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Abstract 

Background :  Although robotics assisted rehabilitation has proven to be effective in stroke rehabilitation, a limited 
functional improvements in Activities of Daily Life has been also observed after the administration of robotic train-
ing. To this aim in this study we compare the efficacy in terms of both clinical and functional outcomes of a robotic 
training performed with a multi-joint functional exoskeleton in goal-oriented exercises compared to a conventional 
physical therapy program, equally matched in terms of intensity and time. As a secondary goal of the study, it was 
assessed the capability of kinesiologic measurements—extracted by the exoskeleton robotic system—of predicting 
the rehabilitation outcomes using a set of robotic biomarkers collected at the baseline.

Methods :  A parallel-group randomized clinical trial was conducted within a group of 26 chronic post-stroke 
patients. Patients were randomly assigned to two groups receiving robotic or manual therapy. The primary outcome 
was the change in score on the upper extremity section of the Fugl-Meyer Assessment (FMA) scale. As secondary 
outcome a specifically designed bimanual functional scale, Bimanual Activity Test (BAT), was used for upper limb 
functional evaluation. Two robotic performance indices were extracted with the purpose of monitoring the recovery 
process and investigating the interrelationship between pre-treatment robotic biomarkers and post-treatment clinical 
improvement in the robotic group.

Results :  A significant clinical and functional improvements in both groups (p < 0.01) was reported. More in detail a 
significantly higher improvement of the robotic group was observed in the proximal portion of the FMA (p < 0.05) and 
in the reduction of time needed for accomplishing the tasks of the BAT (p < 0.01). The multilinear-regression analysis 
pointed out a significant correlation between robotic biomarkers at the baseline and change in FMA score (R2 = 0.91, 
p < 0.05), suggesting their potential ability of predicting clinical outcomes.

Conclusion :  Exoskeleton-based robotic upper limb treatment might lead to better functional outcomes, if com-
pared to manual physical therapy. The extracted robotic performance could represent predictive indices of the 
recovery of the upper limb. These results are promising for their potential exploitation in implementing personalized 
robotic therapy.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  antonio.frisoli@santannapisa.it
1 Institute of Mechanical Intelligence, Scuola Superiore Sant’Anna 
of Pisa, PERCRO Lab, Via Alamanni, 13b, San Giuliano Terme, Ghezzano, 
56010 Pisa, Italy
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-7126-4113
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12984-022-00991-y&domain=pdf


Page 2 of 14Frisoli et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:14 

Background
Upper limb motor impairment is one of the most fre-
quent causes of long term disability following stroke and 
it is particularly problematic given its negative impact on 
Activities of Daily Living (ADL) [1]. Physical therapy and 
exercise promote the motor recovery after stroke with 
consequent regain of function and changes in cortical 
reorganization according to residual neuroplasticity [2]. 
It has been demonstrated that the amount and intensity 
of practice and the degree of participation, as well as the 
task-oriented training, play a crucial role in positively 
affecting the neuroplastic changes [3]. Apart the intrin-
sic ability of providing a high number of specific practice 
movements, robot-mediated therapy can be successfully 
coupled with virtual reality (VR) technology allowing 
patients to train in a more ecological and enriched envi-
ronment which could give an opportunity to practice 
functional movements and everyday activities that are 
not or cannot be practiced within the hospital environ-
ment [4].

However, although scientific literature provides sup-
porting evidence of the efficacy of upper limb robotic 
treatments after stroke compared to manual therapy 
[5, 6], it is still arguable the achievement of an effective 
improvement in terms of regained upper limb function 
and consequent transfer of abilities to ADL. One recent, 
large pragmatic randomized controlled trial performed 
with the MIT-Manus robotic gym system [7] concluded 
that robot-assisted training did not lead to improvement 
in upper limb function in ADLs compared with usual 
care, measured by ARAT test. To overcome this poten-
tial limit of some robotic rehabilitation programs, it has 
been so far hypothesized in literature that robotic train-
ing with exoskeletons, based on three-dimensional spa-
tial, task-oriented and more naturalistic movements [8], 
is likely to provide higher benefits in terms of recovery in 
ADLs and improvement of upper limb function.

In the scientific literature there are still however not 
only a limited number of randomized controlled tri-
als (RCT) concerning robotic therapy with three-
dimensional spatial robotic exoskeletons to support this 
hypothesis, but also contrasting evidences. The asymme-
try of studies conducted with End Effector (EE) devices 
vs Exoskeletons (Exo) is for example evident from data 
published in one recent meta-review [5], where only 3 
exoskeletons RCT are reported, of which one based on 

passive exoskeleton device only,vs. 11 trials employing EE 
devices.

One of the first clinical studies addressing this issue 
was the randomized trial conducted with Pneu-WREX 
in a group 26 patients [9], wherein three dimensional 
movement against gravity in the context of simulated 
functional tasks that required use of the hand con-
ducted with assist-as-needed controller robotic training 
was found to be more effective than conventional table-
top training. According to authors’ the observed results 
benefits may also have arisen in part due to the fact that 
the robot allowed 3D movements that incorporate hand 
grip and release, rather than just planar or single-joint 
movements.

In a large controlled study (77 patients) [10], the 
robotic treatment conducted with the ARMin exoskel-
eton was compared with the manual physical and occu-
pational therapy, showing that robotic training enhanced 
arm motor function more effectively than manual ther-
apy, as measured by the upper extremity portion of the 
Fugl-Meyer scale (FMA-UE).

Also we observed in our previous study [11] in chronic 
stroke through instrumental study of the reaching perfor-
mance that exoskeleton training produced positive effects 
in movement execution, in terms of decreased execution 
time, improved movement smoothness and increased 
active joint ranges of motion.

On the other side, another recent randomized con-
trolled trial compared End Effector (EE) and Exoskel-
eton (Exo) robot therapy in patients with stroke [12] after 
4  weeks of intervention, suggesting that the EE robot 
intervention is better than the Exo robot intervention 
among chronic stroke patients with moderate-to-severe 
impairment of upper extremity function.

Also within the cross-over study conducted with 
BONES exoskeleton [13], patients were assigned with 
different random order to both single joint and multiple 
joint robotic training. The results of the study showed 
how multi-joint functional robotic training was not supe-
rior to single joint robotic training for Box and Block Test 
score (primary outcome) and for other secondary out-
come measurements (FMA, Wolf Motor Function Test 
WMFT, Motor Activity Log MAL scales).

So to what extent the 3D nature of therapy robotic 
assistance provided with exoskeletons can be a determi-
nant factor for motor recovery?

Clinical Trial Registration clinicaltrials.gov, NCT03319992 Unique Protocol ID: RH-UL-LEXOS-10. Registered 20.10.2017, 
https://​clini​caltr​ials.​gov/​ct2/​show/​NCT03​319992
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To provide further clinical and experimental evidences 
to answer this question, we have compared within a ran-
domized controlled clinical trial the effects of a robotic 
exoskeleton training in three-dimensional task-oriented 
exercises versus an equally intensive program of manual 
therapy intervention (1) to assess if the observed motor 
improvements are reflected into higher functional out-
comes—and so improved transfer of abilities into ADL—
than conventional manual therapy and (2) to understand 
how the eventual observed changes can be interpreted 
in terms of kinematic measurements automatically 
extracted by the exoskeleton.

As a second aspect, several clinical studies, includ-
ing animal ones [14], support with growing consensus 
that individualized approach to stroke rehabilitation, for 
instance based on stratification of patients into groups 
with different probabilities of upper limb recovery, could 
enhance the recovery of lost motor function. In this con-
text, the use of biomarkers plays an important role [15, 
16]. Beside neurophysiological and neuroimaging bio-
markers, robotic biomarkers may be a valuable clinical 
instrument for determining the effect of a rehabilitation 
therapy [17]. These robotic biomarkers have the great 
advantage to be entirely objective in capturing the qual-
ity of movement which can be immediately provided as 
an index of the recovery progress [18]. The extraction 
and the analysis of robotic biomarkers can be used for 
both monitoring the ongoing recovery process during 
treatment and for investigating the relationship with pri-
mary clinical outcome. It is reasonable to think that as 
next step robotic biomarkers can be used to optimize the 
design of rehabilitation therapies tailored to the need of 
individual patients.

In [19] first, it was demonstrated the high potential of 
prediction of the outcome of a therapeutic treatment in 
stroke, performing an objective and analytical assessment 
of motor recovery through the acquisition of kinesio-
logical and kinetic parameters and finding a prediction, 
supported by a statistically significant correlation with 
clinical scales, while in [20] it was confirmed the capabil-
ity of predicting Fugl-Meyer assessment scale through 
robotic and clinical biomarkers.

Predictive clinical models of post-stroke motor recov-
ery allow specific early interventions which is the phase 
in which the largest treatment effect can be obtained. 
Patient-specific prognostic models for monitoring post-
stroke recovery have been developed and validated to 
assess their clinical effectiveness [21]. The most reliable 
predictors of the functional outcome are age and motor 
function assessed on clinical scales immediately after the 
acute event [22].

The use of metrics based on biomechanical param-
eters to estimate movement capabilities can raise the 

knowledge about motor recovery mechanisms. However, 
because of insufficient validation, the clinical integration 
of those methods is still limited.

So based on the characteristics of spatial movement 
involved in exoskeleton rehabilitation, a secondary goal 
of the study is to investigate whether in the robotic 
group the measured robotic performance biomarkers, 
based on patient’s performance automatically extracted 
at the enrollment of treatment, could predict the clini-
cal and functional outcome of the robotic rehabilitation 
treatment.

Methods
Study aim and design
The study was based on a Parallel-Group Control Ran-
domized Trial. Patients were assigned with simple ran-
domization [23] to two different intervention groups, 
namely, the manual physical therapy (the control group, 
CG) and the robotic-aided therapy (the robotic group, 
RG).

The robotic therapy was administered by means of the 
L-EXOS robotic exoskeleton coupled with specifically 
designed virtual reality rehabilitation exercises. Moreo-
ver, within the RG, the prediction ability of the robotic 
metrics measured at the enrollment of the patients to 
estimate the change in the FMA assessment after therapy 
was investigated.

Primary outcome measure of the study was the Fugl-
Meyer Assessment (FMA) scale restricted to upper 
extremity.

To evaluate the impact of training in terms of transfer to 
ADLs and upper limb functional outcomes, as secondary 
outcome a functional assessment called Bimanual Activ-
ity Test (BAT) was used, consisting in the evaluation—in 
terms of execution time and quality of movement—of a 
variety of gross and fine bimanual manipulation tasks, 
which are the basis for many of the Occupational Tasks 
and ADL (details are reported in “Functional assessment” 
section). Moreover only in the Robotic Group, robotic 
performance biomarkers were extracted and computed 
at each session and analyzed post-treatment to assess 
whether they can predict the clinical and functional out-
come of treatment.

Participants
In order to minimize the confounding effects of sponta-
neous recovery only chronic patients were enrolled in the 
study. 26 unilateral hemiparetic chronic stroke patients 
were recruited from the pool of outpatients of the Neu-
rorehabilitation Unit of the University Hospital of Pisa, 
but only 22 completed the treatment as detailed in 
“STUDY PARTICIPATION” section (aged 65.8 ± 11.3, 7 
females and 15 males). The sample size was chosen based 
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on the Cohen’s d index of d = 0.65 from previous studies 
of upper limb rehabilitation in stroke [24].

All recruited patients were right handed and they had 
a left ischemic or hemorrhagic cerebrovascular acci-
dent (21 and 5 respectively) at least 7 months before the 
beginning of the experiment. All patients provided writ-
ten informed consent for participating in the study that 
was approved by the Ethical Committee of the AOUP 
(NCT: 03319992) and in compliance with the principles 
of the Declaration of Helsinki.

Patients were considered eligible for the study if they 
met the following inclusion criteria: (1) age ranged 
between 30 and 80  years; (2) diagnosis of a first-ever 
left hemisphere ischemic or hemorrhagic stroke at least 
6 months prior to entry into the study; (3) minimum abil-
ity for shoulder humeral elevation; (4) upper-extremity 
motor function FMA score ≥ 15 (out of 66); (5) absence 
of neurological or muscular disorders that interfere with 
neuromuscular function; (6) absence of severe cognitive 
deficits that would limit patients’ ability to complete the 
study; (7) minimum score of 2 in the Modified Ashworth 
Scale; (8) not participating in any experimental rehabili-
tation or drug studies at the same time and (9) no previ-
ous experience with robotic treatments.

Procedure
The robotic and manual physical therapy treatments 
were equally matched in terms of intensity and dura-
tion. Patients belonging to both groups (CG and RG) 

performed 3 weekly rehabilitation sessions, of at least 
45 min each, over a period of 6 weeks, with clinical evalu-
ations at the enrollment and discharge (Fig. 1).

Manual intervention
The manual rehabilitation sessions consisted in physical 
therapy exercises mainly focused on reaching and grasp-
ing tasks using the affected limb and tailored to the need 
of each patient (see Fig. 2 top).

In order to maintain a comparative approach to the 
rehabilitation program, the following points were kept 
also in the physical therapy program.

Passive movement Passive movement and stretching of 
patient’s upper extremity was performed at the beginning 
of each session by the therapist.

Goal directed movement and voluntary action Exercises 
were proposed by the therapist according to the differ-
ent level of motor impairment requiring upper extremity 
movement, visuo-motor coordination and sensory stimu-
lation consisting in reaching and manipulation of objects 
with different consistency (plastic film, paper, common 
objects) to stimulate somatosensory afferents, contour 
following with pen and paper and 3D spatial movements 
to stimulate upper limb proprioception according to the 
Perfetti’s neurocognitive approach [25], and pick and 
place with peg wooden puzzles to replicate the tasks pro-
posed in the robotic group.

Comparing the experimental robotic treatments vs. 
the control group, a higher involvement of hand function 

Fig. 1  Consort Diagram of the Clinical Trail
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was present in the physical therapy group, while higher 
intensity and amplitude of arm movement (shoulder and 
elbow joints) was present in the robotic group.

Robotic intervention
Patients performed two training and one evaluation exer-
cises at each robotic assisted rehabilitation session.

Patients sat comfortably on a chair in front of a 46 
inches LCD screen placed at the distance of 1 m, wearing 
stereoscopic glasses and the L-EXOS exoskeleton [26] on 
their right (impaired) upper limb. For patients sitting on 
their own wheel chair, the right armchair was removed 
in order not to interfere with the L-EXOS. The height of 
the L-EXOS was adjusted to comfortably fit and properly 
support patient’s upper limb.

The L-EXOS is a tendon-driven robotic exoskeleton 
characterized by a serial kinematics consisting of five 
rotational joints, of which the first four actuated: kin-
ematically the first three rotational axes are incident and 
mutually orthogonal (two by two) in order to emulate 
the kinematics of a spherical joint with the same center 
of rotation of the human shoulder, while the fourth axis 
is assumed coincident with the elbow joint and the fifth 
axis with the forearm (only sensorized), in order to allow 
the prono-supination of the wrist. The L-EXOS features a 
remote placement of electrical motors in order to drasti-
cally reduce the perceived inertia during free movement, 
by using tendon transmission that can easily transmit 
torques to joints placed far apart from motors with zero 
backlash, low friction and low weight. Thanks to these 

technical adopted solutions the L-EXOS can provide a 
reliable and smooth measurement of both joint and end-
effector position.

The two training exercises were presented in a virtual 
reality simulated environment, specifically designed for 
the recovery of reaching and manipulation functions in 
stroke, and they were executed under the adaptable assis-
tance of the robot. The exercises were designed with the 
aim of reproducing functional tasks of reaching, requir-
ing visuo-motor coordination and involvement of spatial 
movement of the arm.

The first exercise (Fig. 3a) consisted of a reaching task 
with robotic assistance in which e patients were asked 
to virtually pour water into a set of glasses and cups. In 
particular, the virtual environment showed a number of 
glasses and cups placed on the shelf of a wide cupboard, 
at different height and positions (ipsilateral, contralat-
eral, central positions with respect to the impaired arm), 
while patient’s hand was represented as a bottle. At the 
beginning of each trial, a target glass to be reached was 
highlighted as well as the line trajectory for reaching it. 
The patient was then asked to reach the target and pour 
the water by prono-supinating his/her wrist and, finally, 
to come back to the initial position. Task difficulty was 
varied according to patient status and condition, chang-
ing the distance and placement of target to be reached.

In the second exercise, the patient had to compose 
a virtual puzzle (see Fig.  3b). The patient was asked to 
reach and grasp each block placed symmetrically at 
twelve equally spaced positions around a circle on a 

Fig. 2  Manual therapy vs robot therapy intervention
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vertical wall and place the block at the right place in the 
figure displayed at the center, to match the correspond-
ing image. This task required a cognitive load to identify 
the correct target location of each block, according to the 
recognition of image displayed on the block face.

Two kinds of assistance were provided by the robot 
according to the task: an adjustable gravity counter-
balancing of weight of the patient’s arm to relieve own 
weight and a guided assistance, according to an imped-
ance-based model that actively assist the patient’s move-
ment towards a selected target (for a detailed explanation 
of the exercises see [27]). In both exercises the difficulty 
of sessions was tailored to the patient’s ability and per-
formance by the therapist using a user-friendly graphic 
interface.

The final part of each robotic rehabilitation session 
consisted of an evaluation exercise (see Fig.  3c) specifi-
cally designed for collecting performance indexes about 
the ability of the patient.

Assessment procedures
Clinical assessments
Clinical evaluations of participants with stroke were 
administered by clinical specialists and physical 

therapists, with at least ten-year experience, involved in 
the study.

The primary outcome measure of the study was the 
motor function domain of the upper extremity portion 
of the Fugl-Meyer Assessment (FMA, 66 points score). 
Other clinical assessments included the modified Ash-
worth (MA) scale and a functional evaluation of upper 
limb by means of the Bimanual Activity Test (BAT).

The FMA was further analyzed in terms of sub-items. 
In particular, the motor FMA score was divided into 
proximal (shoulder and elbow movement, 36 points) and 
distal (hand and wrist movement, 24 points) sub-items. 
The BAT data were divided into pinch-tasks and power-
tasks collecting those items requiring fine and gross 
manipulation motor skills respectively.

Functional assessment
The BAT scale was specifically designed to quantify the 
contribution of patient’s affected upper limb to execute 
common ADLs. The test assesses both execution time 
and quality of execution based on the assumption that 
complex upper extremity movements used in ADL are 
composed of several movement patterns (e.g., supina-
tion/pronation, grasp/release, pinch grip, etc.). The 

Fig. 3  Robotic setup overview. a and b depict the Robotic Rehabilitation Games whereas c shows the robotic evaluation exercise. Inset d 
represents a patient during the robotic treatment
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execution time was measured in milliseconds and the 
quality of execution scores on a 4 points scale. The scale 
consisted of 25 items matched to the corresponding tasks 
reported in Table 1. The items were grouped into pinch 
and power tasks according to the fine and gross manipu-
lation motor skill respectively required for the execution. 
The selected list of test items represented upper limb 
movements necessary to perform many of the ADL.

Robotic measures
Only RG patients were further assessed at the end of each 
session through an evaluation exercise performed with-
out robot assistance and the analysis of their kinesiologi-
cal performance during the task execution, based on the 
recorded kinematic parameters, e.g. hand position, veloc-
ity and upper extremity joint velocities, associated to the 
performed movement. The patients were instructed to 
reach different targets positioned in front of them and 
placed around a vertical circumference at 12 equally 
spaced locations. This configuration allowed to assess 
the reaching performance towards target locations in 
different portions of the peri-personal space (contralat-
eral, mid, and ipsilateral with respect to the side of motor 
impairment) in terms of smoothness and execution time. 
The proposed task required the inter-articular coordi-
nation of both shoulder and elbow joints and support 
against gravity movement to reach elevated targets, rep-
resenting a potentially useful exercise for evaluating the 
recovery of inter-joint coordination and abnormal move-
ment synergies, i.e., elbow flexion associated to shoulder 
abduction, in reaching.

Two robotic measures were extracted for each outgo-
ing (from the center to the target) movement: the execu-
tion time and the smoothness. The execution time was 

measured as the elapsed time for accomplishing each 
movement, measured from the time of grasping of the 
virtual object at the start position to the release time at 
the target position. The smoothness index was com-
puted in the same interval period by counting the num-
ber of peaks in the velocity profile of movement, namely 
the Number of Movements Units (NMU) [28]. More in 
detail, a peak was counted if the difference from a mini-
mum to the next maximum of the norm of the tangen-
tial speed was above 15% of the global maximum speed. 
In this exercise, the grasping and releasing of the virtual 
object took place automatically when the virtual avatar 
was over the object and the target respectively, without 
requiring any force at the level of the handle. In the sub-
sequent analysis, the vertical plane, where targets were 
placed, was divided into two identical sub-plane contain-
ing 5 targets for the ipsi-lateral movements (targets from 
“1” to “5” in Fig. 3c) and 5 targets for the contra-lateral 
movements (targets from “7” to “11” in Fig. 3c).

Statistical analysis
Differences in type of lesion, months post-stroke, age 
and gender between groups were evaluated with Mann–
Whitney U (continuous and ordinal data) and Chi-square 
tests (categorical data). The outcome measures were 
analyzed using a 2-way mixed ANOVA with evaluation 
time (Pre and Post therapy) as the repeating factor and 
group (Robotic Vs. Control) as the between subjects’ fac-
tor. When significant interaction was detected, analysis 
of main effects was performed. Normality of the distribu-
tion of the outcome measures was assessed by means of 
the Lilliefors test and homogeneity of variance between 
groups was assessed through the Levene’s test.

Table 1  Items of bimanual activity test (BAT)

Different background colors highlight the sub-division in Pinch and Power tasks (fine mobility and gross movements)

# Task Type # Task Type

1 Loosen and tighten the cap of a bottle Power 14 Open and close a zip Pinch

2 Open and close a padlock Power 15 Fast and unfasten a belt buckle Pinch

3 Cut a piece of modeling paste using fork and knife Pinch 16 Squeeze the toothpaste on a toothbrush Power

4 Loosen and tighten the cap of a 10 cm jar Power 17 Spread a tablecloth over a table Power

5 Tear a piece of paper in four parts Pinch 18 Roll a poster and close it with an elastic Power

6 Draw a line using a pencil and a ruler Pinch 19 Unscrew a bolt Power

7 Cut a piece of paper in two parts using scissors Pinch 20 Open a safety closure cap Power

8 Open a closed paper-bag Pinch 21 Open a glasses case Power

9 Fold a piece of paper and place it in a paper-bag Pinch 22 Open a pack of handkerchief and take one Pinch

10 Staple 2 pages Pinch 23 Move a 1 kg shoe box Power

11 Tie a bow on a gift box Pinch 24 Move a shoe box over another shoe box Power

12 Tie a shoe Pinch 25 Move a ball from the ground to a table Power

13 Shuffle playing cards Pinch
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The ability of predicting the change pre- and post-
therapy in the FMA score using the robotic performance 
measured at baseline (pre-therapy) was investigated 
through a multilinear regression analysis, with the execu-
tion times tipsi and tcontra and the smoothness indicators 
scontra and sipsi of both ipsilateral and contra-lateral move-
ments as the predictor variables and the change in the 
FMA as the response variable.

The F-test on the regression model was used for assess-
ing the significance of the linear regression relation-
ship between the response variable and the predictor 
variables.

�F̂M = c +
∑

i=ipsi,contra

(aiti + bisi)

Results
Study participation
Table  2 reports the characteristics of the patients who 
completed the whole rehabilitation training divided by 
groups. As shown in the Consort flow diagram in Fig. 1, 
four patients (15%) withdrew and did not complete the 
final evaluations, so they were not included in our analy-
sis. Two of them withdrew because of medical reasons 
unrelated to the study, one for psychological reasons and 
one did not come at the final evaluation.

Clinical outcomes
Table 3 reports all observed changes in clinical outcome 
measures after treatment compared to the baseline val-
ues measured before treatment.

At baseline, the two groups of patients did not statisti-
cally differ in terms of age, sex, months post-stroke and 
type of lesion. Statistical ANOVA tests were conducted 
on 22 subjects equally distributed between the Robotic 
and Control groups. The baseline and the change in 
the outcome measures (FMA, Modified Ashworth and 
BAT scales) detailed for the two experimental groups 
are reported in Table  3, together with the p-values of 
the complete ANOVA test and those of the planned 
contrasts.

Table 2  Patients information by group

Robotic group Control group

Gender 11; 4 females/7 males 11; 3 females/8 males

Age 62 ± 12 years 70 ± 11

Months post-stroke 30 ± 20 (min 7) 37 ± 24 (min 8)

Type of stroke 2 Hemorragic; 9 Ischae-
mic;

3 Hemorragic; 8 
Ischaemic

Table 3  Changes in clinical outcome measures

Values for baseline and change are given as means ± standard deviations

Outcome measure Group Baseline Changes after 
therapy

p of change 
within groups

p between groups 
at baseline

p of changes 
between groups

p ANOVA 
main effect

FM CTR​ 26.7 ± 16.3 8.9 ± 17.6 < 0.01** 0.86 0.46 < 0.01**
ROB 25.6 ± 12.3 11.1 ± 13.9 < 0.01**

FM (proximal) CTR​ 19.3 ± 11.0 2.6 ± 10.9 < 0.05* 0.74 < 0.05* < 0.01**
ROB 18.0 ± 6.6 6.9 ± 7.8 < 0.01**

FM (distal) CTR​ 7.5 ± 6.6 6.3 ± 8.0 < 0.01** 0.94 0.28 < 0.01**
ROB 7.6 ± 6.2 4.2 ± 6.7 < 0.01**

Ashworth CTR​ 20.6 ± 9.8 1.4 ± 11.5 0.66 0.44 0.99 0.50

ROB 17.1 ± 11.5 1.5 ± 13.7 0.61

BAT timing CTR​ 14.1 ± 3.7 − 2.2 ± 3.4 < 0.01** 0.05 < 0.01** < 0.01**
ROB 17.3 ± 3.6 − 4.8 ± 3.7 < 0.01**

BAT quality CTR​ 2.5 ± 1.1 0.6 ± 1.0 < 0.01** 0.35 0.20 < 0.01**
ROB 2.1 ± 0.8 0.9 ± 0.8 < 0.01**

BAT timing pinch tasks CTR​ 15.0 ± 4.5 − 2.2 ± 4.3 < 0.01** 0.05 < 0.05* < 0.01**
ROB 18.8 ± 4.5 − 5.6 ± 4.4 < 0.01**

BAT quality pinch task CTR​ 2.6 ± 1.0 0.5 ± 1.0 < 0.01** 0.18 0.06 < 0.01**
ROB 2.0 ± 0.7 0.9 ± 0.8 < 0.01**

BAT timing power task CTR​ 13.4 ± 3.3 − 2.5 ± 3.1 < 0.01** 0.12 < 0.05* < 0.01**
ROB 15.9 ± 3.7 − 4.1 ± 3.7 < 0.01**

BAT quality power task CTR​ 2.6 ± 1.0 0.4 ± 0.9 < 0.01** 0.25 0.08 < 0.01**
ROB 2.2 ± 0.8 0.9 ± 0.8 < 0.01**
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Both groups reported significant improvements. 
More in detail, all enrolled patients, not depending 
on treatment, significantly improved in terms of FMA 
(F(1,20) = 47.1, p < 0.001) and functional BAT assess-
ment (BAT timing: F(1,20) = 63.8, p < 0.001; BAT quality 
F(1,20) = 29.6, p < 0.01), whereas the level of spasticity did 
not significantly change after therapy (Modified Ash-
worth scale, F(1,20) = 0.454, p = 0.054).

As regards the between group comparison, there were 
no significant differences at baseline between groups for 
any of the outcome measures. The graphical representa-
tion of the change in clinical outcome measures for the 
two groups is reported in Fig. 4. In particular, each panel 
reports the corresponding clinical test score pre (T0) and 
post (T1) therapy for the two groups (RG and CG) sepa-
rately. Horizontal red dashed lines indicate a significant 
change between T0 and T1 not depending on the group. 
Vertical blue dashed line reports significant differences 
between the RG and CG groups. The right panel in Fig. 4 
shows the forest plot of the clinical outcomes showing 
the confidence intervals of the differences between the 
two groups in terms of z-scores of the differences. Points 
aligned towards the right of the zero line indicate greater 
improvements in the Robotic Group and those aligned 
towards the left of the zero line indicate grater improve-
ments in the Control Group.

Significant differences between groups in the change of 
the proximal portion of the FMA score and the BAT tim-
ing functional score were observed in favors of the RG. 
In particular, whereas the two groups were characterized 
by a similar averaged score at baseline for the proximal 

portion of the FMA (19.3 vs. 18.0 points for the control 
and the robotic group respectively), the robotic group 
recorded a significantly higher improvement with respect 
with the control group (6.9 ± 7.8 vs. 2.6 ± 10.9 points, 
see Table  3). The improvements in terms of functional 
ability measured as reduction of execution time in BAT 
scale, were significantly higher in the RG group than the 
CG group (p < 0.01), both for power and precision tasks 
(p < 0.05).

Robotic outcomes
Since two patients were unable to autonomously com-
plete the evaluation exercise described in Sect. 2.4.3 (i.e., 
without the robotic assistance), kinematics data from 
only 9 subjects out of 11 belonging to the Robotic group 
were analyzed.

Figure  5 shows the performance in terms of smooth-
ness (first row) and completion time (second row) along 
the 18 rehabilitation sessions averaged over 9 subjects of 
the Robotic group. The three columns in the left panel 
represent the robotic measures divided for the contralat-
eral and ipsilateral movements (first and last columns 
respectively) and the averaged performance (second col-
umn). For each robotic measure it is possible to note an 
improvement over time—decreasing of both the Number 
of Movement Units and the elapsed time for accomplish-
ing the task. Significance between sessions is highlighted 
by the corresponding plots in the right panel of Fig.  5. 
In particular, colored markers highlight the rejection of 
the null hypothesis (p < 0.05) that the mean of a session is 

Fig. 4  Change in clinical outcome measures for the two groups’ pre (T0) and post (T1) therapy (means and standard errors are reported). The forest 
plot in the right panel of the figure reports the differences of the changes in the two groups (the diamonds represent the averaged value and the 
horizontal lines are the 95%CI). The semi-plane on the right of the zero line indicates greater improvement for the Robotic Group whereas the left 
semi-plane indicates greater improvement for the Control group. Blue lines indicate statistically significant differences among the two groups, while 
red lines between enrollment and discharge
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equal to the mean of another session (paired t-test with 
least significant difference procedure [29]).

Analogously to the clinical outcomes, statistical analy-
sis was conducted using data belonging to the first ses-
sion (pre-therapy) and the last session (post-therapy). 
The paired t-test shown both a marked decrease of 

movement time (t(8) = 5.15, p < 0.01) and marked increase 
of smoothness quality expressed as number of peaks in 
the velocity profile (t(8) = 5.01, p = 0.01).

The performance improvement in movement execution 
was analyzed also over different directions of the verti-
cal plane. In Fig. 6, the changes in performance between 

Fig. 5  LEFT: Robotic performance indexes over sessions of the Robotic Group for all movements (central column), the ipsilateral movements (right 
column) and the contralateral movements (left column). The first row represents the smoothness in terms of number of movement units; the 
second row represents the time elapsed for accomplishing the movements. RIGHT: significance of the pairwise comparison across the 18 session. 
The colored spot marks the significant output of the t-test

Fig. 6  Automatic assessment of time execution (left) and smoothness of movement (right) over different directions in the vertical plane. The 
first and second radial plots show the difference for each direction of the first and the last rehabilitation sessions in terms of Execution Time and 
Smoothness Index respectively averaged over patients. For each direction ‘*’ and ‘**’ show significant differences (paired t-test) at p < 0.05 and 
p < 0.01 respectively
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the first and the last rehabilitation session are reported 
for each direction. In particular, the amplitude for each 
direction is proportional to the change observed in that 
specific direction (i.e., a low amplitude represents a mini-
mal change) and the asterisk mark a significant change 
between the first and last session (*p < 0.05 and **p < 0.01) 
assessed with the paired t-test.

Correlation analysis
Multilinear regression analysis was conducted using as 
predictors variables the robotic measures measured at 
the baseline (completion time and smoothness divided by 
ipsi- and contra-lateral direction) and as response vari-
able the change in FMA score pre and post the robotic 
treatment.

Obtained results for the FMA score, first panel 
of Fig.  7, evidenced a significant linear correla-
tion between the robotic performance obtained 
at the baseline and the change in FMA score 
(R2 = 0.91, p = 0.021) using the following coefficients: 
tipsi = −1.3; tcontra = −1.1; sipsi = −1.2; scontra = −1.6.

Further analysis was conducted focusing on the proxi-
mal and distal portion of the FMA assessment scale. The 
model was able to significantly predict the change only in 
the proximal portion of the FMA (R2 = 0.92, p = 0.017), 
but not in the distal portion of the FMA (R2 = 0.45, 
p = 0.569).

Discussion
According to previous studies conducted with robotic 
exoskeleton [11] we hypothesized that robotic treatment 
might lead to significant improvement in terms motor 
function domain if compared to conventional manual 
therapy. Considering the whole upper portion of the 

FMA, no significant difference was observed between 
the change in the CG and in the RG (8.9 ± 17.6 and 
11.1 ± 13.9 respectively).

However, significant differences between the two treat-
ment groups were found restricting the analysis to the 
proximal portion of the FMA scale. In particular, the 
Robotic Group improvement in the FMA-proximal por-
tion of 6.9 ± 7.8 points was significantly higher than the 
2.6 ± 10.9 points improvement of the Control Group. 
In fact, whereas the physical therapy includes a set of 
exercises focused on the rehabilitation of hand move-
ment as well (e.g. place a pen to the side of the table and 
then grip it with the affected fingers), the robotic treat-
ment conducted with the L-EXOS focused mainly on the 
rehabilitation of the arm functionality without requiring 
any particular task to be accomplished with hand/fin-
gers movements. Considering the overall improvement 
in the FMA assessment, only 37% of it was represented 
by the distal portion within the RG, while 67% was repre-
sented by the proximal portion of the FMA. On the other 
hand, for the CG, the improvement in the distal portion 
achieved the 70% of the overall change in terms of FM 
against the 30% represented by the proximal portion.

On the other side, we expected to find improvements in 
functional outcome due to the execution of three-dimen-
sional spatial training performed with robot exoskeleton 
assistance.

Interestingly, the two groups significantly differenced 
in the time execution of the BAT functional scale for both 
gross and fine manipulation tasks. In particular, the exe-
cution time in performing ADL tasks, measured through 
the functional BAT scale were significantly improved in 
the RG than the CG for both gross and fine movements 
tasks. This finding is in line with the study of Schaefer 

Fig. 7  Multilinear regression analysis. Each point in the plot represent a patient of the RG. The x axis represents the observed change in the FM (left) 
in the proximal portion of the FM (central) and in the distal portion of the FM (distal). The y axis is the estimation of the change by using the robotic 
outcomes collected at the baseline (T0). The value coefficient of determination together with the p-value of the F statistic is reported for each graph
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and colleagues [30], in which it was demonstrated that 
task-specific training activity could potentially generalize 
to a broader spectrum of motor tasks than the one prac-
ticed. In our case, the robot-mediated repetitive practice 
of the proposed functional task (pouring water out of a 
bottle into a set of glasses and cups), due to the purpose-
fulness and the multi-step nature of the task itself, could 
have transferred to other untrained tasks such of those 
listed in BAT scale (e.g., moving a shoe box over another 
shoe box).

The observed difference between the two groups only 
in time execution of BAT scale, but not quality, can be 
explained by two reasons: (1) the measurements of a 
quantitative parameter such as time are more precise in 
detecting changes in task execution rather than qualita-
tive parameters (2) the improvement of performance in 
ADLs might not be necessarily be due only to an over-
all improvement of quality of movement, since also the 
adoption of compensatory movement strategies play a 
role in function recovery.

The clinical and functional improvements mentioned 
above, are reflected in the robotic performance measured 
during the evaluation exercise in the RG sessions, which 
allowed to extract quantitative indexes of the quality of 
movements (execution time and smoothness).

In line with this finding, the regression analysis 
reported a significant predictive ability of the robotic 
outcomes measured at baseline (pre-treatment) and the 
change in the proximal portion of the FMA measured 
post-treatment. We can claim that the extracted robotic 
indices might serve as significant biomarkers for predict-
ing clinical changes at the proximal segment of the upper 
limb after the proposed robot-mediated therapy.

A quantitative measure of the motion smoothness plays 
an important role in the evaluation of sensorimotor defi-
cits and motor learning and can be used as a valid index 
of motor recovery in stroke patients [31]. The multiple 
pairwise comparisons between sessions (right panel in 
Fig. 5), viewed as hypothesis generating procedure [29], 
show an interesting trend that splits the proposed robotic 
therapy protocol in three phases of the motor learning 
process. The motor improvement rapidly increases after 
the first 6 sessions (phase 1) and then it becomes slower, 
reaching a plateau, with the increasing number of the 
sessions (phase 2, from session 6 to session 14). The third 
and last phase, approximately between session 14 and 
session 18, instead highlights a further improvement with 
respect to the other two previous phases.

An interesting finding is also the empirical ex-
post observation of the time and number of sessions 
required for functional changes in upper limb task 
execution: from performance over time we can see how 

after 18 sessions of treatment a significant difference 
of performance is always reached in kinematic perfor-
mance and a plateau is reached.

Within the proposed assessment exercise, we can 
evaluate also the change of performance along dif-
ferent directions. Analyzing isokinetic movements at 
various angular velocities within the capable range of 
motion for joints provides a valid tool to monitor the 
level of spasticity [32]: it has been found also that the 
coordination pattern of shoulder and elbow joints is 
preserved differently for reaching movements executed 
in the contra-lateral and ipsilateral space [11]. In this 
study, an approximately isotropic improvement of the 
smoothness along the twelve directions was observed, 
whereas, as regards the execution time, the improve-
ment was higher for the movements towards the lower 
part of the plane than for the upper part of the plane. 
The isotropic change of smoothness in all directions of 
space is a good indicator that the rehabilitation training 
did not affect preferentially any direction of movement, 
while the reduced improvement in execution time in 
unsupported reaching movements performed “against 
gravity” can be related to the higher effort required for 
antigravity movements and to the onset of abnormal 
flexor synergies when increasing amounts of shoulder 
abduction torque are required to actively maintain the 
arm elevation [33].

Although hand paths of stroke survivors during 
visually guided reaching planar tasks along different 
directions exhibit movement abnormalities [34], the 
progressive expression of loss of independent joint con-
trol cannot be observed in planar tasks only. During the 
execution of 3D movements also the alteration of prox-
imal muscle synergy structure dominated by activation 
of shoulder muscles can be observed in stroke survivors 
with mild and moderate impairment [35].

For this reason it is relevant to see that observed cor-
relation with the proximal portion of the FMA con-
firms the potential capability of exoskeletons to detect 
eventual changes in proximal muscle pattern and 
recruitment, that appears to play a major role in motor 
recovery in stroke.

Rosenthal et  al. [36] recently proposed a method 
that exploit the usage of a robotic device for the per-
formance-based identification of practiced movements 
that can reduce upper-limb motor impairment due to 
stroke. These kind of approaches, aimed at identifying 
robotic biomarkers strictly related to the motor recov-
ery process, could allow the definition of individualized 
robotic rehabilitation protocols which may be effective 
in enhancing the functional outcome of a therapy [17, 
37].
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Conclusions
The results of this study showed that both manual and 
robotic treatment can lead to significant improve in terms 
of FMA and BAT in chronic stroke patients. In particular, 
a significant greater improvement of the robotic treat-
ment was observed in the proximal portion of the FMA 
and in the execution time of the BAT tasks. The robotic 
treatment showed also the double fold advantage of auto-
matically extracting performance indexes for both moni-
toring the motor recovery process of each patient and to 
potentially predict the change in clinical score after the 
treatment.
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