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Abstract: This paper describes a control strategy for a linkage finger exoskeleton mechanism with
two degrees of freedom. To characterise the performance of the proposed finger motion assistance
device, a replica of a human finger is prototyped to mimic human finger motion and to the testing
effect of assistance provided by the novel exoskeleton with results from grasp tests. A feasible control
design is developed to achieve a robust grasp of an object using the proposed exoskeleton mechanism,
which is validated with simulated and experimental results that show how the proposed control
algorithm maintains the force within 3% of the desired value. The aim of the paper is to present a
control design for the ExoFinger exoskeleton with low-cost easy operation features that are aligned
with the similar characteristics of the mechanical design.
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1. Introduction

check for Nowadays, the loss of muscle strength in the fingers has become a common problem.
updates Many factors can cause this kind of situation, such as ageing in the population or trauma-
Citation: Damarla, A.P; Russo, M.; tising situations irrespective of age. Restoring full hand functionality is one of the most
Ceccarelli, M. Control Design and challenging aspects of stroke rehabilitation. Physiotherapists normally assist (or guide)
Testing for a Finger Exoskeleton patients in repetitive exercises and perform hand rehabilitation. However, the development

Mechanism. Actuators 2022, 11, 230.

of robotic rehabilitation systems in the last two decades has provided an alternative and
https://doi.org/10.3390/

efficient solution [1].

Act11080230 While early investigations use conventional robots to guide patients with an end-
Academic Editor: Jose Luis effector, rehabilitation and assistance exoskeletons have quickly become successful so-
Sanchez-Rojas lutions [2]. As reported in a recent study on the topic in [3], finger motor recovery is

significantly better with exoskeletons (97.3% recovery) when compared to end-effector
rehabilitation guidance (48.3% recovery) or a control group with no robot assistance (4.4%
recovery). Thus, a wide range of finger exoskeleton devices has been successfully developed
in the last decades.
Publisher’s Note: MDP1 stays neutral The state-of-the-art of an exoskeleton is to analyse the design and control, and represen-
with regard to jurisdictional claims in - tatjve examples can be classified according to degrees of freedom (DoF), actuation, motion
published maps and institutional affil-  trangmission, and control technique. The prototype in [4,5], one of the few three-DoF
designs, like most other designs is designed with underactuation for a more lightweight
and compact solution. In this device, motion is guided by a geared transmission and
actuated through cables, with force control obtained by measuring cable tension and a
finger grasping force. The geared transmission is accurate but bulky, so that it could limit
the usage of severely impaired patients. Moreover, the actuation is assembled on a heavy
mounting plate, making this design neither wearable nor portable. Other fully actuated
distributed under the terms and  d€Signs aim at improving user experience by avoiding bulky external motor packs, such as
conditions of the Creative Commons the linkage with on-finger servomotors and EMG-based closed-loop control like in [6], or by
Attribution (CC BY) license (https://  employing a wearable jointless design that drives the phalanx directly through cables like
creativecommons.org/licenses /by / in [7]. Finally, the three-DoF design in [8] proposes an interesting solution with push/pull
40/).
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compliant rods driven by DC linear servomotors for a lean and lightweight transmission
system, albeit with a bulky static actuation pack.

Designs with two DoFs are leaner than the other solution, thanks to one less active
DoF and respective motor(s). The example in [9] uses a linkage for motion transmission,
relying on cables for actuation. Closed-loop control is achieved by torque feedback on the
cables’ series elastic actuators that are remotely located in a static actuation pack. Whereas
most exoskeleton prototypes are designed for a single finger size, a few adjustable designs
have also been presented, such as the two-DoF cable-driven linkage [10]. A third two-DoF
cable-driven linkage is reported in [11,12], with the closed-loop control with a flexible
Force Sensitive Resistor sensor (i.e., FSR) on a phalanx. At the same time, all the previous
two-DoF examples rely on a static motor pack. Such as, the linkage in [13] is actuated by a
linear motor on the wrist and forearm.

Whereas three-DoF designs can be the solution accurate and two-DoF exoskeletons
ensure some motion support with comfort, the one-DoF solution represents the most
wearable design. However, given their reduced flexibility, more effort is needed in the
design phase or control algorithm to achieve a performance comparable to one of their
more complex alternatives. A deeper insight into control is provided in [14], where muscle
electrical signals (EMG sensors), brain-computer interfaces, and speech recognition provide
an advanced user experience with a one-DoF linkage driven by a single stepper motor.
Another one-DoF linkage is proposed in [15,16], controlled by a DC motor with force
control; however, the bulky design can hinder patient motion and limit everyday usage.
The design in [17] provides better force assistance with pneumatic actuation but is bulky
and limited in motion guidance. A deeper insight into the effect of underactuation is
provided in the investigation in [18]. The two linkages in [19,20] only guide the first
phalanx, with a linear motor on the wrist and an on-hand servomotor. A linkage driven by
linear motors, guiding only the fingertip, is proposed in [21] to achieve variable stiffness.
A last one-DoF example in [22] uses geared linkage transmission for an accurate motion,
achieving admittance control with a pressure sensor at the fingertip.

The application of all these designs is finger rehabilitation. However, finger exoskele-
tons can be developed for other functions, as shown by the haptic gloves [23,24]. Overall,
the main trends that can be observed in the analysed literature can be summarised as
the following:

e Degrees of Freedom: Most finger exoskeletons have one, two, or three DoFs. Exoskele-
tons with three DoFs are characterised by a fully guided motion capability and active
control of the position of each phalanx of a finger. Exoskeletons with one DoF main-
tain active control of the first phalanx (the phalanx with the wider motion range) or
the fingertip (passively forcing motion in all three phalanxes). Exoskeletons usually
possess active control on the third phalanx with two DoFs. However, as restoring
motion in the first and second phalanxes of the finger is usually deemed more critical,
some exoskeletons with two DoFs actively control the fingertip and either the first or
second phalanx with convenient design or control architecture.

e  Actuation: Most finger exoskeletons favor electric motors (DC, stepper, servo). These
motors can be embedded in the finger or remotely placed on the wrist or in a dedicated
static actuation unit. The embedded solution would be ideal, but the weight and
bulk of most actuation force units use static or uncomfortable wrist-worn actuators.
This situation limits the usage of these exoskeletons to static exercising, potentially
discouraging continuous or semi-continuous use that would benefit the patient in a
diary usage.

e  Transmission: since the motors cannot act directly on the finger joints, a mechan-
ical transmission is required to achieve the desired motion. This transmission is
commonly based on linkages and gears; cable-driven mechanisms enable remote
actuation (cables).

e  Feedback: There is no consensus on the best closed-loop control method for finger
exoskeletons since different designs and sensing solutions achieve similar performance.
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Some solutions prefer a more straightforward design with force/torque control at the
motor level, closing the loop on actuation variables and using feed-forward models
to consider the transmission. Other designs place force sensors (e.g., force-sensing
resistors, strain gauges, or pressure sensors) at the interface between the mechanism
and the patient to measure the actual force exerted on the finger. A third solution is
represented by muscle electrical signal sensors (i.e., EMG sensors) that aim to close
the loop through the patients’ reactions.

In recent developments, a finger exoskeleton (ExoFinger) as in [25-28] has been devel-
oped to address a significant gap in this literature: most works aim at a highly constrained,
accurate motion, with a demonstration on single patients or a limited control group. How-
ever, to enable the widespread use of this technology, a finger exoskeleton should address
user comfort and be able to adapt to different finger sizes. However, out of all the examples
presented, only [10] can adapt to variable finger dimensions and only in a limited way.
Furthermore, regarding comfort, only [6] is a truly wearable design, with all the actuation
embedded in the exoskeleton mechanisms. In contrast, other designs use large wrist- or
hand-mounted or static actuation packs. For this reason, ExoFinger was proposed with a
compact design that can only be worn on the finger and can be adapted to different hand
sizes [25,26].

In previous works, the ExoFinger design has been kinematically and statically charac-
terised as reported in [27,28], with experimental tests on motion tracking, power consump-
tion estimation, and muscle activity tracking through EMG sensors. However, a control
strategy for this mechanism has not been introduced in past works. As per a compact,
wearable, and low-cost design, expensive or large sensors and actuators cannot be used,
preventing the implementation of high-performance but complex control strategies. For
this reason, this paper aims to improve ExoFinger’s performance by developing an eas-
ily operated and sufficiently robust control scheme that ensures proper functioning and
assistance in grasping within the system’s hardware constraints and limitations.

2. ExoFinger

The proposed finger exoskeleton, ExoFinger, is designed and prototyped in PLA with
a FDM 3D printer. ExoFinger is actuated with the help of two servomotors to drive the
mechanism. This arrangement is illustrated in the kinematic diagram in Figure 1, whereas
the mechanical design of the ExoFinger mechanism with the main parameters are illustrated
in Figure 2, which also describes the angular position of the servomotors and shows the
prototype used for the reported experiences. The angular position of Servomotor 1 is
represented as ¢ in the xy reference frame. Servomotor 1 can produce a maximum torque
of 0.275 Nm in a clockwise direction, defined as T1 in Figure 1.

Figure 1. Kinematic design of the proposed ExoFinger exoskeleton [28].
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Figure 2. The proposed finger exoskeleton: (a) CAD design [28]; (b) an experimental setup.

Servomotor 2 also controls an angular position § with the horizontal axis as a reference,
as shown in Figure 2a. The servomotor 2 produces a maximum torque of 0.18 N-m as T2
in a clockwise direction, represented in Figure 1. The dimensions of the exoskeleton are
tabulated in Table 1.

Table 1. Design parameters and dimensions of the proposed finger exoskeleton [28].

Parameter Length (mm) Parameter Length (mm) Parameter Length (mm)

MCP-PIP 43.0 Ap-By 19.5 B-C 53.0
PIP-DIP 42.8 Bo-B 46.0 Dy-D 32.0
DIP-FT 25.0 A-B 24.9 D-E 58.1
A1-DO0 27.8 A-C 30.7 Ap-A 48.2

In previous work, the kinematics and statics of the proposed finger exoskeleton were
analysed, but only motion control was employed in the experiments, similarly to [29]. Since
this lack of feedback can cause grasping exercises to fail, the grasped objects could slip
away from the finger. Moreover, the system could grasp objects too tightly. This situation
may damage a grasped object or cause a failure of the mechanism while performing a
grasp of an object. These issues can be solved by developing a suitable closed-loop force
control algorithm for the finger exoskeleton, by reacting to either motor torque [30,31] or
reaction force [32] feedback. For this reason, this paper shows the implementation of a
control algorithm with FSR (Force Sensitive Resistors) sensors.

3. Conceptual Design

As shown in previous research work [27,28], ExoFinger is a two-degree-of-freedom
mechanism that proved feasible in providing motion assistance for either rehabilitation or
support tasks. Despite the lack of sensing and low-cost actuation, the original prototype
already shows a good capability to constrain (for rehabilitation) and assist (in support tasks)
a human finger. The main objective of this research is to further improve performance by
implementing an adaptive grasp strategy through a new control design, as outlined in
Figure 3. This control scheme provides better motion assistance to the finger guided by
ExoFinger by adapting the action of the actuators to the feedback from the FSR force sensor
according to the required degree of assistance the user needs. The adaptive grasping is
examined and validated using an artificial average-sized human finger replica built in a
FDM 3D printer with (Polylactic Acid) PLA as a filling material. This artificial finger, called
the finger mechanism (FM), has three degrees of freedom to replicate the action of a human
finger by grasping an object while guided by the proposed finger exoskeleton mechanism.

Figure 3a describes the general interaction layout using FM or hand to acquire the
data from the sensors and actuators using an Arduino Nano. In addition, this interaction
layout enables a conceptual control design layout, as shown in Figure 3b. Finally, these
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interactions and conceptual layouts make it possible to design an electric circuit, as shown
in Figure 4. In this circuit design, the key components are an Arduino Nano (Atmega328),
two servomotors, force-sensitive resistors (FSR), battery, and LM2596 DC-DC (4.8 V) to
drive the ExoFinger mechanism, as previously shown in Figure 2. The Force Sensitive
Resistors (FSR) will sense the force while grasping an object with FM. The FSR sensors are
placed on the FM phalanges, as shown later in Figure 5. An IMU sensor will sense the
position and acceleration of ExoFinger while the exoskeleton grasps an object. Onboard
power avoids Arduino’s current limitations while making the proposed finger exoskeleton
a fully wearable device.

Fret, Fg and IMU

Arduino nano PEN Sensors

PID computation

& actuators

Motor action

(@) (b)

Figure 3. Interaction and conceptual layouts: (a) Scheme of interaction between ExoFinger and an
object to grasp (FM indicates the Finger Mechanism), (b). A conceptual scheme for control action,
where F,,s represents the reference (desired) force and Fy is the payload acting on the system.

SERVO_(MCP) PIP-DIP DIP.FT Mcp-pIP

Servo_(MCP-PIP)

LM2596

Battery DC-DC (4.8 V)

-IN

7.4V, 6000 mAh <l

Figure 4. Circuit design for the ExoFinger skeleton.
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Figure 5. Forces acting on grasped object.

4. Control Design

For a fairly simple and efficient solution to satisfy operational requirements for a low-
cost, easily operated solution, a PID controller has been selected. Since the PID controller
is not model-based, it does not require system parameters or a system model to control
the input signal. An average grasping force Fg is obtained from the three FSR sensors, as
shown in Figure 5, while grasping an object. The acquired contact forces F{, Fj and F; are
sent to the controller to evaluate Fy as

Fo =/ (B + (R)? + (R))’ M)

This value is compared to the target grasping force F,,f; then, according to the control
design scheme in Figure 6, the controller performs the required control action for every
grasp iteration. The force reference F,,s is generated iteratively to handle both the weight of
the object (represented by Fq oy = 11,5;8) and inertial effects Fg ¢4, to achieve grasp, and
is expressed as

Pref = Pg_ohj + Pgﬁinertiu = Mgpj (§ + ah) 2)

a, = |ai+ak+a2

AFg inetia= (F; + F3 + F3 + my(g + ay,)- Fg_o)

Frer = Fy_obi +AF inertia

Sensor

mapping

Figure 6. The control scheme for the ExoFinger skeleton.
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An inertial measurement unit (IMU) helps to compensate for the inertia effect by mea-
suring the acceleration ), during operation, to obtain F,,s dynamically. The inertia compen-
sation maintains the object in equilibrium position as in the following vectorial equation:

F{ + Fy + F5 4 mpi(g + a) = 0 )

With reference to Figure 6, the difference between the measured contact force at the
fingertips (as per Figure 5) and the required grasping force is thus fed into a PID controller
that calculates, as output, the needed motor motion for both motors to increase or decrease
grasping force. This computation is performed by the sensor mapping function, which is
obtained through the dynamic model of the mechanism and directly maps the controller
response to the angle of the servo motor shaft. As mentioned beforehand, the force reference
is iteratively computed with the help of an IMU sensor to measure the components of the
system’s acceleration, which are combined to evaluate the acceleration magnitude.

The normal reaction force of an object helps set maximum limitations to avoid the
finger’s failure while grasping an object. The difference between force reference F,r and

grasping force Fy = \/ (1—“1’)2 + (Fﬁ)2 + (Fg’,)z generates an error input for the controller
while grasping an object. The control increments the actuation angle of the servomotors.
This open-loop action of servomotors which enables to produce a closed-loop feedback
action. The controller uses a mapping function between FSR sensors and servomotors. This
closed-loop control action prevents squeezing or damaging a grasping object.

The proper gain values can be tuned by keeping the proportional and derivative
controller errors close to zero to follow the reference force. The control design gives input
response as U(t). Ky, K;, and Ky are the gains of Proportional, Integral, and Derivative
controllers, respectively. Uy, is the unknown constant input. This unknown constant input
is a calibration value obtained from the human hand grasping calibration using FSR sensors.
The equations are illustrated as follows:

U(t) = Kp. e(t) + Kq d/dt e(t)+ur, (1) (4)
d/dt Uy = k; (Fref — Fy) 5)
/ d U= K; / (Fref — F,) dt ©)
Therefore, u,(0) = uy,
uy = ki / (Fref — Fy) dt @)
U = ki / (E.ref) dt. ®)

Substituting Equation (8) into Equation (3), it is possible to establish an integral action
that provides the desired response of the PID controller.

5. Experimental Results

The proposed controller has been tested in grasping experiments to prove the feasi-
bility of this control algorithm in achieving a robust grasp operation with the proposed
exoskeleton mechanism. The prototype has been built with the components illustrated in
Table 2, and the prototype setup is shown in Figure 7a. The test was performed by grasping
a stiff cylindrical item with the FM assisted by ExoFinger, as shown in Figure 7b.
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Table 2. Design parameters and dimensions of the proposed finger exoskeleton [28].

Components Specifications
MR.RC (Servomotor 1) [33] & SG90 (Servomotor 2) [34] 0.28 N-m (4.8 V) & 0.18 N-m (4.8 V)
Three FSR sensors 10 MQ) Activation time: <10 ms (0 N-14.7 N)
Three resistors 100 KO
BMI 160 IMU Sensor [35] +2gto £16g(3.3V)
LM2596 DC-DC Tunned to 4.8 V
Arduino Nano Atmega328

Servomotor 1

Current
sensor

Figure 7. ExoFinger prototype: (a) experimental setup; (b) example grasp with the exoskeleton.

The gain tuning is crucial in obtaining the controller’s desired output response. Table 3
lists gains corresponding to the obtained results with ExoFinger through experimental
calibration, so that they allow the ExoFinger to hold a single object within a desired
force, with a target maximum overshooting of 10% allowed so as not to damage the
manipulated object.
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Table 3. The gains for the PID controller.

Gains Values
Kp [mm/N] 0.01
K; [mm/Ns] 0.2
Kg4 [mms/N] 0.8

In Figure 8, the ExoFinger is shown performing a grasping sequence with a rigid
cylindrical object weighing 25 g. The object’s dimensions are 207 mm in length and 32 mm
in diameter. The proposed design example of ExoFinger can assist in holding objects with
a width ranging from 32 to 38 mm. The maximum payload depends on servomotors’
torque, equal to 3.06 kg for the reported prototype. This value is higher than the payload
of an average human finger. It shows how ExoFinger can assist in rehabilitation tasks
and support healthy individuals in high-payload manipulation. The grasping sequence in
Figure 8 is here reported as a numerical example to characterise controller performance
while performing a grasp.

(b)

Figure 8. Grasping sequence of a rigid stick: (a). The initial position to grasp, (b). performing the

grasp, (c). Successful grasp.

In the first numerical result, the system’s performance is characterised by the mag-
nitude of acceleration and grasping force. The acceleration plot in Figure 9a describes
the magnitude of acceleration as represented in Equation (5) and Figure 6, while the ex-
oskeleton finger performs the grasp of an example object. In the same plot, a first peak
represents the moment when the IMU sensor is calibrated. This peak indicates ExoFinger
setting up the initial position, as represented in Figure 8a, and subsequent acquisitions
indicate how the control action performs a successful grasp with force feedback illustrated
in Figure 9a. Whenever the magnitude of grasping force does not reach the force reference,
the ExoFinger servomotors act to compensate for this action, relying on the feedback from
the FSR sensors. However, it has been observed that the FSR sensors could provide unreli-
able information with a rigid cylindrical surface as the contact only happens along a line,
causing the oscillation of the acquired data as observed in Figure 10. Future developments
might want to address this by implementing more accurate sensing solutions. Nevertheless,
the PID controller always shows a good performance as the proposed finger exoskeleton
always manages to maintain and provide the required force in real time, stabilizing slightly
above the needed action (Fys < Fy). These results are obtained with a sample acquisition
rate of 200 Hz and time response of 50 milliseconds and show that the proposed algorithm
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can maintain the force within 3% of the desired value. While the performance is here
characterised with grasping force and error (i.e., displacement from the desired value),
further evaluations will be implemented in future works with a wider range of criteria as
suggested for example in [35,36].

2

Acceleration

{Calibrating the postion) (Fres=Fgl

Control action

a (m/sec?)

0 2500 5000 7,500 10,000 12,500 15,000
Time (ms)

(a)

'_‘u.a- —— Force
£ |
s
5 06
(Tl '|| |
o o |
= ||'J
g‘ud .
5 | LW"
k=
= 0.2
=
= |
n
= |
= 0.0
0 3000 6000 92000 12000 15000

Time (ms)

(b)

Figure 9. The characteristic results of the grasping test: (a). magnitude of acceleration, (b). magnitude
of grasping force.
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Figure 10. PID controller response for output feedback from the FSR sensors.

6. Conclusions

This paper presents a control design for ExoFinger, a finger exoskeleton. The linkage
design and motion assistance give specific indicators for requirements for a controlled
operation in human and human-mimicked manipulative actions. The proposed PID control
law is implemented in the prototype through force sensors and inertial measurement units
to acquire both grasping force and acceleration. The proposed hardware solution preserves
the low-cost, easy-to-use operation, and portability of the ExoFinger mechanical design.
Laboratory tests with an artificial finger verify the feasibility of the proposed controller
and characterise its performance. The current prototype shows a good performance for a
two-DoF low-cost wearable exoskeleton with an efficient control scheme; however, a more
flexible control architecture could further improve performance. As such, future works
can be planned to improve the control design to support and demonstrate a larger variety
of grasping modes and increase adaptability to a wider range of objects to be grasped.
Furthermore, new formulations and models to include considerations on safety factors (by
FEM analysis or dynamic simulations) and the compliance between the exoskeleton and a
patient finger will provide a safety evaluation for the application to human users, for either
exercising or rehabilitation.
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