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Abstract— In this paper, we present a motion generation
method to improve the Sitting Pivot Transfer (SPT) strategy.
We propose to analyze the impact of the torque generated on
lower limbs by using Functional Electrical Stimulation (FES)
on the maximal forces underneath the hands needed for the
SPT. This method, based on an optimization process considers
a 3D whole body biomechanical model and produces multi-
contact motions with desired constant knee torque value. From
the generated motions, we study the impact of legs muscle
stimulation on the arm forces during the SPT motion. This
approach highlights the relationship between the lower limbs
stimulation and the maximal forces underneath the hands.
The generated motions provide a good tradeoff between the
minimization of the maximal hand forces and an excessive
increase of the lower limb muscular fatigue.

Index Terms— Motion generation, Multi-contact, constant
torque, FES, paraplegia.

INTRODUCTION

After a Spinal Cord Injury (SCI), paraplegic patients are
constrained on wheelchairs, and they depend exclusively
on their arms for everyday-life activities [1], [2]. The role
of Upper Limbs (ULs) changes completely, becoming the
primary source of movement: wheelchair propulsion, weight
relief, and transfer are some of the new activities that
paraplegics have to face. In complement to the arm support,
FES can be used to help subject in performing everyday
activities. It has been demonstrated that persons with SCI can
re-obtain the capability of standing up, standing and walking
by means of FES of the lower extremity muscles [3], [4], [5].
The principles of FES consists in placing electrodes on the
surface of the skin and in applying series of electrical pulses
which generate several chemical reactions and thus lead to
muscle contraction. Despite all its advantages, inappropriate
FES pattern will cause muscle fatigue and thus unable the
patient to perform the task [4]. Moreover, if the lower limbs
under FES control are not coordinated with the voluntary
controlled body parts, the patient will not be able to maintain
its balance and the body will eventually collapse. As a
consequence, FES pattern needs to be chosen appropriately.

Many studies show that the upper limbs of wheelchair
users are subjected to a greater mechanical stress than healthy
people [1], [2], [6], [7], [8]. This additional mechanical stress
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on shoulder, elbow and wrist joints can cause secondary im-
pairments such as muscle atrophy and impingement. Hence,
it leads to really negative consequences on SCI subjects’ in-
dependence, especially if we take into account that paraplegic
patients perform SPT around 15 and 20 times a day [1], [6].

In consequence, the aim of this paper is to investigate
the ability of optimization process in combination with 3D
whole body biomechanical model to predict optimal SPT
trajectories and to evaluate the influence of different types
of FES stimulation pattern on the corresponding motion.

In motor control and biomechanics literature, a classical
assumption is that human beings perform a motion according
to certain optimal criteria, i.e. movement control can be
related to a problem of minimizing a biomechanical cost
function. Optimization processes have been extensively used
to provide a better understanding of human postural and
locomotor system [9], [10], [11], [12]. These models are
objectively and experimentally assessable because of their
quantitative predictions and they are usually used to describe
relatively simple tasks involving healthy subjects.

Though the SPT technique is the most commonly used
technique by paraplegic subjects to perform transfer from the
wheelchair to a target seat and vice versa [13], according
to the authors knowledge, no optimization procedure has
never been used in this context. However, some works in
the robotic fields deal with optimal motion generation for
open and closed-loop robotics systems [14]. To generate SPT
trajectories, we extend our original method for the generation
of multi-contact motions [15], [16] for the HRP-2 Robot.
The main technical issue is to compute the contact forces
that ensure balance and desired constant joint torques.

In the case of the SPT motion, the identification of the
appropriate cost function is still very challenging. This is
mainly due to the multi-objective nature of the task, the
low intra-inter-subject reliability in the execution of the task,
the change in environmental constraints moreover SPT task
requires the control of a highly redundant system that can
be organized in many ways [1], [2], [6]. In this paper, we
consider the cost function as the weigthed sum of joint
torques, joint jerks and motion duration, that was used in [16]
to produce a smooth and low-energy motion.

Section I introduces the general problem statement, then
Section II describes the biomechanical model. Section III is
dedicated to the multi-contact forces computation. Finally,
Section IV presents the task specific optimization process
and the different scenarios, i.e. FES patterns, used for its
validation. Results of our optimization process and conclu-
sion are given at the end.



I. PROBLEM STATEMENT

To generate a motion, we look for the joint trajectories q(t)
over the motion duration Tf that minimizes a cost function C
and ensures a set of continuous g,h and discrete z constraints
as summarized in:

argmin
q(t)

C(q(t))

∀i,∀t ∈ [0,Tf ] gi(q(t))≤ 0
∀ j,∀t ∈ [0,Tf ] h j(q(t)) = 0

∀tk ∈ {t1, t2, ...,tn} zk(q(tk))≤ 0

(1)

The problem (1) is called infinte programming problem and
is usually turned into a semi-infinite programming one using
of a set of parameters X to compute the joint trajectories:

argmin
X

C(X)

∀i,∀t ∈ [0,Tf ] gi(X, t)≤ 0
∀ j,∀t ∈ [0,Tf ] h j(X, t) = 0

∀k zk(X, tk)≤ 0

(2)

In this paper we compute the joint trajetories q(t) using B-
Spline basis functions [17]:

q j(t) =
m

∑
i=1

bK
i (t)p j,i (3)

Here, the set of parameters X ∈ Rn =
{p1,1, · · · , p1,m, p2,1, · · · ,β ,Tf } where p j,i is the ith control
point of joint j, β a set of parameters as presented
in Section III-A and Tf the motion duration. This
parametrization was already used in [14] and has the nicety
to ensure the joint position and velocity limits by a set
of linear constraints on the optimization parameters X.
Note that the constraints function gi,h j,zk can rely on any
variables of the biomechanical model.

In this paper, we use the method presented in [15] to
deal with the continuous inequality and equality constraints
g,h. This method is based on a polynomial approximation of
the state variables to ensure the constraint satisfaction over
the whole motion duration contrary to classical time-grid
discretization. Eventually, the solver (we use IPOPT [18])
is able to compute the optimal set of parameters X̃ that
describes the optimal motion according to the biomechanical
model presented hereafter.

II. MODELING

In this section, we present all the physical limits we
take into account and how to compute them from the joint
trajectories.

A. Biomechanical Model

In this paper, we use a simplified model of the human
as shown on Figure 1, with 28 degrees of freedom (dof)
considering rotoide (R) and spherical (S) joints as presented
on Table II-A. For sake of simplicity, we consider revolute
and spherical joint for knees and shoulders, even if some
more accurate models exist and were used in robotics [19],
[20]. Since we are interested into the evolution of the contact

Fig. 1. Representation of the human.

TABLE II-A
REPRESENTATION OF THE DEGREES OF FREEDOM OF THE

BIOMECHANICAL MODEL

Body Joint type Number of dof
Torso S 3
Head S 1 3

Shoulder S 2 × 3
Elbow R 2 × 1

Forearm R 2 × 1
Wrist R 2 × 1
Hip S 2 × 3

Knee R 2 × 1
Ankle S 2 × 3

forces, we assume that this simplification will not impact our
results.

To ensure the contact position, we set equality constraints
between the position and orientation of the frame attached to
the given body and the expected ones of the frame attached
to the environment as done in [15]. We define the contact
forces F as a set of linear forces attached to the frame body
assuming that the z component of the force is normal to the
contact surface. Eventually, we get a set of N f linear contact
forces F= {F1,F2, · · · ,FN f }.

B. Inverse Dynamic Model

We take into account the dynamic effects by considering
the inverse dynamic model:[

Γ
0

]
=

[
D1(q, q̇, q̈)
D2(q, q̇, q̈)

]
+

[
JT

1 (q)
JT

2 (q)

]
F (4)

where Γ ∈ Rn is the vector of the joint torques, D1 ∈ Rn

and D2 ∈ R6 are the dynamics effects due to the joint
trajectories (usually presented as the sum of inertial M(q)q̈,
coriolis and centrifugal C(q, q̇) and gravity G(q) effects:
D= M(q)q̈+C(q, q̇)+G(q)), J1 ∈Rn×3N f and J2 ∈R6×3N f

the components of the Jacobian matrix and q∈Rn is a vector
containing the n joint positions (qi). Equation (4) emphasizes
the link between the joint trajectories to the contact forces
and the joint torques. Section III-A shows how to compute
the contact forces.

1We consider the joint of the head with a constant value during the
motion, hence they are not included in the optimization process.



C. Balance

Due to the nonplanar contact points, we cannot use
classical method such as the zero moment point [21] to
characterize the balance of the motion. We rather consider
a full-body model of the human, and evaluate the balance
by monitoring if the contact wrench sum remains in the
contact wrench cone as presented in [22]. Those notions
are summarized by the fact that the contact forces must
counterpart the dynamic effects of the motion and stay within
their friction cone:

∀t ∈ [0,Tf ],∀i ∈ {1, . . . ,N f }
{

Fn
i (t)> 0

||F t
i (t)||2 ≤ µ2

i Fn
i (t)

2

(5)
where µi is the friction coefficient related to contact forces
Fi. To summarize, those constraints ensure the no sliding and
taking off of the contact points.

III. CONTACT FORCES COMPUTATION
AND CONSTANT TORQUES

The main technical contribution of this paper is about the
computation of the contact forces that must ensure desired
joint torques in order to simulate controlled, uncontrolled
and stimulated joints.

A. Force Constraints

In case of multi-contact motions, there is an indetermina-
tion for the computation of the contact forces; there is an
infinity of different internal forces that lead to an infinity of
contact forces and joint torques. In our previous works [15],
we presented how to remove this indetermination and to
compute the contact forces in case of multi-contact motions
for a fully-actuated humanoid robot. In this paper, we extend
this method to take into account a set of Ne joint torques
that must be constant with an expected value Γe. Hence, the
contact forces must:

• avoid any unexpected sliding or taking off of any part of
the human body in contact with the environment such
as presented in (5),

• satisfy the second part of the dynamic equation (4),

D2 +JT
2 F= 0 (6)

• produce the expected joint torques [Γe]

∀e [Γe] = D1,e +JT
1,eF (7)

where D1,e and JT
1,e represent the eth component and line

of D1 and JT
1 . Note that our method can not be used only

if all the components of JT
1,e are null. That involves that the

corresponding joint must be part of a closed-chain.

B. Force Problem Formulation

To find the contact forces that ensure the (6) and (7), the
pseudo inverse of the Jacobian matrix can be used. However,
the pseudo inverse will minimize the norm of the contact
forces, without any effect on the friction or sliding constraint.

We rather consider the contact forces that are the solution to
the following problem:

min 1
2 ∑i βi(αi||F t

i ||
2 +Fn

i
2)

∑i

([
P̂iAi
Ai

]
[Fi]

)
+[D2] = 0

∑i (ηe,i [Fi])+D1,e − [Γe] = 0

(8)

where:
• F t

i is the tangential components of Fi,
• Fn

i is the normal component of Fi,
• P̂i the screw operator of the contact position,
• Ai the orientation of the contact,
• ηe,i ∈ R3 is the effect of force [Fi] on joint torque e,
• βi weight the repartition of the different contact forces,
• αi weight the tangential components regarding to the

normal one for each contact forces.
Note that problems (8) and (2) must not be confused. In

fact, problem (8) must be solved during the modeling of the
motion. Hence, the cost function of problem (2) does not
mimize the contact forces.

The solution to problem (8) exactly counterparts the
dynamics effects and produce the expected joint torques Γe,
while fulfilling as best as possible the constraint of (5).
The exact satisfaction of these constraints is ensured by the
optimization solver. Note that defining ∀i βi = 1, αi = 1 is
equivalent to solve the pseudo-inverse problem taking into
account constraints of (6) and (7). Since the expected torque
value is obtained through this computation, there is no need
to include constant torque equality constraint in the global
optimization problem (2).

C. Analytic solution
The resolution of problem (8) starts by writing the La-

grangian equation:

L = ∑
i

 βiαiF2
x,i

βiαiF2
y,i

βiF2
z,i

+

 ∑i

[
P̂iAi
Ai

]
[Fi]+ [D2]

∑i [ηe,i] [Fi]+ [D1,e − [Γe]]

 [λ ]

(9)
Here, we assume that the z-axis is the normal direction of

the contact forces and define [λ ] as the vector of the Lagrange
multipliers. The optimal solution fulfills the optimality con-
dition:

∂L
∂ (F◦,i,λ j)

= 0 (10)

From the derivative with respect to Fi we have:

Fi =−W−1
i

[
P̂iAi Ai ηe,i

]
[λ ] (11)

with Wi = diag(βiαi,βiαi,βi). The lagrangian multipliers are
computed through:

[λ ] =−Ω−1
[

D2
D1,e − [Γe]

]
(12)

with:

Ω = ∑
i

 P̂iAi
Ai

ηe,i

W−1
i

[
P̂iAi Ai ηe,i

] (13)



Fig. 2. Screenshots of the SPT Motion. the transfer is performed from the chair on the right to the one on the left of the subject. For this reason, according
with the description of the SPT, we call the right arm, trailing arm, and the left arm, leading arm.

where Ω ∈ R(6+Ne)×(6+Ne) is a (6+Ne)× (6+Ne) matrix
that we easily invert, using, for instance, the Gauss-Jordan
algorithm, to find the value of the Lagrange multipliers. Thus,
we compute the contact forces from the joint trajectories and
using equation (4) we can compute the joint torques.

IV. OPTIMIZATION RESULTS

A. Sitting Pivot Transfert

Every wheelchair users have their own way to do the SPT
using their residual functionalities at the best and according
to the environment, but there are common features that
characterize the transfer. SPT is divided into three distinct
phases:

1) Pre-lift, the preparatory phase which ends when bend-
ing forward of the trunk starts;

2) Lift, the phase in which most of the body weight is
supported by the upper extremities;

3) Post-lift, the rebalancing phase on the new seat.

Before starting the transfer, individuals usually move their
wheelchair as close as possible to the target seat. At first,
they move the buttocks forward to the front edge of the seat
of wheelchair and, with the help of the arms, place firmly
their feet on the floor. Then, they place one hand, called the
trailing hand, on a stable position on the wheelchair and the
other hand, known as the leading hand, on the target surface
far enough to leave sufficient space for the buttocks. From
this starting position, subjects bend their trunk forward and
sideways, meanwhile they lift up their body and sustain their
weight with the arms. After that, with a very rapid twisting
motion they place the buttocks on the target seat. The transfer
is concluded when the subjects reach again a seated postural
stability [7].

Here, we focus only on the lift phase optimization, during
which the FES on patients lower limbs should be applied.
The starting position is when the back is upon the first chair
and the ending position is when the back is upon the second
chair as shown on Fig. 2. During this phase both hands are
on the handles and both feet are on the ground. The contact
positions during the motion are presented in Table IV-A.

We consider the constraint limits as presented in Section II
and the objective function in order to minimize a weighted

TABLE IV-A
POSITION AND VERTICAL ORIENTATION OF THE CONTACT FRAMES

Contact X (m) Y (m) Z(m) θZ (°)
Right Foot 0 -0.05 0 0
Left Foot 0 0.05 0 0

Right Hand -0.05 -0.35 0.5 20
Left Hand -0.05 0.35 0.5 -20
Initial back -0.2 -0.2 0.4 35
Final back -0.2 0.2 0.4 -35

sum of joint torques, jerks and motion duration as presented:

C(q) = a
∫ T

0
∑

i
Γ2

i dt +b
∫ T

0
∑

i

...q i
2dt + cT (14)

with a = 1e− 2, b = 1e− 5 and c = 4, are the value we
set heuristically to have human like walking motion for the
HRP-2 Robot in [16].

B. Scenarios under study:

The complete paraplegic patient with a spinal cord lesion
at lumbosacral level is no longer able to control knees
and ankles joints, i.e. voluntary production of the joint
torque is not possible. In this paper, we consider that our
virtual paraplegic patient is not able to voluntary control the
knee joints only, while ankle and hip joints are assumed
to be active. Future works will adress fully passive legs.
The virtually stimulated muscles are quadriceps and biceps
femoris. We suppose that those bi-articular muscles produce
torque control only at the knee joints. In addition, for the
sake of simplicity, we assume that stimulation parameters
do not change during the transfer (constant control torque)
and that no stimulation leads to a null knee joint torque.

Whole body optimal trajectories for SPT are calculated
for seven different scenarios (Sc). The first scenario (Sc 1)
represents the behavior of a healthy subject, produces vari-
ations of knee joint torque. The others impose a constant
value of the knee joint torque (Sc 2: 0 Nm, Sc 3: 10 Nm,
Sc 4: 20 Nm, Sc 5: 30 Nm, Sc 6: 40 Nm, and Sc 7: 50 Nm),
representing the behavior of a paraplegic subject performing
the SPT without (Sc 2) and with (Sc 3-7) FES. Hands and
feet positions are the same for all simulations as described
in Table IV-A.
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(a) Leading elbow Flexion Extension
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(b) Leading shoulder Flexion Extension
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(c) Leading shoulder Abduction Adduction
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(d) Trailing elbow Flexion Extension
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(e) Trailing shoulder Flexion Extension
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Fig. 3. Time history of the torque, espressed as percentage of Tf, for the right and the left arm in different scenarios (Sc). In (c) and (d) positive values
correspond to flexion and negative values correspond to extension. In (e) and (f) positive values correspond to adduction and negative values correspond
to abduction.
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(a) Leading Hand
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(b) Trailing Hand

Fig. 4. Values of maximal forces underneath the leading(a) and trailing(b) hands.

C. Torque and force patterns

Net shoulder and elbow joint torque patterns are shown
in Fig. 3. The torque patterns reveal that, for almost
all optimization scenarios, the subject relies on bilateral
shoulder adductor torque after the seat-off moment, which
switches to an abduction torque before the seat-on moment
(Fig. 3(c),3(f)). For all scenarios, after the seat-off moment,
a trailing shoulder flexion torque is required, this switches
to extension torque for scenarios Sc 1, Sc 5-7. The leading
shoulder has an extension torque during the transfer, except
for Sc 6 and Sc 7 where the flexion torque is needed
at the beginning of the motion and switches to extension
before seat-on moment (Fig. 3(b),3(e)). An elbow flexion

torque is required at the leading upper limb whereas an
extension moment is observed at the trailing UL around seat-
off. Those torques switch to opposite values before seat-on
(Fig. 3(a),3(d)). This kind of behavior has been described in
[23].

Fig. 4 represents the maximal peak value of the resultant
hand forces obtained with the previous mentioned scenarios
Sc (see Section IV-B). As expected, an increase of knee
joint torque leads to a reduction of the maximal hand force.
The motion of a healthy subject, represented by the first
bar, produces a maximal hand force relatively similar to
the fifth scenario, and we see that force difference between
consecutive scenario tends to decrease while constant knee



joint torque increases.
Those results emphasize the link between the knee stim-

ulation and the maximal contact forces, i.e. the stimulation
decreases the contact force of the arms.

CONCLUSION

In this paper, we extend robotics-based technics of motion
generation to study the impact of functional electrical stimu-
lation of the knee muscle on the contact forces supported by
the arms. The study has proved that the optimization process
is well suited for the prediction and the evaluation of SPT
task for paraplegic patients. From results presented in this
paper, we can conclude that our optimization process is able
to predict the knee torque control representing a good trade
off (for this specific subject) between the minimization of the
maximal hand force and an excessive increase of the lower
limb muscular fatigue.

Possibilities for future studies include the influence of
some other cost functions, (e.g. minimizing contact forces of
the arms) and of some particular environmental constraints
such as the position of the chairs and of the initials and final
desired sitting posture. As we stated in the Section IV-A,
the optimization process has been applied to study only the
second phase of the SPT when FES should be applied. Future
works will include the history of the motion, i.e. pre-lift and
the final stabilization phase. Also, we will generalize the
method to other levels of spinal cord injury that can lead for
example to a loss of the voluntary control of the hip by the
patient. To be as close as possible to paraplegic people, we
will also consider zero torque at ankle level. Final validation
of our method will consist in a series of experimentation on
paraplegic patients and able bodied subjects.
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