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Abstract. The subject of this investigation is RehaWrist.q, a wearable
wrist rehabilitation robot with 3 degrees of freedom (DoF), characterised
by its small size, lightweight, and lack of external support structures. The
effectiveness of the robot design is assessed through a dedicated passive
configuration along with an experimental setup. The robot workspace is
suitable for rehabilitation exercises, albeit falling short of the maximum
range of motion achievable by a healthy individual. The study underlines
the potential of the overall concept, but recommends the implementa-
tion of an active actuation system that continuously and automatically
adjusts cable tension to fully exploit the device’s capabilities.

Keywords: wrist rehabilitation, robotic rehabilitation, cable-driven robot,
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1 Introduction

According to the World Health Organization’s (WHO) report on disabilities,
around 15% of the world’s population has some form of impairment, with 2-
4% experiencing major difficulties in functioning [9]. This global estimate of
disability is increasing due to the ageing of the population.

Hand and wrist injuries can cause severe disability that affects both social
and vocational activities. [3]. Hand trauma occurs globally with high incidence;
however, the resulting impairment and disability depend on the severity of the
injury, timely diagnosis and adequate treatment [3]. These injuries require a long
and repetitive rehabilitation process for the hand to regain its functionality [1].

Robotic rehabilitation has been proposed to overcome the general lack of
medical staff by repeating therapeutic movements without the direct involvement
of a therapist, so much so that clinical trials conducted by Kwakkel et al. and
Reinkesmeyer et al. [6, 8] confirmed that this approach is effective in supporting
the rehabilitation.
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In response to these fundamental challenges, the authors have proposed a 3
DoF cable-guided end-effector system that is also wearable, small, lightweight,
and does not require external support, named RehaWrist.q [2].

2 Proposed Wrist Rehabilitation Robot

2.1 Wrist Kinesiology

The human wrist is a fairly complex joint that enables the flexion-extension
(FE) motion 8 and the radial-ulnar deviation (RUD) motion . In addition to
that, the pronation-supination (PS) motion « is often taken into consideration
for rehabilitation activities although a joint between the forearm and the elbow
enables it (Fig. 1).
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Fig.1: Wrist motions and their maximum range of motion [5]. (a) Flexion -
Extension (FE) motion $,(a) Radial - Ulnar Deviation (RUD) motion ~, (c)
Pronation - Supination (PS) motion «

The complexity of these joints is primarily due to the fact that the instanta-
neous centre of rotation is not fixed, but changes depending on the orientation
of the hand. As a result, for exoskeleton robots replicating the human joints
with external kinematic chains, it is imperative to avoid joint misalignment to
avoid hurting the user, as mentioned by N&f et al. [7]. Conversely, end-effector
robots are attached to the user at only one point, thereby eliminating the issue
of joint misalignment. However, these robots may still cause harm by producing
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unfeasible motions due to the mismatch between the robot and the user’s joints
[4].

2.2 Functional Design

The authors developed a cable-driven end-effector rehabilitation robot to avoid
any issue related to joint misalignment and to reduce the overall weight as much
as possible. Figure 2a is a simplified representation of RehaWrist.q. The robot
is made of two platforms connected by four actuated cables to control the user’s
hand orientation. The fixed platform, which anchor points are Ay and By, is
rigidly linked to the upper arm through a brace-like structure. The forearm is
placed inside a cuff that is free to rotate with respect to (w.r.t.) the fixed platform
to allow the movement of PS «. To achieve this motion, the forearm cuff is
mounted on two curved rails that run in relation to a roller system part of the
fixed platform. The user grasps a handle integral to the mobile platform, whose
anchor points are A; and Bj. It is possible to generate one of the three motions
or a combination of them by properly pulling the right cables. For example,
pronation (& < 0) is obtained by pulling cables p; = AgA; and py = ByB; and
supination (¢ > 0) is achieved by pulling cables po = BgA; and ps = ApBs.
Similarly, the cable pairs p; and p3 or py and py drive the FE motion and the
pairs p; and ps or p3 and py control the RUD motion.

Shoulder Joint
Handle DC Motor  Cable Drum

Forearm-Platform
Revolute Joint

Lever Arm

Force Sensor

Measuring
Pulley

Arm-fixed Centre Idle
Structure Forearm Ow Pulley

(a) (b)

To Anchor
Point

Fig.2: (a) Functional diagram of the proposed rehabilitation robot. Cable pj is
green, ps is red, ps is magenta, and py is blue. (b) Functional diagram of the
actuation sub-system

Figure 2b illustrates how the robot pulls the cable applying the appropriate
tension. Each cable is wound around a drum or pulley coupled to a DC motor
shaft and guided to the corresponding anchor point by an idle pulley. Both the
motor and the idle pulley are mounted on the fixed platform. Between the two,
there is a smaller idle pulley mounted on a lever hinged to the fixed platform
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and pushing onto a force sensor that is used to measure the cable tension. A
dedicated motor controller ensures that the motor generates the correct torque
to apply the required cable tension.

Figure 3 shows the parallel robot alone with its main parameters with the
mobile base in two different orientations, namely, the rest position and a generic
position. Each platform has a size of L;, with ¢ = 0,1 where 0 refers to the fixed
platform and 1 to the mobile one, and it is placed at a distance d; from the ideal
wrist centre Oyy. The platform reference frame {O;} is at its centre.

By

Wrist in rest position 4

PS a=0°
FE B=0°
RUD 7 = 0°

(a)

Fig. 3: Diagram of the two platforms and their reference frames in the rest posi-
tion (a) and in a generic pose (b).

Figure 4a shows a CAD model of the final design, and Fig. 4b depicts the
current prototype.

The interested reader may refer to [2] for a detailed description of how the
robot was designed and sized to optimise the effective force transmitted to the
mobile platform by the cables.

2.3 Passive Configuration

To test and prove the effectiveness of the proposed design, a passive version of
the robot was built. Instead of using four motors to drive the cables and, thus,
the user’s hand, in the passive configuration, the user moves his/her hand against
the reaction of four spring-loaded sub-systems that tension the cables to oppose
the user’s motion.

Figure 5 depicts the spring-loaded sub-systems for two cables, showing one of
them in an exploded view. The cable coming from one of the fixed anchor points
(Ag or By) is wound on a pulley (not shown) fixed on a shaft (5). A power spring
(6) is mounted at the opposite end of the shaft to generate an elastic reaction to
oppose the user pulling the corresponding cable. To do so, the outer end of the
power spring is attached to a toothed knob (8) whose axial rotation is locked
by engaging a toothed spacer (4). To adjust the power spring preload, the knob
can be pulled back to disengage from the spacer, then it is rotated to adjust the
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Fig.4: (a) 3D model of the prototype. (b) Current prototype in the passive
configuration
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preload and, at last, it is locked back in position by engaging again the toothed
spacer with the help of a compression spring (9).

1. Pulley spacer

2. Bearing

3. Flange

4. Toothed spacer

5. Pulley shaft

6. Power spring

7. Pin

8. Preload knob

9. Compression spring

Fig. 5: Isometric and side views of the spring-loaded passive sub-system

3 Preliminary tests

This section reports on the preliminary tests done on RehaWrist.q in the passive
configuration to evaluate its wearability, comfort, and functionality. The tests
were carried out on a healthy individual (male, 30 years old, right handed).

3.1 Methods

Two 9-axis IMUs (BNOO055 by Bosch) were fixed to the mobile and fixed plat-
forms to evaluate their relative orientation, that is, the orientation of the mobile
platform w.r.t. the fixed one. Both sensors estimate the corresponding body ori-
entation w.r.t. a generic reference frame { N}, thus, the relative orientation R
is obtained as

0R1 —_ NRal NR1 (1)

where YRy and VR are the orientations of the fixed and mobile platforms w.r.t.
the reference frame N, respectively.

A force sensing resistor (FSR05 by Ohmite) is mounted as depicted in Fig. 2b
to measure the reaction force applied to the measuring pulley and therefore the
tension of the cable.

Knowing the tension of each cable and the orientation of the mobile platform,
it is possible to evaluate the net force Fy and torque T acting on the hand as
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follow
f1 .
P1 P2 D3 D4 } f2| _ {1*:1} @)
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where p; is the direction of the i-th cable, 7; is the position of the anchor
point of the i -th cable on the mobile platform w.r.t. the wrist centre, and f; is
the tension of the i-th cable.

The tests consisted of setting the cable tension preload to various values and
then letting the user perform the three motions in sequence. The objective was
to evaluate the effective range of motion (RoM) and the force applied to the
cables.

3.2 Results

Figure 6a shows an example of the orientation of the hand measured during
a test. During such a test, the user first performed only FE movements (blue-
shaded area), then only RUD movements (red-shaded area), and finally only PS
movements (green-shaded area). Given all tests, the maximum RoMs observed
for PS, FE and RUD were 110°, 93°, and 45° respectively. Compared to the val-
ues in [5], PS RoM is 30% smaller, FE is 35% smaller considering the maximum
values, RUD is instead 13% smaller. These reduced RoMs are always due to the
hand or mobile platform touching one cable or the fixed platform.

Figure 6b and Figure 6¢ depicts the measured component of Fi and T} in
{Og}, obtained with (2). From the force components, it can be noted that there
is always an average compression force along the forearm axis (X axis) of about
2N. This happens because the four cable must always be in tension and due to
the robot architecture this always produce a wrist compression force. Thus, the
usage of this device should be limited to users that would not suffer from an
applied wrist compression force. Also, in the initial seconds, it can be observed
that the force component along ¥, and Z, are non-zero due to an asymmetric
setup of the tension of the four cables. In Fig. 6¢ can be observed that for both
PS and FE (11, and T4 ), it is possible to comfortably feel an opposing torque
up to 0.5 N, but higher values can be reached too if the device is properly setup
to favour one motion. The opposing torque during RUD is instead much smaller
because the RoM and thus the displacement of the cables is significantly smaller
than in the other two cases.

Although the device cannot cover the full RoM of the three movements,
the resulting RoMs are more than enough for rehabilitation exercises. In the
proposed passive configuration, the hand is not guided by the mobile platform
in its movements, but instead the opposite occurs. Thus, the resulting motion
is often a combination of PS, FE, and RUD, as seen during the RUD phase in
Fig. 6a.

The passive configuration showed some expected drawbacks. With this con-
figuration, instead of an active one where each cable is driven by a motor, it is
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Fig. 6: (a) Orientation of the hand w.r.t. the forearm during a test. (b) Compo-
nent of . (¢) Component of 7.
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practically impossible to properly adjust the cable tension while using the de-
vice. Also, because the springs can apply tension to the elongating cables, each
unique motion should require a dedicated setup to guarantee that each cable is
always in tension. This means that at least six different setups are needed, two
for each movement. Using a non-optimal setup simply means that the actual
RoM where proper resistance is applied is reduced. Nevertheless, the device is
able to provide light to medium resistance to user rehabilitation movements. For
PS motions it is easier to achieve the largest resisting torque due to the largest
force lever arm, while FE and RUD motions produce significantly lower resisting
torques using the same initial setup. This proves again how a dedicated setup is
required for each movement.

Another limitation is the presence of a non-zero compression force acting on
the wrist. Therefore, this device may not be suitable for some users because it
may cause additional harm to the wrist joint. Also, this means that this device
requires a proper interface between the hand and the mobile platform to better
distribute this load.

4 Conclusions

This study showcases a wearable cable-driven wrist rehabilitation robot, specifi-
cally its passive configuration where power springs are used to tension the robot
cables. This configuration of the proposed robot has been built and tested to
evaluate its core functionality regardless of the actuation system. A dedicated
experimental setup has been implemented to evaluate the range of motion of
the robot and the tensions of the cables. Several tests were performed by a user
repeating the three basic motions in sequence.

Despite its limitations, the robot proved to be suitable for rehabilitation ex-
ercises, although it cannot match a healthy person’s maximum range of motion.
As expected, the use of springs instead of motors to tension the cables led to
some issues, requiring a unique setup for each motion to ensure that the cables
are not loose. However, the robot generates light to medium resisting torques,
which allows the user to exercise effectively.

Overall, the results demonstrate the robot abilities and potential for rehabili-
tation exercises. An active actuation system that continuously and automatically
adjusts cable tension is necessary to exploit this device potential and enhance
the robot performance.
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