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 13 MS subjects  

 EDSS: 5 (4-6) 

 Intervention: 6 training sessions 

over 3 weeks: 

 Body weight supported treadmill 

training  

Vs  

 (BWSTT) with robotic assistance 

 

 
Robot: produzione di 

forze 



Main outcome measure: 

• 25-foot walk (T25FW),  

• 6-minute test (6MW) 



VS 



 35 MS subjects  

 EDSS: 6.5 (6–7.5) 

 Intervention: 15 sessions over three weeks : 

 robot-assisted gait training (RAGT)  

Vs  

 Conventional walking training (CWT)  

 Main outcome measure: 

 20-m timed walking,  

 the 6-minute test (6MW) 
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Table 2 Between-group differences of change during treatment (week 3, effect sizes)

Prepost change (95% CI)

Effect size between-group
Outcome measures RAGT CWT difference (95% CI) P

20-m-walking velocity, m/s (median, IQR) 0.11 (0.02–0.28) 0.07 (0.00–0.14) 0.700 ( 0.089 to 1.489) 0.22
6-min-walking distance, m (median, IQR) 22 (2–38) 16 ( 17–40) 0.401 ( 0.370 to 1.172) 0.55
Stride length, cm (median, IQR) 4 ( 1 to 8) 0 ( 4 to 3) 0.360 ( 0.409 to 1.130) 0.21
Strength knee-extensor right, kp (mean, SD) 3.5 (4.0) 0.5 (3.0) 1.105 (0.278–1.932) 0.04
Strength knee-extensor left, kp(mean, SD) 3.3 (3.6) 0.6 (4.4) 0.650 ( 0.135 to 1.436) 0.19

Table 3 Primary and secondary outcome measures at baseline and after three weeks treatment

RAGT CWT

Outcome measures Baseline Week P Baseline Week P

20 m-walking velocity, m/s 0.21 (0.09–0.27) 0.27 (0.15–0.49) 0.003 0.24 (0.17–0.28) 0.31 (0.19–0.42) 0.026
(median, IQR)

6-min-walking distance, 74 (34–97) 81 (44–137) 0.006 87 (62–101) 83 (64–145) 0.211
m (median, IQR)

Stride length, cm 37 (29–47) 39 (28–52) 0.133 38 (28–49) 38 (31–44) 0.917
(median, IQR) 

Strength knee-extensor right kp 15.9 (7.5) 19.4 (7.5) 0.006 13.5 (7.5) 13.0 (6.0) 0.522
(mean, SD)

Strength knee-extensor left kp 13.6 (6.3) 16.9 (6.4) 0.004 13.6 (9.4) 14.2 (8.7) 0.589
(mean, SD)

Figure 1 Flowchart of study.

Follow-up at 6 m on th s was perform ed in  23

patien ts (10 RAGT, 13 CWT): at th is tim e outcom e

values h ad return ed to baselin e in  both  groups

(results n ot listed in  Tables 2 an d 3).

Discussion

Th is is th e first  trial evaluatin g RAGT in  MS

patien ts. Our results suggest th at RAGT is feasible





  […] “There is no clear evidence that robotic gait training 

is superior to conventional physiotherapy in patients with 

chronic stroke”  



  

  

Abstract— Different types of robots and different treatment 
protocols have been proposed in recent years for the treatment 
of the upper limb in stroke patients. However, no agreed 
guidelines or test procedures have emerged so far for helping 
doctors to make decisions about what is probably best for each 
individual patient. This paper provides a contribution to this 
important issue by proposing a test procedure for choosing 
between two treatment protocols of upper limb in stroke 
patients: 1) triggered high-stiffness assistance, which is 
currently the most widely used protocol; 2) adaptive low-
stiffness assistance, which generalizes previous pilot studies of 
some of the authors of this paper. The test procedure consists of 
a single-session in which reaching movements to five peripheral 
targets, from a central, proximal target, are performed, with 
assistance delivered according to one protocol or the other. The 
proposed selection criterion is to choose the assistance modality 
that requires the least amount of assistance. A preliminary 
evaluation of the test procedure has been carried out with a 
group of eight chronic stroke patients. 

I. INTRODUCTION 

nimal  models of stroke and correlated human studies 

[1-3] demonstrate that functional recovery of motor 

patterns is obtained through the use-dependent 

reorganization of neural mechanisms, exploiting basic 

properties of neural plasticity. However, it is not movement 

per se, obtained for example by means of passive 

mobilization, which is effective in recruiting plastic 

adaptation. The key is movement associated with a task and 

a volitional effort. Moreover, task oriented training has 

emerged as a leading concept in clinical practice [4-7]. One 

may wonder what is the impact of such general concepts on 

robot-therapy, which entered clinical use more than a decade 

ago [8]. Not much, unfortunately, because the field is 

characterised by a lack of agreed guidelines as a 

consequence of a mostly empirical approach in which 

experiments and systems are characterised mainly by the 

absence of sufficient theoretical basis [9,10]. 

In particular, no agreed guidelines or test procedures 

have emerged so far for helping doctors to choose types of 

robots and training protocols. This paper provides a 
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contribution to this important issue by proposing a test 

procedure for selecting between two treatment protocols of 

upper limb in stroke patients: 1) triggered high-stiffness 

assistance, which is currently the most widely used protocol 

[8]; 2) adaptive low-stiffness assistance, which generalizes 

previous pilot studies [11,12]. The test procedure is 

applicable to haptic robots that allow direct control and fine 

modulation of the interaction force, thus excluding most 

types of exoskeletons or servomechanism-based 

electromechanical devices. The purpose of the test procedure 

is not to demonstrate, in general, the superiority of one 

protocol over the other but to provide a heuristic test that 

helps to choose which assistive strategy is likely to be more 

effective for the individual subject. The proposed criterion, 

which is based on the level of the assistive force, is 

consistent with the idea that functional recovery through 

physical assistance can only be achieved by counteracting 

the tendency of the human motor system to “slack” [13] and 

this implies, in our case, to select the assistance paradigm 

that requires the lowest level of assistive force. 

II. METHODS 

A. Experimental setup & protocol 

 
Figure 1. Experimental setup. 

 

We used a planar manipulandum (fig. 1), with two back-

driveable degrees of freedom (BdF, Celin srl, La Spezia, 

Italy), controlled according to an impedance control scheme 

(1000 Hz sampling rate), as explained in detail in [14].  

The robot is fully back-driveable, with small friction and 

inertia, thus allowing direct estimate of hand force from the 

current drive to the motor and the Jacobian matrix of the 

robot. Moreover, it is easy to switch back and forth between 
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cover the remaining part in an approximately linear way 

(colored in blue).  

The initial movements are not straight and are not aimed 

correctly because the subject is unable to reach the target 

without sufficient support. In other words, triggered 

assistance breaks down the trained movements in an 

unsupported phase and an over-supported phase, with a 

strong discontinuity between them. 

The trajectories in the active strategy (middle panel) are 

less straight but are not imposed by the assistance 

mechanism. The assistance force grows gradually, aiding 

some coherent voluntary control patterns to emerge, despite 

occasional aiming errors. The bottom panel compares the 

two assistive force profiles (red curves) and the 

corresponding approaching paths to the target (continuous 

lines: active strategy; dashed lines: passive strategy). It 

appears that the final value of the assistive force is slightly 

greater in the passive strategy, compared to the active 

strategy. The active strategy takes longer because it leaves 

this subject all the time he needs in order to organize his 

motor output; the passive strategy is quicker but the rather 

strong peak in the force profile suggests that this strategy is 

probably inducing a rather strong segmental, resisting reflex, 

something that should be avoided according to standard 

guidelines in physiotherapy of this kind of patients. All 

together, for this specific subject (TL) there is some 

indications for choosing the active over the passive strategy, 

although the difference is not great. 

Let us now consider the whole population of subjects, by 

comparing the two assistance strategies (fig. 3) with regards 

to force (mean, final, and peak values), duration, and number 

of sub-movement: while mean assistance is similar 

(p=0.123), it appears that there are statistically significant 

differences as regards the final value (p=0.049) and the peak 

value (p=0.017) of assistive force (fig. 3, left panel) and the 

number of peaks in the speed profile (p=0.017; fig. 3, right 

panel). The time required to reach the target is slightly longer 

under the active strategy, but this difference doesn’t reach the 

statistical significance (p=0.208; fig. 3, central panel). In 

other words, it appears that generally speaking the active 

strategy requires a smaller assistive force in order to help the 

patient terminate the movements but, on the other hand, takes 

slightly more time to reach the target and the degree of 

segmentation is higher.  

On the other hand, table II shows that although the active 

strategy is the strategy of choice for the majority of cases, 

because requires less force, this is not the case for all of 

them: for example, subject MP is better off with the passive 

than the active strategy and the difference is emphasized if 

we consider the directionality factor (see fig. 4, which shows 

that directions 2 and 3 are the most critical ones). Therefore, 

for subject MP the strategy of choice should be the passive 

one. 

Figure 2. Reaching movements to the five targets (green points) for the 

passive (top panel) and active (middle panel) strategies. Bottom panel: 

Force (red) and movement (blue) to the 45deg target (arrow) for the active 

strategy (continuous lines) and passive strategy (dashed lines). Subject: TL. 

 

Figure 3. Comparison between the two assistance strategies (1: passive; 2: 

active). Data points represent average values over patients and movements’ 

directions (Mean±0.95 Confidence Interval). Left panel shows force values 
divided in mean force (Fmean, blue), force at the end of the trajectory (Fend, 

red) and peak force (Fpeak, black). Central panel: duration of movements. 

Right panel: smoothness. 

TABLE II 
Values of Passive and Active Assistive Force for each patient 

Patient Fmean [N] Fend [N] Fpeak [N] 

 Passive Active Passive Active Passive Active 

TL 4.4 5.0 14.6 13.0 16.7 13.0 

MP 2.3 2.6 8.0 9.1 9.0 9.2 

EM 2.2 2.4 6.3 6.8 7.8 7.2 

PC 2.1 1.5 4.4 3.5 7.8 4.3 

GA 2.7 0.8 6.1 3.3 9.6 3.7 

FT 1.8 0.1 2.3 0.5 5.8 0.9 

RF 4.0 1.0 10.5 2.4 14.5 3.8 

MH 4.0 3.5 13.1 12.1 14.5 12.2 

Fmean: mean force along the trajectory; Fend: force at the end of the 

trajectory; Fpeak: peak of force. 
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“The presence of several concurrent 

disabilities, some significantly associated with 

high perceived physical and psychological 

impact” 



“Manual ability seems to be more associated with 

pinch than grip strengths, probably because finger 

strength and dexterity are both needed to perform 

many hand tasks.” 



  
Total Mild Moderate 

Severe 

Ambulant 
Severe non 

Ambulant 

(n=35) (n=105) (n=16) (n=17) (n=37) 

EDSS 0-8 0-3.5 4-5.5 6-6.5 7+ 

Age (y) 53.6 ±11.1 48.18±11.8 55.3±9.2 52.6±10.1 56.5±11.9 

Disease 

duration (y) 
18±11.0 10±9.1 17±10.1 16.7±9.7 23.4±11.2 

Type of MS 

(RR/SP/PP) 
34/58/13 11/03/02 06/11/00 14/17/6 3/27/5 

EDSS 
6.5 

(5.5/7.5) 
3 (2.5/3) 5 (4.5/5.5) 6.5 (6/6.5) 7.5 (7.5/8) 

Bertoni, R BSc,1§ Lamers I, MSc,2§  Chen C,  ScD,3 Feys P, PhD2  

Cattaneo D, PhD, 1 



Body function 
n Jamar  

(median Kg) 
MI MAS FTRS SWMT Index 

Mild1 16 28.18 (19.67/36.25) 
100 

(88/100) 
0 (0/0) 0 (0/1) 2 (2/3) 

Moderate2 17 27.00 (16.30/33.67) 
100 

(76/100) 
0 (0/0) 0 (0/1) 2 (2/3) 

Severe  ambulant 37 21.40 (17.67/30.67) 91 (80/100) 0 (0/0) 1 (0/2) 2 (2/3) 

Severe non ambulant 4 35 17.20 (8.67/26.27) 76 (64/100) 0 (0/0) 0.5 (0/1) 3 (2/3) 

No spasticity - low 

tremor 

Early 

Sensory 

disorders 

Mild strength  

 impairment 



ARAT 
NHPT  

(peg/sec) 

Mild1 (n=16) 57 (54/57) 0.38 (0.36/0.45) 

Moderate2 (n=17) 56 (52/57) 0.31 (0.23/0.35) 

Severe  ambulant (n=37) 54 (49/57) 0.28 (0.17/0.35) 

Severe non ambulant 4 (n=35) 45 (39/56) 0.17 (0.10/0.27) 

Early Fine finger 

movements 

deficits 

Late gross 

movements 

deficits 

Activity 
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Risultati – Test strumentali - Traiettorie di 

reaching 

V2 V2 V2 

a) Baseline – DAY 1 b) Baseline – DAY 3 c) Baseline – DAY 8 

0.3 
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0.0 
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Risultati – Test clinici – 9HPT 

-20

-10

0
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V1 V2 V3 V4 V5 V6 V7 V8 V9 V10

100*(PRE –POST)/PRE 

% 
Significatività  

Clinica (20%) 

* * 

* 
* 

* 

• il 90% dei  pazienti migliorano lo score 9HPT 

• il 50% dei pazienti ottiene un miglioramento 

clinicamente significativo (>=20%)  

Miglioramento medio: 18% 
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IDEA: implementazione di un programma di robot-terapia che coinvolgesse anche 

l’uso della mano e la manipolazione di oggetti reali 

Manopola tradizionale Manopola funzionale 
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Robot Training of Upper Limb in Multiple

Sclerosis: Comparing Protocols With or

WithoutManipulative Task Components
Ilaria Carpinella, Davide Cattaneo, Rita Bertoni, and Maurizio Ferrarin, Member, IEEE

Abstract—In this pilot study, we compared two protocols for
robot-based rehabilitation of upper limb in multiple sclerosis
(MS): a protocol involving reaching tasks (RT) requiring arm
transport only and a protocol requiring both objects’ reaching
and manipulation (RMT). Twenty-two MS subjectswere assigned
to RT or RMT group. Both protocols consisted of eight sessions.
DuringRT training, subjectsmoved thehandleof a planar robotic
manipulandum toward circular targets displayed on a screen.
RMT protocol required patients to reach and manipulate real
objects, by moving the robotic arm equipped with a handle which
left the hand free for distal tasks. In both trainings, the robot
generated resistiveand perturbingforces. Subjectswereevaluated
with clinical and instrumental tests. The results confirmed that
MS patients maintained the ability to adapt to the robot-gener-
ated forces and that the rate of motor learning increased across
sessions. Robot-therapy significantly reduced arm tremor and
improved arm kinematics and functional ability. Compared to
RT, RMT protocol induced a significantly larger improvement
in movements involving grasp (improvement in Grasp ARAT
sub-score: RMT 77.4%, RT 29.5%, p=0.035) but not precision
grip. Future studiesare needed to evaluate if longer trainingsand
the use of robotic handles would significantly improve also fine
manipulation.

Index Terms—Motor learning, multiplesclerosis, robot-therapy,
upper limb function.

I. INTRODUCTION

A LTHOUGH multiple sclerosis (MS) is the most common

cause of chronic neurological disability in young adults,

current pharmacological therapies are so far not able to sub-

stantially improve motor functionality [1]. Although no firm

conclusions can be drawn, a recent review suggests that reha-

bilitation may be useful to maximize the functional status of

these subjects [2]. Most studies about motor rehabilitation in

MS are focused on walking and mobility [3], but, as the dis-

ease progresses, nearly 75% of MS subjects experience also

upper limb dysfunction [4], mainly related to tremor [5], co-

ordination deficit [6] and muscle weakness [7]. Although arm

impairment highly contributes to reduce the quality of life of

Manuscript received July 14, 2011; revised October 20, 2011; accepted Jan-

uary 29, 2012. Date of current version May 18, 2012. This work was supported

in part by FISM—Fondazione Italiana Sclerosi Multipla.

I. Carpinella and M. Ferrarin are with the Biomedical Technology Depart-

ment, Don Carlo Gnocchi Foundation Onlus IRCCS, 20148 Milan, Italy (e-mail:

icarpinella@dongnocchi.it).

D. Cattaneo and R. Bertoni are with the Department of Neurorehabilitation,

Don Carlo Gnocchi Foundation Onlus IRCCS, 20148 Milan, Italy (e-mail: dcat-

taneo@dongnocchi.it).

Digital Object Identifier 10.1109/TNSRE.2012.2187462

MS subjects [8], only few studies exist about neuromotor reha-

bilitation of upper limb in MS [7], [9], [10]. The results emerged

from these works showed that physical rehabilitation generated

an improvement in arm strength [7], in the execution of the ac-

tivities of daily living (ADL) [10] and a tendency to an improved

manual dexterity, although not significant [9]. Given the paucity

of existing studies, more research is needed to explore the ef-

fects of neuro-rehabilitation on upper limb dysfunction in MS

subjects.

In the last decade, robotic devices for upper limb motor

rehabilitation have been increasingly studied, becoming a

promising complement to traditional therapy, as they can pro-

vide high-intensity, repetitive and interactive treatment of the

impaired upper limb and, inherently, an objective, quantitative

measurement of patient’s progress. Although robotic systems

are mostly used in rehabilitation of stroke patients [11], they

appear good candidates also for the treatment of tremor and

incoordination due to MS. At present, three studies have ad-

dressed the application of robot-based treatment of upper limb

in MS [12]–[14]. Gijbels et al. [14] used a gravity-supporting

exoskeleton which allowed the subject to execute 3-D tasks

simulated in a virtual environment on a computer screen.

Carpinella et al. [12] and Vergaro et al. [13] used a planar

robotic system and adaptive training protocols, in which the

robot did not assist subjects during the execution of the move-

ment, but, rather it provided unfamiliar dynamic environments

to which subjects were required to adapt, by learning to predict

the effects of perturbing forces [15], [16]. A common finding

of these studies was the post-treatment improvement in the

execution of functional tasks implying distal movements not

directly involved in the training. In particular, robotic training

consistently improved manual dexterity, as shown by the Nine

Hole Peg Test score [17] which significantly decreased from

157 to 109 s in severe MS subjects [14] and from nearly 60

to 48 s in mild/moderate patients [12], [13]. These results

indicated that, even though the mean improvement was signifi-

cant, the post-treatment score was still consistently higher than

the threshold value typical of healthy adults with comparable

age, that is 19 [18]. Starting from these results, one

may wonder if the implementation of a functional-based robot

training, which involves not only the movement of proximal

joints but also the use of distal arm and the manipulation of real

objects should even improve the rehabilitation outcome and

facilitate the skill transfer from the experimental setting to the

ADL [19]. This approach has been recently applied to stroke

patients [20], not yet to MS subjects.

1534-4320/$31.00 © 2012 IEEE
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Training “funzionale” – 

Set Up 



3) Inserire il piolo 

nel secondo supporto 

Training “funzionale” – Esercizio 1 

2) Trasportare il piolo 

al secondo supporto 

1) Prendere il piolo  

dal supporto 

F = Fr + Fp 



Training “funzionale”- Esercizio 2 

1) Prendere la chiave  

dal supporto 

2) Trasportare la chiave 

al lucchetto 

3) Inserire la chiave e 

“aprire” il lucchetto 
F = Fr + Fp 



Protocollo di robot-terapia 

“funzionale” 
Valutazione 

 PRE 

Trattamento 

8 sessioni 

(45 min)  

Valutazione 

POST 

Baseline: 20 mov. di 

reaching “virtuale”, 

F=0; 

Training: 120 mov, 

F=Fr+Fp 

• Indici quantitativi estratti dalle traiettorie di reaching (durata, jerk metric, 

deviazione laterale) 

 

• Test clinici: 9HPT, ARAT 
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Fig. 4. Duration (mean confidence interval) of manipulation tasks, in-

volving grasp and precision grip, executed by MS subjects during the eight ses-

sions of the RMT protocol. ANOVA p-values related to the effect of session and

significant differences with respect to session are reported.

TABLE II

PRE- AND POST-TREATMENT CLINICAL SCORES FOR RT AND RMT GROUPS

effect. In particular, 16/22 patients (eight per group) showed a

baseline Gross score equal to the maximum (nine points) and

maintained the same score after the treatment. The remaining

subjects (three per group) significantly improved their Gross

sub-score . A direct comparison of the per-

centage change obtained by the two groups after the treatment

confirmed the above results. As shown in Fig. 5, RMT group

obtained a percentage improvement of Grasp sub-score signifi-

cantly higher than that attained by RT group. Analysis of the ex-

ecution frequency of ARAT tasks revealed that both groups sig-

nificantly increased this parameter after the treatment

. Again, the percentage change in execution frequency of

Grasp items was significantly higher in RMT group [RT: 14.3%

Fig. 5. Post treatment percentage change in ARAT total score and sub-scores.

- - . Column: mean; whisker: stan-

dard deviation. P-value from Mann Whitney U test comparing RT and RMT

groups are reported.

(15.8%); RMT: 38.4% (21.3%); ], while a sim-

ilar improvement in both groups was noticed for execution fre-

quency of Grip [RT: 18.1% (17.8%); RMT: 21.6% (19.8%);

] and Pinch items [RT: 17.2% (20.0%); RMT:

17.8% (34.0%); ].

As concerns manual dexterity, both groups significantly im-

proved the 9 HPT score after the treatment (Table II). The per-

centage change obtained after the training was similar in both

groups [RT: 14.1% (16.3%); RMT: 12.1% (19.3%);

]. Three subjects in the RT group and five subjects in the

RMT group attained an improvement greater than 20% (the

threshold for clinical significance [32]). No subjects showed a

significant worsening.

As shown in Table II, both groups significantly reduced in-

tention tremor. A significant reduction of postural tremor was

noticed in the RMT group.

IV. DISCUSSION

The main goal of the present study was to compare the effects

of two protocols for robot-based rehabilitation of upper limb in

MS: a protocol involving reaching tasks (RT) and a protocol

requiring objects’ reaching and manipulation (RMT).

The enrolled patients did not report any adverse event in

terms of muscle aches, fatigue or increased muscle stiffness.

The results related to the whole sample of treated MS subjects

(RT and RMT groups together) confirmed those found in

previous studies and added further evidence that robot-based

training significantly improved upper limb coordination, func-

tionality and dexterity in people with MS [12]–[14], thus

representing a valid complement to traditional rehabilitation

approaches. An important question that arises from these results

is whether the observed improvements are due to the forces

generated by the robot or are just the effect of repeated move-

ments. This pilot study did not analyze this aspect, but a recent

work of Vergaro et al. [13] found that, within each session,

motor improvements were significant only after robot-assisted

trials, whereas mere exercise alone did not show any effect.

This result suggests a specific within-session effect of the robot,
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Fig. 4. Duration (mean confidence interval) of manipulation tasks, in-

volving grasp and precision grip, executed by MS subjects during the eight ses-

sions of the RMT protocol. ANOVA p-values related to the effect of session and

significant differences with respect to session are reported.
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]. Three subjects in the RT group and five subjects in the

RMT group attained an improvement greater than 20% (the

threshold for clinical significance [32]). No subjects showed a

significant worsening.

As shown in Table II, both groups significantly reduced in-

tention tremor. A significant reduction of postural tremor was

noticed in the RMT group.

IV. DISCUSSION

The main goal of the present study was to compare the effects

of two protocols for robot-based rehabilitation of upper limb in

MS: a protocol involving reaching tasks (RT) and a protocol

requiring objects’ reaching and manipulation (RMT).

The enrolled patients did not report any adverse event in

terms of muscle aches, fatigue or increased muscle stiffness.

The results related to the whole sample of treated MS subjects

(RT and RMT groups together) confirmed those found in

previous studies and added further evidence that robot-based

training significantly improved upper limb coordination, func-

tionality and dexterity in people with MS [12]–[14], thus

representing a valid complement to traditional rehabilitation

approaches. An important question that arises from these results

is whether the observed improvements are due to the forces

generated by the robot or are just the effect of repeated move-

ments. This pilot study did not analyze this aspect, but a recent

work of Vergaro et al. [13] found that, within each session,

motor improvements were significant only after robot-assisted

trials, whereas mere exercise alone did not show any effect.

This result suggests a specific within-session effect of the robot,



Conclusions 
 The most important advantage of using robot is the 

ability to deliver high-dosage and high-intensity training  

 Comparable effects on gait (grasp?) function between 

the robot-assisted therapy and conventional gait 

(Upper Limb?) training.  

 

 But…robot-assisted therapy in combination with 

conventional physiotherapy produces greater 

improvement in gait function (arm?)  

 

 


