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SUMMARY
Motorized orthoses could improve the quality of life of people 
suffering  from  muscle  weakness,  by  providing  additional 
power  to  the  lower  limbs  during  daily  activities.  The 
development  of  such  devices  involves  selecting  a  set  of 
sensors and actuators, synthesizing appropriate control laws, 
and  implementing  an  interface  capable  of  detecting  the 
intention  of  the  user.  The  aim  of  this  work  is  to  provide 
reference data for such a development, considering a key task 
of daily life: the Sit-To-Stand transition. Data were recorded 
on  9  healthy  subjects  performing  STS  in  4  conditions, 
simulating potential challenges for the automatic controller of 
the orthosis. Each STS movement was described with a set of 
variables, computed from joint angles, moments and powers 
of  the  lower  limbs.  These  variables  were  subsequently 
analyzed with multi-factorial ANOVAs, to study differences 
between  subjects,  fatigue  effects,  changes  induced  by  an 
asymmetric distribution of the body weight, etc. The results 
suggest  that  the  STS  motion  is  subject-dependent,  with  no 
significant  differences  between  repetitions  by  the  same 
subject.  An  asymmetric  weight  distribution  alters  the 
moments, but does not affect the joint angles on the sagittal 
plane. The implications for the development of a motorized 
orthosis are discussed in the paper.

INTRODUCTION
Muscle  weakness  and fatigue  have  a detrimental  impact  on 
quality of life since they limit independence during Activities 
of Daily Living (ADL) [1, 2]. This is a common problem for 
the elderly population, which affects not only the individual 
concerned, but also social care providers and society at large. 
Therefore, the development of devices to maintain or improve 
mobility in later life is a desirable research goal. A motorized 
orthosis,  equipped  with  actuators  to  drive  the  joints  of  the 
lower  limbs, is  in  principle a viable solution to pursue this 
objective.  In  addition  to  the  functionalities  of  conventional 
orthoses, this device will actively provide power, to facilitate 
activities  such  as  standing,  walking,  stair  climbing,  etc. 
Previous research in the field has produced various prototypes 
of exoskeletons, most of them aimed at military applications, 
which would allow a person to increase the walking distance 
or carrying heavier loads. The development of devices aimed 
at  home use and  rehabilitation  is  still  in  its  infancy  [3,  4].  
Therefore,  more information on the biomechanics  of human 
motion during ADL is required which is not available from 
previous  research.  This  study  focused  on  the  Sit-To-Stand 

transition, chosen for its key importance in the context of the 
development of a device to improve mobility. The task can be 
challenging for the elderly, due to its high demands, relative to 
other ADLs, in terms of muscle power and balance control [5]. 
The goal of the study was to provide a characterization of the 
STS  movement,  as  a  reference  for  the  development  of  a 
motorized  orthosis.  This  was  achieved  by  measuring 
biomechanical variables (joint angles, moments and powers), 
during  STS  performed  in  different  conditions.  A  statistical 
analysis was used to identify variations due to several factors: 
velocity of the movement, body weight distribution, fatigue, 
inter and intra-subject variability.

METHODS
Nine healthy subjects were included in the investigation (4f, 
5m age 28.6 ± 7;  height 1.78 ± 0.1 m; mass 77.38± 17.5). 
They  were  asked  to  rise  from  a  bench  without  back  and 
armrests. Seat height was adjusted to 90° knee flexion, and the 
initial posture for each STS was self-selected. Arm position 
was standardized by holding a mug on the chest,  with both 
hands. The volunteers were requested to rise as they would in 
daily  situations,  and  to  simulate  3  other  conditions  which 
could potentially be challenging for actuation and control of a 
motorized  orthosis.  The  first  condition  consisted  in  an 
asymmetric distribution of the weight on the lower limbs; the 
second consisted in a very slow, “quasi static” movement, and 
the third combined the previous two. Volunteers performed 10 
STS  movement  in  each  of  the  4  conditions.  Data  were 
acquired with a Vicon® system and 3 force plates (Kistler®). 
Force exerted with each foot, and the loading of the seat was 
measured. The latter was used to synchronize the data of each 
STS (for visualization purposes) with respect to the  seat-off, 
corresponding  to  the  time  of  complete  seat  unloading. 
Instantaneous joint angles, moments, and powers of the three 
joints of the lower limbs were computed using Vicon®’s Plug-
in  Gait  software  module.  Each  of  these  9  variables  was 
computed  in  the  sagittal,  frontal  and  transverse  plane,  and 
normalized with respect to weight and height. Subsequently, 
the maximum and minimum values were computed for all the 
variables  (see  figure  1),  and  analyzed  with  a  set  of  multi-
factorial ANOVAs. The analysis was divided in two parts; the 
first focused on the trials with symmetric weight distribution 
during the STS movement, the second on the data collected 
with asymmetric weight distribution.



Figure 1: Graphical representation of the parameters studied 
for  symmetric  STS. The  same  parameters  were  studied  in 
asymmetric STS. s= sagittal, f= frontal, t= transverse, R =right 
side, L= left side

A total of 216 multi-factorial ANOVAs was performed (one 
for each of the variables in fig.1, in the two weight distribution 
patterns), to investigate the effect of the following factors: 

• subject,
• velocity,
• side (left or right, to characterize the  symmetry)
• STS  repetition  (a  progressive  number  assigned  to 

each STS, to highlight any fatigue effect).

RESULTS AND DISCUSSION
The study revealed that the STS motion is not influenced by 
the STS repetition (no significant effect, with p=0.01, on any 
of the variables). Hence, a fatigue effect due to the repetition 
of the movement can be excluded, although this result  may 
only  be  valid  for  the  group  of  participants  (young  healthy 
subjects)  and  the  test  procedure.  On  the  contrary,  a  clear 
difference between subjects emerges (significant effect on 213 
of the 216 variables, p=0.001). The maximum moments in the 
sagittal plane which define the requirements for the actuators 
of a motorized orthosis are reported in table 1. The values in 
the table refer to STS performed in normal conditions (normal 
velocity, symmetric weight), and none of them was found to 
be modified when the STS was performed as a “quasi static” 
movement. Another important result was found in the analysis 
of  STS  with  asymmetric  weight  distribution:  there  is  no 
difference between the joint angles on the left and right side, 
while there is a significant difference on the joint moments. In 
fact,  the  weight  distribution  does  not  influence  the  joint 
trajectories on the sagittal plane. Figure 2 shows the angles 
and moments at the left and right knee, as an example. This 
result has two important implications for the development of a 
motorized orthosis.  The first  is  related  to  the  choice  of  the 
sensors  which  will  provide  feedback  information  to  the 
automatic  controller  driving  the  motors.  Measuring  joint 
angles  on  the  sagittal  plane  will  not  provide  enough 
information to detect the intention of the user to perform STS 
with  an  asymmetric  weight  distribution  (for  example,  to 
unload  a  painful  joint).  Such  false  detection  could  lead  to 
inappropriate torques being applied by the orthosis, and hence 
to a risk of a fall for the user. Secondly, the result should be 
taken into account in the design of the “passive” skeleton of 
the orthosis. It is only the joint motion on the sagittal plane 

which is not influenced by weight distribution; joint angles on 
the other planes are indeed influenced.

Figure 2:  Knee angle and moment L/R side on the sagittal 
plane  during  STS  (normal  velocity,  asymmetric  weight 
distribution). The vertical line represents the event of seat-off. 

The  control  of  posture  during  asymmetric  STS,  therefore, 
relies on abduction/adduction and rotation on the transverse 
plane.  Typically,  passive  orthoses  restrict  these  degrees  of 
freedom, and only allows joint motion on the sagittal plane. 
Hence, such a design may force the user to adopt unnatural 
movement  patterns  during  asymmetric  STS,  and  should  be 
used for a motorized orthosis. These results, however, should 
be considered in the light of the limitations of the approach 
used. The study was restricted, for simplicity, to the maximal 
and  minimal  values,  implicitly  making  the  hypothesis  that 
these two values are sufficient  to represent each of the STS 
movement. Moreover, the high number of comparisons (216) 
conducted with multi-factorial ANOVAs makes difficult any 
further investigation.

Table 1: Maximum moments (mean+SD) at ankle, knee and 
hip  during  STS.  (normal  velocity,  symmetric  weight 
distribution)

Joint Maximum moment (Nm/Kg*m)
Ankle 0,23 ± 0,08
Knee 0,57 ± 0,06
Hip 0,56 ±  0,24

CONCLUSIONS
This study analyzed the STS motion to provide reference data 
for the development of a motorized orthosis. Biomechanical 
variables  of  interest  were  used  to  describe  the  motion,  and 
characterize variations due to fatigue, subject, and changes in 
velocity and weight distribution. The results revealed that the 
motion is subject dependent, and that the protocol used did not 
induce fatigue in healthy subjects. Two main findings are of 
interest for the development of a motorized orthoses, and for 
further research on postural control. The first is that movement 
velocity has a negligible influence (in comparison with other 
factors)  on  maximal  moments  on  the  sagittal  plane.  The 
second  is  that  an  asymmetric  loading  of  the  lower  limbs 
induces a change of the moments on the sagittal plane, but not 
of  the  joint  angles.  Further  research  should  investigate  the 
motion  control  strategies  which  are  the  cause  of  these 
phenomena.
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