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Abstract— This paper presents a method to determine
trajectory for robot that involves a close interaction be-
tween robotic systems and human beings.The proposed
method considers robot trajectory as path in operational
space and time rhythm distinct problems verifying the
natural smoothness of voluntary human movement. Op-
erational space path is determined experimentally as in-
dividual movement pattern. The human voluntary move-
ment smoothness is quantified by a function: the jerk.
Than, minimizing the time derivation curvilinear ab-
scissa acceleration, we found the function of the time
that defines the time rhythm along the trajectory. This
method is applied on a robotic device like ”walking aid”
developed in LRP to provide support during the walk
and sit to stand transfer. During the verticalisation, the
robot handles have to help the user to sit-to-stand more
naturally as possible.

Keywords—Assistive device, sit-to-stand transfer, min-
imum jerk, trajectory generation

I. Introduction

WAL king is often the primary form of exercise for
the elderly. Since inactivity contributes to in-

creased morbidity and mortality in older adults, devices
that facilitate mobility and daily exercise may promote
improved health and well-being. Ambulatory assistive
devices such as canes and walkers offer stability and
provide means whereby many frail older adults could
maintain mobility, functional independence and social
interactions. The stability from the assistive devices is
directly proportional to the energy needing to be ex-
pended by the user; this is a serious challenge to frail
and elderly persons.

Fig. 1. Guido, Marc, Care-o-bot, Pearl, Walkabout

In addition, there would therefore be a very high man-
power demand on the healthcare professionals in a nurs-
ing home to maintain a reasonable mobility for the
needed residents. It is therefore not surprising to ob-
serve, in the nursing area, that many frail nursing home
residents are immobilized unnecessarily, resulting in sig-
nificant morbidity and mortality, many of which are po-
tentially preventable. Active devices for postural com-
pensation can free medical staff for other tasks, and help
patients to do rehabilitation exercises with various dif-
ficulty levels.
Some robotic systems have been developed to provide
active assistance during walking, in particular Guido [3],
Marc [4], Care-o-bot [5], NurseBot Pearl [6] or Walka-
bout [7]. Most of those systems have been designed
to give a light support and be used more like a stabil-
ity aid. Their main feature is in navigation, as finding
paths that are obstacle free or giving information about
directions. They have not been designed to allow walk-
ing rehabilitation such as Where [8] or Hitachi walker
[9], in Figure 2.

Fig. 2. Where, Hitachi walker

As to MONIMAD system (Figure 3), it has been spe-
cially designed for mobility rehabilitation assistance and
allows assisted transfers from walking to standing posi-
tions [12].
The handles pull first the elderly patient in an antepul-
sion configuration: two degrees of freedom are needed to
keep handles horizontally. This is done using two par-
allel mechanisms mounted on top of each other (passive
four bars linkage and Scott-Russel mechanism [21]). In
addition, the handles are independent in order to re-
store balance when the user begin to lose it.
To lift softly frail elderly person, the Handle Robot Tra-
jectory has to be as natural as possible. This assistive
device has two main functions:
• Postural stability, to provide support and avoid fall
during the walk.
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Fig. 3. MONIMAD Prototype

• Verticalisation, to help elderly during stand-up and
sit-down transitions.

The designed robotic system is a two degrees of free-
dom mechanism mounted on an active mobile plateform
(see Figure 4). For the sit to stand transfer, the Robot

Fig. 4. Guided arm movement during assisted sit-to-
stand transfer

handles first pull slowly the patient to an antepulsion
configuration. Then, the handles go from this down po-
sition to the up position, which is the position used for
walking. Obviously, the handles must remain horizon-
tal during the whole transition. This is obtained using
two parallel and independent mechanisms combined in
a serial way. Details on the design of this assistive de-
vice can be found in [12].
To lift softly frail elderly person, the Handle Robot Tra-
jectory has to be as natural as possible.
In recent years new human-robot interfaces based on
direct interaction through a contact have been inves-
tigated through the arm-manipulator coordination for
the problem of load sharing. For this kind of coopera-
tive motion control, human characteristics are approxi-
mated by an impedance model [1] or a variable compli-
ance control [2], in which the robot plays a passive role.
Unlike that, the assistance of sit-to-stand refers to shar-
ing guidance along a trajectory as natural as possible
to move frail persons.

II. Problem

The term ”trajectory” refers here to Cartesian-space
planning of the robot handle movement. ”Natural Tra-
jectory” are requested for comfortable human move-
ment assisted by robotic devices. From our point of
view, ”Natural” is relevant to :
• trajectory path compatible with hand movement
when the sit-to-stand transfer is assisted by someone
else,

• smooth and continuous motion of the hand.
As proposed in [10], smoothness can be quantified as a
function of jerk, which is the time derivative of accel-
eration. From this point of view, to move something
from location Xi to Xf in T seconds, the minimum jerk
trajectory would be expressed by the function:

X(t) = Xi +(Xf −Xi)(10(
t

T
)3−15(

t

T
)4 +6(

t

T
)6) (1)

Trajectory planning based on minimizing the jerk is
used to obtain smothness simple movement in Robot-
Human arm collaboration [14], [15], [16]. While com-
plex hand trajectories are view as composed of partially
overlapping linear strokes (modeled as B splines with
bell-shaped speed profiles) in [17]. The parameters of
the model (timing scale, and position of each segment)
were initially extracted from the experimental data and
then adjusted iteratively until a good fit to the observed
trajectories was obtained.
But, in our trajectory characterization control points
location and occurrence are unknown, this method has
to be modified.
However, experimental data are needed to implement
the trajectory generation for the handles of our proto-
type.
For each patient, several sit-to-stand transfer trajecto-
ries was recorded [12] and some examples of these tra-
jectories are given Figure 5. Analysis of the transfer

Fig. 5. Experimental sit-to-stand transfer trajectories

trajectories records show some interesting points:
• The sit-to-stand transfer trajectory follows a curve
such as those normal deviations on both sides of the
straight line between the two end points never exceed
15% of the total trajectory length for all the patients.
• The global shape of the trajectory looks like a ”s-
curve” and is not directly related to the age or height
of the patient but seems to be correlated with its own
personal strategy to stand up or sit-down.
These items can’t be considered as rules (since the num-
ber of patients is not statistically significant and since
the observed trajectories are the result of an interac-
tion between the caregivers and the patient) but rather
like practical guidelines for the trajectory generation
described in the next section.
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III. Method

The Robot Handles Trajectory (RHT) has to be sim-
ilar to the general curve in Figure 6.
The main idea presented in this paper is to decompose

Fig. 6. The Robot Handle Trajectory (RHT) in
Cartesian-space

the trajectory characteristics into a physiological part
and a mechanical part.
Minimum jerk is a physiological constraint for smooth-
ness and infers only in trajectory quality. Thus, natural
coordinate is used to describe the trajectory function
verifying minimum jerk.
Geometrical path describing hand or some other end ef-
fector trajectories are not time dependent and may be
expressed in term of Euclidean coordinates.
At last, the trajectory is a time function of Cartesian
coordinates generating a smooth movement.

A. Natural parameter

Let s(t) represents the distance which the Robot Han-
dles have moved along the curve at instant t. s(t) is
called the natural parameter of the curve γ represent-
ing the trajectory. The natural parameter s(t) crosses
the image of γ at unit speed so that [19]: This allows
to define Frenet vectors and to relay natural parameter
and Euclidean position. Let : ~r(t) represents the instan-
taneous position vector of the robot handles. Then the
tangent unit vector ~T is defined as [20]:

~T =
d~r

ds

That yields the relation used to define the Robots Han-
dles Trajectory in spatiotemporal space:

∥∥∥∥
d~r

ds

∥∥∥∥ = 1 (2)

The natural parameter is entirely defined by the
smoothness characteristic of the robot handles trajec-
tory. By applying relation (1) to s(t) we obtain:

s(t) = s(Ti) + (s(Tf )− s(Ti))(10(
t

Tf − Ti
)3 −

15(
t

Tf − Ti
)4 + 6(

t

Tf − Ti
)5) (3)

B. Robot Handle’s Path in Euclidean vectorial space

Examining the global shape of the experimental
curves presented in previous section and in conclusion
of trajectory characterization, it is observed that an as-
sisted sit-to-stand transfert follows a path similar to the
one shown in Figure 7.

Fig. 7. Hand’s path during an ssisted sit-to-stand trans-
fer

This kind of curve will be defined by a third order ploly-
nom in the (Pi, ~ePiPf

, ~e⊥PiPf
) plane, with :

~e⊥PiPf
= ~z ∧ ~ePiPf

. Considering point P on the HRP

curve : ~PiP = X~ePiPf
+ Y ~e⊥PiPf

, its plane coordinates

verify : Y =
∑3

i=0 αiX
i and the path constrains gives

us the RHP equations:

α0 = 0
α1X1 + α2X

2
1 + α3X

3
1 = Y1 (= dev1) (A)

α1X2 + α2X
2
2 + α3X

3
2 = 0 (B)

α1X3 + α2X
2
3 + α3X

3
3 = Y3 (= dev2) (C)

α1X4 + α2X
2
4 + α3X

3
4 = 0 (where X4 = PiPf )(

dY
dX

)
X1

= α1 + 2α2X1 + 3α3X
2
1 = 0(

dY
dX

)
X3

= α1 + 2α2X3 + 3α3X
2
3 = 0

Solving first the (A), (B), (C) linear system, coefficients
αi are expressed in term of X1, X2, X3:

α1 = (X2(X3
1Y3 − Y3X2X

2
1 −X3

3Y1 + X2
3Y1X2))/∆

α2 = −(X3
1Y3 − Y3X

2
2X1 −X3

3Y1 + X3Y1X
2
2 )/∆

α3 = (X2
1Y3 − Y3X2X1 −X2

3Y1 + X3Y1X2)/∆
where ∆ = X1X3(X1 −X2)(X1 −X3)(X2 −X3)

Noting that ∆ 6= 0 for a RHP verifying:
X0 < X1 < X2 < X3 < X4.
X1, X2, X3 values are the solutions of the optimisation
problem:

min(f(X))
under

−X1 < 0
X1 −X2 < 0
X2 −X3 < 0
X3 −X4 < 0

with: f(X) = (α1X4 +α2X
2
4 +α3X

3
4 )2 +(α1 +2α2X1 +

3α3X
2
1 )2 + (α1 + 2α2X3 + 3α3X

2
3 )2.
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We observe that an acceptable solution would be such
as: |Xi −Xj | < 2% length curve. This solution gives
the polynom coefficients with respect to the morpho-
pathological parameters of the user. Moreover, individ-
ual HRP is totally defined at this point.

C. Robots Handles Trajectory in Spatiotemporal space

The Robots Handles Trajectory in spatiotemporal
space is defined by X and Y coordinates as time func-
tions, such as ~r(t) = X(t)~ePiPf

+Y (t)~e⊥PiPf
. Then rela-

tion (2) yields the condition:

(
dX

ds
)2 + (

d

ds
(

3∑

i=1

αiX
i))2 = 1

Using the derivative operator linear property, previous
relation becomes:

(1 + (
3∑

i=1

iαiX
i−1)2)(

dX

dt
)2 = (

ds

dt
)2

Where ds
dt Â 0, then, determination of the time function

X(t) is obtained integrating the equation :
√√√√(1 + (

3∑

i=1

iαiXi−1)2)(
dX

dt
) =

4ṡM

T 2
f

t(Tf − t)

we replace the derivative dX
dt by the finite difference ap-

proximation and we compute the estimate P coordi-
nates by the following recursive scheme:




X(k + 1) = (t(k+1)−t(k))(4ṡM t(k)(Tf−t(k)))

(T 2
f

√
1+(

∑3

i=1
iαiX(k)i−1)2)

+ X(k)

Y (k + 1) =
∑3

i=1 αiX(k + 1)i

(4)
Where ṡM is obtained by calculating the RHP length
using simultaneously the natural coordinate and the Eu-
clidean coordinates:

ṡM =
3(

∑N
i=0

√
(Xi+1 −Xi)2 + (Yi+1 − Yi)2)

2Tf
(5)

IV. Results

In this section, experimental data is applied to the
trajectory generator presented in previous section and
the computed trajectory is compared to the experimen-
tal one.
The following Figure 8 shows an elderly hand path dur-
ing an assisted sit-to-stand transfer.
In order to generate an individual Robot Handles Tra-
jectory, some parameters are extracted from this curve:
• Initial point, Pi = (484mm, 508mm).
• Final point, Pf = (584mm, 610mm).
• Sit-to-stand time duration, Tf = 2s.
• Path length, L = 143mm.
• Deviation parameters dev1 = −0, 3L = −4, 3mm and
dev2 = 0, 1L = 14, 3mm.

Fig. 8. Patient trajectory

A. Bio-mimetic trajectory generation based on elderly
data

The RHP in the (Pi, ~ePiPf
, ~e⊥PiPf

) plane is first de-
fined by searching coefficients of a third order plolynom
passing from five points:
X0 = 0mm Y0 = 0mm
X1unknown Y1 = −4, 3mm
X2unknown Y2 = 0
X3unknown Y3 = 14, 3mm
X4 = 143mm Y4 = 0mm

Using MATLAB optimisation function ”fmincon”, an
acceptable solution is found:
[α1 = −0.57184 ; α2 = 0.014756 ; α3 = −7.528e− 005].
This result allows to define the searching polynom (Fig-
ure 9).

Fig. 9. Polynomial path

Along this path, the derivative of natural coordinate is
bell shaped (Figure 10).

Numerical integration, using scheme (4), makes possi-
ble to obtain the Robot Handle Trajectory (RHT) in
the (PB , ~ePBPH

, ~e⊥PBPH
) plane (Figure 11).

Finally, the trajectory is plotted in the reference frame
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Fig. 10. Evolution of derived from curve’s natural co-
ordinate
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Fig. 11. Robot Handle Trajectory in the
(PB , ~ePBPH , ~e⊥PBPH

) plane

of the assisted device (Figure 12).
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Fig. 12. Robot Handle Bio-mimetic Trajectory

This curve has the general characteristic of a measured
elderly trajectory. The various models detailed in [13]
will be used for the kinematical analysis and the robot
control for assisted sit-to-stand transfer.
Figure 13 is the result of the implementation of the
control of the robot for a patient during a sit-to-stand
verticalisation.
We note that the trajectory of the robot follows well the
calculated trajectory. However, we notice some errors
which we considered negligible, due to diferent noises
on the robot.

Fig. 13. Application in Clinical area

In order to demonstrate the efficiency of the assistive
device during sit-to-stand transfer, several experimen-
tal standing-up and sitting-down trials were executed
with a set of 19 elderly patients in Charles-Foix Hos-
pital under the supervision of gerontologists and phys-
iotherapists. The patients are affected with different
pathologies disturbing the transfer.
Due to their physical condition and age, the number of
trials by a patient is usually limited to four. Finally, on
the set of all patients, we observe that:
• patient who could stand-up without human assis-
tance, can stand-up with the assistive device,
• patient who could not stand-up with human assis-
tance, cannot stand-up with the assistive device,
• patient who could not stand-up without human assis-
tance, can stand-up with the assistive device.
The last remark would tend to prove the usefulness of
our device since it can help elderly patient to stand-up
and sit-down without human assistance.

V. Conclusion

A method to determine trajectory for robot that in-
volves a close interaction between robotic systems and
human beings has been proposed. Robot trajectory as
path in operational space and time rhythm are split
into distinct problems verifying the natural smoothness
of voluntary human movement. Operational space path
is determined experimentally as individual movement
pattern. The human voluntary movement smoothness
is quantified by a function: the jerk. Than, minimiz-
ing the time derivation curvilinear abscissa acceleration,
we found the function of the time that defines the time
rhythm along the trajectory. This method is applied on
a robotic device like ”walking aid” developed in LRP to
provide support during the walk and sit-to-stand trans-
fer. Experiments with this assistive device have been
conducted on a set of the elderly patients and demon-
strate its usefulness since it allows elderly patients to
partly recover their mobility.
The next step of this work will be the implementation
of a virtual compliance control coupled with human mo-
tion estimation in order to maintain the postural sta-
bility of the user.

viviane pasqui
Draft




Acknowledgments

This work is partly supported by the French ANR
(Agence Nationale de la Recherche) programs under
grant No 04T534 (Neuromad Project).

References

[1] O. M. Al-Jarrah,Y. F. Zheng, Arm - Manipulator Coordina-
tion for Load Sharing Using Reflexive, Motion Control IEEE
International Conferance on Robotics and Automation, pp.
2326-2331, 1997.

[2] R.Ikeura, H.Monden, H.Inooka, Cooperative Motion Control
of a Robot and a Human, Proceedings of 3rd IEEE Interna-
tional Workshop on Robot and Human Communication, 1994.

[3] Lacey G and Dawson-Howe K M, The Application of Robotics
to a Mobility Aid for the Elderly Blind, In : Robotics and
Auton. Systems 23, pp:245-252, 1998.

[4] Majd Alwan1, Prabhu Jude Rajendran2, Alexandre Ledoux3,
Cunjun Huang3, Glenn Wasson4,Pradip Sheth3 Stability
Margin Monitoring in Steering-Controlled Intelligent Walk-
ers for the Elderly, AAAI Fall 2005 Symposium (EMBC),
2005.

[5] B. Graf, M. Hans, D.S. Rolf. Care-O-Bot II- Development
of a next generation robotic home assistant, Autonomous
Robots, Vol. 16, pp: 193-205, 2004.

[6] M.E. Pollack and Co. Pearl: A Mobile Robotic Assistant for
the Elderly, AAAI Workshop on Automation as Eldercare,
2002.

[7] Wolfe RR, Jordan D, Wolfe ML. The WalkAbout: A new
solution for preventing falls in the elderly and disabled, Arch
Phys Med Rehabil. ;85(12), pp: 2067-9, 2004.

[8] C.Y.lee, K.H Seo, C.H. Kim, S.K; Oh, J.J. Lee. A system for
gait rehabilitation: mobile manipulator approach, In Proc.of
IEEE of Int. Conf. on Robotics and automation, pp: 3254-
3259, 2002.

[9] Yasuhiro Nemoto, Saku Egawa and Masakatsu Fujie, Power
Assist Control Developed for Walking Support, Journal of
Robotics and Mechatronics, Vol.11, No.6, pp: 473-476, 1999.

[10] T. Flash and N. Hogan, The coordination of arm movements
: an experimentally confirmed mathematical model, The jour-
nal of Neuroscience, vol. 5, no. 7, pp. 1688-1703, 1985.

[11] R. Shadmehr and S.P. Wise, LATEX, A minimum-jerk trajec-
tory. Computational Neurobiology of Reaching and Pointing:
A Foundation for Motor Learning., MIT Press, Cambridge
MA., 2005.

[12] P. Mdric, J. Lozada, V. Pasqui, F. Plumet, P. Bidaud, and
J.C. Guinot, An optimized design for an intelligent walking-
aid, CLAWAR’03, pp: 53-60, Catania, Italy, 2003.

[13] P. Mdric, V. Pasqui, F. Plumet and Ph. Bidaud, Design of
a walking-aid and sit to stand transfer assisting device for
elderly people, ROMANSY’04, St Hubert , Canada, 2004.

[14] H. Seki and S. Tadakuma, Minimum jerk control of power
assisting robot based on human arm behavior characteristic,
IEEE International conference on systems, man and cyber-
netics, pp: 722-727, 2004.

[15] A. Piazi and A. Visioli. Global minimum-jerk trajectory
planning of robot manipulators IEEE transactions on indus-
trial electronics, Vol 47, N 1, 2000.

[16] F. Amirabdollahian, R. Loureiro and W. Harwin. Minimum
jerk trajectory control for rehabilitation and haptic applica-
tions IEEE International conference on robotics and automa-
tion, pp: 3380-3385, 2002.

[17] P. Morasso and F.A. Mussa-Ivaldi. Trajectory formation and
handwriting: a computational model Biol. Cybern., 46, pp:
135-147, 1993.

[18] E. Todorov and M.I. Jordan. Smoothness maximization
along a predefined path accurately predicts the speed profiles
of complex arm movements Journal of Neurophysiology, 80,
pp: 696-714, 1998.

[19] http : //en.wikipedia.org/wiki/Differential
geometry of curves

[20] http : //en.wikipedia.org/wiki/Frenet formulas
[21] http : //www.brockeng.com/mechanism/ScottRussell.htm

viviane pasqui
Draft



