Accurate and timely results were obtained via the proposed
method, justifying its use and implementation in this design.

For equality constraints, Equations (3)–(6) were enforced over the range of i. Addi-
tionally, the requirement that all vectors are of unit length was introduced as a constraint.
A desirable mechanism was deemed to be one with ring-like structures of the same size
at both the +45◦ latitude circle for the coupler point and at the −45◦ latitude circle for
the fixed pivots. As such, the z-components of G⃗1 and G⃗2 were constrained to − sin 45◦

to keep them on the lower circle shown in Figure 1. The desired path points were con-
strained to one line of latitude, and the z-components of the fixed axes were limited to a
different line of latitude because the intended use of the device requires that the vertical
distance between the fixed axes and the coupler point remain (nearly) constant. Finally, as
inequality constraints,

25◦ ≤ α, β, γ, η ≤ 90◦ (10)
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were introduced for the sole purpose of constraining the mechanism to occupy a reasonable
part of the surface area of the design sphere. The synthesis optimization can be formally
stated as follows:

Minimize:
G⃗1, G⃗2, Z⃗1,i , Z⃗2,i

J, i = 1, . . . , 21 (11)

subject to: G⃗1 · Z⃗1,j − G⃗1 · Z⃗1,j+1 = 0, j = 1, . . . , 20

G⃗2 · Z⃗2,j − G⃗2 · Z⃗2,j+1 = 0,

Z⃗1,j · Z⃗2,j − Z⃗1,j+1 · Z⃗2,j+1 = 0.

G⃗1 ·
[
0 0 −1

]T
, G⃗2 ·

[
0 0 −1

]T
= sin 45◦,

G⃗1 · G⃗2, G⃗1 · Z⃗1,i, G⃗2 · Z⃗2,i, Z⃗1,i · Z⃗2,i ≤ cos 90◦,

cos 25◦ ≤ G⃗1 · G⃗2, G⃗1 · Z⃗1,i, G⃗2 · Z⃗2,i, Z⃗1,i · Z⃗2,i.

The fmincon function in MATLAB, v. R2022a, was employed for the optimization, using
its default interior-point algorithm, along with the other default settings. The constraints
were observed to be nonconvex.

The optimization produced values of α = 65.5◦, β = 65.7◦, γ = 61.3◦ and η = 64.2◦.
Other notable results of the optimization are listed in Table 1 and illustrated with the solid
design model in Figure 3.

The final step of the synthesis is to determine η1 and η2 to complete the coupler and
accurately locate the coupler point of the four-bar. This is achieved by averaging the angle
found between the locations P⃗i and the corresponding moving axis locations Z⃗1,i and Z⃗2,i,
respectively, as follows:

η1 = cos−1

(
∑21

i=1 P⃗i · Z⃗1,i

21

)
, (12)

η2 = cos−1

(
∑21

i=1 P⃗i · Z⃗2,i

21

)
. (13)

These angles are calculated to be η1 = 81.7◦ and η2 = 81.7◦.

Table 1. The vectors defining the design of the spherical mechanism, determined via the optimization.

Vector x-Component y-Component z-Component

G⃗1 0.4933 −0.5066 −0.7071

G⃗2 0.4863 0.5134 −0.7071

Z⃗1,1 0.8936 0.3816 −0.2363

Z⃗1,11 0.6723 0.5412 −0.5051

Z⃗1,21 −0.2704 0.5634 0.5678

Z⃗2,1 0.5677 −0.5631 −0.6005

Z⃗2,11 0.7118 −0.5211 −0.4709

Z⃗2,21 0.8946 −0.3767 −0.2404
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Figure 3. A solid model of the spherical mechanism optimization results.

3. Kinematics of a Single Mechanism
A kinematic model of the spherical mechanism that is synthesized in the previous sec-

tion was constructed to assess the resulting motion characteristics. The notation provided
in Figure 2 was used. The mechanism coordinate system was defined such that the xm-axis
is along G⃗1 and the zm-axis is along G⃗1 × G⃗2. That is, G⃗m

1 = [1, 0, 0]T . Rotation matrices are
defined as follows:

Rx(θ) =

1 0 0
0 cos θ − sin θ

0 sin θ cos θ

, Rz(θ) =

cos θ − sin θ 0
sin θ cos θ 0

0 0 1

.

The G⃗m
2 axis is rotated at an angle γ from G⃗m

1 that represents the fixed frame of the mecha-
nism. Thus, G⃗m

2 = Rz(γ) G⃗m
1 = [cos γ, sin γ, 0]T . The Z⃗m

1 axis is rotated at an angle α from
G⃗m

1 , representing a pivoted link, and then rotated θ1, representing the joint angle:

Z⃗m
1 = Rx(θ1) Rz(α) G⃗m

1 =

 cos α

sin α cos θ1

sin α sin θ1

. (14)

Likewise, the Z⃗m
2 axis is rotated angle β from G⃗m

2 , representing the other pivoted link, and
then rotated an angle θ2, representing the joint angle:

Z⃗m
2 = Rz(γ) Rx(θ2) Rz(β) G⃗m

1 =

cos γ cos β − sin γ sin β cos θ2

sin γ cos β + cos γ sin β cos θ2

sin β sin θ2

. (15)
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Substituting Equations (14) and (15) into Equation (6), cos α

sin α cos θ1

sin α sin θ1

 ·

cos γ cos β − sin γ sin β cos θ2

sin γ cos β + cos γ sin β cos θ2

sin β sin θ2

 = cos η. (16)

Expanding Equation (16) leads to the following form:

A cos θ2 + B sin θ2 + C = 0, (17)

where

A = sin α cos γ sin β cos θ1 − cos α sin γ sin β,

B = sin α sin β sin θ1,

C = cos α cos γ cos β + sin α cos θ1 sin γ cos β − cos η.

Using the widely known Method of the Auxiliary Angle [25], solving Equation (17) provides
the relation between the drive joint angle θ1 and driven joint angle θ2,

θ2 = tan−1
(

B
A

)
± cos−1

(
−C√

A2 + B2

)
. (18)

In summary, the motion of the spherical mechanism is parameterized by θ1. Equation (18)
is used to determine θ2 which leads to and Z⃗m

1 and Z⃗m
2 from Equations (14) and (15), respec-

tively. Further, Equations (7) and (8) are written in the mechanism coordinate system to solve
for Q⃗m, which is also parameterized by θ1. The vectors G⃗1 and G⃗2 from Table 1 are used to
construct a rotation matrix to transfer the coordinates from the mechanism reference frame
(in Figure 2) to the orthotic reference frame (in Figure 1):x⃗

y⃗
z⃗

 =

[
G⃗1

(G⃗1 × G⃗2)× G⃗1
∥(G⃗1 × G⃗2)× G⃗1∥

G⃗1 × G⃗2
∥G⃗1 × G⃗2∥

]x⃗m

y⃗m

z⃗m

 = Rm

x⃗m

y⃗m

z⃗m

. (19)

The location of the coupler point Q⃗ in orthotic reference frame, as shown in Figure 3 is

Q⃗ = Rm Q⃗m. (20)

The angle that tracks the rotation of the coupler point Q⃗ relative to the orthotic z-axis is

ϕ = tan−1
(

Qx

Qy

)
, (21)

where Qx and Qy and the x and y components of Q⃗.
The structural error is the difference between the specified path points P⃗i and point Q⃗

from Equation (20) as it sweeps throughout the range of motion −40◦ ≤ ϕ ≤ 40◦, which
corresponds to 7.9◦ ≤ θ1 ≤ 41.4◦. Note that the synthesis was formulated on a unit sphere.
For P⃗i, i = 1, . . . , 21, both the z-component and radius rP are 0.7071. A motion curve of the
synthesized linkage was created using θ1 at 0.003◦ increments. The z-component of Q⃗ varies
from 0.7037 to 0.7099, with a total variation of 0.0062. The radius of Q⃗ varies from 0.7042 to
0.7107, with a total variation of 0.0065. As stated earlier, a more sophisticated synthesis would
involve significant algebraic manipulation to create an objective function that declares the
mechanism dimensions as design variables. However, defining the moving axis vectors at each



Machines 2025, 13, 833 8 of 16

of the precision points and using them as design variables permitted the rapid formulation of
the optimization. The synthesis produced a realizable mechanism with low structural error.

4. Toward the Design of an Orthotic
The result of the optimization is a single spherical four-bar mechanism that includes

a coupler point that tracks an 80◦ arc along the circle at 45◦ latitude. In this section, the
implementation of this mechanism into the overall design is considered. As depicted in
Figure 4, the mechanism is used three times, being rotated in its entirety by 120◦ around
the central z-axis, located through the center of the rings. Three mechanisms are used to
ensure stability of the top ring, akin to a tripod. The design of the bottom ring is observed
as straightforward, as it simply constrains the fixed axes of the three individual four-bar
mechanisms. The design of the top ring is seen to require additional considerations.

Figure 4. Solid models illustrating the general mechanical concept in three configurations.

The coupler point on each mechanism follows the same trajectory along a spherical path
by rotating said trajectory by 120◦ about the central axis of the spherical device. As such,
the distance between these points changes, even if the three four-bars are expected to move
in unison. Connecting the three coupler points with a single part involves compensating
for the structural error in both the radial and z directions. This combination of structural
errors is addressed in the kinematic model through the inclusion of an S-joint and P-joint pair
connecting the three coupler points to the ring. Here, to compensate for this structural error in
the mechanical design, spherical joints are introduced at each coupler point with sufficient
compliance to tolerate the minimal motion inward and outward from the center of the circle.

One additional observation about connecting the coupler points is warranted. Al-
though the distance from a common circle center varies, if all three mechanisms move
together, the angle from the circle center to any two of the coupler points stays constant
at 120◦. As such, the top ring is designed to constrain the axes of the three P joints to be
separated by an angle of 120◦.

4.1. Degrees of Freedom

A single spherical four-bar mechanism has one degree of freedom (DOF = 1). Un-
coupled, three will have DOF = 3. The design proposes to couple the three four-bars,
but in a way that does not require a strictly spherical architecture. The ball and prismatic
joints allow the bodies to move without spheres that are concentric about the center point.
Applying the standard spatial formalism to the proposed spherical device, the number of
bodies is L = 14 including one fixed link, nine links in the three four-bars, three spherical
joint-to-prismatic joint connections, and one coupling ring connecting the prismatic points.
This leads to a total of 12 revolute (R) joints, 3 prismatic (P) joints, and 3 spherical (S) joints,

DOF = 6 × (14 − 1)− 5 × (15)− 3 × (3) = −6. (22)
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This general spatial counting omits the idea that each spherical four-bar connects the
R joints with intersecting axes, thereby creating a degree of freedom. A common ap-
proach for addressing this is to regard a spherical four-bar as a collection of one R joint
with three cylindric (C) joints, changing nine joints from a single degree of freedom to
two degrees of freedom:

DOF = 6 × (13)− 5 × (6)− 4 × (9)− 3 × (3) = 3. (23)

Based on interactions with the solid model, three degrees of freedom for the spherical
device appears to be correct.

To conclude that DOF = 3 is correct, the Fermat-Toricelli Point was considered. The
F-T point is the unique point such that the sum of the distances from each of a triangle’s
three vertices to this unique point is minimized. In the case where the largest vertex angle
of the triangle is ≤120◦, this F-T point also views the three sides of the triangle at an angle
of exactly 120◦. This concept applies for three reasons. First, the top ring housing the 3 P
joints was designed to require the joints to act along lines separated by an angle of 120◦.
Second, moving the four-bar mechanisms independently identifies three unique locations
for the S joints in space. Finally, as each S joint only has a limited range of motion on
the sphere, the triangle connecting the three points always has vertices forming angles
of less than 120◦. In conclusion, defining the locations of the S joint at each mechanism’s
coupler point independently, and introducing the requirement that the floating ring is used
to separate the P joint axes by 120◦, the spatial triangle obtains a unique F-T point. Thus,
DOF = 3 is an appropriate conclusion for the overall spherical device, including the ring
coupling the three four-bar mechanisms.

4.2. Reducing DOFs from Three to One

Although the spherical device as proposed has three DOFs, the additional motion
capacity is not desirable when the intended use is prono-supination. The DOFs can be
reduced through the observation that the three identical four-bar mechanism instances
should all have identical coordinated actuation. As such, a single actuator mechanically
connected to the three inputs reduces the DOFs from three to one. One mechanical design
of the orthotic device is illustrated in Figure 5. The design involves a single cable actuation
that rotates a spool within the frame. Bevel gear segments are formed within the spool that
pair with a gear attached to one pivoted link on each of the three mechanisms. Thus, the
input motion to the three identical mechanisms is coordinated to be identical.

Figure 5. Three spool mounted gear joints will actuate one pivoted link (shown in cyan) on each of
the three mechanisms.
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4.3. Mechanical Advantage

Mechanical advantage MA is a measure of the effectiveness with which a machine
amplifies an input force to perform its work. In the case of the proposed spherical device,
this is defined as the ratio of the output torque produced by the machine to the input
torque applied,

MA =
Tϕ

Tθ1

. (24)

An MA < 1 means the device amplifies displacement, requiring a shorter actuator stroke,
although at the cost of requiring a greater force. A low MA is associated with motion
amplification and lends well to actuation, as proposed in Figure 5, thereby reducing the
length of cable moving from the spool.

The instantaneous velocity ratio through the device is the ratio of the output rotational
speed (ϕ̇ = dϕ/dt) to the input rotational speed (θ̇1 = dθ1/dt). Thus,

VR =
dϕ/dt
dθ1/dt

= lim
∆θ1→0

∆ϕ

∆θ1
. (25)

Equations (17)–(21) are used to determine ϕ at small increments of θ1. With those values,
a series of instantaneous VR are predicted using Equation (25). Assuming energy is
conserved through the device,

Tϕ ϕ̇ = Tθ1 θ̇1, (26)

which concludes that
MA =

1
VR

= lim
∆θ1→0

∆θ1

∆ϕ
. (27)

Therefore, the instantaneous mechanical advantage of the device is readily determined
from the kinematic model.

4.4. Review of Orthosis Requirements

To consider this device as a component in prono-supination orthosis, such as the
partial concept in Figure 6, some technical requirements for ADL assistance are considered.
One study produced maximum pronation and supination torques of 13.0 Nm and 14.8 Nm
respectively [26]. However, another study found the maximum torque in some individuals
to be as low as 3.33 Nm for pronation and 3.08 Nm for supination [27]. The observed
differences in torque values are attributed to variations in study participants and protocols,
such as variations in the participants’ gender or dominant hand, the position of the forearm,
and the position of the elbow joint. The range of motion for pronation and supination,
respectively, varies from 77.23◦ to 81.2◦ and from 82.4◦ to 93.13◦ from the neutral position,
i.e. hand-shake position, depending on age, gender, and measurement method [28,29].
Additionally, the median maximal velocities for supination and pronation were found to be
428◦ per second and 406◦ per second, respectively, depending on gender, dominant hand,
and position of the elbow [30].

The prono-supination movement primarily serves to position the hand, noting that
the maximal torque, range of motion, and velocity are not needed to achieve ADLs. An
investigation of 19 ADLs determined that the maximum required torque for supination
was 0.06 Nm, with less than 0.05 Nm being required for pronation [4]. An earlier study
revealed that only 100° of forearm rotation was needed for ADLs [31], with an 80° range of
motion, from 30° supination to 50° pronation, covering seven of the eight ADLs studied.
Although certain tasks may require significant pronation or supination, recent research
indicates that the maximum displacement arc of prono-supination in an ADL is 103 ± 34°,
observed when using a fork [32]. According to this study, an appropriately positioned
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80° range would mostly or completely address seven ADLS, partially contribute to three,
and would not contribute to the remaining one. One study goes so far as to suggest that
the arm is so adaptive that its specific motions during tasks is less important to understand
than the start and end points for the task [3]. The mechanism developed in Section 4 was
designed to produce a limited range of motion at 80°. Although some ADLs lie within this
range, it is insufficient for accomplishing all ADLs. Table 2 shows the range of motion,
torque, mass, and actuation schemes of several prono-supination orthoses.

Table 2. Characteristics of prono-supination orthoses found in the literature.

Reference Motion Torque Actuation

Realmuto [33] 95◦ 1.5 Nm Pneumatic, fabric based

Bartlett [34] 78◦ 0.5 Nm Pneumatic, McKibben

Dežman [6] 180◦ N/A DC motor, cable and rod

Dias [22] 150◦ N/A DC motor and bowden cable

Buongiorno [23] 146◦ 6.3 Nm DC motor and cable

Tsabedze [24] 118◦ N/A DC motor and twisted cable

4.5. Generating an Orthosis from the Spherical Device

A single spherical mechanism, resulting from the synthesis provided herein, moves
comparably to the first two devices listed in Table 2. The orthotic concept can be extended
by stacking two such devices, keeping the outer radius of the orthotic only modestly larger
than the arm. The two layers would include three rings, as shown in Figure 6. One ring
would be at the proximal end of the forearm, attached near the elbow, one at the distal end,
connected to the wrist, and one between them and not attached to the forearm. The idea of
stacking two such devices doubles the achievable range of motion to 160◦, well beyond
the 100◦ specified for ADLs. The top device is expected to be driven mechanically through
a connection to the bottom device, keeping the DOF of the system at one, but could be
actuated independently as well. This raises the need to design the original mechanism to
simply achieve the required 100◦ sweep. The device was designed to achieve only 80◦ of
motion because an increase results in the coupler point traveling a greater distance along z,
especially given the other constraints on the design.

Figure 6. The design concept under consideration stacks the proposed device to extend from being
adjacent to the elbow to become in line with the wrist.

5. Device Prototype and Evaluation
Proof-of-concept prototypes of the device generated in the prior section were con-

structed to confirm the range of motion, degrees of freedom, and transmission of loads. One
version is shown in Figure 7, where the actuated pivot links, the driven pivoted links, and



Machines 2025, 13, 833 12 of 16

couplers are printed in pink, green and blue, respectively. This prototype was produced
with a Bambu Lab (Shenzhen, China) A1 Mini printer. A nozzle size of 0.2 mm was used.
The material is PLA, with a minimum elastic modulus of 2000 MPa and tensile strength of
31 MPa. The spherical mechanisms were scaled such that the inner diameter of the top ring
was 60 mm. To achieve an acceptable operational fit within the revolute joints, the holes
in the printed links were resized with a hand reamer and steel pins were inserted. White
printed end caps were pressed onto the pins, as can be seen in Figure 7. Three ball joints
joined the couplers to the top ring to serve as the orthotic wrist attachment. Those ball
joints provide sufficient compliance to absorb the small structural errors in the synthesized
mechanism. The ball joints on a functional orthosis would likely be produced from a
turned aluminum ball and a socket molded from bearing-grade polymers. Additionally,
the section size and material choice for the links would be optimized to balance rigidity
and weight. The mechanical design details of the links and joint clearances that provide
minimal freeplay remain for future work.

Figure 7. A concept prototype of the orthotic mechanism.

In a second prototype [7], a single actuator was connected via cables and pulleys to
the three actuated mechanism links and produced the desired motion of the top ring. That
prototype successfully demonstrated that the input DOFs could be reduced to one.

A fixture was constructed to secure the prototype shown in Figure 7 to perform
preliminary evaluations of its motion and force transmission characteristics. The prototype
inserted within the fixture and configured for force transmission testing is presented in
Figure 8. The fixture involves a pair of concentric tubes, separated by a small clearance
(1.0 mm) and coated with a solid lubricant to allow for low-friction relative rotation. The
frame of the device was clamped to a flange on the outer tube. The flange of the outer tube
fits within a base that is clamped to a work surface. The top ring of the device is clamped
to a flange on the inner tube. Thus, the angle of the top ring on the device can be precisely
positioned and the configuration of the three mechanisms is coordinated.

The fixture includes graduations to measure θ1 and ϕ. A motion test protocol was com-
posed that located the actuated pivoted link within its operating range of −40◦ ≤ ϕ ≤ 40◦.
At each set position, θ1 was measured. A plot of θ1 vs. ϕ, derived from Equation (21), is
shown in Figure 9a as the solid curve. The experimental evaluation of the prototype is
shown via circular markers. The close match between the kinematic model and testing
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confirms the synthesis optimization results and the accuracy of the linkage parameters and
joint construction.

Figure 8. The device was placed within a fixture to evaluate the range of motion and load transmission.

(a) Device motion (b) Mechanical advantage

Figure 9. Results from the synthesis model (solid curves) and prototype evaluations (circle markers),
(a) validating the kinematics, and (b) validating the load characteristics.

A force transmission test protocol was formulated that similarly set a mechanism
configuration by precisely locating the top ring. At each set position, a weight W was hung
from the moving end of one of the actuated links. The hanging weight produces a torque at
the actuated joint of T⃗m

1 = r1 × W g⃗, where r1 is the vector from G⃗1 to Z⃗1i at the radius of
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the actuated link and g⃗ = [−0.4330, 0.5066, 0]T is a unit vector representing the direction of
gravity transformed for reorienting the device into the fixture. The torque on the actuated
pivot axis Tθ1 is the third component of T⃗1. A force gauge was positioned with a cord to
restrain the motion of the top ring. Care was taken to position the cord tangentially to the
ring, as seen in Figure 8. Thus, the restraining torque was Tϕ = rr Fg, where rr is the radius
of the top ring and Fg is the force measured on the gauge. The test range was limited to
−3◦ ≤ ϕ ≤ 28◦ due to interference between the hanging weight and the other links.

To determine the MA at a specific mechanism configuration, various values of W were
applied and the corresponding value of Fg was measured. A plot of Tϕ vs. Tθ1 for each
W was generated, where the slope of the straight line through those points represented
MA. The intercept of the straight line represented the friction within the joints, and was
ignored. A plot of θ1 vs. MA from Equation (27) is shown in Figure 9b as a solid curve. The
experimental evaluation values of MA from the prototype are shown as circular markers.
The experiments illustrate the expected trend; however, friction resulted in appreciable
noise in the measurements.

The stated goal is for the orthotic to be cable-driven, as this is a common approach to
orthotic design due to the ability of cable drivers to allow for actuators to be mounted a
significant distance from the mechanism itself and their capacity to deliver reasonable loads
from modestly sized actuators. A survey of orthotic design, especially those associated
with the arm, reveals that cable drives are often used in applications of this sort. The survey
in [35] details many designs of this type, some of which are listed in Table 2. The results of
Figure 9 provide guidance on the selection of the force, maximum displacement, and speed
requirements of an actuator for an orthotic device. The mechanical configuration shown in
Figure 5 has a 4.5 gear joint ratio, a spool diameter of 72 mm, and cuff diameter of 60 mm
(as does the prototye in Figure 8). Achieving a full range of ∆ϕ = 80◦ requires ∆θ1 = 35◦,
as observed in Figure 9a. Considering the gear ratio of 4.5, the full range spool rotation
is 8◦. With a spool diameter of 72 mm, a cable pull of 5 mm is required between extreme
positions. The twisted string actuators (TSAs) used in the work of Tsabedze et al. [24] offer
a lightweight solution for such low-displacement and high-torque applications. Small-
scale TSAs can produce up to 50 N force [24]. The mechanism configuration with the
worst mechanical advantage (θ1 = 8◦) has MA = 0.17, as observed in Figure 9b. Again,
considering the gear ratio and spool diameter, a 50 N actuator force would provide a
spool torque of 1.8 Nm and a wrist torque of 0.07 Nm, which is sufficient for the 19 ADLs
identified in Perry et al. [4].

6. Conclusions
The focus of this work was on the kinematic synthesis of a mechanism that could be

used in a prono-supination orthotic. First, a spherical four-bar mechanism was synthesized
to allow for the rotation of a ring component that stays close to a 45◦ line of latitude. Second,
three of these four-bar mechanisms were combined into a single device. This device, being
able to create an 80◦ range of motion at the top ring relative to the bottom ring while
holding the top ring at a nearly fixed distance from the bottom ring, shows promising
motion properties in this application. To accomplish all ADLs, an additional 20◦ of motion
is necessary. One proposal for accomplishing this, providing the wrist with something akin
to its full range of motion, would be to stack two of these devices end-to-end.

This work also evaluated the proposed concept in terms of the state of the art in orthotic
design and the corresponding biomechanical requirements. Portability imposes many
design requirements that are difficult for any individual design to address. Intriguingly, for
this specific part of a more complex arm orthotic, the torque requirements for assisting in
ADLs are exceedingly low, at 0.06 Nm. Thus, this part of the orthotic can focus on comfort,
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usability, developing the kinematics of the motion, and minimizing the encumbrance of the
system, as opposed to focusing on the powering and actuation needs. This paper presented
some of the initial investigation into these topics. As such, this work does not encompass
many of the facets of an assistive arm orthosis, and the feasibility of the mechanism as a
prono-supination component in an orthosis has yet to be demonstrated, remaining a subject
for future work.
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