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This paper presents a novel mechatronic exoskeleton architecture for finger rehabilitation.
The system consists of an underactuated kinematic structure that enables the exoskeleton
to act as an adaptive finger stimulator. The exoskeleton has sensors for motion detection
and control. The proposed architecture offers three main advantages. First, the
exoskeleton enables accurate quantification of subject-specific finger dynamics. The
configuration of the exoskeleton can be fully reconstructed using measurements from
three angular position sensors placed on the kinematic structure. In addition, the actuation
force acting on the exoskeleton is recorded. Thus, the range of motion (ROM) and the force
and torque trajectories of each finger joint can be determined. Second, the adaptive
kinematic structure allows the patient to perform various functional tasks. The force control
of the exoskeleton acts like a safeguard and limits the maximum possible joint torques
during finger movement. Last, the system is compact, lightweight and does not require
extensive peripherals. Due to its safety features, it is easy to use in the home. Applicability
was tested in three healthy subjects.
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1 INTRODUCTION

Patients suffering from impaired hand functionality are severely disadvantaged in performing
activities of daily living (Birch et al., 2008; Wang et al., 2009; Heo et al., 2012; Cempini et al., 2015;
Conti et al., 2017; Yue et al., 2017). Limited mobility of the hand can be caused by various conditions.
According to Heo et al. (2012), typical examples are neuromuscular diseases, damage to the hand due
to injuries, restricted motor functions as a result of a stroke, and age-related limitations.

Another condition that affects hand functionality is complex regional pain syndrome (CRPS).
CRPS patients suffer from spontaneous, deep-seated pain and are often severely hypersensitive to
stimuli or touch. In addition, almost all patients have motor weakness and marked limitation of
movements such as fist closure and pincer grip (Maihö fner et al., 2010). Conventional therapy is
time-consuming and often leads to unsatisfactory results because patients are discharged from the
hospital too early, therapists are not available in sufficient numbers, and the overall financial burden
is high (Epstein et al., 2008; Elsamadicy et al., 2017). For this reason, there are efforts to restore or at
least improve hand functionality through the use of robotic rehabilitation systems. Important
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findings from research on stroke rehabilitation in the context of
robotic hand rehabilitation were highlighted by Heo et al. (2012),
emphasizing their potential in therapy: Reinkensmeyer et al.
(2004) have shown that recovery from brain injury is strongly
influenced by the patients’ sensorimotor experiences after the
injury. The supportive role of repetitive motion training in the
recovery of motor skills has been shown by both Taub et al.
(1993), Mark and Taub (2004). Furthermore, according to Patton
and Mussa-Ivaldi (2004), hand rehabilitation using repetitive
motion training with a robotic system is most likely more
effective than conventional therapy.

In contrast to manual therapy, exoskeletons equipped with
suitable sensors can provide accurate and repeatable data to
quantify the functional status of the patients hands.
Additionally, high-frequency rehabilitation exercises do
not increase the financial burden of the treatment.
Therefore, using exoskeletons in therapy can allow patients
to follow a daily training routine, which is usually not
possible in manual therapy. Although several exoskeleton
systems have been developed and their potential for
rehabilitation has been demonstrated, the use of
exoskeleton systems in therapy is still limited. Yue et al.
(2017) note that only a small subset of the exoskeleton
systems developed make it into clinical testing or practice
due to their complexity and resulting poor usability in a
clinical context. In addition, the development of a hand
exoskeleton presents many technical challenges due to the
limited space available and the complex biomechanics of the
human hand with its many degrees of freedom.

A kinematic structure that is, both simple and scalable for
therapy use was developed by Jo and Bae (2017), likely as an
extension to an approach by Festo AG and Co. KG (2012).
Because it combines a single electric motor to actuate each
finger with adaptive kinematics, this system can scale to the
entire hand. However, the full potential of the kinematic
approach is not realized, as the trajectories of the finger joints
and the associated forces in the joint are not captured.

In this work, we extend the approaches of Festo AG and Co.
KG (2012), Jo and Bae (2017) by adding position sensing, a more
user-friendly bi-directional actuator and force sensor. We also
provide a mathematical model to represent the actuation forces
on the load in the finger joints.

2 STATE OF THE ART WEARABLE HAND
INTERACTION SYSTEMS

Over the past 2 decades, a variety of hand exoskeleton systems
have been developed, most of which are intended either for hand
rehabilitation, force assistance, or to provide haptic feedback, e.g.,
for virtual-reality applications.

Regardless of the intended use, all systems must meet the key
requirement of biomechanical compatibility with the human
hand to enable safe operation. As described in Heo et al.
(2012), the exoskeleton is functionally coupled to the hand
when worn. The exoskeleton must not impose any movement
that disregards the natural pivot points of the finger joints. To

ensure this, several kinematic concepts can be used, as shown in
Figure 1. The exoskeleton can be built to directly align with the
pivot points of the finger joints (concepts A and B in Figure 1).
However, different phalanx lengths between users lead to
misalignment of the joint centers. The remaining four
concepts solve this problem by not imposing a defined center
of rotation on the finger joints. This can be achieved by
incorporating the skeletal structure of the finger into the
kinematics. With redundant actuation of the joints, each joint
is incorporated into a four-bar linkage with one degree of
freedom (C), which can then be used to actuate each joint
independently. Alternatively, flexible actuation systems such as
tendons (D) or artificial muscles (E) without inherent stiffness
can be used, as well as a rigid but underactuated system (F).

For the given application, direct matching of the joint centers
is not a viable option, since the system is intended to be used on a
variety of different patients. A flexible kinematic structure is also
disregarded as an option, as a rigid kinematic structure is required
to precisely recreate the finger joint configuration from positional
sensor data obtained at the kinematic structure. Depending on
the chosen kinematic concept, the transmission of the actuation
force to the individual finger phalanges represents a key
challenge. In principle, two actuation concepts can be
distinguished: Direct and indirect drive. Many systems deploy
indirect actuation systems using Bowden cables because of their
ability to transmit actuation forces to multiple finger phalanges
and in various finger joint configurations. However, as the review
of these systems shows, indirect actuation compromises accuracy
due to friction and backlash, as discussed in Wege et al. (2006),
Chiri et al. (2009), Iqbal et al. (2014). To obtain precise actuation
force data, direct actuation is therefore preferred.

In the following, exemplary systems are presented which use
redundant or underactuated kinematic concepts. The system
developed by Wege et al. (2006) has four active degrees of
freedom. It is capable of actuating all joints of all fingers via
Bowden cables, including abduction and adduction of the MCP
joints. Kinematically, the system deploys a redundant coupling
mechanism to ensure biomechanical compatibility with the hand,
corresponding to concept C in Figure 1. Their experiments with
the system show that both force and position control are
problematic due to the internal friction of the Bowden cables
and the resulting disturbances and nonlinearities in the
controlled system.

A simpler system with direct actuation via a linkage
mechanism was developed by Iqbal et al. (2014). One linkage
mechanism moves the index finger and a second one moves the
thumb. Both mechanisms are individually actuated by a single
motor, resulting in an underactuated system corresponding to
concept F in Figure 1. The system provides a total of 4 degrees of
freedom, however, only flexion, and extension of the MCP and
PIP joint can actively be actuated by applying force to the middle
phalanx. The motors provide force control of the setup. However,
due to the nature of the simple mechanism, it is impossible to
calculate the individual joint forces or angles of the finger. When
the linkage mechanism is attached to the proximal phalanx of the
index finger, force and position control of theMCP joint becomes
possible by incorporating the joint into a single four-bar
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mechanism. However, the PIP and DIP joints then are no longer
actuated and only follow finger movement passively.

Chiri et al. (2009) developed HANDEXOS, a system for stroke
rehabilitation. It uses a kinematic structure with direct matching
of the joint pivot points corresponding to concept A in Figure 1.
However, it deploys compliant finger attachments to compensate
for variations in the phanalx lengths of various patients. The
underactuated system is able to actuate all finger joints in terms of
flexion and extension, it additionally follows passively the
abduction and adduction of the MCP joint. The system
therefore provides three active and one passive degree of
freedom. By modifying the actuation unit, it also allows
independent actuation of each joint. It uses Bowden cables to
transmit the actuation force to the finger joints and is thus subject
to the same force control challenges as the Wege et al. (2006)
system.

The system developed by Leonardis et al. (2015) adaptively
actuates all long fingers with a single motor and is characterized
by its electromyographically (EMG) controlled concept, which
transfers the measured gripping force on the healthy hand to the
pathological hand. The gripping force is measured directly via
force sensors on the objects to be gripped. The kinematics are a
modified variant of concept C in Figure 1, in which the actuation
of all three joints are coupled via additional links.

AMADEO by Tyromotion (2019) is a commercially available
rehabilitation system. The fingers are connected to linear
actuators using magnets, which are taped to the patient’s
fingertips. The system features EMG sensors to read the
patient’s intended motion and offers multiple rehabilitation

modes. All five fingers can be moved by the system and
diagnostic data can be recorded during the exercises, including
finger force and range of motion. However, due to the
underactuated concept with a single point of contact, no
information can be obtained on the joint level.

Conti et al. (2017) present a model-based approach to create a
cable-driven, one degree of freedom exoskeleton mechanism
which is optimized to follow the phalanx trajectories of a
specific patient’s hand. The trajectory of the patient’s index
finger phalanges is captured visually, but no force sensor data
is recorded by the exoskeleton system itself. The kinematic
structure can be interpreted as a variant of concept C in
Figure 1 with the finger joints being incorporated in
mechanisms with a single degree of freedom each. However,
instead of using three four-bar mechanisms with rotational joints,
a kinematic chain with rotational and translational joints is
deployed.

A system with a force sensor concept was developed by
Aragón-Martínez et al. (2020) for teleoperation purposes and
actuates two fingers in one housing. However, the system cannot
distinguish between the individual finger forces and the fingers
are only guided via the fingertip. The kinematic structure uses
remote center of motionmechanisms and corresponds to concept
B in Figure 1. The exoskeleton features an FSR-style force sensor
to read the force-feedback at the fingertip.

The system developed by Lee et al. (2018) is capable of
independently actuating the MCP and PIP joints of the fingers
and therefore provides two active degrees of freedom. A rigid
kinematic structure comprised of two coupled linkages, a four-

FIGURE 1 | Hand exoskeleton kinematic options, modified from Heo et al. (2012).
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bar and a six-bar linkage, allows direct transmission of the
actuation force to the proximal and medial finger phalanges.
The kinematic concept is a variant of concept C in Figure 1. The
contact forces to the finger are measured using load cells.
However, the DIP joint is not included in the movement and
the need for independent joint control makes the system less
flexible for training purposes in comparison to an adaptive
system.

An adaptive concept was developed by Sarac et al. (2016) that
optimizes the direction of force application and controls theMCP
and PIP joint via an actuator. The concept features orthogonal
force application and is optimized for a large range of motion and
different hand sizes and was extended by Di Guardo et al. (2019)
to include an adaptive calibration algorithm for improved
kinematic parameter adjustment.

An alternative concept to the highly adaptive systems with
only onemotor is the approach of Carbone et al. (2020). Bymeans
of optical tracking of the movement space of the fingers, a system
was created that can actively control two degrees of freedom and
represents a good compromise between freedom of movement
and control. The approach by Jo and Bae (2017) uses an
underactuated kinematic structure with three degrees of
freedom that incorporates all three finger phalanges. The
kinematic concept is identical to the Festo ExoHand (Festo
AG and Co. KG, 2012), which was presented in 2012. This
kinematic structure allows the computation of all forces
transmitted to the finger phalanges, provided that the
configuration of the mechanism and the actuator force acting
on the structure are known. Thus, unlike underactuated systems
with a single point of contact to the finger, the individual joint
moments of all finger joints can be calculated. The Jo and Bae
(2017) system is intended for VR applications and features
monodirectional force control using a series elastic actuator
(SEA) mechanism. With this actuation concept, the
exoskeleton is only capable of transmitting resistive forces to
the fingertips and is therefore unsuitable for rehabilitation. In
contrast, the ExoHand is capable of applying bidirectional forces
and can be used to assist movement with precise force and
position control of the actuators. However, the pneumatic
drive system and the required peripherals make it difficult to
use the system in clinics or private homes. In addition, because
the ExoHand is augmented with additional artificial phalanges
that require precise joint positioning, the system must be
customized for each user.

Neither system has position sensors to fully replicate the
kinematic configuration. Only the actuator position is captured
by a sensor to realize position control of the actuator. However,
due to the adaptivity of the system, this is not sufficient to allow
the calculation of finger joint angle and torque trajectories. In
general, the kinematic structure of Jo and Bae (2017), Festo AG
and Co. KG (2012) holds great potential for rehabilitation
purposes as it has three degrees of freedom and allows natural
and unrestricted finger movement.

To fully exploit this potential, we extend the approaches of
Festo AG and Co. KG (2012), Jo and Bae (2017) by adding
angular position sensing to the kinematic structure and a bi-
directional electric linear actuator coupled to a force sensor. By

measuring the angles between linkages at three joints of the
kinematic structure, a parameterized dynamic model of the
index finger can be obtained. Thus, both tracking of joint
motion for determining patient progress, as well as accurate
mapping of measured forces and resultant loads/resistance
torques along each joint becomes possible. Additionally,
individual joint angle or torque responses can be used as an
input for the actuator control system.

3 EXOSKELETON PLATFORM

3.1 System Requirements
To ensure success in the practical application of the rehabilitation
system, a number of requirements must be met: First and
foremost, the system must be safe and not hinder the patient.
In order to achieve this, the exoskeleton must be biomechanically
compatible with the human hand as discussed above.
Hyperextension of the finger joints and the application of
critical force levels by the exoskeleton must be avoided as well.

Since the exoskeleton is to be used for rehabilitation exercises
consisting of various grasping tasks, the resultingmovement must
be designed for a large working range and without constraining
forces. Hand sizes vary, so the system design should account for
such variations.

To allow the patient to interact with objects during training
sessions, the palm should remain free. All three finger-flexion
joints are supposed to be stimulated during the movement and
diagnostic data should be recorded in the form of angle and
torque trajectories for each joint.

The kinematic concept should be scalable so that the system
can be extended to all fingers of the hand. The overall complexity
of the system must be low enough to be suitable for clinical and
home use. Finally, the system should be comfortable to wear and
easy to attach and detach from the patient’s hand.

The hardware/architecture of the exoskeleton is supposed to
allow multiple rehabilitation modes, namely active, active-
assistive, and resistive training.

Considering these requirements, a number of necessary
features can be identified. To prevent hyperextension of the
finger joints, even if the control system behaves incorrectly,
Heo et al. (2012) propose to deploy mechanical end stops.
Furthermore, the force control must allow fine adjustment of
the maximum actuation forces acting on the fingers in order to
calibrate the training intensity according to the current functional
state of the patient’s hand. The kinematic structure must be rigid
to allow discrete and precise positioning and accurate
interpretation of the read sensor data in the kinematic model.
To ensure natural finger motion, an underactuated system with
three degrees of freedom is preferred over a system with
individually actuated joints. The different rehabilitation modes
require bidirectional force support with up to approximately 45 N
actuation force [Iqbal et al. (2009); Iqbal and Khelifa (2014)]. In
order to provide precise force control, direct control of the
kinematic structure is required. The requirement for low
complexity and good mobility of the system argues against
pneumatic control.
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We summarize the requirements as follows:

1) Safety of use;
2) Suitable for clinical and home use;
3) Scalability for use on the whole hand;
4) Easy to wear;
5) Optimized for a large range of motion;
6) Movement freedom of the palm;
7) Angle and torque measurement for each joint;
8) Compatible for multiple rehabilitation modes.

Despite an extensive literature search, no system could be
identified that sufficiently addressed all the listed requirements.
However, the approach presented by Festo AG and Co. KG
(2012) and later modified and iterated by Jo and Bae (2017)
came close, which made us choose it as the direct basis for the
common structure presented in this paper.

3.2 Kinematic Model
The kinematic structure of our approach is visualised in Figure 2.
The rigid links l1, l2, l3, l4, l6, l7, l8, l10, l11, and l12 lie in the plane of
the flexion/extension motion of the finger. Their axes or
rotational axes are parallel to the axes of the finger joint and
they are connected by eleven rotational joints (A–L) with six
points of connection to the finger and the back of the hand

(A, B, F, G, K, L). The entire kinematic chain is composed of the
combination of the rigid links and the connecting rotational
joints, as well as the skeletal structure of the finger and the MCP,
PIP, and DIP joints. The kinematic chain can be decomposed into
three five-bar linkages, each with two degrees of freedom, and two
four-bar linkages, each with one degree of freedom. This structure
allows for greater flexibility and ROM compared to simpler
variants with fewer subsets of joints, as shown in Jo and Bae
(2017). In addition, incorporating the MCP joint into a four-bar
linkage results in the ability to control flexion and extension of
that joint individually, as was done for index finger kinematics in
Festo AG and Co. KG (2012).

In order to determine the forward kinematic of the
exoskeleton the degrees of freedom need to be determined.
The total number of degrees of freedom for a planar
mechanism can be calculated according to Kerle et al. (2015)
using Eq. 2 with n � 14 representing the numbers of links in the
mechanism, and g representing the number of joints. Joints
connecting three links instead of two are counted twice. This
yields 10 + 2 · 4 � 18 joints. Finally, fi represents the degrees of
freedom for each joints, which in this case is 1 for every counted
rotational joint.

F � 3 (n − 1) − 3g + ∑g
i�1

fi (1)

� 3 (14 − 1) − 3 · 18 + 18 � 3 (2)

The three degrees of freedom of the exoskeleton obtained by
the calculation match the degrees of freedom of the finger joints.
Consequently, at least three relative angles between the joints
must be known to fully reconstruct the configuration.

The kinematic model can be efficiently calculated using the
tan-half-angle technique presented in McCarthy and Soh (2011),
p. 412. Using this method, the two potential positions of a joint
can be calculated based on its respective distance relative to two
known joints. Geometrically, these solutions represent the two

FIGURE 2 | Linkage structure of the exoskeleton system as an extension
to Jo and Bae (2017). The finger joints are marked in blue. Areas marked in
grey are considered as rigid bodies within the structure.

FIGURE 3 |Orientation of points P, M, and N relative to a world frame as
defined in Figure 2.
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intersections of circles with known diameters around the two
known joints. This geometric constellation of three points in
space will be referred to as the “two-stroke” in the following.
Successive application of the tan-half angle method efficiently
yields both a forward and a backward kinematic model. Suppose a
point P with unknown coordinates has distance d1 to a known
point M and distance d2 to a known point N.

First, the parameters X, Y, and ZX are calculated:

X � Nx −Mx (3a)

Y � Ny −My (3b)

ZX � X2 + Y2 + d2
1 − d2

2

2 d1
(3c)

Using these parameters, the angle between the x-axis of the
reference frame x0, y0 and the vector from pointM to point P can
be calculated (see Figure 3):

ϕ � 2 · arctan Y ±
�����������
X2 + Y2 − Z2

X

X + ZX

√⎛⎝ ⎞⎠ (4)

The solution must be defined by explicitly setting the sign in
Eq. 4. For Mx < Nx, the positive solution in Eq. 4 provides the
upper candidate solution, i.e., the candidate solution for the point

P with the higher value of Py in the reference frame. Finally, the
coordinates of the point P are given by:

Px � Mx + cos ϕ · d1 (5a)

Py � My + sinϕ · d1 (5b)

A direct kinematic model is required for the application.
Based on the measured angles ϕA in joint A (link l4 relative to
x0), ϕB in joint B (link l1 relative to x0) and ϕK in joint K (link
l11 relative to xM), the configuration of the kinematic
structure is calculated. The location of the joints A, B, and
MCP are initially known. The angles ϕA and ϕB yield the
position of the joints C and E. Using these positions, applying
the presented two-stroke concept to the joint trio E, C, and D
then yields the location of joint D, completing the first five-
bar linkage of the kinematic structure. Next, the position of
joint F is calculated using a two-stroke applied to the joint trio
MCP-E-F. As the grey links in Figure 2 represent rigid
bodies, the position of joint F then yields the positions of
joints G and PIP. With these known, the two-stroke of joints
G, D, and H yields the position of joint H and so forth.

Once all joint positions are known, the angle of each link in the
kinematic structure can be calculated with respect to the x-axis of
the reference frame x0, y0. Since the links can be modeled as a
rods, transmitting force exclusively along their respective center
lines, the orientation of all forces acting in the kinematic structure
is thus known, as seen in Figure 4. Decomposition of each force
into its components along the x0- and y0-axis then allows the
derivation of 22 equations of force equilibrium around the 11
joints A–L. This linear system of equations is fully defined and
can then be solved for the 10 unknown forces along the links and
the 12 unknown contact forces in the joints A, B, F, G, K, and L
represented in the reference frame. Using this solution, the
contact forces on the finger phalanges can be directly
calculated from any known external force applied by the
actuator at the joint C. The detailed calculations are included
in the GitHub repository.

The system uses a linear actuator, as shown in Figure 5. In this
way, multiple actuators can be placed on the dorsal side of the
hand so that all fingers can be actuated simultaneously. The angle
ϕ1 is known from the kinematic calculations. By additionally
measuring the actuation force Fact, the external force Fext acting
on the kinematic structure can be determined.

3.3 Dynamic Model
With the use of the contact forces between the exoskeleton and
finger, a dynamic model, as shown in Figure 6, can be derived.
The model consists of the three finger joints moving in a plane
and connected by revolute joints. An unknown torque (M1 −M3)
acts in each joint, representing the joint resistance tomotion or an
actuation torque applied by the patient. The minimum
coordinates q� (α,β,c)T of the dynamic model and the contact
forces are known from the previous calculations. The dynamic
model can be solved for the unknown torquesM1 −M3 in the case
of unrestrained motion, i.e., no additional contact forces act on
the finger using the projected Newton-Euler equations:

FIGURE 4 | Orientation of all acting forces in space as the basis for
equilibrium equations for each joint.
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∑3
i�1 IJ

T
T,iFsum + Ki

JTR,iMsum[ ] � 0,

with Fsum � mi IaCi
− IFi,

and Msum � Ki
_Li + Ki

ωi × Ki
Li − Ki

Mi. (6)

For each body in the system, the sum of forces and moments is
calculated and projected in the directions compatible with the
kinematic constraints via the transposed individual Jacobian
matrices for translation IJ

T
T,i and rotation Ki

JTR,i. The forces Fi
acting on each body are described with respect to the inertial
reference frame I while the moments Mi are described in body-
fixed coordinate frames Ki. Li represents the angular momentum
and ω the angular velocity of each body.

Since the moving masses in the system and their velocities and
accelerations are small compared to the external forces and
moments acting on the system, the model can be
approximately described quasi-statically with _q � €q � 0. This
allows a sufficiently accurate calculation of M1 − M3 based on
the data from the kinematic calculations alone. If required, the
kinematic calculation can be extended by _q and €q for the
dynamic case.

4 SYSTEM INTEGRATION

To test the functionality, adaptability and limitations of the
system, a prototype was built and tested on three individual
subjects. The prototype and its use on the three test subjects is
shown in Figure 7. To ensure sufficient rigidity of the system, the
flange between the motor mount and the back of the hand was
reinforced, as shown in the bottom row of the figure.

Joints A and B were selected for potentiometer placement
because they have a large range of motion that allows good
utilization of sensor resolution, and because they are well suited
for mechanical reasons: They are not displaced during gripping/
finger movements, which reduces the complexity of cable

management, and their location on the dorsal side of the hand
facilitates sensor mounting. Joint K was chosen because it also has
a satisfactorily large range of motion and the finger attachment
offers more flexibility in designing a sensor attachment than the
kinematic joints.

The finger attachments were realized with silicone bands that
are variably adjustable by means of a clamp connection with a
screw. This ensures sufficient force transmission to the respective
finger limb. To avoid hyperextension of the finger joints, the
attachments are extended on their proximal side with small
screws to connect to the next attachment before
hyperextension can occur. In addition, the connection between
the motor and the exoskeleton kinematics is realized by a small
pin that allows a quick and safe release of the motor if necessary.
For electrical safety, the 12 V power supply of the linear motor is
coupled with an emergency stop switch that can be used to switch
off the motor at any time.

Figure 8 displays the architecture of the sensor control system.
Three rotary potentiometers were used as angular position
sensors. To increase the accuracy of the position sensors and
to compensate for the non-linear behaviour of the
potentiometers, discrete ADC counts were determined at
2°degree intervals. Linear interpolation between these
calibration points resulted in sufficient position accuracy.

The position and force sensor readings are obtained by an
ADC on a Teensy 4.1 microcontroller with a 12-bit resolution
using a moving average filter to smooth the signal. The raw
ADC values are logged onto an SD card with a frequency of
100 Hz. Additionally, the momentary actuation force is
calculated in real time on the microcontroller as an input
for the control system. Based on the output of the control
system, a L12-I actuator by Actuonix® is positioned via a
PWM signal.

FIGURE 6 | Dynamic model of the unconstrained finger. The finger joints
are marked in blue. Areas marked in black are considered as rigid bodies
within the structure. External forces are marked in red.

FIGURE 5 | Kinematic connection between actor and exoskeleton. The
force Fact generates the external momentum Mact around point B.
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4.1 Force Sensor
To measure the actuation force, FSR-type force sensors were
integrated into a custom-built mechanical enclosure shown in
Figure 9. This setup allows bidirectional force measurement
with satisfactory accuracy using two sensors. While strain
gauge-based force sensors are superior to FSRs in terms of
accuracy, the required integration effort, high sensitivity to
vibration and handling, as well as their price point make them
less suitable for the present application. In comparison, FSR-
style sensors are highly affordable, easy to integrate, and
relatively robust. To maximise the FSRs’ inherently lower
performance, typical sources of errors were eliminated
through the design and placement of the force sensors’
enclosure. During operation, the actuator force acts
perpendicularly to both sensor surfaces at all times, while
the flat and parallel surfaces of the enclosure ensure an
even load distribution on the sensing surface. Many systems
deploy FSR sensors at the contact points between the finger
phalanges and the exoskeleton to measure the individual
contact forces. In this configuration, the sensors are often

FIGURE 7 | Rendering (A) and application of the real system (B) of the exoskeleton. The rendering contains all the information about the exoskeleton and its
components. In the bottom row, the exoskeleton is attached to the index finger of three individual test subjects.

FIGURE 8 | Interconnection of all electric components of the
exoskeleton system.
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subject to deformation and shear loads, as the attack angle of
the external forces acting on the finger phalanges change
depending on the exoskeleton pose. This substantially
compromises the accuracy of the measurements. Wege et al.
(2006) for example, deployed FSR sensors at the top and
bottom of each phalanx, but due to increased inaccuracies
were only able to measure dynamic changes in the applied
forces using this setup. Using the exoskeleton kinematics and
force sensor design proposed in this paper allows to obtain all
contact forces at the phalanges using only two sensors per
finger instead of six, while guaranteeing a constant ideal load
configuration. The force sensor unit pivots freely around its
rear attachment point. It is rigidly clamped to the linear
actuator at its front attachment point, acting as an
extension of its center line. The enclosure is made up of
two rigid claws, a black and a white one as shown in
Figure 9. These claws are axially unconstrained to each
other, allowing minimal movement in the direction of the
acuator’s center line. One FSR sensor is attached to either side
of the black claw’s rear panel, which sits in between the two
panels of the white claw. The rear attachment point of the
sensor transmits force into the while claw, while the front
attachment point (connected to the linear actuator) transmits
force into the black claw. This configuration causes the
actuator force to flow across the rear-side FSR upon
compression and the front-side FSR upon stretching of the
sensor claws.

Two FlexiForce® A201 sensors with a maximum load
rating of 45 N were used in the prototype, providing
measurements with satisfactory accuracy of the desired
maximum force range of approximately 0–40 N. To achieve
linear sensor response and to adjust the force ranges, two
non-inverting operational amplifier circuits, as suggested by
the manufacturer, were used to process the voltage readings
from the sensors.

4.2 Control System
For the initial tests of the system, a passive force control
system was implemented as shown in Figure 10. A desired
actuator trajectory is calculated on the controller in real time
and decomposed into a series of desired actuator positions k.
These are sent to the controller and converted by its built-in
position controller. The resulting actuator position s
displaces the l1 link of the kinematic structure. The
reaction force is measured by the force sensor and the
corresponding actuation torque in the joint B is calculated.
This actuation torque is compared with a threshold value and
the delta is processed by a two-point controller. When the
upper threshold of the controller is reached, it reverses the
direction of the command actuator trajectory. As soon as the
actuating torque has fallen below the lower threshold of the
controller, the target trajectory is inverted again. This
prevents the system from oscillating. Due to the adaptivity
of the system, it is not possible to control the individual joint
trajectories by manipulating the actuator position. However,
the kinematic and dynamic model described above allows for
a response to the system response at the joint level. When
fully implemented on the MCU and interpreted for each
iteration of the control loop, these models yield the joint

FIGURE 9 | Exploded view of the force sensing resistor (FSR) sensor integration. The setup ensures an orthogonal application of the applied forces on the resistor in
tension and compression direction.

FIGURE 10 | Control loop of the exoskeleton. The controller follows a
predefined position signal in the inner control loop and is limited by a torque-
based two-point control.
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angles and joint torques for each joint as potential input to
the control system.

5 EXPERIMENTS

To gather information about the performance of the introduced
exoskeleton architectures, different experiments were conducted.
Their design concentrated on the following aims:

• Accuracy of the developed force sensor unit;
• Total ROM determination of the exoskeleton for different
hand sizes;

• Behavior of joint angle and torque tracking for different
hand sizes;

• Verification of force-control interaction.

In order to validate the exoskeleton for different hand sizes
tests were performed on three different healthy subjects.

5.1 Force Sensor Validation Tests
To quantify the error of the FSR sensors, experiments were
conducted to analyse the sensor drift as well as the hysteresis
error. Figure 11 shows the results of ten consecutive runs. The red

dotted line represents the actual sensor load, the solid blue line the
mean of all obtained measurements and the transparent blue

FIGURE 11 | Result of force sensor tests for tension (sensor 1) and
compression (sensor 2) over ten independent test cycles.

FIGURE 12 | Comparison of the exoskeleton Range of Motion (ROM)
with active and functional movement space for the three subjects respectively
according to Bain et al. (2015).
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band the standard deviation. The sensors were calibrated using a
third degree polynomial.

The achieved Root Mean Square Error (RMSE) of the
compression sensor was 0.24 ± 0.2N and 0.4 ± 0.29N for
sensor used to measure the tension. Although identical with

respect to model and manufacturer, the two sensors showed a
substantial difference in accuracy, with the sensor used for
tension producing a larger hysteresis error in particular. It can
therefore be concluded that an initial characterization of multiple
sensors is advisable, in order to select the best performing
specimen for the system.

5.2 ROM Evaluation of the Exoskeleton
Since the exoskeleton is intended to be used for rehabilitation
purposes, the ROM covered by the system is a critical factor.
Figure 12 shows the maximum achievable ROM of the
exoskeleton compared to the active and functional ROM of a
finger with the same phalanx length using data collected by Bain
et al. (2015) for each subject. For this experiment, each subject
was instructed to perform a repetitive motion with maximum
flexion and extension of the index finger using the exoskeleton as
a measurement tool, and the corresponding joint trajectories were
determined by model evaluation.

TABLE 1 | Tabulated parameters of the three individual subjects for the index
finger and the achievable Range of Motion (ROM).

Subject 1 Subject 2 Subject 3

Gender male female female
Age (years) 27 25 25
Overall Length (mm) 93 87 85

Proximal Phalanx (mm) 41 39 37
Middle Phalanx (mm) 27 24 24
Distal Phalanx (mm) 25 24 24

Functional ROM 77% 87% 100%
Overall ROM 40% 44% 60%

FIGURE 13 | Evaluation of exemplary movement of the three fingers with the exoskeleton over six independent test cycles. Displayed are the resulting mean ±
standard deviation over all cycles for the respective subjects. No control intervention occurred.
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The active ROM (black curve) represents all positions that
the fingertip can potentially reach. The functional ROM (red
curve), on the other hand, represents a subset of these
positions that are needed to perform the majority of tasks
in everyday life. The ROM achieved by the coupling of the
Exoskeleton with the index finger of the subjects are
represented by the blue, green and orange curve.

The individual data of the subjects as well as the resulting
Range of Motion (ROM) are listed in Table 1. Evaluation of
the functional ROM reveals that the coupling between the
exoskeleton and the index finger includes 77, 87, and 100%,
respectively, for the three subjects. As the length of the index
finger decreases from 93 to 87 mm and 85 mm, the
corresponding functional ROM increases as the kinematic
structure becomes relatively larger and can travel further
distances during flexion. Positions that require strong
flexion of all three finger joints are therefore not
achievable for subject 1. At the same time, all exoskeleton
couplings are able to provide almost unrestricted
movements in the lower right part of the functional
ROM. Therefore, the exoskeleton is well suited for
training a variety of different grasping tasks from daily
life for all subjects.

5.3 Angle and Torque Measurement
The purpose of this series of experiments was to further
demonstrate the exoskeleton’s ability to capture the angular
and torque trajectory of each finger joint using the presented
sensor control system. To replicate the trajectories, raw data from
the sensors was recorded and analyzed in Python. Figure 13
shows the results of the study conducted with the three subjects.
All three finger joints were flexed and extended by the
exoskeleton in a natural motion. Specifically, the experiment
was conducted in free air with no obstacles to the finger
trajectories, and the subjects were instructed to relax their
hand during the experiment. The actuator followed a
sinusoidal linear motion. For the interpretation of the sensor
data, the kinematic configuration was recreated for each record of
the recorded angles. Then, the forces acting on the finger were
calculated using the force equilibrium model, and finally, the
quasi-static joint moments were computed using the simplified
dynamic model. The obtained trajectories consequently provide
conclusions about the individual joint stiffness and damping of
the subjects.

As can be seen in Figure 13, the standard deviation of the
angular trajectories around the point of maximum flexion
decreases for all finger joints across all subjects. One reason

FIGURE 14 |Control intervention for subject 1 during a flexingmovement of the index finger with a torque limit of 0.1 Nm at the actuator over three independent test
cycles. Displayed are the resultingmean ± standard deviation over all cycles. The finger hits a force sensitive plate at 7 s, whichmeasures amaximum external force to the
fingertip of 1.53 ± 0.1 N.
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for this is that the adaptive system allows the finger more
freedom in the straight position. With increasing flexion, the
index finger follows its natural trajectory for all subjects and
the deviation between the measurements decreases. In
addition, the low standard deviation is direct evidence of a
reproducible setup with sufficient finger fixation and
satisfactory exoskeleton stiffness. The moment trajectories
between the MCP and DIP joints are very similar in all
subjects and thus carry a comparatively large portion of the
external load. In comparison, the PIP joint shows a flatter
trajectory and is loaded less. This can be better explained by
looking at the angular trajectories. While the MCP and DIP
joints reach a plateau at maximum flexion, the PIP joint
continues to rotate until the reversal point and is thus
hardly loaded at all.

5.4 Force Control Interaction
Finally, the force control system was tested by restricting the
movement of the exoskeleton in subject 1. This involved
installing a force-sensitive plate as an obstacle to the free
movement of the finger and measuring the resulting force at
the fingertip. To characterize the force transfer, the driving
torque on the exoskeleton was limited to 0.1 Nm. Since the
dynamic model does not account for the external contact force
acting on the finger, the resistive forces acting on the fingertip
are interpreted by the model as increased joint stiffness.
Figure 14 shows a steep increase in joint moments after the
finger hits the force sensitive plate in the figure (indicated by
the first dashed line).

In the area of contact with the plate, an oscillation
induced by the controller can be observed, which can be
explained by the maximum and minimum permissible
torques of the drive torque. As soon as the threshold
value (0.1 Nm) of the two-point controller is reached
(0.01 Nm), the control direction reverses. The
corresponding maximum external force on the force
sensitive plate is 1.53 ± 0.1 N. As a direct consequence,
the measured torques drop immediately. As soon as the
lower threshold value of the controller is reached, the
original direction is restored. This effect shows up
differently in the torque curves of the individual finger
joints. While the DIP and PIP joints are loaded with
rather low torques due to the action of the external
contact force, the torque in the MCP joint accumulates
more intensively, which can be explained by a larger lever
arm of the external force. In the angular trajectories, the MCP
and DIP joints remain almost unchanged. Only the PIP joint
reacts to the changed load and executes the motion induced
by the changed driving force. The overall low standard
deviation of the trajectories can be taken as evidence of
sufficient load-bearing capacity of the system in subject 1.
No drift was observed during the measurements, as the finger
attachments remained in place and the induced force
application to the surface was reproducible. As this
experiment shows, the intensity of the exercises can be
adapted to the functional state of the patient’s hand by
adjusting the upper and lower thresholds of the controller,

so that the therapy is always comfortable for the patient. In
summary, the experiments performed demonstrate the ability
of the exoskeleton to cover a satisfactorily large functional
ROM (77, 87, and 100%), the possibility to obtain accurate
patient data that can be used for clinical diagnosis and for the
quantification of rehabilitation success over time. The
experiments also show the capability of the system to be
used in rehabilitation due to the force-limiting control
algorithm.

6 CONCLUSION

In this paper, a force-controlled exoskeleton for finger
rehabilitation was presented. The development goal was
to provide a system suitable for automated rehabilitation
of CRPS patients. The presented exoskeleton satisfies
essential requirements for the treatment of CRPS patients.
Therefore, its application can reduce the cost of treatment
while enabling a higher frequency of rehabilitation
exercises. Through the integrated position and force
sensors, the system collects data to objectively quantify
the functional status of the finger. This data includes the
finger’s ROM, as well as angular and torque trajectories of
each finger joint, allowing the therapist to track
rehabilitation progress and evaluate treatment
effectiveness. In particular, the recorded resistive torque
exhibited by each joint at different angular positions
during finger movement can be used to assess changes in
joint stiffness over time. Due to the adaptive nature of the
exoskeleton’s kinematic structure, a variety of different
force-assisted grasping tasks can be performed with the
exoskeleton. The actuation force acting on the kinematic
structure is measured and limited by a two-point controller,
which in turn limits the maximum possible torque at each
finger joint. In the current configuration, the exoskeleton
can provide passive support by applying force to the
fingertip in both directions. The functional ROM covered
by the exoskeleton is satisfactory for rehabilitation
purposes. The system is easy to attach and detach from
the patient’s finger and is suitable for use in the home due to
its low complexity and cost.

6.1 Future Work
In the future, the kinematic model can be extended in order to
allow analytical calculation of the finger joint velocities and
accelerations. This will allow to fully leverage the
potential of the created dynamic finger model. Further, it
will enable doctors to differentiate between dry friction and
viscous friction in the finger joints based on the recorded
patient data. The system can also be extended to cover the
remaining fingers of the hand. The control algorithm will be
extended to allow active and active–assistive modes in
addition to passive rehabilitation, in which the
exoskeleton allows patients to move their hands freely
and only applies assistive forces when patients cannot
perform a specific movement through their own finger
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strength. In addition, a prototype will be developed for
clinical testing. For this purpose, a dorsal support for
the exoskeleton will be designed that allows the
kinematic structure for each finger to follow the
movement of the back of the hand during exercises such
as spherical grasping.
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