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Design of an under-actuated wrist based on adaptive synergies

Simona CasiniZ, Vinicio Tincani?, Giuseppe Averta', Mattia Poggiani!, Cosimo Della Santina!,
Edoardo Battaglia!, Manuel G. Catalano®, Matteo Bianchi', Giorgio Grioli> and Antonio Bicchi!?

Abstract— An effective robotic wrist represents a key en-
abling element in robotic manipulation, especially in prosthetics.
In this paper, we propose an under-actuated wrist system, which
is also adaptable and allows to implement different under-
actuation schemes. Our approach leverages upon the idea of soft
synergies - in particular the design method of adaptive synergies
- as it derives from the field of robot hand design. First we intro-
duce the design principle and its implementation and function
in a configurable test bench prototype, which can be used to
demonstrate the feasibility of our idea. Furthermore, we report
on results from preliminary experiments with humans, aiming
to identify the most probable wrist pose during the pre-grasp
phase in activities of daily living. Based on these outcomes, we
calibrate our wrist prototype accordingly and demonstrate its
effectiveness to accomplish grasping and manipulation tasks.

I. INTRODUCTION

In humans, the wrist is responsible for fine adjustments
of hand pose [1], [2], [3] and plays a fundamental role
in hand mobility and manipulation in everyday actions
[4]. The development of effective robotic wrists is also
very important in robotic manipulation, since the wrist en-
ables the control of the end-effector pose. This is crucial
in many applications, ranging from assistive robotics and
prosthetics, human-robot interaction, micro-manipulation for
medical procedures, orienting machine tools, see e.g. [5],
[6], [4]. Furthermore, within the novel paradigm of soft
manipulation, i.e. robot embodied ability to comply and
adapt to features of the environment, an effective design
of robotic wrists is an essential component to simplify the
grasp planning phase. Indeed, leveraging upon the intrinsic
capabilities of soft end effectors to continuously deform in
different shapes, an approximation of object properties and
hand pose definition, which is ultimately determined by the
wrist, can be enough to generate candidate poses to grasp an
external item [7]. Among those application fields, prosthetics
probably represents one of the most challenging, due to the
significant contribution that a robotic wrist can provide in
terms of users quality of life and prosthesis acceptance [4]
and due to the additional constraints that must be taken
into account during the design phase. Interestingly, while
important advancements for the development of dexterous
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Fig. 1. The two DOFs adaptive under-actuated wrist pouring water.

hands for prosthetic use have been done, wrist design has
drawn much less interest among researchers and modest
progresses can be observed so far. Indeed, only few examples
of commercially available prosthetic wrists can be found,
including both motorized solutions for hand closure and
pronation/supination (P-S), flexion/extension (F-E) and fin-
ger closing, as well as passive solutions (see [8] for a review
on these topics). Considering also research developments, we
can find several architectures, including passive wrists (see
e.g. [9]), 2 DOFs fully-motorized wrists (see e.g. [10], [11]),
3 DOFs fully-motorized wrist (see e.g. [12]), rotators [13],
body-powered wrists [14], among the others (refer to [4] for
a complete review).

In this work, we present the mechanical design of a
soft and adaptable under-actuated wrist prototype with 2
DOFs (see Fig.1). Thanks to its modularity, this system
allows to implement different under-actuation patterns and
represents a useful test-bed to shape the development of other
prototypes with reduced encumbrance. Since the absence
of P-S is very penalizing to be compensated for (because
it requests a rotation of the shoulder around the axis of
the arm), we decided to implement this DOF, while our
architecture allows to choose between F-E and add-abduction
(A-A), or a combination of the two, as the second DOF.
At the same time, we also developed procedure to retrieve
human upper limb kinematics from optical marker-based
measurements and performed preliminary experiments with
human participants to identify upper limb joint angles and
extract the most probable wrist pose at the moment of the
pre-grasp.. This pattern was then implemented in our robotic



wrist. Experiments where the wrist was used in conjunction
with the Pisa/IIT SoftHand [15] to grasp different items show
the effectiveness of our solution, in terms of grasp success,
opening scenarios for robotic, prosthetic and rehabilitative
applications [16].

II. A WRIST WITH SYNERGIES

The theoretical basis for the proposed modular under-
actuation moves from the concept of adaptive synergies [15],
which combines synergy-based actuation and mechanical
adaptability for the development of soft robotic hands. This
approach can be applied also to the simplification of the
design of modular wrists. Furthermore, the proposed modular
approach enables the implementation and testing of different
under-actuation strategies, which in turn can take inspiration
from human example.

In neuroscience the concept of synergies, i.e. multiple
elements working together towards a common goal, has been
extensively studied and developed as a principled simplifi-
cation approach to the well-known Bernstein’s problem of
motor redundancy [17]. Although synergies can be defined
at different levels, e.g. kinematic, muscular, neural and also
sensory (see e.g. [18], [19] ), the main idea shared across
these definitions is the geometric concept of dimensionality
reduction, i.e. multiple degrees of freedom can be controlled
within a lower dimensional space than the available num-
ber of dimensions. Such a descriptive framework has been
applied to investigate how the central nervous system can
control the large number of sensory-motor elements of the
hand, such as ligaments, muscles, receptors, joints and bones.
At the same time, the existence of a co-variation (i.e. a
synergy) for the joint angles of the whole upper limb has
been also experimentally proven in literature. For example,
previous works demonstrated that movements of the arm
and shaping of the hand during reach-to-grasp are highly
coordinated [20], and hence that a global control strategy
for the coordination of the fingers, wrist and arm can be
observed [21], [22]. Focusing on grasping and manipula-
tion, the control of hand position and orientation w.r.t the
external object represents a key factor for enabling a correct
task accomplishment and can be regarded as the result of
coordination and contribution of different upper-limb parts,
such as the shoulder, the elbow, and finally, the wrist.

At the same time, robotics research has deeply leveraged
upon these neuroscientific insights for the design of artificial
hands and sensing systems with a reduced number of actu-
ators, control inputs, and sensors (see e.g. [15], [23], [24],
[19D).

More specifically, soft synergies [25], [26] were proposed
as a tool for modeling human motor behavior and driving
the design of artificial hands. According to this framework,
a reference configuration can be generated using a reduced
sub-set of all the possible degrees of freedom (called postural
synergies [19]), while the real limb is compliantly attracted to
it and, at the same time, repelled by the forces of interaction
with the external world. When an equilibrium is reached, we
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Fig. 2. Wrist model used for the mechanical design.

have
q=56—CJ" fexi, (1)

where o € R* are the synergy variables, g € R” are the joint
variables. § € R"* represents the synergistic basis of the
joints configuration space, mapping o into g. The matrix
C € R™" is the compliance and JT fo € R™ collects the
effect of all the external forces acting on the system.

Starting from these considerations, adaptive synergies
[27], [15] were proposed as a design paradigm to implement
soft synergies leveraging upon the adaptability of differential
mechanism. In this case, let R € R**" be the transmission
distribution matrix and E € R"" the joint space stiffness
matrix. The equilibrium of the joint torques, which includes
a linear elastic force in joint space —Eg € R" and the
contribution of external forces J7 fo € R”, is

{ﬂfm —RTf—Eq

Rg=o0. @

where f € R® is the generalized force produced by the motor.
Solving Eq. (2) leads to Eq. (1) with the following choice
of matrices (see [27] for more details)

S=E 'RT(RE~'RT)~!
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Through this relation the matrices S and C are related to
the mechanical elements represented by E and R. Thus both
un-perturbed movements and elastic behavior of the robot
can be independently designed by proper choice of elastic
constant of the springs and the radii of the pulleys. This
framework was successfully applied in the design of robotic
hands [15], [28], [29]. Naturally conforming to the external
environments in a human-like manner, such hands are able
to perform complex grasps and basic in-hand manipulations
with a small set of control inputs and an intuitive interface.

As described above such characteristics are highly attrac-
tive for a robotic wrist. In the authors’ opinion, passive
adaptability of the wrist should help the user providing



an intuitive way to take advantages from environment, in
order to achieve more stable hand pre-orientations, and to
perform manipulation tasks. For these reasons, in this work
we propose an adaptive synergy-based robotic wrist, which
allows us to investigate these ideas, keeping intentionally
separated the wrist synergies from other possible synergies
implemented in the artificial hand mounted on it.

Furthermore, the modularity of our prototype enables
the implementation and testing of different under-actuation
patterns. In our first prototype we consider just the two
DOFs ¢1,¢> rotating around axes Ji,J», instead of the three
DOFs which are usually considered to model the human
wrist. The two DOFs endowed in the wrist are P-S and
F-E in the configuration shown in Fig.2. Main motivation
for this relies on results from preliminary human studies,
described more in detail in section IV, which revealed that a
suitable combination of these two DOFs is enough to explain
around 95% of wrist pose variability during the pre-grasp
phase in daily life activities. In addition, a DOF reduction
generally implies space and weight decrease which are well
liked especially for applications in prosthetics. However, it is
worth to note that the orientation of the hand w.r.t. the wrist
can be changed, which causes J, to switch between F-E and
A-A, as better explained in Sec. III. Fig.2 shows the main
components of the proposed system.

The elastic field Egq is here implemented through the
springs of elastic constant k; and kp, while the transmission
ratio R is implemented by the pulleys of pitch diameter D,
and D,p,. The next section provides a more accurate de-
scription of the actual mechanics implementing the described
components.

We call xg and x; respectively the distance between J1
and the center of mass G of the hand and an applied load L
normal to the palm of the hand and intensity fi and similarly
vy and yg, the distance between J2 and G and L. Then Eq.
(2) for the proposed wrist is

xg x| [Mng 1 ki 0| |q
=|D — , 4
[)’G )’L} {fL ] [D;i] ! {0 k2| |q2 @
being M, the mass of the hand. Thus (3) leads to the
following description of wrist behavior

_ | Dpmk2 6 Dpm
Dp2 ki ki D§2+k2D12,m
D? —Dyo Dpm (5)
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Among the many ways to link the DOFs of the wrist the
proposed device reproduces wrist synergies with a direct
proportional dependency between ¢; and ¢». From equation
(4) it can be noted that, for null external loads, the ratio
of joint variables is given by the equation % = %gi’;.
Acting on the ratio of the elastic constants of the sprirfgs
and on the diameters of the driver and driven pulleys, we

can tune off-line a coordinated motion of the DOFs of

Fig. 3. 3D render of the wrist with the main components of the prototype.

the wrist in absence of external loads (as during the grasp
acquisition stage). In the following section, we discuss the
mechanical implementation and thoroughly discussed the
possible choices for spring constants.

I1I. MECHANICAL DESIGN

Fig.3 shows an overall 3D render of the wrist. The
majority of the parts are made in ABS plastic with a FDM
machine, whereas the most stressed parts are in Aluminum
Alloy or Stainless Steel. The device comprises three main
groups:

a) Frame: it is the yellow part located at the bottom of
the device. It constitutes the fixed frame on which a joystick
can be mounted to handle the wrist (see the pictures of
Section V) and contains the electronic components to drive
the motors of the hand and the wrist. Group (1), fixed to the
frame, enables the loading of springs (3) at axis J;. Encoder
(E1) directly measures the P-S angle g; with a transmission
ratio 2.5 : 1.

b) Pronation-Supination Group: it is the main cylindri-
cal body which confers the P-S movement to the wrist (axis
J1), with the motor embedded. Group (2) enables the loading
of springs (4) wrapping around axis J> while toothed belt (6)
transmits the power from the motor to J>. On the top of the
cylindrical body, encoder (E2) measures the relative angle
between the motor shaft and the cylindrical body o —¢q;. As
shown in Section II, the reading of E2 equals %, thanks
to which we can get a direct measurement of A-A or F-
E. A third redundant encoder (E3) housed in the cylindrical
body, has the purpose of allowing a direct measurement of
the rotation of the motor without being dependent from other
encoder readings.

c) Flexion-Extension Group (or Abduction-Adduction
Group): it is located at the top of the device and confers
a rotation around axis Jp. At the top of the wrist, flange (5)



(a) Kinematic Model (adapted from [30]) and marker sup-
ports (in light gray and in the zoomed view) used for the
experiments.

(b) Geometric Parameters.

Fig. 4. Upper limb model used in the identification. Joint variables model
shoulder abduction-adduction (g;), shoulder external-internal rotation (q»),
shoulder flexion-extension (g3), elbow flexion-extension (g4), elbow prono-
supination (gs), wrist abduction-adduction (gg) and wrist flexion-extension
(g7), respectively.

allows to mount the hand with different orientations at 90°.
If the hand is mounted as in Fig.2 the rotation around axis
Jy is F-E. Conversely, if the hand is rotated 90° on the flange
with respect to Fig.2, the rotation is A-A.

IV. WRIST SYNERGIES IN HUMANS

One of the motivations of having a modular adaptive wrist
is to enable a suitable under-actuation taking inspiration from
human example. For this reason, we performed a set of
preliminary experiments aiming to understand which are the
most probable poses of the human wrist during activities
of daily living. In order to carry out these experiments, we
defined a kinematic model for the whole upper limb, and
an estimation strategy to obtain joint angles from a marker-
based optical motion capture system (PhaseSpace, working
frequency of 480 Hz). While the wrist represents the main
interest of this work, tracking is extended to the whole upper
limb in order to increase the robustness of the optical motion
tracking. Inspired by [30], [31], [32], [33], we modeled the
upper limb using three rigid segments and seven DOFs:
three DOFs for the shoulder (A-A, F-E and external-internal

rotation of the humerus w.r.t the scapula), two for the elbow
(F-E of the ulna-radius w.r.t the humerus and P-S due to
the relative movement of radius and ulna), and two for the
wrist (F-E and A-A of hand w.r.t the forearm). The axes
for the shoulder, elbow and wrist joints are assumed to be
orthogonal and intersecting.

We used rigid supports with attached markers to define
a reference frame on the chest, and local frames in the
middle of forearm, arm and hand dorsum as in Fig.4(a). The
segments model upper arm, forearm and hand, respectively,
and are connected through revolute joints. We chose to use
the Product of Exponentials (POE) parametrization to model
kinematics [34]. Importantly, in this model the elbow prono-
supination degree of freedom, that ultimately determines the
pose of the hand, is attributed to the elbow, as was done
in [30]. It is worth to note that in our robotic prototype this
degree of freedom is considered as part of the wrist. Under a
kinematic point of view these two approaches are equivalent
in terms of hand pose control. However, our mechanical
solution is preferable looking at prosthetic applications, e.g.
for trans radial amputees, where hand P-S is controlled at
wrist level. In Fig.4(b), we show twist axes for each degree
of freedom and other descriptive parameters of the model
used during the calibration phase.

Referring to [34], we implemented a calibration proce-
dure to estimate model parameters based on a constrained
least-squares minimization between marker positions and
model-related marker positions. Joint angle were retrieved
implementing a recursive estimation procedure based on an
iterative Extended Kalman Filter.

A. Experimental Procedure

10 right-handed subjects (6 M, 4F, their age ranging from
20 to 30) gave their informed consent to take part to the
experiment. No one had any physical limitation that could
have affected the experimental outcomes. During the ex-
periment, participants wore the previously described marker
supports, and were comfortably seated. They were asked to
grasp to use a set of objects as in table I and to perform the
related activities of daily living tasks extracted from [35].
Each task was repeated three times and the order of actions

TABLE I
DAILY LIVING ACTIVITIES.

Brush/comb hair

Stir in a bowl

Cut meat with knife and fork
Pour from a bottle/can

Write the word "LETTER” legibly
Use a pair of scissors

Use a key in lock

Dial a touch tone phone

Use a hammer and nail

O 01NN AW =

randomized. In particular, for each action, the object was
placed on a table (= 80 cm height) in front of the participant,



TABLE I
‘WRIST SYNERGIES EXTRACTED FROM THE EXPERIMENTS.

P-S A-A F-E variance
PC1 | 036 | 41073 0.93 74%
PC2 | 093 | 0.013 -0.36 21%
PC3 | -0013 | ~1 |[9310°7 5%

at a distance of ~ 50 cm, while the starting hand position was
palm-down on the table. This list of actions was performed as
trade-off between experimental time and human workspace
description, with no claim of exhaustiveness. Study of a more
complete list of human actions will be carried out in future
works. Note that although we are interested in the pose of
the wrist in the pre-grasp phase, we asked participants to
complete all the action phases to have more natural data for
our analysis.

B. Data Analysis

Once joint angles were estimated, we focused on the
degrees of freedom corresponding to the ones we can im-
plement in our robotic wrist, i.e. gs, g6 and g7 as in Fig.4.
To identify the most common and probable pre-grasp wrist
pose, we performed Principal Component Analysis on the
data. Wrist orientations were collected in a matrix A € R90%3,
where the number of rows comes from the 10 participants
and 9 actions, and the number of columns corresponds to the
three degrees of freedom considered. The three repetitions
for each action in Tab.I were averaged to privilege, in our
PC analysis, the diversity between experimenters and actions
rather than variations within the same action performed
by the same user. The principal components (PCs) were
then computed from the eigenvalues and eigenvectors of the
matrix of the covariance coefficients between each of the 90
samples.

Results of the PC analysis are reported in table II.

Although preliminary, these results provided us useful
indications on how to control the wrist, i.e. to constrain the
degrees of freedom, according to the first common actuation
pattern PC1 of the wrist poses in human pre-grasping, which
takes into account large part of pose variability. What is
noticeable is that according to PC1 F-E plays the most
important role: this is not surprising given the set of actions
we considered. In the future these results will be further
investigated, varying both the location of the object in front
of the participant and the typologies of the items used for
the experiments.

V. EXPERIMENTS

In this Section, we describe a hardware and software
setup to prove the device effectiveness in P-S and F-E
or A-A movements while grasping different objects with
the Pisa/IIT SoftHand. The 2-DOF under-actuated wrist has
been provided with a 2-axes joystick hardware interface to
handle both the hand and the wrist motor. The thumb-joystick
controls the device through a velocity-based control loop, i.e.
the farther is the joystick position from the rest the faster is

the motor rotation. The joystick is at rest when the thumb is
centred on both axes. From this position the SoftHand closes
when the joystick is moved upward, while the wrist rotates
if it is moved laterally.

Two different sets of experiments have been carried out
with this setup: a first group aiming to give a qualitative
demonstration of the wrist capabilities, and a second showing
the implementation of the PC1.

A. System demonstration

Fig.5 and 6 show the wrist free movement in two different
configurations. In Fig.5 from the neutral position (center),
one can have either pronation and extension (left) or supina-
tion and flexion (right). On the contrary, Fig.6 refers to the
case with the hand mounted on the wrist toothed flange
to have pronation and adduction (left) or supination and
abduction (right). It is of relevance also to have a look on the
movement of the device while a DOF is blocked to notice
how a pure P-S or a F-E / A-A movement can be obtained
(see Fig.7 and Fig.8). Fig.9 shows the under-actuated wrist
device while it is used with the thumb-joystick interface for
a typical daily living activity. The here proposed device is
also capable of exploiting the environment and of passively
adapting to improve objects approach and grasping. Fig.10
shows an example of this kind of adaptability, while the
user presses the under-actuated wrist on a table to block
F-E and to convey only P-S movement. The environmental
constrain exploitation is a fundamental aspect not only for
a natural usage in assistive robotic applications, but also for
soft robotic manipulation, in general. In these pictures it is
possible to see the wrist in conjunction with the Pisa/IIT
SoftHand [15]. What is noticeable is that the integrated
system enables advanced manipulation capabilities, see e.g.
Fig.9. Furthermore, it is worth to observe that the orientation
of the arm of the user maneuvering our device is minimized
during task execution. This is extremely important in view
of future prosthetic implementations, to reduce the need of
compensatory movements in amputees during the execution
of activities of daily living.

B. Implementation of PCs.

In Section IV we showed a set of preliminary experiments
aimed at investigating which are the most probable poses of
the human wrist in daily living activities, which led to the
individuation of a set of principal components where the first
accounts for more than 74% of variance. In the following we
show the implementation of the PC1 in our device and its
employment in an applicative case.

Referring to equation (4), the problem of implementing
PC1 through hardware is reduced to finding k; and k; such
that the ratio between ¢g; and ¢, is coherent with the ratio
assigned by the first principal component. We recall that this
PC has a dominance of the flex-extension joint, with P-S
coming second and add-abduction being set to an almost
null value. This makes it possible to implement PC1 by
assembling the hand in the P-S/F-E configuration (Fig.5) and
choosing the elastic constants appropriately. The target ratio



Pronation plus Extension Neutral Supination plus Flexion

Fig. 5. Free movement of the under-actuated system wrist-SoftHand (£90° excursion for both P-S and F-E).

Pronation plus Abduction Neutral Supination plus Adduction

Fig. 6. Free movement of the under-actuated system wrist-SoftHand (+90° excursion for both P-S and A-A).

Fig. 7. P-S full range movement while F-E is blocked by an external constraint.

Fig. 8. F-E full range movement while P-S is blocked by an external constraint.




Fig. 9. The wrist driven by a user using thumb-joystick interface to approach and to grasp objects.

Fig. 10. A typical usage of the here realized device where passive adaptability to environment is effective during task accomplishment.
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Fig. 11. Joint angles behaviour while PC1 is implemented in the artificial
wrist: ideal ratio between F-E and P-S movements (red line) vs. real ratio
deduced by 10 cycles experiments (blue lines).

of the P-S and F-E components of the first principal direction
(see Tab. 1II) % = 8:—32 ~ 0.39 can be implemented in our
device with a proper choice of the elastic constant k1 and
k2 of the springs. With our available springs at the moment
of the experiments we implemented a ratio % =0.42 as the
closest approximation (k; = 1.8Nmm and k, = 0.55Nmm).
The plot of Fig.11 illustrates the g1 /¢1 ratio of the encoder
readings after 10 cycles (blue lines). In the same picture
the target ratio is overlapped in red dot line showing a
good match with the recorded data. The hysteretic behaviour
visible in Fig.11 is just due to clearances and static friction
in the physical implementation of the wrist.

Fig.12 shows a grasp performed with this PC1 imple-
mented, with all the previously discussed characteristics (i.e.
adaptability, enhanced grasping capabilities and absence of
compensatory movements) well depicted. Notice that differ-
ent spring ratios allow to implement different synergies, not
different softness that allow various hand and wrist positions.

VI. CONCLUSIONS

In this work we have presented a modular, soft, under-
actuated wrist with two DOFs and only one motor. The
mechanical design, whose theoretical foundations rely on the
framework of soft and adaptive synergies, is modular in order

Fig. 12. Example of object grasping with the under-actuated wrist
implementing PC1.

to allow the implementation of different under-actuation pat-
terns. In parallel, we also performed experiments with human
participants to obtain a preliminary estimation of the most
probable pose of the human wrist during the pre-grasp-phase
in activities of daily living, i.e. a first estimation of wrist
synergies. Finally, we have experimentally demonstrated
the capabilities of our prototype and discussed a possible
implementation of a preliminarily estimated first human wrist
synergy, which was obtained thanks to a suitable choice of
the elastic elements. Experiments where our device was used
in conjunction with the Pisa/IIT SoftHand to grasp different
items show the effectiveness of our solution as a multiplier
of manipulation capabilities in humans, also thanks to the
softness of the system.

The outcomes of this work opens promising scenarios
for prosthetic applications, with the possibility to enhance
grasping and manipulation performance in amputees, while
keeping the complexity of control as simple as possible and
still guaranteeing robustness and movement naturalness —
the latter representing important novel contributions of soft
robotic technologies such as the Pisa/IIT SoftHand and its



prosthetic evolution.

Furthermore, these results can also be used within the soft
manipulation paradigm in industrial applications and human-
robot-interaction, allowing to further multiply the capabilities
of soft manipulators.

Future works will aim to investigate more in depth wrist
synergies in humans and, consequently, to reduce the di-
mensions of the wrist prototype - this aspect is especially
important in trans-radial amputations for a successful inte-
gration of the wrist with the socket and the hand, which could
be designed to implement a specific under-actuation pattern
devised from human example. Additional experiments will
be also performed to further evaluate the effectiveness of the
wrist in grasping and manipulation tasks.
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