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A Monolithic Cable-Driven Compliant Wrist
for Prosthetic Arms

Mario Baggetta Member, IEEE, Gianluca Palli Member, IEEE,
Claudio Melchiorri Member, IEEE, Giovanni Berselli Member, IEEE,

Abstract—This article presents a new design for a 2-Degrees
Of Freedom compliant robotic wrist for upper limb prostheses
that matches the maximum range of motion of a human wrist by
utilizing Cross Axis Flexural Pivot (CAFP) as compliant joints.
The wrist design is manufactured using additive manufacturing
technology as a single, monolithic component. An optimiza-
tion routine that utilizes the Bi-BCM technique to synthesize
compliant joints in the wrist design is presented and verified
using Finite Element Analysis (FEA). This optimization routine
includes the computation of passive contact profiles through the
centroid approach to prevent buckling in the CAFP compliant
beams caused by external forces. Furthermore, an accurate
analysis of various tendon routing paths for the actuation of
the wrist is conducted, providing a flexible and reliable solution
to avoid unnecessary power consumption. The proposed wrist
is lightweight, cost-effective, easy to maintain, and thanks to
the utilization of CAFP joints, it is frictionless and immune
to backlash. Experimental tests are conducted to verify the
FEA results and confirm the range of motion achieved by
the joint (i.e., +80° of Flexion/Extension, +40° of Ulnar/Radial
deviation). Overall, this paper demonstrates the development of
a novel compliant robotic wrist that offers several advantages
over traditional prostheses, including a wider range of motion,
increased flexibility, and reduced maintenance costs.

Index Terms—Compliant Mechanisms, Monolith design, Ad-
ditive Manufacturing, Prosthetic Wrist, CAFP.

I. INTRODUCTION

OBOTIC wrist prostheses have been developed to ad-

dress the limitations faced by upper limb amputees in
performing daily activities. These prostheses aim to replicate
the functions of the human wrist, which is a complex structure
that provides essential degrees of freedom for manipulating
objects. With the increasing number of individuals with upper
limb amputations, there has been a growing interest in the
design of prosthetic components by the scientific community
in recent years.

The demand for upper limb prostheses is projected to in-
crease significantly in the coming years, with over one million
patients in the United States alone requiring an upper limb
prosthesis by 2050 [1]. Moreover, wrist amputations account
for a considerable proportion of upper limb amputations in
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various countries, including Italy and the UK [2]. Hence, there
is a pressing need to develop prosthetic wrist components that
provide improved functionality to meet the needs of amputees.

The human wrist has three degrees of freedom (DOFs):
flexion/extension (FE), ulnar/radial deviation (UR), and prona-
tion/supination (PS). Although the latter DOF is carried out at
the level of the forearm and is not typically considered in the
design of prosthetic wrists, the first two DOFs are crucial for
performing various tasks. Robotic wrists in the literature can
be categorized as passive, body-powered, or active, depending
on the mechanism used to generate the wrist movements [3].

Active robotic wrists, which are powered by electromechan-
ical actuators, offer several advantages over passive or body-
powered prostheses. However, their development has been
limited by several factors, including their size, weight, number
of DOFs, and range of motion (ROM). To achieve optimal
functionality, the wrist component should be small enough to
allow for the movement of power and sensor cables, as well
as actuation tendons from the forearm to the hand, where the
battery, motors, and controller are typically located. Further-
more, the weight of the wrist component should be minimized
to reduce the overall power consumption of the prosthesis.
Additionally, the number of DOFs and the attainable ROM of
the wrist should be maximized to enable the performance of
a broad range of daily activities.

While there have been numerous examples of robotic wrists
reported in the literature (see [3] for an exhaustive review),
few have achieved the desired combination of functionality
and design. For example, Lee et al. [4] have designed a cable-
driven compliant wrist, which reproduces the three rows of
the human wrist based on the concept of tensegrity structure
in order to realize a 1-DOF (i.e. FE) wrist with a range of
motion of [£90°]. On the other hand, Demofonti et al. [5] have
presented a 2-DOF compliant robotic wrist, of which the first
(i.e. PS) is actively actuated within a range of [£90°], while
the second (i.e. FE) is a passive joint in a range of [£75°],
equipped with two levels of compliance (i.e. rigid state and
compliant state). Following the same principle, Cappello et al.
[6] have presented a quasi-passive joint capable of switching
from a rigid to a relatively compliant configuration.

In order to obtain a wrist prosthesis that is as lightweight
as possible but at the same time capable of a wide ROM, Kim
et al. [7] have presented a contact-aided wrist composed of
a two-row ellipsoid structure held together by passive teeth
and always actuated through tendons. This 2-DOF wrist is
able to have an FE range of [£80°] and a UR range of
[£25°]. Due to the fact that adding passive compliance to the
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joint has been proven to be an effective way to ensure safety

and robustness to component when interacting to human or

unknown environment [8], Lee et al. have developed a robotic
wrist with two-dimensional series elastic actuation to ensure an
accurate Force/Torque interaction in the range of about [£50°

FE, +50° UR]. Finally, Bilancia et al. [9] have presented a

2-DOF robotic wrist with the same stiffness and functional

ROM as a human wrist using CAFPs elements and a series of

active and passive contacts.

Despite these advancements, a robotic wrist that can match
the maximum ROM of a human wrist (i.e. [-76°,+73°] for
the FE joint [10] and [-25°,+45°] for the UR joint [11])
while being lightweight and compact enough to mimic its
dimensions (i.e. approximately 43mm X 63mm for men [12]
and 37mm X 56mm for women [13]) has not yet been devel-
oped. Furthermore, many of the previously introduced wrists
consist of numerous components, making them challenging to
assemble and maintain.

To address these issues, this paper proposes a novel 2-
DOF compliant robotic wrist for upper limb prostheses. Taking
into account the existing literature and the aforementioned
considerations, the proposed wrist can match the maximum
ROM of the human wrist’'s FE and UR deviation joints,
while being produced using additive manufacturing technology
as a single, monolithic component. The resulting wrist is
lightweight, cost-effective, easy to maintain, and equipped
with CAFPs compliant joints for each of the wrist’s DOFs,
which are free from friction and backlash issues. Overall,
the novel contributions of the present paper can be listed as
follows:

e Design and development of an innovative robotic wrist,
providing the desired combination of functionality, limited
dimensions and ease-of-use for application in upper limb
prosthetic;

e The introduction of a fast and precise optimization al-
gorithm for synthesizing CAFP joints, purposely tailored
to wrist design. This optimization algorithm employs the
Bi-BCM technique and includes the generation of passive
contact profiles to guide the wrist deflection and prevent
buckling issues arising from external forces [9].

e Detailed Finite Element Analysis (FEA) simulations to
evaluate different tendon routing techniques for wrist remote
actuation, aiming at the determination of the most energy-
efficient routing method.

The remainder of this article is structured as follows:
Section 2 describes the design and optimization of the CAFP
joints used to create the wrist, Section 3 presents the final
design that includes the design of passive contacts, Section 4
presents the virtual prototype of the wrist and the respective
results obtained, Section 5 describes the physical prototype
and the tests conducted on it, and finally, Section 6 provides
the conclusions of this research work.

II. WRIST DESIGN AND OPTIMIZATION

The proposed robotic wrist employs CAFP joints [14], [15]
to enable its two degrees of freedom. This particular compliant
mechanism (CM) [16] is of common use in precision me-
chanics, aeronautics, robotics, and prosthetics [9], [17]-[20].
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Fig. 1: CAFP character-
istic variables.

Fig. 2: CAFP beam pro-
file.

It possesses all the advantages of CM, such as the possibility to
be designed as a compact monolithic component that is free of
friction, backlash, and the need for lubrication. Moreover, it is
one of the wider deflection 1-DOF compliant joints. Referring
to Figure 1, it consists of two rigid links, a ground link that is
fixed, and an output link that is free to move, connected to each
other by two cross-shaped slender beams with a rectangular
cross-section. The CAFP’s characteristic geometric parameters
are the semi-angle between the beams 3 and the position where
the beams intersect, which is determined by the parameter \.
The other parameters shown in the figure are the ground link
width 71, the output link width 5, and the beam length L. One
of these parameters (e.g. r1) can be taken as an independent
variable, along with 5 and A, to obtain the other parameters
as follows:

1—A

) ry+T2 1
)\ )

= Setan(®) L= Tovesmm O

To =171 *
Despite its numerous advantages, designing and optimizing
the CAFP presents challenges. This is primarily due to its
distinctive characteristic of having a marked center shift, where
the center of rotation is not fixed during deflection, and its high
sensitivity to variations in its parameters. Various methods
have been employed to investigate the CAFP. These methods
include the use of the Beam Constraint Model (BCM) equa-
tions [21] and the Chained-Beam Constraint Model (CBCM)
[22]. The CBCM, in particular, involves linking multiple BCM
elements in series to extend the limited rotation range of
the original BCM. However, when variable-section beams,
as shown in Figure 2, are utilized, neither of these methods
remains applicable, necessitating the use of Finite Element
Analysis (FEA). FEA, while powerful, is a more complex tool
that requires significantly more computational time compared
to BCM and CBCM. A comprehensive exploration of various
techniques and tools for designing compliant elements like the
CAFP can be found in [23].

In our previous work [24], we introduced a novel theoretical
approach known as Bi-BCM to address the current limi-
tations associated with CAFP (Compliant Adaptive Flexure
Pivot) analysis. Bi-BCM employs two BCM (Beam Constraint
Model) elements and is designed to comprehensively analyze
CAFP systems with beams featuring variable cross-sections,
both in terms of thickness and width. This approach allows
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for rapid and precise evaluation of CAFP mechanisms within
a rotation range of up to 50 degrees, with a maximum error of
less than 5%. We specifically chose variable section beams, as
illustrated in Figure 2, for our study. These beams have been
demonstrated to effectively reduce stress on the beam itself,
leading to an increased maximum deformation. Additionally,
they help minimize the variation of the joint’s instantaneous
rotation center, also known as the center shift.

In this paper, the Bi-BCM technique have been utilized
in conjunction with a Matlab optimization routine to analyze
the CAFP mechanism incorporated within the proposed wrist
design. The ability to create beams with variable cross-sections
plays a pivotal role in minimizing the prototype’s dimensions
while ensuring that it remains within the material’s yield
limits.

A. Bi-BCM Optimization Routine

This subsection introduces the optimization routine used to
design compliant wrist joints, which is based on the CAFP
solution theory known as the Bi-BCM, as documented in [24].
To maintain brevity, we won’t delve into the intricate details
of the solution theory. Instead, our focus is on outlining the
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Fig. 3: Flowchart of the optimization approach.

DISCARD (4

primary steps and implementation for the presented case study.
Figure 3 illustrates the flowchart of the optimization procedure
approach.

The first step involves selecting the design variables for
our case study, which include ri, wg, w1, tg, and ¢;. These
variables should be distinguished from other parameters, such
as rg, 8, A, h, L, Lej1, Lejo and the flexural Young’s modulus
of the material, denoted as FE. L.;; and L. represent the
lengths of the two beam sections, which, with A=0.5, are
equivalent to L/2. The value of E has been fixed at 1400
MPa, taking into account the material properties of Nylon 11
powder, which is compatible with the Formlabs Fuse printing
process. Additionally, ro, h, and L have been calculated
according to Equation 1, while A and 8 have been assigned
values of 0.5 and 70°, respectively. The value of A ensures
that the initial center of rotation of the CAFP, located at
the intersection of the beams, corresponds to its center of
mass. 3 has been chosen as the maximum feasible value
while avoiding contact between the beam and the links at
the maximum deflection of 6,,,, = 40°. The value of 0,4,
has been set equal to 40° to achieve the required deflection
of the Ulnar/Radial DOF using a single CAFP module and
the required deflection of the Flexion/Extension module (i.e.
80°) using two CAFP modules connected in series. This
choice has been made because the accuracy of the Bi-BCM
mathematical model is ensured for rotations up to 50 degrees,
making it impossible to achieve an 80-degree rotation with a
single component using this technique. Moreover, the practice
of connecting multiple modules in series to increase joint
deflection has been extensively and effectively applied in
the field of reconfigurable robots. This approach has been
exemplified by works like the ones reported by Kaufmann
et al. [25] and Chen et al. [26], who have demonstrated the
benefits of this solution.

Using Matlab software, a multi-objective optimization has
been implemented with the aim of minimizing the CAFP
size without necessarily sacrificing its stiffness. Specifically,
for each optimization iteration, a total of 10 simulation steps
have been set (e.g., every 4° of deflection), with a maximum
allowable stress o, for accepting the solution specified as 35
MPa out of a material’s maximum allowable stress of 55
MPa. The choice of 10 simulation steps has been made to
achieve an almost perfect match between FEM and Bi-BCM.
Increasing the step count beyond this point only results in
higher computational costs without clear advantages. Due to
the high number of design variables, a genetic algorithm (ga)
has been chosen over the well-known fmincon algorithm to
avoid relative minima of the objective functions. The height
h and the reciprocal of the reaction torque 1/M, of the
CAFP have been selected as objective functions based on the
above considerations. To summarize, the design optimization
problem can be formulated as follows:

ri+rg 1
Tetan(5)’ 1,
with respect to A = [ry, wg, w1, to, t1]
subject 0 0(Omaz) < 053 A € [Apin, Amaz)

(h=

minimize

In this study, the shape of the beam has been adjusted by
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(a) Contact aided CAFP: global dis-
placements.

(b) Beam modeled with BCM adimensional elements.
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(c) Cantilever beam subjected to
combined force and moment loads.

Fig. 4: Bi-BCM CAFP model.

varying both its width and thickness through the application
of second-order (parabolic) laws. This choice is based on their
demonstrated superior effectiveness in stress control compared
to first-order (linear) laws, as shown in [24]. The equations for
the variable section beam can be formulated as follows:

t(x) = to(1 + 12 + ma?) 3)
A(x) = woto(1+ 1z + 72x2)(1 + Tx + 7'233‘2) = Apn(x)
wot
ﬁ(l + 717+ 722?) (1 + 1z + 122)? = Iné(z)
where 1, v2, 71 and 7, are the beam’s section shape coef-
ficients, wo and ty are the initial beam width and thickness,
functions of the variable section beam. The optimization rou-
tine begins by calculating the BCM coefficients, denoted as k7,
et al. [21], which has presented solutions for uniform section
beam flexures. It is crucial to note that the BCM coefficients
words, they have to be adjusted every time modifications are
made to the characteristic functions of the variable section
two BCM elements as shown in Figure 4.b and defining the
width coefficient k,, = w;/wp and the thickness coefficient

w(x) = wo(l 4+ y12 + Y227) ()
3
) = =3

respectively, Ay = woto, lo = w%% 1 and & are characteristic
following the same nomenclature used in the work by Awtar
strictly depend on the beam’s shape (not its size). In other
beam 7 and £. By considering each beam of the CAFP as
k: = t1/to, for the first beam element k,,, k; < 1, wich gives:

N==27% m=-2 v=1-k, m=1-k
while, for the second element, k,,, k; > 1, wich instead gives:
71 =0 71=0 Yo =ky —1 T =k —1

When considering a CAFP that is subjected to a load set
consisting of a combined moment M and forces F'x and Fy
acting on the output link following the schematic in Figure
4.c and assuming that I(z) = Ipé(x) where I(0) = I,
the normalized following BCM governing equations can be
applied [24]:

u," () =

1y (0) = 0,u,'(0) = 0

ma1 + fn(1 = 2) = far(uy1 — uy(2))
§(x)

“4)

where the problem has been adimensionalized with respect to
the beam length L, u,; is the end planar displacement of the
beam with respect to y, u,(z) is the beam y-displacement
function, m_, f,, and f; as the end loads applied on the
beam after adimensionalization. Equation 4 can be solved
using numerical techniques in Matlab, specifically employing
the ODE45 solver. The algorithm takes inputs such as f,1,
fy1, mz1, and §(x), and yields u, () along with its derivative
as output. However, since u, is initially unknown, an iterative
approach is necessary to obtain accurate results. In practice,
the numerical value of the prescribed vertical displacement at
the end, denoted as u‘fﬂ at the ¢-th iteration step, is compared
with the corresponding value obtained from the solution of Eq.
4 at x = 1 to determine the updated input value for the (i+1)-
th iteration, which is given by uit' = ul; + @(uy (1) — ul,),
where ¢ is a parameter defined by the user. Convergence of
the algorithm is achieved when the computed error between
these two values is less than a specified tolerance, denoted as
€. To ensure accurate and efficient results, suitable values for
¢ and e are typically chosen, for example, as 0.1 and 1075,
respectively. To compute the BCM coefficients for a specified
beam shape, as defined in Equation 4 using the function £(x),
it is necessary to calculate the beam stiffness matrix. This
matrix is determined at discrete points within the range of f,1
values spanning from -0.5 to 0.5.

Kt = e

However, since it is not directly available, it can be obtained
by solving and inverting the compliance matrix C.

|:uy1:| _ {Ql(&fﬂ) 612(53f$1):| |:fy1:|
Qg c21(&, fz1)  ca2(§, fo1)] [maa

k12(§7fw1)] )

ka2 (€, fz1)

(6)

Indeed, when f,; = 0.5 and m,; = 0, we obtain the end
displacement w,;; and rotation «; = u,’(1), which provide the
terms c11 and co; for a specific value of f,1. Similarly, when
fyn = 0 and m;; = 0.5, we acquire the terms ci2 and cao.
The matrix K is subsequently determined by performing the
inversion of C. After this iterative process for various values of
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fz1, we can employ a polynomial fitting technique to analyze
the collected data and establish the following relationships:

k11(&, fz1) = kﬁ) + lekﬁ) + ffﬂfﬁ) + ..
kia (€, for) = kS + fuarkl) + 255 .. ()
koo (&, fa1) = kég) + fwlkéé) + fg?lk?g) + ..

from wich the BCM stiffness coefficients £, are easily
extrapolated, noting that &% = %$") on the basis of Maxwell’s
reciprocity. Once the coefficient of the variable beam have
been calculated, the Bi-BCM equations can be employed to
solve the CAFP and obtain the objective functions values.
Referring to Figure 4.b, in order to ensure the proper load
distribution between the two beam elements, it is essential
to maintain the local static equilibrium. Upon examining the
free-body diagram, the following equations for the first beam
section can be written:

] ap - [y

yl sin(ag')

—sin(af")] [f] ge2 _
cos(aﬁl)] [ ?j% Vo =0 &)

MW Ley — [m& + (1 +ugh) 37

e2 re2 e2 _
yl = Uy 21 ¥5 Lea =0

9

and, for the second CAFP’s beam, these become:

e3 e3 : e3 ed
xl e3 COS(al ) - SlIl(Oél ) fml ed __
[ ﬁ’} Yo [sin(af‘g) cos(af?) o Yo' =0 (10)

MW Ly — [meh + (1 +ush) fei —ush FA0E Loy = 0
(11)

where U¢ = EI§/L? (with e = ey, ea, €3, e4). Subsequently,
for both of the pivot beams, the following expressions provide
the dimensional end displacements at points A and B in the
context of coordinate systems CS1 and CS3, as depicted in
Fig. 4.a:
Uxa| _ [cos(as®) —sin(ag®)] [Lea(1 +ul})
[UYA} - [sin(aig) cos(a‘i?’)} [ Lesull ]

12)

Uxp cos(afl) —sin(afl)| [Lea(1 4+ us2)
Uygp|  |[sin(a$t)  cos(af!) Leguﬁ
Lei(1+ uill)
13
+ |: Lelufﬁ ( )
of' +af =af’ +af' =0 (14)

Equation 14 is a result of the fixed connection between the
beams and the output link. When a vectorial rotations of
(m/2 — B) and (7/2 + ) is applied, corresponding to the
orientation angles of CS1 and CS3 (see Fig. 4.a), to the
quantities expressed in Eqgs. 12 and 13, the overall geometric
loop closure can be written as:

sin(8) — .cos(ﬂ) Uxp| |[—sin(B) — Cf)S(ﬁ)
{cos(ﬁ) sin(8) } {UYB} [ cos(f) — sm(ﬂ)}
][ =l

The output link displacements, Ax and Ay, are then given
by:

AX:% AY:w—h (16)
o e o R B
o] - [ s o)1) s

where [Uxa, Uyal and [Uxp, Uyp] are the end planar
displacement of points A and B, respectively. To complete
the Bi-BCM model, the global equilibrium equations must
be defined by taking into consideration all the forces and
moments acting on the output link, as depicted in Fig. 4.a:

= ] o
pug [ e ]
V=it in0) —eot0)] | o) TG [@J)

- %2 [sin(d) — cos(6)] [?ﬂ +MAVE Lo + mETUE Loy
Furthermore, the Bi-BCM equations provide the stiffness
function K, = %—% and the beam’s normal stress o(x) =
op(x) + 04, where op(x) is the bending stress along the
element’s x-axis, and o, is the tensile stress due to the axial

force. The bending stress is given by:
6My(z)
w(z)t(z)?

where My (x) is the local bending moment function. The
tensile stress can be calculated using the following equation:

_ fuEly/L?
“ w(z)t(x)

Once the optimizer converges or the maximum number of it-
erations is reached, the optimization terminates. Notably, each
simulation takes approximately 0.6 seconds on an Intel(R)
Core(TM) CPU @ 2.5 GHz and 16 GB RAM workstation,
compared to the 480 seconds required to solve the same model
through FEA analysis with at least three rows of elements
along the beams’ thickness.

op(x) = 21

(22)

B. Optimization Results

Table I presents a summary of the selected intervals for the
design variables and their respective optimal values for the
two wrist modules (FE and UR). The objective function values
obtained as output of the optimization routine, which are the
same for both modules, are as follows: H = 7.321 mm and
M, = 83.201 Nmm for the FE module and H = 8.251 mm
and M, = 83.648 Nmm for the UR module. It should be noted
that the first degree of freedom to be optimized corresponds



IEEE/ASME TRANSACTIONS ON MECHATRONICS

TABLE I: Optimal values of the CAFPs. ~optimization range
and optimal values”

Flexion/Extension module
Design Var. Range Opt. Value
1 [15,25] mm 20.114 mm
wo [5,10] mm 9.159 mm
w1y [5,10] mm 8.593 mm
to [0.5,1.5] mm 1.018 mm
t1 [0.5,1.5] mm 0.938 mm
Ulnar/Radial module
Design Var. Range Opt. Value
1 [20,30] mm 22.669 mm
wo [5,10] mm 7.178 mm
w1 [5,10] mm 6.767 mm
to [0.5,1.5] mm 1.131 mm
t1 [0.5,1.5] mm 1.061 mm

to the FE joint of the wrist. This joint contributes significantly
to the overall size of the wrist, as two modules are required
to achieve full deflection of the joint while maintaining a
smaller width with respect to the UR module. To simplify the
design, the wrist was modeled with an elliptical cross-section,
with maximum dimensions of 30 mm by 40 mm, which is
consistent with the human counterpart.

To evaluate the impact of the CAFP geometry on the
results, Figure 5 displays the Pareto front associated with
the FE module and the corresponding references of the 3D
component. The middle component was chosen as the optimal
design since it is the result just before the left asymptote,
where the height of the component stops decreasing in favor
of the decrease of the joint reaction force alone.

Regarding the wrist UR module, the Figure 6 depicts only
the Pareto front, with the optimal value highlighted in red.
In this particular case, the decision has been made to select
the point with the same reaction torque obtained from the FE
module, rather than the one providing the smallest height. This
approach take into consideration the use of two FE modules
capable of supporting rotations up to 40 degrees, which are
necessary to achieve the required angular rotation of the FE
module (i.e., 80 degrees). As a result, a UR module with twice
the stiffness of the FE module will be obtained, emulating
the natural difference in stiffness present in the human wrist
[27]. The effectiveness and accuracy of the Bi-BCM technique
compared to FEA analysis is demonstrated in Figure 7 by
presenting the torque/deflection graphs of the two optimized
modules. The maximum errors for the FE module and UR
module were found to be less than 4% and 3%, respectively.
The FEA analysis employed Hexa8 elements with a maximum
element size of 0.15mm and a total of 16083 elements, using
the commercial software package Recurdyn.

III. FINAL DESIGN OF THE WRIST

After optimizing each of the two compliant wrist modules,
they need to be combined to create the final design that meets
the required 2 DOF. Figure 8 depicts the design procedure
used to propose two distinct wrist designs. The first design,
referred to as the “universal joint configuration,” aims to
mimic a spherical joint by assembling the two FE modules
at the component ends, separated by the UR module. This
configuration enables both the DOF of the wrist to rotate about

Fig. 5: Plot and graphical representation of the Pareto frontier
for the Flexion/Extension module.

Fig. 6: Plot of the Pareto frontier for the Ulnar/Radial module.

the device’s center of rotation, except for any shifts caused by
the CAFP during deflection.

The second design, chosen by the authors for further de-
velopment, involves assembling the two FE modules in series.
This configuration results in the centers of instantaneous rota-
tion of the FE and UR wrist modules being misaligned from
each other. By splitting the two modules into separate hinge
joints, this design allows for more narrow hand movements,
as illustrated in Figure 9.

Flexion/Extension module

—— FEA without passive contacts
---- FEA with passive contacts

50 - BiBCM

M [Nmm]

0 10 20 30 40
Deflection [deg]

Ulnar/Radial module

FEA without passive contacts

FEA with passive contacts

504 * BiBCM X

M [Nmm]|
X

0 10 20 30 40
Deflection [deg]

Fig. 7: Reaction forces of the proposed wrist with the max-
imum allowed deflections, comparison between the FEA and
BiBCM.
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Fig. 8: Compliant wrist design procedure.

A. Passive contacts

One problem with the CAFP is its vulnerability to external
loads or impacts, which could cause the beams to buckle. To
address this issue in the final prototype, passive contacts have
been designed to support the joint and protect the beams from
unexpected loads, as depicted in Figure 8. Unlike a simple
hinge, the CAFP lacks a single center of instantaneous rotation
and tends to move during joint deflection. Therefore, the pure
rolling contact design necessitates the centroids approach [9].
As explained in Subsection II-A, the Bi-BCM outputs include
the planar displacements of the two points A and B of the
mobile link of the CAFP, along with their derivatives. These
outcomes allow for the determination of the centroid of the
CAFP at each time step with respect to the fixed reference
system by intersecting the orthogonal vectors to the velocities
va(t) and vp(t) for each point on the trajectories A(t) and
B(t) (Figure 4.a). Using a simple coordinate transformation,
the position of the centroid relative to the mobile reference
system can than be determined. Finally, the two centroid
trajectories, depicted in red in Figure 8, are imported into the
CAD software to complete the wrist design.

To better summarize the proposed wrist’s features, a com-
parison with currently commercialized or literature-present
prosthetic wrist models is provided in Table II, demonstrating
that it is lighter and smaller than the majority of them while
providing a higher ROM.

IV. FEA ANALYSIS

The final prototype of the wrist underwent FEA analysis us-
ing Recurdyn software. The model consisted of 60311 Hexa8

TABLE II: Prosthetic Wrists Properties.

Model Size [mm] | Weight [g] ROM [°]
Proposed Wrist 30%40*40 20 +80 FE, 40 UR
i-Limb 49%450 161 +40 FE, 0 UR
Be-Bionics 25%¢50 141 +30 FE, +30 UR
Lee et al. [4] 29%43%37 20 +90 FE, 0 UR
Demofonti et al. [5] 40*¢48 65 +75 FE, 0 UR
Kim et al. [7] 30%50*30 30 +80 FE, +25 UR

elements, with a maximum element size of 0.15 mm near the
beams and 0.5 mm for the remaining parts. The dimensions of
each module are listed in Table I, while the overall dimensions
of the wrist are 30x40x40(H) mm with en elliptical cross-
section. Nylon 11 has been chosen as the material for its high
strength-to-weight ratio and ease of printability. During the
FEA simulations, the bottom of the ground link has been
constrained with a zero displacement boundary condition,
while an angular displacement equal to 6,,,, has been applied
at a master node rigidly connected to the upper surface of
the output link. Additionally, GeoSurface contacts have been
included to simulate the joint’s passive contacts behavior.
Figure 9 displays contour plots of the two configurations
presented (i.e., the one proposed by the authors in Figures
#1 and #3 and the one mimicking a universal joint in Figures
#2 and #4). The maximum stress was consistent with the one
calculated using the Bi-BCM equations (lower or equal to 35
MPa), as were the torque values during deflection, as shown
in Figure 10. Furthermore, the passive contacts during rotation
never came into operation, confirming the correct computation
of the joint’s pure rolling profile. The two wrist modules reach
the same maximum torque (i.e., approximately 83 Nmm), and

Fig. 9: FEA analysis of the series (figures #1 and #3) and universal joint (figures #2 and #4) versions of the proposed prosthetic

wrist.
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Fig. 10: Maximum allowed deflections for the FE and UR
modules in the proposed wrist, along with the corresponding
reaction forces.

therefore, given the halved deflection, the UR module has
double the stiffness compared to the FE module. Notably,
the optimization routine presented in this paper allows for
complete customization of every characteristic of the CAFP
joint based on application requirements.

A. Tendons Path

Assuming that forces stay significantly below the tendon’s
maximum load, simulating tendons becomes a straightforward
process achieved by applying axial forces at attachment points,
ensuring fast and efficient simulations. In contrast, alterna-
tive approaches, such as utilizing rigid elements with elastic
springs or conducting finite element analysis on the tendon
(using ’solid’ or ’beam’ elements) [28], present computational
challenges and maintain a level of imprecision. The placement
of tendons in objects with cylindrical shapes and one or more
degrees of freedom usually involves two configurations: one
with tendons located at the ends, forming a “plus” shape, and
one with tendons located at the corners, forming a “cross”
shape. Figure 11 illustrates these configurations. Assuming
four linear motors (e.g., electromechanical, twisted cable, or
artificial pneumatic muscles as those implemented in [7]) are
used, the ”plus” configuration connects a single motor with
its motion law to each tendon, hence allowing for control of
each possible joint movement, such as flexion, extension, ulnar

“cross” tendon
configuration

“plus” tendon
configuration

9

—

)

- ]
i\ — 7%}
= ~—
— —~— .
”/ —t— | Ext
Uln. .
Flex. Flex. - $‘{ad.

Fig. 11: Compliant wrist: ”plus” and “cross” tendon configu-
rations.

deviation, and radial deviation. In contrast, in the ’cross” con-
figuration, all four motors are involved in any wrist deflection,
making their control more complex. In our specific geometry,
using the “cross” configuration results in a more energy-
intensive actuation of the device, a crucial consideration in
prosthetic design where limited battery space is a concern. As
depicted in Figure 12, the work done by motors (calculated as
the force multiplied by the tendon displacement) in the “cross”
configuration is 658% higher for the FE deflection and 42%
higher for the UR deflection compared to the “’plus” config-
uration. This increase is primarily due to the less favorable
position of tendons in the “cross” configuration, resulting in
minimal leverage near maximum deflections. Considering all
these factors, the ”plus” configuration stands as the preferred
choice for implementing in the proposed wrist design.

B. Wrist Payload

Although the wrist has been serving as a passive joint,
FEA analyses have been employed to assess the component’s
maximum load when subjected to both axial and tangential
forces, as illustrated in Figure 13. For instance, utilizing micro
servomotors such as the Bluebirds BLS-A930+, which can
deliver a maximum torque of 1.94 Nm, we have estimated
a maximum load m of 5 kg for the UR joint under axial
force mga conditions (4 kg under tangential force mgr
conditions) and 3.5 kg for the FE joint under axial force mgx
conditions (2.5 kg under tangential force mgr conditions).
These calculations take into account the use of a flange with a
radius of 10 mm. These analyses were carried out by applying
the load at a distance of 60 mm from the upper surface of the
wrist. Subsequently, the maximum forces Fr that the motors
can generate were applied individually to each DOF, and a
feasibility analysis was conducted to determine the maximum
load that still permits complete deflection 6,4 x of each DOF.
As for the maximum static load F7, that the component has
been capable of enduring in a vertical position with all four
motors under tension, a value of 49 kg has been determined.

Fig. 12: Comparison of motor work during wrist deflection
between ’plus’ and ’cross’ tendon configurations.
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Fig. 13: Payload and Static Load simulation set-up.

This value is comparable to the maximum static load supported
by commercially available robotic hands, like the Ottobock
Be Bionic hand. In the event of all four motors failing or
a complete battery discharge, the joint has demonstrated its
capacity to withstand loads of up to 5 kg before reaching the
point of failure.

V. EXPERIMENTAL TESTS

To validate the findings of the virtual wrist model, a
prototype was produced using Formlabs Fuse and Nylon 11
via Selective Laser Sintering (SLS) technology. Using this SLS
technology, the printed piece can achieve remarkable precision
(with an average deviation of 0.0395 mm as reported by the
manufacturer), eliminating the need for support removal during
post-production. Consequently, this approach reduces defects
in the slender beams that form the CAFPs. Furthermore,
although appropriate tests on physical prototypes are still in the
development phase, as reported by Van Hooreweder et al. [29],
components manufactured using the SLS technique exhibit a
fatigue life comparable to those obtained through injection
molding, as well as limited batch-to-batch variability.

Figure 14 displays the physical prototype of the proposed
wrist in both its neutral position (picture #1) and maximum
deflection angles (i.e. max extension in picture #2, max
ulnar deviation in picture #3, and maximum combined exten-
sion/ulnar deviation in picture #4). Compared to the one shown
in Figure 8, two additional connectors have been included
in the model to enable assembly with the experimental test
setup. The final device will include either a universal joint
or a custom-made one, depending on the prosthetic hand and
forearms used. This joint will be attached to the device or
produced using additive manufacturing techniques.

The experimental setup illustrated in Figure 15 comprises
four Linmot PSO01-37x120 linear motors connected to the
wrist’s four actuation tendons (nylon fishing wire) via axial
load cells and pulleys. Closed-loop experimental tests were
carried out using a simple PD controller with the help of
LabView software, which used the force measurements from
the load cells as a reference. Meanwhile, an MPU6050 gyro-
accelerometer mounted on the joint’s upper surface determined
the joint position. A dummy hand was added to the last image
of Figure 15 to serve as a reference for the wrist’s actual

dimensions. It is important to emphasize that the two DOF
within the wrist are mutually independent. For instance, the
tendons designed for ulnar/radial deflections do not exert any
influence on those designated for flexion/extension deflections.
However, due to the dynamic variation in the instantaneous
center of rotation of the CAFP joints, shortening one of the
two antagonist tendons within a single DOF does not perfectly
correspond to the lengthening of its antagonist cable. This
distinction necessitates measurement and correction during the
experimental tests.

The test setup enabled the collection of data on the actual
range of motion (ROM) of the joint, as shown in Figure 16,
and the axial forces required for actuation, as presented in
Figure 17, and compared to the corresponding values obtained
from the virtual prototype in Section III. However, during
the combined deflections, the actual ROM was found to be
a little lower than the ideal ROM required during the design
phase, which may have resulted from suboptimal motor control
during the execution of combined FE/UR movements. As
future work, an advanced controller capable of fine-tuning
the force output of the four motors, taking into account the
viscoelasticity of the material, which has been demonstrated
to be more accurate in controlling compliant joints [30], will
be implemented.

The axial forces required to activate the experimental model
also differ from those obtained from FEA simulations. This is
because the simulations involve simplifications, such as the
absence of friction and actuation only through axial forces at
the attachment points of tendons. However, the shapes of the
forces are similar. To enhance the accuracy of the virtual model
without increasing the computational burden, friction contri-
butions can be estimated using the Euler-Eytelwein formula
[31]:

Ef5 = F;n@mS (23)

where p is the Coulomb friction coefficient, F},, is the axial
force applied in the virtual model, and § is the curvature
angle for each contact point present in the model. The FEA
model can easily measure §, while i has been estimated to be
0.25 using the same procedure described in [24]. This simple
friction estimation helps the virtual model predict the behavior
of the physical prototype more effectively without increasing
the computational time of the FEA simulation.

VI. CONCLUSION

This article introduces a novel design of a flexible robotic
wrist that has been specifically developed for upper limb
prostheses. The wrist incorporates CAFP joints and passive
contacts and has been optimized using the Bi-BCM analytical
technique. The optimized design has resulted in an exceptional
range of motion (+80° FE, +40° UR) that exceeds that
of other similar wrists currently available on the market or
discussed in the literature. Moreover, the wrist’s compact size
(measuring 30x40x40(H) mm) and lightweight (20 g) make it
an attractive option for prosthetic use.

To validate the analytical optimizer’s results and determine
the required force for joint activation, Finite Element Analysis
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Fig. 14: Physical prototype of the proposed wrist, in his neutral position (picture #1), performing a full extension (picture #2),
performing a full ulnar deviation (picture #3) and performing a combined Extension/Ulnar deflection (picture #4).

Fig. 15: Experimental setup.

Fig. 16: Wrist range of motion.

tests were conducted. These tests also identified the optimal
configuration for positioning tendon channels to minimize
prosthesis energy consumption. Experimental tests conducted
on the prototype confirmed the actual range of motion and
forces generated during wrist movement.

In future work, the wrist will be further evaluated through
testing with a robotic hand and forearm. Additionally, a
controller capable of considering the viscoelasticity of the
flexible components during activation will be developed.
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