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SUMMARY 
Mechanical perturbations induced by a robot arm were used to 

investigate the kinematic strategies of the upper limb and the 

underlying muscle control during reaching in three dimensions 

(3D). The imposed mechanical perturbations were corrected 
successfully through reaction of multiple degrees of freedom 

(DOFs) and multiple muscle groups. The results showed 

perturbation direction dependency and 3D position 

dependency of the kinematic and muscle responses. 

 

INTRODUCTION 
In previous studies, robot-induced force fields have been used 

to perturb the movement trajectory during arm movements in 

two dimensions (2D) for studying training effects [1]. Other 

studies have focused on the corrective perturbation reaction as 

reflex responses and muscle activity patterns elicited by a 
simple mechanical perturbation during 2D movements [2]. To 

extrapolate this experimental paradigm to upper limb control 

in 3D space, we propose the use of a robot arm to 

mechanically perturb reaching trajectories to targets located in 

3D space. More specific, we want to document the kinematic 

strategies of the individual DOFs and the changes in muscle 

activity of the major upper limb muscles, used to correct the 

altered reaching trajectory after mechanical perturbations. 

 

 

METHODS 
9 able-bodied subjects performed 3D reaching tasks with a 
robot arm to standardized targets at 2 different widths: at 

center line (Medial) and at shoulder width (25° lateral from 

center line: Neutral), as well as 3 different heights: at shoulder 

height (Middle), 45° above shoulder height (High) and 45° 

below shoulder height (Low). This resulted into 5 reaching 

conditions: medial/low (ML), medial/high (MH), neutral/low 

(NL), neutral/middle (NM), and neutral/high (NH). Each 

reaching cycle started and ended at a standardized position. At 

one third of the reaching distance, a mechanical perturbation 

(peak force 19N, duration 0.2s) was induced by the robot arm, 

oriented randomly towards 4 opposing directions: upwards 
(UP), downwards (DOWN), medially (MED) and laterally 

(LAT). The subjects were instructed to restore the trajectory 

and to reach to the target position. 

Kinematic data of 26 LEDs were collected at 100Hz using a 

3D motion capture system (Krypton, Nikon Metrology). 

Inverse kinematics analysis was performed using an adapted 

musculoskeletal shoulder model [3] consisting of 3 DOFs at 

the shoulder and 2 DOFs at the elbow: shoulder elevation i.e. 

angle between longitudinal axis of humerus and longitudinal 

axis of body, elevation angle i.e. orientation of vertical plane 

in which the arm elevates relative to frontal plane, shoulder 

rotation i.e. angle between forearm and sagittal plane, when 
the shoulder is at neutral elevation angle and elbow flexed 90°, 

elbow flexion i.e. angle between longitudinal axis of forearm 

and humerus, and forearm rotation i.e. rotation of forearm 

relative to its longitudinal axis. 

A wireless EMG system was used to monitor the electrical 

activity of 10 muscles at 1000Hz: deltoid anterior (DELTA), 

medius (DELTM) and posterior (DELTP), infraspinatus 

(INFRA), pectoralis major (PMAJ), latissimus dorsi (LAT), 

triceps longus (TRIlong), triceps lateralis (TRIlat), biceps 

brachii (BIC) and brachioradialis (BRD). 

We investigated the difference in endpoint position, joint 
kinematics and muscle activity between perturbed and non-

perturbed cycles. Effects of perturbation direction on the 

corrective responses were statistically analyzed using a 

repeated measure ANOVA with posthoc Bonferroni test to 

compare perturbations UP-DOWN and LAT-MED. Effects of 

reaching height and width on the corrective responses were 

statistically analyzed using a repeated measure ANOVA 

between the extreme reaching positions.  

 

 

RESULTS  
Our findings showed a gradual correction of the endpoint 
trajectory away from the induced perturbation direction 

without the need for a second compensatory reaction.  

Coinciding with the correction against the main perturbation 

direction (UP-DOWN: height, LAT-MED: width), an 

additional component was found in the secondary directions 

(UP-DOWN: width, LAT-MED: height). 

Perturbation UP (see Figure 1) 

Invariable response: shoulder elevation, horizontal adduction. 

Height-dependent response: elbow flexion.  

Muscle activity: DELTA decreased, DELTP increased. All 

elbow muscles increased during low reaching. 
Perturbation DOWN (see Figure 1) 

Invariable response: shoulder depression, external shoulder 

rotation and pronation. 

Height-dependent response: elbow flexion. 

Muscle activity: DELTA, DELTM, DELTP and all elbow 

muscles increased. With increasing reaching height, all muscle 

responses decreased significantly, except PMAJ and TRIlong. 



Perturbation LAT 

Invariable response: supination. 

Height-dependent response: elbow flexion 

Muscle activity: DELTA decreased. DELTM and DELTP 

increased for the medial targets but decreased for the lateral 

targets. Activity of all elbow muscles and PMAJ increased. 

Perturbation MED 

Invariable response: pronation.  

Height-dependent response: elbow flexion. 
Muscle activity: DELTA, DELTM, DELTP and all elbow 

muscles increased. With increasing height, the activity of 

DELTM, DELTP, TRIlat and INFRA decreased significantly. 

 

 

DISCUSSION 
The corrective endpoint trajectory indicates that uni-

directional perturbations are corrected using a multi-

dimensional strategy that does not exclusively aim at 

achieving correction of the perturbed direction.  

Furthermore, opposite perturbation directions induce opposite 

motion at individual joints: Perturbation UP resulted in 
shoulder elevation, horizontal adduction and elbow 

extension/flexion whereas perturbation DOWN induced 

shoulder depression, horizontal abduction and elbow 

flexion/extension. For these perturbations, the rotational 

components of shoulder and elbow are not part of a specific 

perturbation direction-dependent compensation strategy. In 

contrast, perturbation LAT resulted in supination and elbow 

extension/flexion whereas perturbation MED induced 

pronation and elbow flexion/extension. This might indicate 

that the elbow and, more specifically, its rotational component 

is essential in compensating for these perturbation directions. 
Our findings therefore confirm that specific corrective 

kinematic patterns can be related to specific perturbation 

directions, however that a single perturbation influences 

multiple DOFs. 

At muscular level, correction for mechanical perturbations 

involved a response in multiple muscle groups. For the 

different parts of the deltoid, a clear relation with perturbation 

direction was found: DELTA showed an opposite response for 

UP-DOWN as well as LAT-MED. For DELTM and DELTP, 

an opposite response was only confirmed for LAT-MED 

during lateral reaching. For the other shoulder muscles, the 
response was more variable. For the elbow muscles, mainly a 

simultaneous increase of both flexors and extensors was 

found. Especially around the elbow joint, co-activation of 

synergistic and antagonistic muscle groups was observed.  

The observed corrective responses were sensitive to the 3D 

orientation of the upper limb in space, presenting height and 

width dependency of both the kinematic and underlying 

muscular strategy. A height and width-dependent strategy was 

used at the elbow level whereas the shoulder control was kept 

invariant. Consequently, our findings confirm a shoulder-

centered control strategy previously reported in 2D [4]. 

Whereas the shoulder DOFs present a stereotyped response to 
correct the mechanical perturbations, the DOF at the elbow are 

modulated to accommodate specific demands to correct 

endpoint position imposed by the specific 3D position. 

 

   

 
Figure 1:  Corrective effect of perturbation UP and DOWN 

on the different DOFs for the five different targets. The effect 

(+/- 1SD) is expressed as cumulative sum (in degrees) of the 

differences between perturbed and non perturbed trials from 

the moment of perturbation till the end of the corrective effect. 

 

CONCLUSION 
The mechanical perturbations can be corrected successfully 

using a gradual mono-phasic correction of the endpoint 

trajectory. Correction for mechanical perturbations involves a 
response in multiple DOFs: For perturbations UP and DOWN, 

this is centered at the shoulder, whereas strong involvement of 

the elbow kinematics for correcting perturbations LAT and 

MED is confirmed. At the muscular level, multiple muscle 

groups are co-activated to correct for mechanical 

perturbations. The corrective kinematics in the elbow joint and 

muscular strategy are sensitive to 3D orientation in space. 

Muscle responses were most pronounced for low reaching. 
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