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Abstract
Background  In the context of post-traumatic hand rehabilitation, stiffness of the hand joints limits the range of 
motion (ROM), grip strength, and the possibility of performing simple grasps. Robotic rehabilitation has been widely 
adopted for hand treatment with neurological patients, but its application in the orthopaedic scenario remains 
limited. In this paper, a pilot study targeting this population is presented, where the rehabilitation is performed using 
a powered finger exoskeleton, namely I-Phlex. The device aims to mobilize the metacarpal-phalangeal joint (MCP) in 
flexion-extension movements. The objective of the study was to verify the short-term efficacy, experience of use, and 
safety of I-Phlex in a clinical setting. As a secondary objective, the study verified the device’s capability to measure 
clinically relevant variables.

Methods  Six subjects with trauma-related illnesses of the right hand took part in the experiment. Passive and active 
range of motion (PROM and AROM) were recorded at the beginning and the end of the session by the therapist and 
by the exoskeleton. Experience of use was assessed through ad-hoc questionnaires and a numerical pain rate scale 
(NPRS). Safety was assessed by computing the number of adverse events during the operation.

Results  Median increases in the PROM and AROM of 5.88% and 11.11% respectively were recorded among subjects. 
The questionnaires reported a median score of 93.83; IQR (85.01–100) and 80.00; IQR (79.79–93.75) respectively. No 
increase in the median NPRS was recorded among subjects between pre-and post-treatment. No major adverse 
event or injury to the patients was recorded. Only one malfunction was reported due to the brake of a transmission 
cable, but the patient reported no injury or discomfort. No statistical significance was observed between the ROM 
measurement recorded using the exoskeleton and the ones taken by the therapist using the goniometer.
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Background
Hand injuries are among the main causes of hospital-
ization all over the world, accounting for up to 30% of 
the reported trauma cases [1–4]. The majority of hand 
impairments are caused by sharp injuries or blunt trau-
mas, either procured at work or home environment [5]. 
They usually involve muscle-tendon structures and in 
some cases nerves, leading in many cases to complex 
medical conditions. When surgery interventions are nec-
essary to restore hand or finger functions, post-surgery 
rehabilitation is paramount to reduce complications 
such as tendon adhesions at the level of the hand and 
fingers, which may ultimately affect the surgery results 
and the overall recovery [6]. Osteoarthritis is another 
major cause of loss of hand functionality and impair-
ments, especially in the elderly population [7], leading to 
joint stiffness, reduced grip strength, and limited range of 
motion (ROM), therefore hampering the capability of the 
subjects to perform simple movements of daily life activi-
ties [8]. In general, hand limitations are highly disabling 
conditions that may induce depressive states [9], which 
can lead to slower recovery processes and increase the 
overall cost for the healthcare system [10].

Either traumas or osteoarthritis can cause the stiffen-
ing of the metacarpophalangeal (MCP) joint, which has 
a significant impact on overall hand functionality. Typi-
cally, the shortening of the collateral ligament due to sur-
gical repairs or tissue damage makes the joint stiffer in a 
more extended position, hence, the ROM and the flex-
ion capability of the finger are limited [11]. To improve 
these conditions, surgical interventions include arthro-
plasty and tendon release [12], whereas non-surgical 
approaches rely on rehabilitation programs based on the 
intensive mobilization of the joint [13], either passive (i.e. 
the physical therapist moves the patient’s joint, while the 
patient remains passive) or active (i.e. the patient actively 
mobilizes his/her hand and fingers) [14, 15]. Following 
a trauma, whether in post-surgical scenarios or when 
surgery is not necessary, early rehabilitation is key to 
preventing tendon adhesions and muscle atrophy. Never-
theless, hand tissues and bones are fragile, and mobiliza-
tion should be carefully dosed to avoid damaging healing 
tissues [16].

In the context of rehabilitation, wearable robotics is 
gaining momentum as a tool for therapists and clinicians 
to provide intense, repetitive, and engaging rehabilita-
tion, tailored to the patient’s abilities and with the pos-
sibility of gathering quantitative data on the recovery of 
the patient [17–20]. More specifically different robotic 
platforms for hand rehabilitation have been developed 
[21–23], exploiting two main design architectures, 
namely soft and rigid exoskeletons. Soft exoskeletons, 
also called exogloves, rely on stretchable fabrics that are 
connected to the user’s body at specific anchor points; 
when actuated, fabrics produce tensile forces parallel to 
the underlying muscle and tendons and, in turn, gener-
ate torque at the joint level [24–27]; such tensile forces 
compress the underlying musculoskeletal system to 
generate joint torque. This architecture has the inher-
ent advantage that there is no need for self-alignment 
mechanisms to ensure that forces are exerted in the cor-
rect direction, hence the fabric parts worn by the user 
are usually lightweight and simple to manufacture. The 
main drawbacks are related to the difficulty of embed-
ding sensory systems, as high tensile forces may induce 
migration of the fabrics and sensors on the user’s hand, 
and the high compression forces on the user’s musculo-
skeletal system, which become critical when dealing with 
fragile, post-traumatic hands [28]. Rigid exoskeletons, in 
turn, need more sophisticated alignment mechanisms to 
transfer the torque around the user’s joint safely and effi-
ciently [29], but can embed sensory apparatuses to esti-
mate relevant kinetic and kinematic joint variables (such 
as angles and torques). Actuation units could be coaxial 
to the joints or they might utilize a remote center of rota-
tion [30–33], the latter option offering the advantage of 
reduced encumbrance on the user’s hand.

The majority of clinical studies have been conducted to 
evaluate the efficacy of robotic hand exoskeletons with 
patients with spinal cord injury (SCI) or stroke survivors 
[34–36], while a few works focused on traumatic and 
post-surgical scenarios [37, 38]; while such studies open 
new perspectives on the use of exoskeleton technologies 
in post-traumatic hand conditions, they also highlighted 
limitations of the state-of-the-art systems in providing 
clinically-relevant measurements during the treatment.

Conclusions  The device and related rehabilitation exercises can be successfully used in the clinical rehabilitation 
of the MCP joint. The device measurements are in line with the goniometer assessment from the therapist. Future 
studies will aim to reinforce the results obtained, introducing a control group to conclude on the specific contribution 
of the technology compared to conventional therapy.

Trial registration  Hand Motor Rehabilitation Using a Wearable Robotic Device (WRL HX MCP), Clinicaltrials.gov ID 
NCT05155670, Registration date 13 December 2021, URL https:/​/clinic​altrial​s.go​v/ct2/show/NCT05155670.

Keywords  Hand rehabilitation, Traumatic-hand patients, Exoskeleton, Self-alignment mechanism, Stiffness, 
Metacarpal-phalangeal joint, Robotic rehabilitation
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We developed a powered finger exoskeleton, namely 
I-Phlex, for the treatment of joint stiffness in patients 
with orthopaedic impairments [39]. The device can mon-
itor the torque and angle at the MCP joint and support 
finger flexion-extension movements with active-assistive 
and passive mobilization paradigms. Key features are a 
self-alignment mechanism for the MCP joint, a remote 
center of motion configuration, a series elastic actuation 
(SEA) for precise and reliable torque control, and a set of 
customized cuffs to connect the device with hands of dif-
ferent anthropometric dimensions.

The main objective of the presented study was to verify 
the short-term efficacy, experience of use, and safety of 
the I-Phlex with patients with orthopaedic hand impair-
ments. Subjects participated in a single rehabilitation ses-
sion with the device. Efficacy was evaluated by comparing 
the ROM measured by the therapist, before and after the 
robotic treatment; the experience of use was evaluated 
using an ad-hoc questionnaire and subjective evaluation 
of the pain via the Numerical Pain Rate Scale (NPRS); 
the safety of the system was evaluated by recording the 
number of hardware or software failures occurring dur-
ing the use of the device. As a secondary objective, the 
study aimed to verify the capability of the device to mea-
sure clinically relevant variables, namely the active and 
passive MCP ROM. Hence, the active and passive ROM 
was measured via the I-Phlex exoskeleton and compared 
to the measures taken by the therapist via a goniometer.

Methods
I-Phlex Exoskeleton
I-Phlex (Fig.  1(a)) is a powered finger exoskeleton for 
the mobilization of the MCP joint of the long fingers, 
designed specifically for the treatment of post-traumatic 
joint stiffness. Three main features make the device suit-
able for providing repetitive joint mobilization while 
simultaneously measuring quantitative biomechanical 
parameters to evaluate the rehabilitation outcome. These 
features include (i) the kinematic chain with a self-align-
ment mechanism and a remote center of rotation, (ii) the 
compliant actuation, and (iii) the set of physical human-
robot interfaces that connect the kinematic structure to 
the user’s finger and hand.

Kinematic chain
The kinematic chain has a remote center of motion, vir-
tually located at the MCP joint of the long fingers of the 
hand, and a self-alignment mechanism composed of 
two revolute (R) and one prismatic (P) joint, arranged 
in an RPR configuration. The first R joint is composed 
of a series of hinges connected by gears [40], allowing it 
to cover the physiological ROM of the MCP joint with 
low encumbrance on the dorsal side of the finger [39]. 
The slider-hinge joint of the kinematic chain (i.e., -PR) 

realizes the self-alignment mechanism for the MCP artic-
ulation, to minimize shear forces on the finger during the 
flexion/extension movement. Notably, the exoskeleton 
hand and finger cuffs are fastened in a ‘zero position’, 
namely with the finger fully extended (θ = 0 , θ  repre-
senting the finger flexion angle). When the finger flexes 
at an angle θ , the kinematic chain configuration is univo-
cally defined to ensure human-robot alignment and can 
be described by the rotation angle of the first hinge (α ) 
and by geometric parameters, measured in the ‘zero posi-
tion’. Geometric parameters are: a , the distance between 
the contact point between finger and cuff (G ) and the 
MCP joint (OMCP ), b , the distance between the slider-
hinge joint (P ) and G , c , the vertical distance between 
the exoskeleton joint (O ) and OMCP , and d , the distance 
between O  and P . Detailed information related to the 
model of the mechanism can be found in [39]. A sche-
matic representation of the self-alignment mechanism is 
presented in Fig. 1(a).

A direct kinematic model (DKM) relates the angles and 
torque measured by the exoskeleton to the anatomical 
variables (namely, MCP angle and torque), using anthro-
pometric measures of the user’s hand. To have an accu-
rate estimation of the user’s measurements, a calibration 
procedure was set up. The DKM and an inverse kineto-
static model (IKsM) were implemented on the device 
control system, based on a user-specific look-up table 
(LUT) obtained through the calibration procedure. The 
LUT sorts the values of the estimated MCP angle and 
MCP torque and relates them with the measured kine-
matic chain angle (α ) and the SEA-measured torque 
(τ SEA

meas ). The sorted values are obtained by linear inter-
polation to ensure a smooth transition between the dif-
ferent elements of the LUT. Details about the model and 
estimation performance are given in [39].

Actuation unit
The actuation unit consists of a SEA, which enables 
torque measurement and control and ensures an intrin-
sically compliant human-robot interaction. The exoskel-
eton is fixed on a static support frame, housing a box for 
the control board and power electronics. The electronic 
box hosts a control electronics unit (NI SbRIO9651 pro-
cessor, National Instruments, Austin, Texas, US) featured 
with both a dual-core ARM controller and a Field-Pro-
grammable Gate Array (FPGA) processor, a BLDC motor 
connected to a planetary gearbox 111:1 reduction ratio. 
From the gearbox, the actuator’s shaft is connected to a 
miniaturized spring, embedded in the frame of the robot 
over the hand dorsum. The spring is the core of the SEA 
technology and has a stiffness of 2.89 Nm/rad. Two abso-
lute magnetic encoders with 18 and 12-bit resolution 
are used to measure the spring deformation. The torque 
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resolution is 5 mNm and the maximum peak torque at 
the SEA is 1.5 Nm.

Physical human-robot interface (pHRI)
Concerning the physical human-robot interfaces, a 
library of hybrid rigid-soft interfaces has been designed 
to fit the device on different hand anthropometries. The 
exoskeleton interfaces with the hand dorsum and with 
the proximal and distal phalanxes via 3D-printed cuffs 
designed in different sizes. These cuff dimensions have 
been parametrized to speed up the scaling of the proto-
type based on the patient’s finger dimension. The part in 
contact with the finger is realized in soft silicon-based 

material while the structural part is made of rigid bio-
compatible ABS plastic. The silicon components redis-
tribute the pressure on the finger, which is critical in the 
case of traumatic hand patients which may present scars 
and sensitive skin areas. Moreover, this solution allows 
for an easy way to sanitize and clean the contact part of 
the device.

Control strategies and rehabilitation exercises
The I-Phlex control is based on a hierarchical structure 
[41], depicted in Fig. 1(c). The High-Level Control Layer 
(HLCL) and the Middle-Level Control Layer (MLCL) are 
implemented on the ARM real-time processor, running 

Fig. 1  (a) Schematic representation of the self-alignment kinematic chain of the I-Phlex exoskeleton. The mechanism is based on an RPR configuration, in 
which the first rotational joint is composed by a series of hinges. In the upper figure the rotational-prismatic-rotational joints are highlighted; in the lower 
figure, the self-alignment chain is depicted in the ‘zero position’ and the geometric parameters used the model are indicated. (b) Overview of the I-Phlex 
exoskeleton system worn by a user. The main components are highlighted. (b) Overview of the control algorithm for the platform operation. The HLCL 
is devoted to the estimation of the anatomical parameter of interest, i.e. the MCP angle θ MCP

est . In the same layer, the user can select among different 
exercises through the exoskeleton GUI, which in turn determines the reference trajectory for the user θ MCP

des . The rehabilitation paradigms are rendered 
in the MLCL by exploiting the impedance control strategy and modifying the controller gain according to the selected exercise modality (passive or 
active-assistive). Within the same layer, the reference torque trajectory (τ MCP

des ) for the LLCL is translated from the anatomical workspace to the robot 
once by exploiting an inverse kineto-static model (IKsM), implemented using patient-specific LUT. Finally, the LLCL is devoted to driving the actuation unit 
to apply the desired torque at the joint level, closing the loop on the measured torque from the SEA (τ SEA

meas )
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at 100 Hz. The Low-Level Control Layer (LLCL) runs on 
the FPGA at 1 kHz.

The LLCL implements a two-poles two-zeros toque 
controller, which tracks the desired torque signal from 
the upper layer based on the error between desired and 
measured torque (τ SEA

des  and τ SEA
meas , respectively). The 

output signal is sent to the exoskeleton driver, which sets 
the current input supplied to the motor. The controller 
performance ensures low residual stiffness when a null 
torque reference is required, (up to 0.17 Nm/rad at 1 Hz) 
while showing a root mean square error (RMSE) lower 
than 8mNm when following a desired reference torque 
profile, as reported in [39].

The MLCL runs an impedance control and the IKsM 
algorithms. The impedance control algorithm renders a 
virtual elastic behaviour of the device when following a 
reference trajectory; virtual spring stiffness can be tuned 
by the experimenter within a continuous range that spans 
between 0 and 10 mNm/deg, depending on the clinical 
scenario. In this work, two values of virtual spring stiff-
ness were considered, to render relatively low virtual 
stiffness (namely, 5 mNm/deg) for an active-assistive 
rehabilitation paradigm, and relatively high virtual stiff-
ness (10 mNm/deg) for rendering a passive rehabilita-
tion paradigm. When null virtual stiffness is desired, the 
exoskeleton operates in the so-called transparent mode. 
Based on the desired MCP torque (τ MCP

des ) computed by 
the impedance control, the IKsM model computes the 
desired SEA torque (τ SEA

des ) via the user-specific LUT.
The HLCL allows the experimenter to select the type 

of rehabilitation exercise to run, estimate and visual-
ize the variables of clinical interest (namely, the MCP 
joint angle , θ MCP

est , and the MCP joint torque, τ MCP
est ), 

and implements a graphical user interface (GUI) for the 
patient that shows a reference angle trajectory and the 
θ MCP

est  in real-time. Based on the rehabilitation exercise, 
the user is required (or not) to actively try to follow the 
reference trajectory, while the device provides an assistive 
torque proportional to the reference and estimated angle 
error, using three possible values of virtual spring stiff-
ness (null, 5 mNm/deg, 10 mNm/deg). In the different 
exercises implemented (Fig. 2), the reference angle trajec-
tories were defined as minimum-jerk flexion/extension 
(F/E) cycles implemented with a fifth-order sigmoidal 
function, bounded within the patient’s ROM measured 
at the beginning of the session. The duration of the sig-
moid was computed to have a maximum speed of 10 °/s, 
hence, to avoid abrupt mobilizations that can injure post-
traumatic hands, especially in post-surgery conditions. 
During the execution of the exercises, the GUI also dis-
plays indications of the progress of the exercise. Once the 
number of cycles (nc ) exceeds the predefined number or 
a certain time has elapsed, the session is concluded.

A predefined torque safety threshold, namely 0.45 
Nm, is set for all the exercises to ensure that no harmful 
conditions for the patients occur. Moreover, a threshold 
over the allowable ROM is set so that the patient cannot 
exceed 5 deg above and below the maximum and mini-
mum angles, respectively.

Experimental protocol
The experimental protocol was approved by the local 
Ethics Committee (Comitato Etico Area Vasta Nord-
Ovest Toscana, protocol ID: HABILIS 2020; approval 
number: 18756) and the Italian Ministry of Health. 
Participants signed a written informed consent before 

Fig. 2  Block diagram of the flexion-extension cycle for the different rehabilitation exercises. The exercises can be executed in passive or active-assistive 
modalities. Rest phases in flexed and extended positions have a duration that the experimenter can set. θ start  and θ end  refer to the starting and finish-
ing position of the trajectory, according to the selected exercise to be performed
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participation. The rehabilitation session with the I-Phlex 
platform lasted about 1 h. The session was structured in 
two distinct phases (Fig. 3). The pre-treatment phase was 
devoted to enrolment, evaluation of PROM and AROM 
by the therapist, system calibration, and familiarization 
of the patient with the device and exercises. Then, the 
treatment phase consisted of multiple trials of flexion-
extension movements of the finger MCP based on vari-
ous exercises.

Pre-treatment phase

a)	 Initial MCP ROM assessment with a goniometer. 
The MCP passive and active ROM (PROM, AROM) 
were assessed by the therapist through a goniometer.

b)	 Administration of Numerical Pain Rate Scale 
(NPRS): NPRS was administered to assess the 
baseline condition before the treatment (Table 1).

c)	 Selection of interfaces and calibration. 
Anthropometric measurements of the anatomical 
sites of interest were measured and appropriate 
cuffs for the proximal and distal phalanxes were 
selected. The exoskeleton was worn and fastened 
to the patient’s hand using straps. This phase 

lasted about 10 min. After wearing the device, the 
calibration phase required placing two markers 
on the patient’s proximal phalanx (F 1 and F 2) 
and one as close as possible to the MCP centre 
of rotation (called auxiliary marker, Oaux ). 
These, in addition to the markers placed on the 
exoskeleton (O,A,B,C,P ,G ), compose the 
stereophotogrammetry system necessary for the 
calibration (Fig. 4). The therapist helped the patient 
to perform 10 F/E movements with the exoskeleton 
turned off. Then, from offline video analysis, markers’ 
data were used to obtain the parameters for the LUT 
used in the middle-level control. The calibration 
procedure lasted about 5 min.

d)	 Familiarization. The exoskeleton was turned on 
and set in transparent mode to let the patient 
familiarize himself/herself with the device. If the 
subject manifested any discomfort or trouble with 
the device, the device was re-adjusted, and the 
calibration phase was repeated to ensure proper 
operation in the next steps.

Table 1  NPRS administered questionnaire to evaluate the finger and hand pain during the exercises
0 1 2 3 4 5 6 7 8 9 10
(no pain) (mild pain) (moderate pain) (severe pain)

Fig. 3  Clinical protocol workflow. After enrollment, the patient proceeds to the pre-treatment and treatment phases. After each mobilization session, an 
ad-hoc questionnaire is administered to the patient. At the end of the treatment, a final session general questionnaire is administered and after the don-
ning phase, the therapist assesses the patient’s ROM. For each step of the protocol, an estimation of the duration is given in minutes
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Treatment phase: the overall treatment was composed of 
four main phases

a)	 Initial ROM assessment with exo: at the beginning 
of the session, the patient, with the exoskeleton 
set in transparent mode, was asked to perform 
autonomously three F/E movements reaching the 
maximum flexion angle, and then to perform three 
F/E movements through the help of a therapist, 
similar to the procedure to measure the PROM. Data 
from the exoskeleton were acquired and used to 
compute the AROM and PROM of the MCP joint.

b)	 Passive Mobilization. In this session, the patient was 
asked to remain passive and let his/her finger move 
based on the action of the robot. The considered 
ROM for these exercises was the one measured from 
the exoskeleton during passive mobilization from the 
therapist (PROM). Four exercises were executed.

�i)	 Reduced ROM: the exoskeleton movement 
(reference angle trajectory) was set to span an 
angular range equal to 70% of the recorded 
PROM.

ii)	 Incremental ROM: the angular range of the 
reference angle trajectory was initialized to 
70% of the recorded PROM and the range was 
incremented by 5% of the PROM after each F/E 

cycle, up to 100% of the ROM. The procedure was 
repeated also decrementing the ROM.

iii)	Full ROM: the angular range of the reference 
trajectory corresponded to 100% of the recorded 
PROM.

iv)	Hold at full ROM: the exercise was executed at 
full PROM and each time the maximum flexion 
angle was reached, the exoskeleton kept the flexed 
position for a prolonged time (6 s).

After the exercises, the NPRS was administered together 
with ad-hoc usability questionnaires to evaluate the 
patient’s experience of use with the device controlled in 
passive modality (Table 2).

c)	 Active-assistive Mobilization. In this session, the 
patient was asked to contribute to the motion by 
following a reference angle profile shown in the GUI 
(blue bars in Fig. 4). The considered ROM for these 
exercises was the one measured from the exoskeleton 
during active motion from the patients’ movements 
inside the exoskeleton (AROM). Two exercises were 
executed.

�i)	 Full ROM: the reference angle was set to cover 
100% of the recorded AROM.

Table 2  Questionnaire for the passive and active-assistve mobilization
Q1 The finger movement was perceived as natural during mobilization
Q2 The finger movement was perceived as smooth during mobilization
Q3 You were able to complete the exercises with ease
Q4 You were able to complete the exercises without experiencing muscle tension
Q5 You were able to complete the exercises without experiencing abnormal stress to the finger
Q6 You were able to complete the exercises without experiencing excessive stress to the finger

Fig. 4  (a) Setup for the clinical evaluation of the device. A video camera was used to acquire the data necessary for the calibration and to collect move-
ment data during the therapy for offline processing. The patient wore the exoskeleton while sitting on a chair with the forearm held by the chair’s arm. 
The reference profile for the joint angle (blue bars) was shown to the patient through a GUI displayed on a screen. (b) position of the marker on the finger 
and exoskeleton to perform the calibration procedure and LUT generation
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ii)	 Hold at full ROM: the exercise was executed at 
full AROM and each time the maximum flexion 
angle was reached the patient was asked to keep 
the flexed position for a prolonged time (6 s) while 
the exoskeleton was switched to transparent 
mode.

After the conclusion of the exercises, the NPRS was 
administered again together with the ad-hoc usability 
questionnaires to evaluate the patient’s experience of use 
with the device controlled in an active-assistive modality 
(Table 2).

d)	 Pinch grasps. After completion of the F/E exercises, 
the exoskeleton was set in transparent mode and the 
patient was asked to perform ten repetitions of pinch 
grasps by squeezing and relaxing a spongy object.

e)	 Final ROM assessment with exo and goniometer. 
At the end of the session, AROM and PROM were 
measured again through the exoskeleton. Then, the 
therapist and the experimenters helped the patient 
dress off the device. The therapist proceeded to 
measure the AROM and PROM with the goniometer. 
The duration of this step was about 10 min.

At the end of the treatment session, the patient was 
requested to reply to a questionnaire to evaluate the 
overall user experience with the device. The composition 
of the questionnaire is reported in Table 3.

Notably, after the completion of each session, the exo-
skeleton data were downloaded from the I-Phlex control 
unit and stored for offline analyses.

Study participants
Participants were recruited among people aged between 
18 and 65 years with a traumatic hand injury. Patients in 
the postoperative phase after hand surgery were included 
in the study. Exclusion criteria included: (i) lack of cog-
nitive capabilities to understand written consent form; 
(ii) use of electronic implantable devices (pacemak-
ers or automated defibrillators); (iii) skin breakdown in 
areas in contact with the device’s physical interfaces; (iv) 
occurrence of malignant neoplasms; (v) pregnancy; (vi) 
Numerical Pain Rate Scale higher than 6 in the pre-treat-
ment phase.

A total of 6 participants (4 males and 2 females, age 
56.16 ± 6.40 years) were recruited within Centro di 
Riabilitazione Motoria Inail (Volterra, Italy) and pro-
vided written consent before the enrolment. Additional 
details about the subjects are reported in Table  4. ID06 
was excluded from the analysis since during the therapy 
a transmission cable broke, and the experimental session 
was interrupted. Thus, the results are computed on five 
subjects who completed the treatment.

Outcome measures and data analysis
Different outcome measures were considered to assess 
the overall clinical efficacy of the treatment, experience 
of use, safety, and performance of the exoskeleton.

Clinical efficacy was evaluated by comparing the initial 
and final PROM and AROM values measured via a goni-
ometer by the therapist. The experience of use was quan-
tified by the outcomes of the usability questionnaires, 
administered after the treatment phases, and the NPSR 
evaluated before and after the treatment. The number of 
device-related adverse events was collected at the end of 
every session to evaluate the overall device safety.

Performance metrics were computed considering exo-
skeleton variables, namely the MCP angle estimation, 
θ MCP

est , the estimated output MCP torque, τ MCP
est , and 

the desired MCP torque τ MCP
des . Moreover, the angle 

Table 3  Final usability questionnaire for the evaluation of the 
device
Q1 It was easy to wear the device
Q2 It was quick to wear the device
Q3 The fastening system of the palm interface was comfortable
Q4 The fastening system of the finger interface was comfortable
Q5 You were satisfied with the safety of the device
Q6 You were satisfied with the functioning of the device
Q7 You felt comfortable while performing the exercises
Q8 You were able to perform the rehabilitation exercises
Q9 You would like to use the device in your rehabilitation program

Table 4  General data of the partecipants of the clinical study
ID1 ID2 ID3 ID4 ID5 ID06

Age 59 49 49 55 65 60
Sex M F M F M M
Days After Injury 137 138 182 78 185 59
Type of Lesion Multiple fracture at 

the upper limb
Amputation of index 
distal phalanx

Sub-amputation Distal radius 
fracture

Fracture of wrist 
and hand

Frac-
ture 
of the 
hand

Handedness Right Right Right Right Right Right
Previously Treated No No No No No No
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measured by the camera, θ MCP
video , was collected. Data were 

processed offline in MATLAB 2021 (MathWorks, Inc., 
Natick, MA, USA). The RMSE between θ MCP

est  and θ MCP
video  

was computed to evaluate the performance of the exo-
skeleton in estimating the joint angle and compare it with 
the performance shown in a previous study conducted 
on healthy subjects [39]. The RMSE between τ MCP

est  
and τ MCP

des  was also computed to quantify the capabil-
ity of the device to track a desired torque profile in the 
final application scenario. Both indexes were assessed for 
the different exercises of the passive and active-assistive 
treatment sessions. Notably, in this study, only the flexion 
part of the F/E cycle was considered in data processing 
for the RMSE, as all the participants presented stiffness 
at the MCP joint that prevented flexion movement. 
Thus, the resistance to finger flexion was more informa-
tive about the status of the patient and functional to the 
final recovery. The SPARC index was computed on the 
θ MCP

est  variable to quantify the movement smoothness. 
The computation of the SPARC index in this study is the 
one proposed by [42]. The index was computed for each 
F/E cycle during the AROM measurement in the pre and 
post-treatment with the exoskeleton.

All indexes were computed for each participant and 
aggregated between subjects, and results are reported 
in terms of median (IQR) values. The SPARC index was 
compared between the pre-treatment and post-treatment 
conditions considering the median and IQR value of the 
metric.

The comparison between pre- and post-treatment 
PROM and AROM measured by the therapist was per-
formed using the Wilcoxon signed-rank test (left tail) (the 
distribution of the data failed the normality test using the 

Shapiro-Wilk). In addition, the Wilcoxon signed-rank 
(two-tailed) test was used to compare the measurements 
collected with the goniometer by the therapist and those 
obtained by the device. Moreover, data obtained by the 
goniometer and the one measured by the exoskeleton 
were used to perform the Bald-Altman regression anal-
ysis and compute the Bias and Limits of Agreements 
(LoA).

Results
Figure 5 shows the ROM measurements obtained by the 
therapist in pre- and post-treatment assessments. Over-
all, the increase of the PROM and AROM were 5.88% 
and 11.11%, respectively. In both cases, the difference 
between pre- and post-treatment did not result in statis-
tical significance but was close to the significance value 
(p = 0.06, in both comparisons).

Figure 6 shows the results of the experience of use. The 
questionnaires administered on the passive and active-
assistive mobilization reported a median score of 93.83; 
IQR (85.01–100) and 80.00; IQR (79.79–93.75) respec-
tively (Fig. 6(a)). Patients gave higher scores in the passive 
mobilization, especially regarding the absence of muscle 
tension and stress. For two subjects, the naturalness and 
the smoothness of the movement were reduced during 
the exercises with the exoskeleton (Fig.  6(a)). The final 
questionnaire reported a median score of 84.73 with an 
IQR of (75.50–88.89) (Fig. 6(b)). The median of the NRPS 
was 1, 0, and 0, respectively in the pre-treatment phase, 
after the passive and after the active-assistive mobiliza-
tion (Fig. 6(c)).

Four out of five participants wore the device finger-sili-
con interfaces with minimal discomfort. ID03, who wore 

Fig. 5  Aggregated results for the PROM and AROM in the pre and post-treatment conditions and the indication of the median percentage of increment 
in the ROM. No statistical difference was reported (p = 0.06 and p = 0.06)
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the exoskeleton with the palm interface not tightened 
due to scars on the palm side of the hand, gave the low-
est score to the comfort of the interfaces. All participants 
could easily hold a correct sitting posture while wearing 
the exoskeleton during the rehabilitation sessions.

Regarding safety aspects, we reported one malfunc-
tioning of the device, namely, the transmission cable 
broke during the test, and the experimental session was 
suspended. However, the malfunction had no conse-
quences for the safety of the patient, as all the safety mea-
sures implemented in the device (hardware and software) 
functioned correctly. For the other 5 subjects, the proto-
type worked continuously for about 1 h in every session.

Performance indexes computed on the exoskeleton 
data are depicted in Fig.  7(a). For the passive mobiliza-
tion, the RMSE of the estimated angle was 8.12 (5.87–
9.04) deg, while the torque RMSE was 2.50 (2.05–2.60) 
mNm. For the active-assistive mobilization, the RMSE of 
the estimated angle was 6.86 (6.41–7.96) deg, while the 
torque RMSE was 1.80 (1.58–2.03) mNm.

Concerning the PROM and AROM measured with 
the exoskeleton, results show a median increment 
of the PROM by 15.94% and of the AROM by 9.60% 
(Fig.  7(b)). No statistically significant difference was 
observed between the measurement recorded using the 
exoskeleton and the one taken by the therapist using 
the goniometer within the same phase (p = 0.06 for the 
pre-treatment, PROM; p = 0.31 for the post-treatment, 
PROM; p = 0.63 for the pre-treatment, AROM; p = 0.81 

for the post-treatment, AROM). Balt-Altman analysis 
resulted in a Bias of 4.70 deg and a LoA of (-22.91;32.31) 
deg (Fig. 7(c)).

Aggregated SPARC results from the subjects are 
reported in Fig. 7(d). Four out of five subjects improved 
the smoothness of the movement comparing the pre-
treatment and post-treatment phases, with a median 
improvement of 0.7 points across the patients.

Discussion
Robot-mediated rehabilitation has been proposed to 
perform repeated mobilization of the impaired joints 
and limbs with control strategies that make the devices’ 
behaviour adjustable based on the user’s residual move-
ment capabilities. Furthermore, the use of rehabilitation 
robots makes it possible to gather quantitative measures 
related to the patient’s movement capabilities and moni-
tor the rehabilitation progress, thus, in turn, adjusting the 
treatment [43]. Several hand rehabilitation robots have 
been proposed and experimentally verified in the state 
of the art [44–46]. Literature studies analysed the use of 
hand’s wearable robots in neurological impaired condi-
tions such as stroke, cerebral palsy, and SCI patients, 
reporting encouraging results in terms of increased 
clinical scale (DASH, Fugel-Meyer, and other) scores, 
improved dexterity after the training with exoskeleton in 
Box and Block test, and ultimately improved functional 
performance during the ADL [34, 47]. On the other hand, 
few studies focus on the treatment of trauma-related 

Fig. 6  Results on the user experience. (a) Results of the usability questionnaires for the passive and active-assistive exercises. (b) Results of the usability 
questionnaire of the device. The black line in the left graph highlights the threshold score for acceptance according to the SUS scale (68). (c) Results of 
the NPRS for the five patients
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hand stiffness with robotic-mediated rehabilitation [37, 
48, 49].

The presented work introduces a wearable robotic 
platform for the rehabilitation of post-traumatic hands. 
The objective of this study was two-fold: (1) to verify the 
short-term efficacy, the experience of use, and the safety 
of the presented device within the framework of ortho-
paedic rehabilitation, and (2) to assess the capability of 
the device to measure clinically-relevant variables such as 
the active and passive ROM, the movement smoothness 
and the interaction torque at the joint. To achieve these 
preliminary objectives, the study consisted of a single 
rehabilitation session.

Efficacy was quantified by the PROM and AROM in 
pre- and post-treatment, measured by the therapists 
using a goniometer. Indeed, the ROM is commonly 
monitored in clinical practice to quantify the progress 
of the rehabilitation (within the session and across mul-
tiple sessions), as this measure is very easy, fast, and 
repeatable to perform [50, 51]. The single-session mobi-
lization with the I-Phlex device resulted in a median 
percentage increase of 5.88% and 11.11%, respectively 
for the PROM and AROM. Despite not being statisti-
cally significant, the increase was very close to the sig-
nificance value (i.e., 0.05), hence showing a trend toward 
significance. In absolute terms, the increase of the ROM 
showed a median value of 6 deg both for the AROM and 
for the PROM, which is close to the minimal clinical sig-
nificance reported in the literature [52]. Overall, these 
results suggest that the therapy with the I-Phlex may 

induce an increase in the active and passive ROM of the 
MCP joint, thereby reducing joint stiffness. Notably, the 
results were achieved using a combination of passive and 
active-assistive exercise paradigms within a pre-defined 
sequence. Due to the preliminary nature of this study, 
the type, duration, and sequence of exercises were kept 
the same for all participants, and minimal customiza-
tions were made to the exercises (namely, the exercises 
were set according to the initial PROM and AROM mea-
sured at the beginning of the session). This configuration 
of the study allowed us to verify that the whole spectrum 
of exercises implemented on the platform can be applied 
to diverse types of clinical conditions; however, from the 
perspective of the clinical efficacy of the treatment, it is 
likely that different patients may have benefited more 
from different subsets of rehabilitation exercises and the 
improvements recorded in this study may be even larger 
with proper customization of the therapy. In similar lit-
erature studies, the overall increase in the finger flex-
ion ROM stated around 8.3 ± 20.2  deg as reported from 
[53]; in [54] the reported mean ROM in extension stated 
around 10  deg, while in [55] comparison of the total 
active ROM (i.e., the sum of the ROM at each finger joint) 
results to be statistically significant when comparing the 
treatment of post-traumatic hand subjects using robotic 
rehabilitation. Thus, the presented results are in line with 
the current state-of-the-art, but even higher increases 
could be achieved with patient-specific customization of 
the treatment.

Fig. 7  Exoskeleton performance metrics results. (a) The mean MCP angle and torque profiles are reported for one representative subject in the Full ROM 
exercise in the passive (left) and active-assistive modality (right). The RMSE for θ MCP  and τ MCP  are reported, aggregated for all participants. (b) The 
PROM and AROM measured using the exoskeleton before and after the treatment are reported, together with the indication of the median percentage 
of increment in the ROM. (c) Result of the Bald-Altman analysis of the measurements taken by the therapist and those obtained using the exoskeleton 
(d) Aggregated results for the SPARC index evaluated pre- and post-treatment. In the figure, Pre and Post stay for pre-treatment and post-treatment 
conditions
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The safety and stability of the platform were assessed 
by monitoring the platform’s behaviour during the clini-
cal study. Within the present clinical study, the system 
operated in total for about 10 h and, during each of the 
five rehabilitation sessions, for about one hour continu-
ously. During the experimental trials, the patients were 
able to complete the exercises without any reported dis-
comfort or abnormal pain deriving from the use of the 
device. One malfunction occurred, which was related 
to the brake of the transmission cable in the kinematic 
chain, which did not cause any pain or discomfort to 
the patient. For every subject recruited in the study, the 
pHRIs of the exoskeleton were able to fit the distinctive 
anthropometries, despite the differences in body size, sex, 
and level of impairment. Four out of five subjects wore 
the exoskeleton with minimal discomfort and effort, and 
after one hour of exercise, no major alteration of the skin 
surface was notified by the clinical staff. For the ID03, the 
exoskeleton was worn with the only burden that the hand 
interface was left loose since the subject presented scars 
on the palm that prevented a strong fixation.

Questionnaire scores were used to evaluate the users’ 
experience with the device and its suitability for use in a 
larger-scale study. The result of the general questionnaire 
on usability showed a median score of 89.17, meaning 
that the platform was found to be usable in the clinical 
scenario for which it was designed (the threshold for 
usability was set to 68 points, as in [56]). The ad-hoc 
questionnaire for passive and active-assistive exercises 
showed that the devices allow for a smooth and natural 
movement both while operated in passive and active-
assistive modalities, without excessive/abnormal stress 
and abnormal muscle tension. Finally, the results of the 
NPR scale did not increase after therapy for most of the 
subjects, meaning that the therapy was not perceived 
as harmful by subjects. Only one subject, ID3, reported 
an increase of 1 point with respect to the pre-treatment 
condition. Such increase may be related to the intense 
mobilization per se, and not specifically to the use of the 
device, due to the presence of scars on the palm that may 
be stretched during the rehabilitation.

Considering the comparison of the exoskeleton and 
therapist measurements of the PROM and AROM, no 
statistically significant difference was found between the 
sets of measurements, with significance values higher 
than 0.30 in three out of four comparisons, showing con-
siderable alignment between the two measurement sys-
tems. Moreover, Bald-Altman analysis shows that most of 
the sample measurements resulted within the LoA, indi-
cating an agreement between the goniometer measures 
and the exoskeleton ones. In some cases, the difference 
between the measurements spans over the LoA burdens, 
although, the reported measurements are coming from 
ID03, thus suggesting that the good fit of the interfaces 

is a mandatory step to collect trustable measurements 
using the exoskeleton.

Considering the accuracy of the exoskeleton mea-
surements throughout the whole ROM, we compared 
the assessment of the angle by the platform to a video 
ground truth and the results showed that the error was 
about 7 deg. This result was in line with previous charac-
terization carried out with healthy subjects in laboratory 
conditions [39]. This average error may, at least in part, 
explain the difference observed with the ROM measured 
using the goniometer. It is worth noticing that the I-Phlex 
measures were able to capture the relative differences 
between the pre- and post-treatment conditions [57, 58].

Concerning the accuracy of the low-level torque con-
trol, median RMSE torque resulted equal to 2.50 mNm 
for the passive exercises and 1.80 mNm for the active-
assistive ones, indicating that the exoskeleton can track 
the desired torque profiles with appropriate performance 
(error was 1.5% of the peak desired torque). Across sub-
jects, the maximum torque ranged between 0.07 Nm 
and 0.17 Nm for the passive exercises and between 
0.04 Nm and 0.12 Nm in the active-assistive exercises. 
The reported values are in line with the biomechanical 
expected values reported in [59] and comparable to other 
devices presented in the state-of-the-art [53, 54].

SPARC index was evaluated for each subject before and 
after the treatment. The results demonstrate an overall 
decrease in the SPARC index when comparing the pre- 
and post-treatment conditions. Specifically, four out of 
five participants exhibited a reduction in the interval 
ranging from 0.01 to 1.38, while one participant displayed 
an increase in the index relative to the pre-treatment 
condition of -0.85. Therefore, these findings suggest a 
potential association with reduced activity during active-
assistive exercise possibly due to participant fatigue or 
decreased attention during the session. Further investiga-
tions may be needed to relate the increase in ROM with 
an improvement in gesture smoothness.

Although the relatively low sample size limits the 
generalizability of the conclusions of this study and the 
absence of a control group does not allow us to show 
the potential of the device to exceed regular rehabilita-
tion performance, the results in terms of accuracy of the 
measurements of the robot confirm that this device could 
serve to design future data-driven rehabilitation pro-
tocols, in alignment with the existing body of literature 
on personalized rehabilitation. Indeed, demonstrating 
that the robot can accurately measure clinically relevant 
variables is crucial for rehabilitation and could drive per-
sonalized treatments that could take into account the 
performance of the participants daily, making the treat-
ment challenging at any time. The presented feasibil-
ity study lacks the evaluation of retention effects; while 
this evaluation was outside the scope of the study, future 
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studies will be more focused on evaluate the efficacy and 
will include follow-up measurements to assess the poten-
tial retention of the rehabilitation outcome, both in ste-
reotyped flexion-extension movements and in functional 
movements or activities of daily. Given these points, the 
results of this pilot study encourage the conduction of a 
larger, longitudinal controlled study to further investigate 
the clinical efficacy of the device. Considering the over-
all experience in clinics, and after discussion with clinical 
personnel, the platform will be refined to be more intui-
tive in the wearing procedure and the system’s calibration 
procedure, also including the possibility to selectively 
train more than one finger and ultimately to extend the 
architecture to multiple or full hand exoskeletons that 
can be used in functional tasks in the 3D space.

Conclusions
In this pilot study, a powered finger exoskeleton, namely 
I-Phlex, was used in a pilot clinical study to rehabili-
tate post-traumatic hands. Results show that the device 
and related rehabilitation exercises can be successfully 
used within the clinical rehabilitation of the MCP joint. 
Regarding efficacy, the results of this study show that a 
single-session treatment based on passive and active-
assistive exercises can induce increases in the PROM 
and AROM when comparing pre- and post-treatment 
measurements. Joint angles and torques measured by 
the device are in line with the common methodology in 
terms of clinical assessment of ROM and demonstrated 
to complement the clinical measurements gathered by 
the therapist. Future studies will investigate the efficacy 
of the device with a larger pool of subjects and longer 
training sessions and consider a follow-up evaluation of 
the retention effects of the rehabilitation treatment. A 
control group will be included to compare the robotic 
treatment with conventional therapy.
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