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Abstract 

Standing up refers to the transition from the seating to the standing postures to perform a movement that involves several body 
segments and requires both voluntary action and equilibrium control during an important displacement of the body Centre of Gravity 
(COG). This task can be considered very important for people with reduced mobility to achieve minimal independence in Activity of Daily 
Living (ADL). In this paper, we propose solutions for the homecare of persons with reduced mobility, describing a functional design to 
customize assisting devices for the Sit-to-Stand (STS). In particular, the support mechanism that generates the requested motion and 
sustains the body of a person can be synthesized ad-hoc according to the experimental data of the subject. Experimental tests carried out 
during the Sit-To-Stand are used to track and record point trajectories and the orientation of the trunk of an individual, and they are  
used to design a 1-DOF mechanism able to reproduce the assigned rigid-body motion. A four-bar linkage has been synthesized  
according to the desired features. Simulation results are reported to illustrate the engineering soundness of the proposed mechatronic 
solution. 
Keywords: assisting device, Sit-to-Stand, bionic design, kinematic synthesis, experimental evaluation, simulation 
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1  Introduction 

According to the UN’s World Population Prospects 
the proportion of Europeans aged 65 years and older will 
grow from 16% in 2000 to 24% by 2030[1]. Life Ex-
pectancy (LE) is also increasing, particularly in the 
richer European countries[2]. The rapid growth of aging 
populations and LE have put a great pressure on the 
healthcare infrastructure, and providing comprehensive 
care to an aging population can be considered as global 
concern. One key point to improve the quality of life of 
individuals is to help them in keeping some form of 
independence in ADL, which consists of self-care tasks 
including hygiene, dressing, toileting, transferring, and 
self-feeding. STS is part of transferring, and despite its 
apparent simplicity, it is a mechanically demanding 
functional task undertaken daily, requiring a strong co-
ordination between posture and movement. Unfortu-
nately, due to several reasons, it may represent a problem 
for people with a reduced mobility. Assistive devices are 
developed to enhance basic motor activities, such as 
postural changes or walking.  

In this paper, we focus our interest in the devel-

opment of new solutions for STS devices for the 
homecare of the elderly and people with reduced mo-
bility with the further advantage of relieve the work of 
caregivers. The end-users of the addressed robotic sys-
tem are persons with reduced mobility due to physio-
logical degradation of the motor system by aging or 
because of neurological diseases who need assistance at 
home.  

Rehabilitating and assistive technologies are 
evolving rapidly thanks to scientific and technological 
innovation and the availability of systems. Assistive 
systems for aiding basic motor activities such as postural 
change are lifting cranes or lifting belts. Assistive de-
vices have been developed for more complex tasks, such 
as walking and feeding. In the related literature, the 
analysis of kinetic data of the body movement and 
skeletal motion during the STS has been subject of sev-
eral studies[3–5]. Redesign of the STS assistive devices to 
mimic normal or natural-like STS transfer can promote 
safety for the patient and the caregiver[6]. Devices have 
been conceived to assist people during the walk opera-
tion[7], aiding during the STS[8–11], for human–robot 
interaction[12]. Available motion aiding systems are re-
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ported in Refs. [13,14].  
An assisting robotic device is given in Ref. [15]. 

The concept of using exoskeletons is presented in  
Ref. [16]. Despite of very positive results, some of the 
developed solutions have high complexity/cost/ 
encumbrance. Moreover, the concept of customization 
can be considered of interest in the assistive technology 
market and STS devices, for which it can be interesting 
to have a system easy to adjust to the height of the sub-
ject. More specifically, the only solution available on the 
market for the above-mentioned concept refers to handle 
bars that can be adjusted to the height of the person[17]. A 
solution in Ref. [18] reproduces a STS motion pattern 
with constant orientation. In this paper, we address a 
novel concept of designing the supporting mechanism in 
order to customize a device for an individual. We pro-
pose a methodology according to the needs of an indi-
vidual, but limiting the number of the Degrees of Free-
dom (DOF) of the support mechanism that generates the 
motion. The design procedure can be summarized as 
follows: (1) acquisition of experimental data of the STS; 
(2) type and dimensional synthesis of the support 
mechanism; (3) mechanical design; (4) simulation for 
verification. Experimental tests of the STS were ob-
tained by using a 3D motion capture system based on 
cameras. A suitable planar mechanism is synthesized. 
Among several solutions, we choose to simplify the 
support mechanism to reduce the DOFs mainly to reduce 
the overall cost and complexity of the control. The 
mechanism has been synthesized using a prescribed set 
of finitely separated poses taken from experimental data 
to solve the Burmester problem for the case understudy. 

2  Experimental evaluation of the STS 

A trial for the STS was carried out at the University 
of Cassino and Southern Lazio involving 20 healthy 
volunteers (age between 20 and 30, height from 1.55 m 
to 1.95 m). The criterion for selection of the individuals 
for the trial was based on the availability of voluntary 
subjects. In the experimental tests the individuals were 
asked to seat on an armless chair set to the 100% of the 
knee height. The back support of the chair was used to 
set the trunk in the vertical position. The arms did not 
actively participate to the STS. The subjects were asked 
to assume a seated position and then they were asked to 

stand up from the chair. The required first task is the 3D 
motion tracking performed without interference with the 
movement of an individual. Marker Based System 
(MBS) technology satisfies those requirements. A type 
of MBS is an optical motion capture system composed 
of infrared cameras that can track human movements 
thanks to a kit of reflective markers usually attached to a 
special MoCap suit. The advantage of using this solution 
is the possibility of fast and accurate tracking of a com-
plex 3D motion. Drawbacks are mainly related to the 
relatively high complexity and cost, and the need of 
using reflecting markers that must be accurately posi-
tioned. Another solution is the use of Markerless Motion 
Capture (MMC) system, which shows the following 
advantages, there is no need to position markers, there-
fore no error due to makers’ placements. Generally, these 
systems are more affordable and portable than MBS. A 
possible drawback of MMC deals with the accuracy of 
the system, which can lead to reluctance from potential 
clinical users. Moreover, the precision depends on the 
number of cameras used. In this paper, we have chosen 
to use the Microsoft Kinect sensor because of its ad-
vantages in terms of low-cost and easy in use. In addition, 
in Ref. [19] a comparison between the Microsoft Kinect 
with a standard motion capture technology is reported 
showing very good features of the Kinect providing 
skeletal tracking that is more robust to occlusions and 
body rotation. Recently, due to the high demand, there is 
the need for developing easy-to-use and economic sys-
tems for rehabilitation and assistive tasks, as those pre-
sented in Refs. [20,21] as well as the need to develop fast 
and easy-to-use systems for monitoring and determining 
biomechanical performances of the human body. One 
remarkable example for 3D motion capture is the Virtual 
Sensei software, which was developed as a tool for 
sports and biomechanical analysis of 3D fast mo-
tions[22,23]. We used the Virtual Sensei together with the 
Microsoft Kinect for the evaluation of the STS. The 
motion sequence obtained during the trial is given in  
Fig. 1. The movement pattern of the neck and trunk can 
be divided into two phases, the flexion phase (forward 
movement), and the extension phase (lifting move-
ment)[4], as it can be observed from the experimental 
results reported in Fig. 2. 

Experimental results in Fig. 2 are displayed in the 
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video capture system reference frame with the origin 
located in the center of the sensor, as outcome of the 
Virtual Sensei. Data can be conveniently expressed in a 
frame attached to the subject’s foot after a change of the 
reference frame, as it will be shown in the plots of  
Figs. 3 and 4. In the following, we focus the attention on 
the shoulder (as it is shown by marker labeled as 4) in 
Fig. 1) to focus the attention on that trajectory. 

Experimental results show a large variation in the 
size trajectory, but it is always possible to recognize a 
typical shape, named as reference trajectory, which can 
be schematized by four parameters: LF, length of the 
forward movement, HF, height of forward movement, 
HL height of the lifting movement, and LL length of the 
lifting movement. The parameters have been measured 
for all the subjects. Fig. 3 shows the 14 tests performed 
by   the   male   subject   in   Fig. 1,  and   Fig. 3b  shows  

 

 
Fig. 1  A motion sequence of STS obtained by experimental trial. 
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Fig. 2  Experimental test on a male subject during the STS in  
Fig. 1: trajectories of points of interest. (1) Chest; (2) hip; (3) knee; 
(4) shoulder; (5) ankle. 

“reference trajectories” for male and female subjects. A 
reference trajectory is a simplified trajectory having the 
typical shape and dimensions according to the size of the 
subject. For the synthesis procedure, either a real or a 
reference trajectory can be used. In the paper, we fo-
cused our interest on a real trajectory that is selected 
being the closest one to the mean trajectory during the 
trial. The same procedure for the experimental evalua-
tion can be used to evaluate the STS motion of persons 
with reduced mobility, due to age or other impairments 
under more specific conditions in a clinical trial. For 
more information about the 3D MoCap system, refer to 
Refs. [22,23]. 

3  Design requirements for STS assisting de-
vices 

The premise for the study of the STS is great 
variation of motion patterns, therefore, there are differ-
ences in the anthropometric data of individuals, and each 
has his/her own unique style of movement as distinctive 
of his/her personality, and also according to the age, 
weight strength in muscles. The myriad of factors that 
influence these variations are too numerous to be con-
trolled, indeed in the context we focus the attention on a 
subject to design a customized transfer support mecha-
nism integrated into the assisting device. The mecha-
nism can be therefore designed ad-hoc facing the arising 
needs of person understudy. More specifically, taking 
into account that each person may have different tra-
jectories each time he/she repeats the action, for the 
design procedure we choose a real trajectory, which is 
the closest to the mean trajectory, as shown in Fig. 3. 

Referring to the design of a mechatronic system, it 
must be composed of a mechanical part for generating 
the requested motion with an orientation of the trunk 
support, an actuation system to give suitable power to 
lift and sustain the person, and interfaces to hold and 
sustain the person in a stable way. In addition, any se-
curity system has to be considered to prevent accidental 
falls and brake system should be included in the overall 
design. Mechatronic units and suitable software will 
complete the system. 

We focus on the mechanism devoted to reproduce a 
desired trajectory with prescribed orientation, as the 
system has to accomplish the STS motion and sustain the  
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Fig. 3  Trajectories of the point at the shoulder. (a) Experimental 
results of the trial for a male subject (dot points are taken from the 
trajectory closest to the mean trajectory during the trial); (b) 
trajectory pattern for a male (3) and a female (1) subjects, and a 
reference trajectory (2), quotes are expressed in millimeters. 

 
body of the person. The designer should find a mecha-
nism (or linkage) that will meet the requirements that 
can be summarized as follows: the device should possess 
generally 2-DOFs in sagittal plane to accomplish any 
kind of requested trajectory, which vary according to 
anthropometric data of the subject, and his/her physical 
conditions. In addition, the orientation of the trunk dur-
ing the movement depends by the seat and its height and 
physiological factors of the patient. Therefore, an addi-
tional DOF can be included to provide a suitable orien-
tation for the trunk support. According to these re-
quirements, a designer should identify to pology of the 
kinematic chain underlying the mechanical structure 
choosing among serial, parallel or hybrid structures. If 
the requested motion is in the sagittal plane, a planar 
mechanism instead of spatial one can be considered. 
Among  several  solutions,  we  have  chosen to  simplify  
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Fig. 4  A sketch and main parameters for (a) the STS trajectory 
pattern, (b) correspondent orientation. (HL: height of the lifting; 
LL: length of the lifting; LF: length of the forward; HF: height of 
forward; MR: max rotation of the trunk). 

 
the problem reducing the number of DOFs, mainly to 
have simpler control units and less expensive actuation 
system rather than a 3-DOFs system, as those described 
in Refs. [24,25] or cable systems[26], which can be also 
used as active/passive systems as pose estimation de-
vices. Furthermore, a large number of commercialized 
systems are lifting cranes or lifting belts with 1-DOF 
only. Considering the above-mentioned arguments a 
four-bar linkage has been selected having 1-DOF. In 
order to accomplish the task of providing suitable tra-
jectory and orientation a dimensional synthesis is re-
quired. The 4-bar linkage can be synthesized solving the 
Burmester problem, as it will be explained. Nevertheless, 
a design of a mechanism based on the trajectory pattern 
in Fig. 4 with related values of the movement parameters 
in Table 1 can be also performed discarding the orienta-
tion of the trunk. 
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Table 1  Values for the movement parameters of the trajectory 
pattern 

HF: LF: LL: HL: MR: 

0.053 m 0.207 m 0.168 m 0.458 m 23 deg 

 

4  The design of a STS device  

According to the requirements and constraints, we 
have designed a mechatronic system for the STS, as 
shown in Fig. 5. We have chosen to consider a planar 
mechanism for the support mechanism to be installed 
frontally and having 1-DOF in order to reproduce the 
rigid body motion taking into account a male subject 
movement included in the experimental trial through the 
trajectory reported in Fig. 6. The subject is chosen be-
cause his trajectory and trunk orientation represent a 
good mean of the tests, as shown in Fig. 3. The axis of 
the active joint for the support mechanism is given in  
Fig. 5. Nevertheless, it has to be mentioned that the 
design procedure that follows is specifically referred to 
the support mechanism, is general and can be applied for 
a large variety of cases of study, either to design a STS 
device having a customized mechanism or referring to a 
trajectory pattern and orientation given in Fig. 4. In 
particular, the orientation of the trunk has been consid-
ered together with the desired trajectory, as shown in  
Fig. 6, which represents the input data for the synthesis 
procedure. It is worth noting that points in Fig. 6 are 
conveniently expressed in a frame attached to the sub-
ject’s foot. A rigid coupler motion problem is then ad-
dressed here in order to design a mechanism capable to 
lift a person maintaining at the same time a comfortable 
posture of the trunk during the operation.  

 
4.1  Kinematic synthesis of the mechanism 

Planar mechanisms are in general used in industrial 
environment for automatic machinery in order to give 
prescribed law of motions that are given according to the 
task to be performed. They can be referred as function 
generators from the input to the output links, rigid body 
guidance through the study of the rigid coupler motion, 
and path generators by referring to the coupler curve, as 
extensively reported in Refs. [27–30]. In this context it is 
chosen to design a four-bar linkage that guides a rigid 
body attached to the  coupler  link  through N prescribed  

 
Fig. 5  A sketch for the mechanical design of the STS device. 
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Fig. 6  Experimental result of a male subject. Dot points are the 5 
chosen precision points Pi = (xi, yi, φt) for the synthesis procedure: 
P1 = (0.506, 0.843, −16); P2 = (0.279, 0.835, 0); P3 = (0.155, 0.532, 
5); P4 = (0.59, 0.904, −2); P5 = (0.043, 1.094, 0). 

 
poses. It is well-known from literature that a Revolute- 
Revolute (RR) dyad can be synthesized exactly for up to 
five prescribed poses[31]. The module deals with the 
Burmester problem, which aims at finding the geometric 
parameters of a four-bar linkage required for a pre-
scribed set of finitely separated poses. The problem can 
be then formulated as locating the positions of the joint 
centres A, A0, B, B0, in a way that five given poses can be 
visited exactly. 

The set of prescribed poses can be given with re-
spect to a fixed frame, say OX0Y0 in Fig. 7, in the form (rj, 
θj), being rj the position vector of a coupler point P at the 
jth pose, while θj defines the jth orientation of the guided 
body.   Without   loss  of   generality,  if   relative  angles  
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Fig. 7  A kinematic scheme for the synthesis of a four-bar linkage. 
(a) In the j-th pose for the rigid body guidance with respect to the 
(P0, φ0) reference pose; (b) relation between points and vectors of 
the j-th pose with those of the reference pose. 
 
φj are expressed as φj = θj − θ0, and the origin O of the 
fixed frame is chosen as coincident with P0 (first posi-
tion of the coupler point P) as in Fig. 7b then the set of N 
given poses reduces to (rj, θj). Therefore, the remaining 
four poses are described with respect to a frame attached 
to the first one. For four poses then the problem can be 
formulated as a system of four algebraic equations in 
four unknowns, which are the x and y coordinates of the 
joint centres A, A0, B, B0. Let us consider the scheme in 
Fig. 7b, the condition that the distance between points A0 
and Aj remains constant can be expressed as:  

( )0 0 ,r a Q a a a=− + −j j 1, ,= …j N,          (1) 

in which a0 and a represent the position vectors of points 
A0 and Aj, respectively, with respect to the chosen Car-
tesian frame in P0, and matrix Qj can be expressed as:  

cos sin
,

sin cos
Q =

−⎡ ⎤
⎢ ⎥
⎣ ⎦

j j
j

j j

φ φ
φ φ

1, ,= …j N.          (2) 

After squaring and expanding Eq. (1) and further 
algebraic manipulation the following synthesis equa-
tions can be obtained in the form:  

( )
T

T T T
0 0 ,

2
j j

j j j j jf = − + − +
r r

a 1 Q a r Q a r a           (3) 

as described in Ref. [28] where 1 is the [2 × 2] identity 
matrix.  

Several authors have addressed the Burmester 

problem, it can be solved by intersecting two curves 
representing the loci of the center points for two 
four-poses subsets out of the given five-pose set, as 
reported in Refs. [31,32], by applying complex num-
bers[33], by using kinematic mapping[34]. In the following, 
we have used a method based on dyalitic elimination[35], 
because it leads to a numerically robust algorithm that 
can be successfully used for many applications including 
the case understudy. Joint centers can be found through 
the intersections of the four possible contours of the 
four-pose problem. Thus, the system of equations in  
Eq. (3) can be rewritten in the form of dyalitic elimina-
tion of a being the vector of unknowns z = [aT 1]T. 

= ,Mz 0                                     (4) 

in which matrix M can be expressed as:  

( ) ( )
( ) ( )
( ) ( )
( ) ( )

T T T T
0 1 1 1 1 0 1

T T T T
0 2 2 2 2 0 2

T T T T
0 3 3 3 3 0 3

T T T T
0 4 4 4 4 0 4

2

2
.

2

2

a 1 Q r r Q a r

a 1 Q r r Q a r
M

a 1 Q r r Q a r

a 1 Q r r Q a r

=

⎡ ⎤− − +
⎢ ⎥
⎢ ⎥− − +
⎢ ⎥
⎢ ⎥− − +
⎢ ⎥
⎢ ⎥− − +⎣ ⎦

       (5) 

Matrix M admits solutions different from the trivial 
one if M is non-singular. The determinants of the four  
[3 × 3] sub-matrices can be computed. Thus, the four 
determinants are bivariate polynomials in the two un-
known components of the vector a0 and they define four 
curves in x-y plane. The intersection of the four curves 
gives all possible real solutions of the problem. In a 
similar procedure also the vector a can be computed. 
The system of equation in (3) can be rewritten being the 
vector of unknowns w = [a0

T 1]T in a form similar to 
Eq. (4) in which a new matrix N can be expressed as: 

( ) ( )
( ) ( )
( ) ( )
( ) ( )

T T T
1 1 1 1 1

T T T
2 2 1 2 2

T T T
3 3 1 3 3

T T T
4 4 1 4 4

2

2
.

2

2

=

⎡ ⎤− + − +
⎢ ⎥
⎢ ⎥− + − +
⎢ ⎥
⎢ ⎥− + − +
⎢ ⎥
⎢ ⎥− + − +⎣ ⎦

N

a 1 Q r Q r a r

a 1 Q r Q r a r

a 1 Q r Q r a r

a 1 Q r Q r a r

     (6) 

Once all sets of real solutions of both a0 and a have 
been obtained, we resort to the synthesis equations to 
pair of them. It can be shown that each determinant of 
the submatrices from Eqs. (5) and (6) is cubic, and for 
any of the two sets the four equations in two unknowns 
reduce to a quartic polynomial[31]. The solutions for a0 
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and a are computed independently, leading to the prob-
lem of finding the solution of overdetermined non-linear 
system of equations. Initial estimates are produced and 
then the solutions are refined numerically. According to 
the above-mentioned procedure, experimental results of 
a male subject shown in Fig. 6 are chosen as the refer-
ence rigid body motion to prescribe the set of finitely 
separated poses associating the orientation of trunk 
corresponding to each chosen precision point of Fig. 6. 
Then, for the five chosen poses, the numerical values of 
position and orientation are given in the caption of Fig. 6. 
It is worth to mention that coordinates of precision 
points Pi are given with respect to a reference system 
attached to a fixed point chosen on the frame support of 
the device. Substituting the values of the Pj coordinates 
and correspondent rigid body orientation described in a 
frame attached to P0 (first pose) one can obtain the re-
quested set of equations. According to the formulation, 
the solutions for a0 and a are computed independently 
but plotted together in Fig. 8, therefore, the eight curves 
intersect in A, A0, B, B0 points, which are described in a 
frame attached to P0 as it is shown in Fig. 7b). 

 
4.2  Kinematic analysis of the mechanism 

It is well known in planar kinematics that the curve 
traced by any point of the coupler link of a planar 
four-bar linkage, as it is shown in Fig. 7a, is expressed 
by an algebraic polynomial of sixth degree[29].  

Let us consider the planar mechanism in Fig. 7a in a 
Cartesian reference frame A0X0Y0. The coupler link car-
ries a point P that serves as the origin of the second 
Cartesian frame, with origin in P and axes Xj, Yj fixed to 
this link, with a relative orientation of the frames ex-
pressed by θ. The equation of a coupler point curve for 
any four-bar linkage may be obtained by analytic ge-
ometry being the loci of any point P that belongs to a 
segment for which points A and B are constrained to lie 
on two circles. According to the kinematic scheme in  
Fig. 7a, the position of point P, with coordinates (x, y) 
can be described with respect to OX0Y0 fixed frame, as a 
function of kinematic parameters of the mechanism 
A0AB0BP. In particular, it can be noted that the linkage 
posture links A0A (and B0B) can be evaluated as:  

2 2
0 ,= dA A 2 2

0 ,= mB B                        (7) 

y
(m

m
)

 
Fig. 8  The eight curves giving the x and y coordinates of A, A0, B, 
B0 points. 

 
which can be rewritten by considering the fixed frame 
attached to point A0 as:  

0

0

cos sin
sin cos

,
( ) cos sin
( )sin cos

⎧ + −⎡ ⎤
⎪ ⎢ ⎥+ +⎪ ⎣ ⎦
⎨

− + + −⎡ ⎤⎪ = ⎢ ⎥⎪ − + + −⎣ ⎦⎩

x u v
A A =

y u v

x e u c v
B B

y f u c v

θ θ
θ θ

θ θ
θ θ

         (8) 

and considering a rotation matrix Q in Eq. (2) that relates 
fixed and moving frames to express all vectors in the 
same reference frame. Substituting Eq. (8) in Eq. (7), 
one can obtain two equations, which are function of 
design parameters and x, y and θ in the form. 

[ ] [ ]2 2 2 2 22 c 2 s 0+ + + + − + + − =x y ux vy uy vx v u d ,θ θ (9) 

( )( ) ( )
( )( ) ( )

( ) ( ) ( )2 2 22 2

2 c

2 s

0

+ − + − +⎡ ⎤⎣ ⎦
+ − + − +⎡ ⎤⎣ ⎦

+ + + − + − − =

u c x e v y f

u c y f v e x

u c v x e y f m ,

θ

θ         (10) 

in which cosθ and sinθ are replaced with cθ and sθ, 
respectively. The above two equations are quadratic with 
respect to x and y, therefore we consider an alternative 
equation that is linear with respect to x and y as well as 
cosθ and sinθ that  can be obtained by subtracting  Eq.(9) 
from Eq. (10) which gives: 

( ) ( )
( )2 2 2 2 2 2

2 c 2 s

2 2 0

− − + + + − + +⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦

+ + + − − − + + − =

cx fv e u c cy ev f u c

u c e xe yf u d f m .

θ θ
(11) 
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Fig. 9  A functional scheme of the overall mechatronic control system. 

 
Table 2  Kinematic parameters of the mechanism in Fig. 5 

Parameter d m c u v e f 

Dimension (mm] 668.0 310.3 606.4 675.2 54.2 579.0 527.4 

 
The desired function can be obtained by eliminat-

ing θ, and further algebraic manipulations. In particular, 
the tan-half trigonometric identities are used, to get 
polynomial expressions of Eqs. (9) and (11) in a new 
variable t given in the form: 

2
11 12 132 0− + =k t k t k , 2

11 12 132 0− + =k t k t k ,          (12) 

where kij coefficients are function of design parameters 
only. t parameter can be eliminated from this system of 
two equations in Eq.(12) by dyalitic elimination method 
to get one single equation that is the coupler curve traced 
by point P that can be evaluated as the determinant of the 
matrix D in Eq. (13). 
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21 22 23

11 12 13

21 22 23

2 0
2 0

0 2
0 2

D

−⎡ ⎤
⎢ ⎥−⎢ ⎥=
⎢ ⎥−
⎢ ⎥

−⎣ ⎦

k k k
k k k

.
k k k
k k k

               (13) 

The above-mentioned equation is function of the 
design parameters, x and y only. The design parameters 
of the synthesized mechanism obtained in the previous 
Section are reported in Table 2. Results of the formula-
tion have been implemented to give the desired trajec-
tory plotted together with the device of the sit-to-stand in 
Fig. 5 and the input link is m.  

4.3  Functional mechatronic design 
The described procedure can be used for a cus-

tomization of the assisting device according to the an-
thropometric data of an individual. The designed 
mechanism has 1-DOF requiring a single actuator to 
give the desired trajectory. It is important to point out 
that in order to reproduce a natural movement also the 
speed of motion has to be controlled during the operation. 
A natural-like STS motion can be defined as a motion 
obtained by an individual without any external help. In 
particular, the execution speed can be modified by con-
trolling the actuation, as described in the functional 
mechatronic control scheme reported in Fig. 9. In par-
ticular, the actuation motion law has to be prescribed in 
order to obtain suitable kinematic features in terms of 
velocity and acceleration of the point at the shoulder. In 
Fig. 9, the HMI interface can be used to set parameters 
referring to an individual and his/her physical conditions, 
together with any additional parameter of interest. In 
particular, the base frame and mechatronic components 
of the system are elements that do not change; and the 
support mechanism to generate the motion is designed 
ad-hoc. It is worth noting that according to the physical 
condition of the individual, the speed of the movement 
can   be  modified,   while  a   change   of  the   trajectory  
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t = 1.1 sect = 0 sec

t = 1.75 sec t = 2.5 sec

t = 3.25 sec t = 4.25 sec

 
Fig. 10  A motion sequence for the proposed STS device. 

 
requires a modification of the support mechanism. The 
information can be processed by a Motion Control block 
implemented on a PC. The PLC is connected with suit-
able drives to send signals and to operate the motors and 
receives the feedback from the sensors. Thus, it is pos-
sible to obtain a close-loop control in velocity, accel-
eration, or force[36,37]. Brushless motors may be selected 
because they have favorable characteristics for the ap-
plication. Future development of this work will concern 
the realization of a prototype of the assisting device also 
implementing novel control strategies designed for sys-
tems with large payload variations, as in Refs. [38,39].  

5  Numerical results 

Fig. 10 shows a motion sequence for a simulation 
of the proposed design solution. The working range for 
the active joint of the support mechanism is 85˚, in par-
ticular it goes from 45˚, corresponding to t = 0 sec in  
Fig 10, to 230˚ when t = 4.25 s in Fig.10. It is worth 
noting that the sequence has been obtained without the 
model of the human body. Nevertheless, the influence of 
the body mass has been taken into account by adding 
forces acting on the device to perform the simulation and 
verification of the overturn of the system during the STS. 
More  specifically,  a  verification  of  the stability of the  
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Fig. 11  Simulation numerical results. (a) Input torque; (b) angular 
velocity of the actuation; (c) x-components of an armpit point 
velocity; (d) y-component of an armpit point velocity. 

 
system for overturn was carried out. The simulation was 
performed to test the system assuming an individual of  
100 kg simulated with forces acting on the armpit sup-
port. Fig. 11 show the results of the simulation in terms 
of input torque, angular velocity, when a single motor is 
considered, and horizontal and vertical velocity com-
ponents of a point attached to the armpit. The plots refer 
to the given range of 85˚, which is the working range of 
the mechanism during the STS. The simulation was 
carried out imposing a rotation of the active joint cor-
responding to the angular velocity in Fig. 11b. As ex-
pected, the maximum requested torque is in the lifting 
phase starting at t = 1.75 s. 

6  Conclusion 

In this paper, we proposed a functional design for 
customizing STS assisting devices, which may have a 
potential broad impact as much as the augment of the 
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percentage of aged people in the world population. The 
STS action has been experimentally analyzed in order to 
identify suitable requirements for design purposes. Re-
sults of a trial considering adult volunteers, obtained 
with a motion capture system, were used for the design 
and simulation of a novel device. The transfer support 
mechanism has been selected as a four-bar linkage 
whose dimensions were calculated by a dimensional 
synthesis based on the Burmester problem. A procedure 
for customizing the design of STS devices has been 
detailed. Notice that, in the design procedure the base 
frame and mechatronic components of the system can be 
standardized; while the support mechanism to generate 
and sustain the body can be sized ad-hoc through di-
mensional synthesis to take into account anthropometric 
data of the subject understudy. Future development of 
this design is to build and test a prototype, involving 
participants with motor impairments or who use a 
walker. 
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