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Abstract Among the most promising field of applications of wearable robotics there
are the rehabilitation and the support in activities of daily living (ADL) of impaired
people. In this paper, we propose two possible designs of a robotic extra-finger,
the Robotic Sixth Finger, for grasping compensation in patients with reduced hand
mobility, such as post-stroke patients. The idea is to let the patients be able to grasp
an object by taking advantage of the wearable device worn on the paretic limb by
means of an elastic band. The Robotic Sixth Finger and the paretic hand work jointly
to hold an object. Adding a robotic opposing finger is a promising approach that can
significantly improve the grasping functional compensation in different typologies
of patients during everyday life activities.

1 Introduction
Wearable robots are expected to work very closely, to interact and collaborate with
people in an intelligent environment [1]. Traditionally, wearable robotic structures
have been mainly used in substitution of lost limbs (e.g., prosthetic limbs) or for
human limb rehabilitation (e.g., exoskeletons). However, the progress in miniaturization and efficiency of the technological components is allowing more light and
compact solutions, enhancing user’s safety and comfort, while opening new opportunities for wearable robot use [2]. Together with exoskeleton and prosthesis, a very
promising research direction seems to be that of adding robotic limbs to human,
rather than substituting or enhancing them [3]. This addition could let the humans
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Sixth-Finger
Fig. 1 The Robotic Sixth Finger. The device can be worn on the forearm thanks to an elastic band.
When activated, it interacts with the paretic hand in grasping tasks.

augment their abilities and could give support in everyday tasks to impaired people.
This paper investigates how to compensate the capabilities of the human hand, instead of developing additional robotic extra-arms, as discussed for instance in [4].
The idea of using an extra-finger to support the human hand in grasping functions
was initially proposed in [5]. Then, independently both in [6] and [7, 8], the authors proposed the use of extra fingers to support the human hand to grasp objects
whose size does not fit a hand or in executing bimanual tasks with one hand. The
main difference is that in [7, 8], the goal was to minimize the size and the weight of
the unique extra limb, while in [6], two extra fingers were used so to hold objects.
While in [9] the authors developed a control strategy to grasp and manipulate objects, in [10] the authors mainly focused on the use of extra fingers for post-stroke
patients.
Focusing on the hand, many wearable devices have been proposed in the last
decade, especially for hand rehabilitation and function recovery. A review on robotassisted approaches to motor neurorehabilitation can be found in [11]. In [12] the
authors presented a comprehensive review of hand exoskeleton technologies for rehabilitation and assistive engineering, from basic hand biomechanics to actuator
technologies.
However, most of the devices proposed in literature are designed either to increase the functional recovery in the first months of the rehabilitation therapy, when
biological restoring and reorganization of the central nervous system take place, or
are designed to augment human hand capabilities of healthy subjects by coordinating the device motion to that of the hand.
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To the best of our knowledge, only few works target on the robotic compensation
of hand function in the latter phase of rehabilitation. This means that patients usually
after 6–9 months of rehabilitation must rely only on compensatory strategies by
improving adaptations that increase the functional disparity between the impaired
and the unaffected upper limb [13].
This work focuses on the compensation of hand function in patients with paretic
limbs, e.g. chronic stroke patients. The final aim is to provide the patient with an additional robotic finger worn on the wrist. The Robotic Sixth Finger is used together
with the paretic hand to seize an object, as shown in Fig. 1. The systems acts like
a two-finger gripper, where one finger is represented by the Robotic Sixth Finger,
while the other by the patient paretic limb. The proposed device goes beyond exoskeletons: it adds only what is needed to grasp, i.e. an extra thumb. We presented
in [7] a preliminary version of a robotic extra-finger showing how this wearable
device is able to enhance grasping capabilities and hand dexterity in healthy subjects. In [8], we also presented an object-based mapping algorithm to control robotic
extra-limbs without requiring explicit commands by the user. The main idea of the
mapping was to track human hand by means of dataglove and reproduce the main
motions on the extra-finger. This kind of approach is not suitable for patients with
a paretic limb due to the reduced mobility of the hand. Therefore, we developed a
wearable interface embedded in a ring to activate and use the finger [14].
In this work, we propose two possible designs of devices. The first model is a
modular fully actuated finger. The other design consists of an underactuated finger
which is compliant and consequently able to adapt to the different shapes of the
objects.
For validation purposes, pilot experiments with two chronic stroke patients were
performed. The experiments consisted in wearing the Robotic Sixth Finger and performing a rehabilitation test referred to as Frenchay Arm Test [15, 10]. Finally, we
present preliminary results on the use of the extra-fingers for grasping objects for
Activities of Daily Living (ADL).

2 Designs of the Robotic Sixth Finger
In this work, we propose three different solutions for the realization of a wearable
extra-finger. The first is a fully actuated modular structure. The other two share a
similar underactuated design. In the following, the three models are described in
detail.

2.1 Fully actuated finger
The fully actuated finger consists of 1–DoF modules connected through screws.
Modularity of the device offers two main advantages. Firstly, the length of the device and the number of actuated DoFs can be selected by choosing the total number
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Fig. 2 The fully actuated Sixth-Finger. The finger is built using modules connected to a wrist
elastic band.

of modules. Secondly, the robustness of the device is increased considering that
robot parts are interchangeable. Each module consists of a servomotor (HS-53 Microservo, HiTech, Republic of Korea) and a 3D printed plastic part with an overall dimension of 42 × 33 × 16 mm. The motor can provide a maximum torque of
1.5 kgcm. The modules can be connected in a pitch-pitch configuration, in order
to replicate the flexion/extension motion of the human finger. The modular part of
the finger is connected to a support base which contains also the electronic housing.
A rubber band allows to easily wear the device on the forearm. The fully actuated
finger is shown in Fig. 2. An external battery is used to provide power to all the
circuits. All the electronics is enclosed in a 3D printed box attached to the finger
to make it wearable. The module actuators are PWM controlled servomotors. The
PWM signal is generated by an Arduino Nano board [16].
The user can command the finger motion by using the wearable switch placed on
a ring, see Fig. 6. The switch is used to start the robotic finger flexion procedure and
to move the finger back to an initial predefined position. The ring has been designed
to be worn on the index finger of the non-paretic hand. In this way, the user can
press the push button on the ring using his thumb.
We introduce a new control strategy that enables the finger to autonomously
adapt to the shape of the grasped object. When the switch is activated, the finger
starts to flex with a fixed joint angle increment, equal for each module, from a predefined position. We considered the completely extended finger as the starting position to enlarge the set of possible graspable objects. Each module has been equipped
with a Force Sensing Resistor (FSR) (408, Interlink Electronics Inc., USA) able to
detect contacts with the grasped object, see Fig. 2. As soon as one module is in
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contact with the object, that module stops its motion, while the others keep moving
toward the object. During the grasping phase, the FSR sensors are in charge of detecting the contact of each module with the grasped object. In order to have suitable
contact points, we set different closing priorities per each module. If the fingertip
module comes in contact first, the remaining modules stop. If the second last comes
in contact first, modules below to it stop, while the fingertip module keeps moving.
The same methodology is followed for the other intermediate modules. Finally, if
the module at the base of the finger is the first to come in contact, two different behaviors can occur: i) the intermediate modules gets in contact before the fingertip;
ii) the fingertip module comes in contact first. In case i) the fingertip is left free to
move to get in contact with the object; in case ii) the intermediate modules stop.
The grasping procedure is commanded by the user acting on the switch. When the
grasp is complete, the finger starts to autonomously keep the grasp stable. This grasp
stabilization is obtained by controlling the compliance of each module.
Generally, in active compliance control framework, the motor torque is related to
its position error through a stiffness constant [17]. The compliant (or stiff) behavior
of the joint is achieved by virtue of the control, differently from what happens in
mechanical systems with a prevalent dynamics of elastic type. This controller is
typically used with actuators that can be torque controlled. In servomotors, it is
not possible to directly command the torque to be exerted by the joints. Therefore,
we modified the servomotors in order to read the joints position from the embedded
potentiometer and we introduced a scaling factor kd to modulate the displacement of
the joints related to the applied forces. The compliance decreases with the increase
of kd . Details on how to vary the compliance of a module acting on servomotors
control and simulating a variable stiffness can be find in [18].
The basic idea is that the module can change its compliance according to the
force observed by each module through the relative FSR sensor. Thus, when the
user pushes the object toward the extra finger to tight the grasp, the device becomes
stiffer. The possibility to independently regulate each module’s compliance allows
to adapt the finger to the shape of the grasped object also during manipulation tasks.
Similarly to what we did for the grasping procedure, we set the same priorities
between the four modules also regarding the compliance variation.
When the user wants to release the grasped object, he just needs to lower the
force exerted by his hand on the object and, automatically, the robotic device will
make its joints more compliant. Eventually, by pressing again the switch, the robotic
finger moves back to its home position by following a predefined trajectory. Note
that if the patient is not able to exert force on the object, due to the motor deficit or
to the position of the Robotic Sixth Finger on the forearm, the grasp tightness can be
controlled through the wearable switch. The more the button on the ring is pressed,
the more is the force exerted by the finger onto the object.

6

G. Salvietti et al.

Tendon

Servomotor
Support Base

Pulley

Elastic Band
Fig. 3 Cad model of complete underactuated finger having servo motor with pulley. The rubber
band is to wear the finger at wrist/arm

2.2 Underactuated fingers
Underactuated robotic fingers are generally obtained using elastic elements in the
design of their “unactuated” joints [19], which are usually passively driven [20]. The
concept of underactuation in robotic fingers is different from that usually presented
in robotic systems [21]. In an underactuated finger, the actuation force is applied to
the input of the finger and is transmitted to the phalanges through a suitable mechanical design, e.g., four-bar linkages, pulleys and tendons, gears, etc. Since underactuated fingers have many DoFs, say n, and fewer than n actuators, passive elements
are used to kinematically constrain the finger and ensure the shape adaptation of the
finger to the grasped object [22].
We designed two underactuated Robotic Sixth Fingers to explore a passive compliance solution to the problem of adapting the robotic finger to the shape of the
grasped object. The first version resembles the human finger shape. We placed in
the support base a servomotor (HS-485 HB HITEC RCD Inc., USA) which takes
care of the finger actuation. The motor has a stall torque of 6.0 kgcm and it is used
for the flexion/extension of the whole finger. Also this prototype can be worn on
the forearm/wrist with the help of an elastic band. The finger’s drive mechanism
is a nylon wire, which connects the outermost phalanges with the motor through a
pulley. The CAD model of the finger is reported in Fig. 3.
All the phalanges are connected by screws. Bearings are used to reduce the friction between phalanges. Also in this case we have pursued modularity and wearability concepts in designing the device. Modules can be added at the base of the
finger structure depending on the required length of the finger.
If no torque is applied, the finger is completely straight. When the motor is activated, the wire is pulled and the finger bends to grab the object. The elastic rubber
parts placed on the back of the finger between each phalanx are used to bring it to
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Table 1 The Double Sixth Finger technical details
Module dimensions
Module dimensions when connected
Module weight
Support base dimensions
Actuator control unit box dimensions
Actuator control unit box weight
Actuator max torque
Max. operating angles
Max non-loaded velocity
The Double-SoftSixthFinger total weight

4.2 × 2.0 × 0.9 cm
3.4 × 2.0 × 0.9 cm
5.8 g
6.4 × 7.0 × 0.35 cm
7.0 × 9.0 × 3.4 cm
0.146 Kg
17 kgcm @ 12 V
0 − 180 deg
5.1 rad/sec
0.166 kg

its original position when required. The control of the finger motion is simplified
with respect to the fully actuated version, since compliance and shape adaptation
are passively guaranteed by the finger structure. The user can regulate the finger
flexion and the related applied force, acting on the push button. The more the button
is kept pressed, the more is the flexion command through the servomotor.
In the second underactuated design proposed, we have duplicated the finger structure to improve the grasp robustness. We used different modules so to exploit the
underactuation and the passive adaptation to the grasped object, while reducing the
total weight of the device. So that, we considered modules that do not resemble the
shape of the human finger. The actuation and design are inspired by recent works on
underactuated robotic hands [19, 23]. Each module consists of a 3D printed polymeric part that acts as a rigid link and a 3D printed thermoplastic polyurethane part
that realizes the flexible joint. Soft rubber pads are glued to the rigid links to increase
the friction at possible contact areas. The modules can be linked by sliding the thermoplastic polyurethane part in the ABS part to speed up the assembling process. A
cable is used to achieve the tendon driven actuation. The tendon wire runs through
the two fingers and is attached to a lever rigidly connected to the actuator shaft. The
CAD exploded and assembled views are reported in Fig. 4. Technical details of the
device are reported in Table 1.

2.3 Positioning of the devices on the paretic arm and activation
interface
We propose in this work three different prototypes of the Robotic Sixth Finger. All
the designs share a common principle of work which consists in opposing to the
paretic hand/wrist so to restrain the motion of the object. We will use the general
term Robotic Sixth Finger when referring to features common to all the proposed
devices. All the robotic extra-fingers can be worn in the distal part of the forearm
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Fig. 4 The Double Robotic Sixth Finger. On the left side, the CAD exploded view of the device.
On the right side, the CAD assembled view.

(a)

(b)

Fig. 5 The robotic extra finger in two possible configurations on the forearm. (a) The grasp is
obtained at the wrist level. (b) The grasp is obtained at the hand level.

(near, or on the wrist) since the grasp occurs by opposing the device to the paretic
hand.
However, the distal positioning of the Robotic Sixth Finger may fail when the
motor deficit is so advanced that a pathological synergism in flexion took place: in
this case, the wrist becomes too much flexed and fingers are too much closed towards
the palm to allow a successful grasping. When this pathological condition occurs,
the Robotic Sixth Finger may be positioned more proximal at the forearm, in a way
that the grasp can be achieved by the extra-finger opposition to the radial aspect of
the thenar eminence. An example of two possible positions for the Robotic Sixth
Finger are reported in Fig. 5. This flexibility in the positioning is achieved thanks to
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the modularity of the structures and the fixing support. Modularity allows to regulate
the size and dexterity of the finger according to the position on the forearm and
according to each patient’s limb characteristics. The support base of the finger can
be translated or rotated along the arm to place the finger in a suitable orientation.
An elastic band and rubber spacers are used to increase the grip and comfort while
reducing the fatigue during continuous use of the finger.
Concerning the easiness of the use, the patient can activate the robotic extrafinger motion through a switch. The switch is a push button placed on a ring worn
on the healthy hand, see Fig. 6. This dramatically simplifies the interaction with the
Switch

Fig. 6 The CAD model of the activating ring. The push button is used to start/stop the finger.

device. However, this simplification in the device command has to be compensated
by an increase of the autonomy of the robotic prosthesis. In fact, the robotic finger
needs to adapt to the shape of the grasped object and it needs to be able to stabilize
the grasp during the arm motion. We propose two different solutions to deal with
these issues. The first is to use a fully actuated device which can actively regulate
the compliance of its joints. The second, used in two of the proposed models, is to
combine passive compliance with underactuation.

3 Pilot experiment
In the current proof of concept study, we tested with two subjects how the Robotic
Sixth Finger device can compensate for grasping capability. The aim was to verify
the potential of the approach and to understand how the subjects can interact with
the wearable device. In this direction, we performed a qualitative test, the Frenchay
Arm Test [15]. The test consists of five pass/fail tasks to be executed in less then
three minutes. The patient scores 1 for each of the successfully completed task,
while he/she scores 0 in case of fail. The subject sits at a table with his hands in
his lap, and each task starts from this position. He/she is then asked to use his/her
affected arm/hand to:
1. Task 1 Stabilize a ruler, while drawing a line with a pencil held in the other hand.
To pass, the ruler must be held firmly.
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2. Task 2 Grasp a cylinder (12 mm diameter, 5 cm long), set on its side approximately 15 cm from the table edge, lift it about 30 cm and replace without dropping.
3. Task 3 Pick up a glass, half full of water positioned about 15 to 30 cm from the
edge of the table, drink some water and replace without spilling1 .
4. Task 4 Remove and replace a sprung clothes peg from a 10mm diameter dowel,
15 cm long set in a 10 cm base, 15 to 30 cm from table edge. Not to drop peg or
knock dowel over.
5. Task 5 Comb hair (or imitate); must comb across top, down the back and down
each side of head.

Fig. 7 Stabilize a ruler, while drawing a line with a pencil held in the other hand. The Sixth Finger
does not interfere with the task execution.

The subjects taking part to the experiment have been affected by stroke more than
two years before. The rehabilitation team have declared that no more functional improvements are achievable with respect to the gained upper limb motor performance.
In particular, the patients showed the following characteristics based on the National
Institute of Health Stroke Scale (NIHSS) [24]: 1) normal consciousness (NIHSS,
item1a, 1b, 1c = 0), absence of conjugate eyes deviation (NIHSS, item 2 = 0), absence of complete hemianopia (NIHSS, item 3 ≤ 1), absence of ataxia (NIHSS, item
7 = 0), absence of completely sensory loss (NIHSS, item 8 ≤ 1), absence of aphasia (NIHSS, item 9 = 0), absence of profound extinction and inattention (NIHSS,
item 11 ≤ 1). Patients received the Robotic Sixth Finger in the paretic hand, the left
hand for one subject and the right one for the other. Thanks to the flexibility of the
devices, the same prototypes were used in both subjects. For being included in the
experiment, patients have shown partial paresis of the upper limb tested with the
NIHSS item 5 “paretic arm” ≤ 2. Written informed consent was obtained from all
participants. The procedures were in accordance with the Declaration of Helsinki.
The subjects performed the Frenchay Arm Test wearing in order the fully actuated finger, the underactuated human-like version, the double finger version and
1

Note that for safety reasons we did not use water in presence of electronic components.
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Fig. 8 Grasp a cylinder (12 mm diameter, 5 cm long) using the underactuated compliant version
of the Sixth Finger.

finally without any device. The Robotic Sixth Finger was placed on the paretic limb,
while it was activated using the switch placed on the index of the other hand. Fig. 7
reports a snapshot of the execution of Task 1, while Fig. 8 and Fig. 9 show the
Task 2 and Task 3, respectively.
The results of the tests are reported in Table 2 and 3 for the two patients, respectively. Both the subjects were able to grasp a cylinder and to pick up a glass with the
help of the robotic devices. In total, we got an improvement of 2 out of 5 points in
the test scale.

Activating
Ring

Batteries
Glass

Sixth-Finger

Paretic hand

Fig. 9 Setup of the experiment. The subject wears the Sixth Finger device on the paretic limb and
activates its motion through a switch placed on a ring worn on the index of the other hand. Addition
batteries are used to guarantee complete portability of the device.
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Table 2 Results of the Frenchay Arm Test for the first patient with and without using the Sixth
Finger versions
TASK
Stabilize a ruler
Grasp a cylinder
Pick up a glass
Remove a sprung
Comb hair

No finger Fully-actuated Under-actuated Double Finger
1
0
0
0
0

1
1
1
0
0

1
1
1
0
0

1
1
1
0
0

Table 3 Results of the Franchay Arm Test for the second patient with and without using the Sixth
Finger versions
TASK
Stabilize a ruler
Grasp a cylinder
Pick up a glass
Remove a sprung
Comb hair

No finger Fully-actuated Under-actuated Double Finger
1
0
0
0
0

1
1
1
0
0

1
1
1
0
0

1
1
1
0
0

3.1 The Robotic Sixth Finger in ADL
The main target of the Robotic Sixth Finger is that of giving to the users a compensatory tool that can be used in common ADL so to improve their quality of life. As
a first example, we tested how the proposed devices could help the patients in an
unstructured kitchen. In particular, the patients were asked to take advantage of the
extra-fingers to open different cans and jars. These operations are typical bimanual
tasks, where one hand is used to restrain the motion of the object, while the other is
used to open it (e.g., unscrewing the cap). Chronic patients with an advanced motor
deficit are usually trained to use special tools and techniques so to let them open
some of the commercial cans using only one hand. However, this solution limits
the possibility of the patients to perform common activities outside their structured
kitchens and also reduce the number of products they can use. With the help of the
Robotic Sixth Finger the patients can grasp the cans/jars using their paretic limb and
then use the healthy hand to open them. In Fig. 10 an example with two different
objects is reported.

4 Conclusion
In this paper, we presented the preliminary results concerning the use of a robotic
extra-finger for compensation of hand grasping function in patients with a paretic
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Fig. 10 The Double Sixth Finger as compensatory tool for bimanual tasks. On the left, the paretic
hand and the device restrain the motion of a tomato jar so the user can unscrew its cap using the
healthy hand. On the right, the device works together with the paretic hand so to let the patient
open a can of beans.

limb. We developed three, one fully actuated and two underactuated, prototypes
using rapid prototyping techniques. We believe that at this stage of the research it is
useful to explore different solutions in terms of actuation and kinematic structures.
Results of the pilot tests showed that all the versions were able to successfully fulfill
three out of five tasks in the Frenchay Arm Test in both the patients. The fully
actuated finger can also be controlled so to perform different flexion trajectories.
This could be useful to achieve different types of grasps according to the task the
patient has to perform. Finally, the Double Robotic Sixth Finger showed the highest
performance when used in ADL. The two fingers guaranteed a higher grasp stability
while the patients were unscrewing the jar’s caps. However the encumbrance of the
device reduces its wearability and portability.
In general, passive compliance resulted to be more robust and suitable. In future
work, we will push in this direction and explore the possible designs of “soft” fingers
based on such principles. We are currently testing our devices involving a greater
number of subjects so to collect also interesting insights for the extra-finger development. We are also investigating the possibility of using our robotic extra-finger
in patients affected by other neurological diseases possibly affecting hand grasping,
such as Multiple Sclerosis or Amyotrophic Lateral Sclerosis.
One of the limitations of this approach is the fine manipulation of objects. This
feature was out of the main purposes of the use of the Sixth Finger described here.
In fact, the extra-finger and patient limb work jointly as the two parts of a one DoF
gripper.
Although grasping objects with the paretic limb, without any specific training
phase, could already represent a great improvement in everyday life of chronic
stroke patients, we are investigating whether the Robotic Sixth Finger can be used
also in more complex manipulation tasks.
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