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Abstract Sit-to-stand (STS) transfers are a common hu-
man task which involves complex sensorimotor processes
to control the highly nonlinear musculoskeletal system. In
this paper, typical unassisted and assisted human STS trans-
fers are formulated as optimal feedback control problem that
finds a compromise between task end-point accuracy, hu-
man balance, energy consumption, smoothness of motion
and control and takes further human biomechanical control
constraints into account. Differential dynamic programming
is employed, which allows taking the full, nonlinear human
dynamics into consideration. The biomechanical dynamics
of the human is modeled by a six link rigid body includ-
ing leg, trunk and arm segments. Accuracy of the proposed
modelling approach is evaluated for different human healthy
and patient/elderly subjects by comparing simulations and
experimentally collected data. Acceptable model accuracy
is achieved with a generic set of constant weights that prior-
itize the different criteria. Finally, the proposed STS model
is used to determine optimal assistive strategies suitable for
either a person with specific body segment weakness or a
more general weakness. These strategies are implemented
on a robotic mobility assistant and are intensively evalu-
ated by 33 elderlies, mostly not able to perform unassisted
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STS transfers. The validation results show a promising STS
transfer success rate and overall user satisfaction.
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1 Introduction

The rapidly ageing society and the continuous decrease of
nursing specialists call for new assistive devices that fit el-
derly and patient demands. Human sit-to-stand (STS) trans-
fers are a frequently exercised daily activity, which highly
influences the quality of life of people who are not able any-
more to accomplish normal STS transfers due to a specific
or more general muscle weakness.

Only few assistive robotic devices focused on support-
ing human STS transfers so far and their control can be
grouped into three categories: motion control, force control
and switching control.

The group of Hirata and Kosuge presented different
types of walking helpers that use basic admittance control
to decide on the motion of the platform during STS trans-
fers (Chuy et al, 2006). In Jun et al (2011) and Kim et al
(2011) authors guided sit-to-stand transfers by a selected tra-
jectory of a support plate mounted on the developed robot
called SMW. The desired trajectory of this plate was im-
plemented by controlling the linear actuator guiding the an-
gle and height of the support plate. The authors proposed
two predefined trajectories and compared their character-
istics using the force/torque data measured by sensors at
the top plate. Médéric and Pasqui finally developed a mo-
bility assistant equipped with 2 degree of freedom actuated
handles that support patients in STS transfers, see Mederic
et al (2004). They fitted pre-recorded hand paths with cubic
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splines and tested a series of pre-parametrized trajectories
(Pasqui et al, 2010).

Force control was employed by Médéric and Pasqui who
evaluated the Zero Moment Point (ZMP) for a simplified hu-
man model and controlled the interaction force between user
and robot to stabilize the configuration. They solved an opti-
mization problem that minimizes the interaction force taking
ZMP-based balance constraints into account (Mederic et al,
2005).

Finally, also switching controllers were investigated. A
STS rehabilitation system consisting of a 3 DoF support pad
that the patient must lean on during STS transfers was pro-
posed in Chugo et al (2008). Analyzing the different phases
of STS movements by means of multi-body computer sim-
ulations, they realized an admittance controller with force
reference implementing damping control for the lifting body
phase and compliant impedance control for all other phases
with a pre-computed reference trajectory based on real hu-
man STS transfers (Chugo et al, 2012). Pasqui et al (2007)
presented a fuzzy controller to ensure stability of the patient
during assisted sit-to-stand transfers. They subdivided the
sit-to-stand transfer into several phases and defined fuzzy
rules that evaluate the center of pressure and the horizon-
tal component of the handle force to guarantee stability for
the patient by switching between controllers implementing
variations of admittance control.

Understanding and imitating the human behavior during
STS transfers provides a powerful tool to control assistive
robots when aiming for an intuitive and natural behavior of
the coupled system of human and robot. Previous work on
human STS transfer assistance hardly incorporates compu-
tational models of STS transfer motions. STS transfers are
mainly studied and analyzed in explorative and hypothesis-
driven experiments, which led to a considerable amount of
findings. Lindemann et al (2003) for example developed
a correlation formula to derive required power from body
weight and standing up duration. Kralj et al (1990) studied
different STS transfer phases and their duration. Schenkman
et al (1990) divided STS transfers into 4 phases and dis-
cussed characteristics of these phases. STS transfer charac-
teristics such as torque and range of motion in the lower
limb joints during a normal STS were reported by Galli et al
(2008); Kralj et al (1990); Lindemann et al (2003). Further,
Janssen et al (2002) summarizes seat, subject and strategy-
related determinants for STS transfers and describes their
influence on performance. In Hirshfeld et al (1999); Ikeda
et al (1991); Kotake et al (1993); Millington et al (1992)
authors study average time, maximal hip flexion, knee ex-
tension angle and velocities for completion of a STS trans-
fer. Modifications of CoM trajectories during STS transfers
by lowering the horizontal and vertical CoM displacements
were found to lead to a significant reduction of joint mo-
ments on the knee and hip, see Mathiyakom et al (2005).

Shifting the chair height from 65 to 115% of knee height re-
sulted in a large change of moments in hip and knee joints,
see Rodosky et al (1989). Moreover, minimum peak joint
moments and their relation to movement time were deter-
mined by studying a large set of experimentally collected
kinematic data in Yoshioka et al (2007, 2009). More find-
ings are summarized in reviews like Kerr et al (1991) and
Janssen et al (2002).

While this way a huge variety of data has been ana-
lyzed by various researchers, only few computational mod-
els to study human STS transfers have been presented so
far. In Mughal and Iqbal (2005) and Bahrami et al (2000)
authors investigated an optimal LQR formalism in the con-
text of an optimal tracking controller combined with a fuzzy
biomechanical model, which interpolates between two lin-
earized models of the nonlinear four segment/bipedal dy-
namics around the sitting and standing position. They opti-
mized physiological costs when tracking a predefined ankle,
knee, hip, and pelvis reference trajectory (Mughal and Iqbal,
2005, 2006, 2008a,b; Mughal et al, 2011).

In Mombaur (2014) the author employed a cost function
combining joint torques squared with absolute head orien-
tation. The author argues that the first term increases effi-
ciency of the motion, while the second term results in a sta-
bilization of the head, but no comparison with human data is
performed allowing to judge whether this model is sufficient
or appropriate to model human behavior in STS transfers.
The same cost function has been adopted in Ho Hoang and
Mombaur (2015) for the design of a STS mechanism.

In Kuzelicki et al (2005) authors employed dynamic op-
timization to determine optimal STS trajectories by consid-
ering a cost function that minimizes joint torques, torque
change and the difference between left and right ground re-
action forces based on sequential quadratic programming
(SQP). They determined different weights of the single cri-
teria for unassisted STS transfers of healthy subjects as well
as amputees, but did not study assisted STS transfers. More-
over, critical balance criteria were not considered in their
approach. Further, from an optimization point of view, SQP
is considered a method of local optimization and thus, may
lead to suboptimal solutions, while global methods based on
the Hamilton-Jacobi-Bellmann equations and dynamic pro-
gramming typically suffer from the curse of dimensionality.
Both is problematic when considering biomechanical prob-
lems, as they are typically high-dimensional and involve
model uncertainties (Todorov and Jordan, 2002). Differ-
ential Dynamic Programming (DDP) and Iterative Linear-
Quadratic Gaussian (ILQG) have been proposed in literature
to overcome aforementioned limitations. They solve the op-
timization problem by dynamic programming, and lead to
feedback control laws. Both are methods based on Optimal
Feedback Control (OFC) that have shown to be a powerful
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tool to study biological movements and interpreting human
motor behavior (Todorov and Jordan, 2002).

In this paper we formulate first unassisted and then as-
sisted STS transfers as optimal feedback control problems
and solve them using an iterative optimal control approach
to derive optimal assistive strategies to be provided by an as-
sistive robot. Optimal assistive strategies for subjects char-
acterized by a specific or more general muscle weakness
are studied, and optimal trajectories are derived.We employ
DDP that iterativelly quadratically approximates the non-
linear system dynamics and the optimal cost-to-go func-
tion around the current trajectory. It takes physical control
constraints like torque limitations into account, while hu-
man balance-related criteria are considered in the cost func-
tion. The modelling approach for unassisted STS transfers
is validated for 3 different human healthy subjects and 9 el-
derly/patient subjects by comparing simulations and experi-
mentally collected data.

Finally, the STS model has been used to determine user-
specific optimal assistive trajectories for 33 elderlies, mostly
not able (or hardly able) to perform unassisted STS trans-
fers. The obtained trajectories have been implemented on a
robotic mobility assistant and intensively tested by the same
subjects in a formal user study. The validation results show
a promising success rate of achieved STS transfers.

This paper is organized as follows: STS transfer mod-
eling is formulated as optimal feedback control problem in
Sec. 2. Section 3 reports on capturing of experimental data,
evaluates the model and compares simulation with experi-
mental results. Section 4 presents obtained optimal STS as-
sistive trajectories for different subject classes as well as
results of the performed user study with the mobility as-
sistance robot. Section 5 finally concludes the paper and
presents some final remarks.

2 STS Transfers formulated as Optimization Problem

In the following subsections the STS transfer task is formu-
lated as an optimal feedback control problem with a non-
linear cost function subject to control constraints. An ap-
proximative optimal control approach based on DDP (firstly
introduced by Mayne (1966) and recently reformulated
by Tassa et al (2012)) is employed to allow for an efficient
solving of this optimization problem.

2.1 Human Biomechanical Model

While a triple inverted pendulum has been widely stud-
ied as a simplified biomechanical model of the human in
biomechanics and biomedical literature (e.g. Iqbal and Roy
(2004)), in this paper a model consisting of five joints and

six rigid bodies 1 involving foot, lower leg (shank), upper leg
(thigh), trunk (torso and head), lower and upper arm is con-
sidered, which moves in the sagittal plane as shown in Fig. 1.
The ankle, knee, hip, shoulder and elbow joint torques are
used to control the motion of the model. The equations of
motion are derived using the Euler-Lagrange method. The
nonlinear dynamics of the biomechanical model is given by

M(θ)θ̈ +C(θ, θ̇) +G(θ) = τ + τext = τtot (1)

where M(θ) ∈ R5×5 is the positive definite symmetric in-
ertia matrix, C(θ, θ̇) ∈ R5 the vector of Coriolis and cen-
tripetal forces, andG(θ)∈R5 the gravitational force vector,
while θ ∈R5 refers to the joint angle vector with ankle ( θ1),
knee ( θ2), hip (θ3), shoulder (θ4) and elbow (θ5) angles, τ
∈ R5 the joint torques and τext ∈ R5 the torque due to ex-
ternal assistive generalized forces applied to the human.

The equations can be written as first order dynamic sys-
tem with x = [θ, θ̇]T ∈ R10

ẋ = f(x, τ ) =

(
θ̇

−M(θ)−1(C(θ, θ̇) +G(θ)− τtot)

)
.

(2)

Considering F ∈ Rm external generalized forces applied to
a specific point k on the human model, and Jk(θ) ∈ Rm×5
(where m ∈ {1, 2, ..., 6}) the Jacobian associated to this
point, then τext is given by

τext = Jk
T (θ)F . (3)

Please note that in the unassisted case, we adopt a
simplified version of this model controlled by three joint
torques (arm segments not actuated). Moreover, in case of
assisted STS transfers we study two different supporting
points based on the level of the patient’s demand advised
by nurse specialists: i) on the upper body under the patient’s
shoulders and ii) at the hands.

2.2 Balance and Task End-Point Accuracy Criteria

To determine human balance and postural stability during
STS transfers, the virtual zero moment point (for abbrevi-
ation ZMP) is evaluated. As summerized by Vukobratovic
and Borovac (2004), the ZMP is a point on ground level
where the pressure between the foot and ground is replaced
by a force which can balance active forces acting on the hu-
man dynamics during the motion. ZMP can be computed
from the vertical component of contact moment T and the
horizontal component of contact force F as follows:

pzmp =
T

F
. (4)

1 Stiffness of the human segments, specially arms, is neglected in
the model assuming that the human willingly accomplishes the STS
task and thus, reacts very stiff to external forces.
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Fig. 1 Rigid body biomechanical model of the human, li and ci rep-
resent the length and center of gravity of the segments while xi,yi are
the reference frames attached to each joint.

Task end-point accuracy is determined using the center
of mass (COM):

pcom =

∑6
i=1mip̂i∑6
i=1mi

, (5)

wheremi is the mass of the ith segment and p̂i the position
of its center of gravity.

2.3 Formulation of Optimization Problem

The STS optimal control problem is formulated as follows:
The human sitting position with zero joint velocities is con-
sidered the initial state at time t = 0 and the position of the
COM in the steady-state standing position is considered the
desired final state of the system at time t = T . The main
goal is to find a control law τ ∗ = π(x, t) that stays within
joint torque limits and that drives the system states smoothly
from the initial to the final configuration while minimizing
a given cost function.

We consider three main features when defining the cost
function of the optimization problem: user energy consump-
tion, smoothness of motion and control as well as user bal-
ance. Minimization of energy is achieved by the effort term
C4 in (6) that tries to achieve a minimum time response and
thus, a minimization of energy as joint torques are much
lower in the standing than in the sitting configuration (when
neglecting the interaction forces with the chair). Smooth
control is achieved by the torque change term C3, while the
jerk term C2 improves smoothness of the resulting motion.
As humans automatically try to stabilize their movement

patterns, human balance criteria C1 based on the ZMP are
included as well 2. The following combination of criteria is
used to model the STS transfer task:

φtotal = φfinal(x) +

∫ T

0

( 6∑
i=1

Ci

)
dt (6)

with

φfinal = φf1 + φf2

φf1(x(T )) = |pcom(x(T ))− ptarcom|2Wf1

φf2(x(T )) = |θ̇(T )|2Wf2

C1(x(t), τ (t)) = |pzmp(x(t), τ (t))− pmaxzmp |2W1

+|pminzmp − pzmp(x(t), τ (t))|2W1

C2(x(t)) = |
...
θ(t)|2W2

C3(τ (t)) = |τ̇ (t)|2W3

C4(τ (t)) = |τ (t)|2W4

C5(x(t)) = |max(0,x(t)− xmax)|2W5

+|max(0,xmin − x(t))|2W5

C6(F (t)) = |F (t)|2W6

and Wf1, Wf2 weighting matrices for the terminal costs
evaluated at the desired human COM position ptarcom in
a standing position at time T with zero joint velocities,
W1 the weighting matrix for the human balance term that
aims to satisfy pminzmp ≤ pzmp(x, τ ) ≤ pmaxzmp

3, and W2 =

diag(w2a, w2k, w2h), W3 = diag(w3a, w3k, w3h), W4 =

diag(w4a, w4k, w4h) the weighting matrices for the hu-
man jerk, minimum torque change and effort terms respec-
tively, where the term diag(.) represents a diagonal ma-
trix4 and |v|2W = vTWv. The weighting matrix W5 is
responsible for the human joint angle and velocity bound-
aries θmin ≤ θ(t) ≤ θmax and θ̇min ≤ θ̇(t) ≤ θ̇max. The
weighting matrix W6 is considered to minimize the inter-
action forces exchanged between assistive robot and hu-
man and therefore is considered equal to zero for the

2 Please note that a precise study of the human balance behavior
during a STS is out of focus of this paper, but is a very interesting
biomechanical research question. Currently no study focusing on the
balance criteria used during a human STS transfer that could inform
the selection of these criteria could be found in literature and there-
fore regulation of the human ZMP position has been considered as a
postural regulator as proposed by Li et al (2011).

3 The base of support (BOS), which determines the values of pmin
zmp

and pmax
zmp ), typically includes the size of the feet and the room be-

tween them for a human without external support, respectively unas-
sisted STS. For the assisted case, when the human firmly grasps the
robot handles a larger BOS area can be considered. Since this, how-
ever, requires detecting whether the human stably grasps the handles
and the current robotic platform is not equipped with proper sensors
to do so, we decided to simplify the problem and to consider the most
restrictive case defined by the BOS of the human user only.

4 Please note that the same values for all diagonal elements are con-
sidered for each weighting matrix.
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case of unassisted human STS modeling. The cost func-
tion is finally considered subject to constraints of the sys-
tem dynamics formulated in (2) and control constraints, i.e.
τmin ≤ τ (x, t) ≤ τmax.

2.4 Optimal Feedback Control

We solve this optimal control problem using Differential dy-
namic programming (DDP) first proposed in Mayne (1966)
and recently reformulated by Tassa et al (2012). This ap-
proach iteratively, quadratically approximates the costs and
the nonlinear system dynamics around the current trajec-
tory. Then, an approximately optimal control law is found
by designing an affine controller for the approximated sys-
tem that enforces formulated control constraints. More de-
tails are given in Appendix A.

For our specific STS transfer problem we consider pure
gravity compensating forces as an initial guess of the con-
trol sequence, which is then iteratively improved by the al-
gorithm with respect to the formulated cost function.

The algorithm shows quadratic convergence in the vicin-
ity of a local minimum, similar to Newton’s method as pre-
sented by zhi Liao and Shoemaker (1992) and returns the
optimal control and the corresponding state sequences.

2.5 Inverse Optimal Control to determine Cost Function
Weighting Factors

Deriving a proper set of weighting factors for the cost func-
tion is crucial to properly model human STS transfers. We
employ an Inverse Optimal Control (IOC) approach to iden-
tify underlying optimality criteria of STS motions either for
healthy subjects or patients. Inverse Optimal Control allows
to identify unknown parameters in the cost function (in our
case the weighting factors as defined in Sec. 2.3) for a set of
recorded human STS trajectories. We adapt the methodol-
ogy proposed by Mombaur et al (2010) to our specific prob-
lem of human STS motions.

Given a set of recorded user STS motions, a cost func-
tion for the bilevel optimization problem is formulated as
follows,

min
W

m∑
j=1

||x∗(W , tj)− xM (tj)||2 (7)

where the sum of the Euclidean distance between experi-
mentally recorded states xM (tj) and the results of the opti-
mal control model x∗(W , tj) is used to determine optimal
values for the weighting factors W . The bilevel optimiza-
tion handles iterations over weighting factors such that the
best fit between measurements and the solution of the origi-
nal optimal control problem formulated in Sec. 2.3 is found.

For each iteration the obtained solution of weighting factors
resulting from the bilevel optimization problem is passed to
the lower level where the original optimal control problem is
solved and obtained results are reported back to the bilevel
where (7) is evaluated for the next iteration.

We employed the Matlab fmincon Trust Region Reflec-
tive Algorithm solver to solve the bilevel optimization prob-
lem. Box constraints for each weighting factor were speci-
fied to define a search space for the solver.

2.6 User-group Optimized STS Assistance

Finally, we use the already introduced biomechanical model
and optimization approach to calculate optimal assistive
strategies for the robotic assistant that is used to support sub-
jects in STS transfers. We implement assistive strategies that
are tailored to the specific class and weakness of a certain
subject.

In Dreben (2006) a classification scheme for transfer as-
sistance was proposed that considers the request for supervi-
sion, type of assistance and participation of targeted persons.
Here we focus on the two classes of maximal assist, “the pa-
tient contributes with less than 25 % of the required effort
to accomplish the STS task ”, and moderate assist, “the pa-
tient contributes with at least 50 % of the required effort to
accomplish the STS task”. As proposed by nursing special-
ists, the most common techniques for assisting persons in
STS transfers belonging to the maximal assist class foresee
that the caregiver stands in front of the person to be assisted,
locks the knees and feet of the patient, grips the patient at the
upper trunk and lifts the person. Stronger patients belonging
to the moderate assist class require less physical assistance,
but more balance support. In this case, the caregiver stands
in front of the patient, grasps the hands and applies forces to
assist in the STS transfer, while simultaneously assisting in
keeping the patient’s balance.

Moreover, the weakness may be either limited to specific
segments of the body because of a certain disease or surgery
(case a), or spread over multiple segments (case b).

For the maximal assist class, we considered that the re-
quired assistance is applied to the upper body under the pa-
tient’s shoulders. For the moderate assist class, the interac-
tion point is considered on the human hands. By solving the
aforementioned optimization problem we determine optimal
assistive strategies in form of robot motion trajectories. Do-
ing so, we consider torque constraints in the optimal control
problem, which are based on the level of the weakness in hu-
man segments (as discussed above), and constraints on the
assistive forces to be applied at the contact point(s).

The accuracy and usefulness of obtained assistive strate-
gies highly depends on the proposed human STS model,
which has to be carefully validated. Therefore, in the fol-
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lowing sections we study the validity of the proposed model,
first for healthy subjects and then for elderly and patients.

3 Validation of STS model

In order to determine weighting factors and test the quality
of the STS model against real measurements, we performed
a set of STS transfer experiments with healthy and elderly
subjects, where both cases of unassisted and assisted STS
transfers were studied. In the following sections, we report
on the validation methods and obtained results.

3.1 Data Capturing

Capturing of STS transfer motions has been performed in
two sessions, first for healthy subjects and then for patients.

3.1.1 Healthy Subjects

We performed STS transfer experiments with three healthy
male subjects to test the quality of the STS model against
real measurements. Their body measurements are listed in
Table 3 of Appendix B.

Participants were instructed to perform a few practice
trials in order to find a comfortable feet placement. They
were asked to keep their feet fixed to the ground, their arms
crossed over the chest, and their upper body straight during
the whole experiment (see Fig. 3). Each subject was asked
to repeat five STS transfers at a natural speed while the seat
heights were adjusted on an armless office chair to fit the
lower leg length. Since a set of pre-performed experiments
with different subjects showed that typically people leave
the chair with upper-body inclination of about 30 degree
(where zero represents the upright trunk position), the sub-
jects were asked to start the STS transfer with about 30 de-
gree initial inclination in order to reduce the effect of not-
modeled chair support and therefore allow for a fairer com-
parison of model and experiments.

An Xsens MVN inertial motion capture system, see
Roetenberg et al (APRIL 3, 2013), was used for full-body
human motion capture. The subjects were asked to wear the
Xsens MVN motion capture suit which consists of MTx
miniature inertial measurement units with 3D linear ac-
celerometers, 3D rate gyroscopes and 3D magnetometers.
These trackers are placed at strategic locations on the hu-
man body (in the suit), to measure motion of the whole
body including 23 segments (22 joints). The accuracy of
the Xsense system is highly dependent on the calibration
procedure, where subjects are asked to keep their body in
some predefined configurations. The calibration has been
performed for every subject before starting recordings. In
the performed experiments a very good visual observable

accuracy was achieved since the healthy subjects could eas-
ily keep their body in the requested configurations, but as no
ground truth with an external tracking system was available
no absolute numbers for the achieved accuracy can be given.
Kinematic data including segment position and orientation,
velocity and acceleration were captured with a sampling rate
of 120 Hz.

Every STS transfer was assumed to start from the static
configuration in the sitting position and to finish when the
user arrives at the fully standing position with zero joint
velocities. The average STS transfer movement time for all
subjects was found to be in the range of 1 to 2.5 seconds.

The experiments took place at the Chair of Automatic
Control Engineering in September 2013, under ethical ap-
proval by the Etics review committee (Etikkommission,
Fakultät für Medizin, Technische Universität München, Is-
maninger Str. 22, 71675, Munich, Germany).

3.1.2 Elderly Subjects

Validation of the proposed STS model was performed us-
ing a set of recordings from 9 elderlies with varying age and
gender (5 male and 4 female, from 75 to 87 years old) per-
forming unassisted and assisted STS transfers. The recruit-
ment of the participants was decided based on their cognitive
and motor status. In general we targeted subjects with mild
to moderate impairment levels.

Subjects were included if they met the following crite-
ria: (1) unable to stand up and sit down unassisted from a
normal chair or 5-chair stand test (Guralnik et al (1994))
>16.7s and (2) habitual gait speed <0.6m/s. The cognitive
impairment was screened with the Mini-Mental State Exam-
ination (Folstein et al (1975)) classifying patients into no,
mild to moderate, or severe cognitive impairment if MMSE
provides test scores ≥26, 17–26 or <17, respectively. The
participant metadata consists of information about sex, age,
height, weight as well as the cognitive and motor impair-
ment level are listed in Table 4 of Appendix B.

The experiments took place in the Agaplesion Bethanien
Hospital/Geriatric Centre of the University of Heidelberg
in November 2013, with the ethical approval by the Ethics
review committee (Ethikkommission der Medizinischen
Fakultt Heidelberg, Alte Glockengießerei 11/1, 69115 Hei-
delberg, Germany).

Two general variations of tasks were asked to be per-
formed by patients in order to determine optimal policies
regarding STS transfers:

a. Unassisted STS transfers: 3 repetitions of STS transfers
performed in the patient’s own preferred way without
providing any instruction for initial configuration, hand
or feet positions. This was an optional task and was only
performed if the patient was able to accomplish unas-
sisted STS transfers.
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Fig. 2 Snapshots taken during the unassisted and assisted STS experi-
ments performed by elderly.

b. Assisted STS transfers: 3 repetitions of STS transfers
when a passive rollator was positioned in front of pa-
tients and they were asked to grasp its handles to receive
physical support while performing STS transfers.

The passive rollator was equipped with two 6 DOF
force/torque sensors of type JR3 45E15 mounted on the rol-
lator’s handles. Figure 2 presents the snapshots taken during
the unassisted and assisted STS experiments by one elderly.

Motion of the subjects was captured using a Qualisys
system with 8 infrared cameras mounted on tripods and
placed around the recording area. A suitable marker set in-
cluding 48 reflective markers was used to track the limb
movements. The accuracy of the Qualisys tracking system
depends on the type of camera chosen, the number of cam-
eras used in the experiment, the size of the tracking environ-
ment, the selection of the marker sets and how the markers
are fixed on the moving segments: In the performed exper-
iments, the accuracy of 0.7mm was achieved for tracking
each of the markers. Markers were selected to result in least
possible occlusions when tracking the whole body and based
on suggested marker sets of the manufacturer of the system.
However, the biggest source of inaccuracy (which should
not be more than 1 cm, although we have no direct possi-
bility to measure it) comes from the installation of markers
on the subjects. Strips were used to fix the subject clothes
in the vicinity of each marker to guarantee an as stable as
possible marker position. Nevertheless, movements of the
subject may have resulted in a slight shift of the markers
with respect to the human skin. The usage of special stretchy
clothes with free arms and legs was unfortunately declined
by most elderly subjects and thus, the usage of strips was
considered a good compromise. The motion capture data
was post-processed in two steps: cleaning of raw data and la-
beling of marker trajectories using the QTM-manager soft-

ware 5, reconstruction of the human model and extracting
the motion data using Visual3D software. We used extracted
human joint angles, velocities and accelerations for the com-
putation of joint torques based on the human inverse dynam-
ics.

3.2 Validation Method

Captured data was preprocessed to remove noise using a
low-pass filter with 5 Hz cut-off frequency. Parameters
of the biomechanical model were estimated for all sub-
jects using regression formulas provided by Zatsiorsky and
Seluyanov (1983), see Table 1 for results of subject S16.
Based on the captured motion data, human torques and the
COM trajectories were estimated based on the human in-
verse dynamics for each STS transfer motion.

Next, the proposed optimal control approach for simulat-
ing natural STS transfers was evaluated by comparing sim-
ulations with measurements. For each simulation, the same
experimental conditions of initial upper body inclination and
chair height as well as task completion time were consid-
ered. Average values for the weighting factors obtained for
each user group were determined from the results achieved
using the inverse optimal control approach, see Section 3.3.2
for more details, and then used for determining STS trajec-
tories using the optimization approach described in Sec. 2.
Finally, results of the optimization were compared with cap-
tured data from the instance where subjects left the chair as
we did not consider the effect of the chair support in our
optimizations. The joint configuration at this instance with
zero velocity was used as initial condition for the optimiza-
tion algorithm.

3.3 Weighting Factors

Deriving proper weighting factors for the cost function is
one of the most critical steps in order to achieve an accept-
able STS modeling performance. An inverse optimal control
approach was applied for each trial and subject to determine

5 This required that the image-based 3D-recordings of the trials
were cleaned from gaps, phantom markers, flickering and other incon-
sistencies which occurred due to occlusions, reflections, loose clothes
of the patient, missing markers, and other unexpected incidences dur-
ing the recordings. Moreover, marker trajectories that have been mis-
matched by the automatic marker identification algorithms of the soft-
ware had to be identified and reassigned manually.

6 Please note that at the time of performing experiments no detailed
information on anthropometric data and mass distributions in elderlies
was available in literature and thus, the parameters in Zatsiorsky et al.
were considered to approach the problem. However, very recently (in
Sep 2015) a new study by Hoang and Mombaur (2015) proposed an
adaptation of the parameters defined in De Leva (1996) specifically for
elderlies. Using these adapted formulas may lead to a better estimation
of the anthropometric data of elderly subjects.
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Table 1 Estimated anthropometric limb data for subject one

length COG mass inertia
(half body) (half body)

[m] [m] [kg] [kg.m2]
foot 0.11 (0.115,0.01) 1.434 –

shank 0.414 0.257 3.346 0.0476
thigh 0.459 0.224 9.56 0.2431
trunk 0.736 0.431 22.66 2.6967
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Fig. 3 Snapshots taken during a human STS transfer (first row) and
corresponding simulation results (second row).

the corresponding weighting factors best fitting to the pre-
sented cost function for replicating human STS transfers.
Only joint angles were required as input data for unassisted
STS transfers, performed either by healthy or elderly sub-
jects. For assisted STS transfers additionally the measured
forces at the robot handles were taken into account. In or-
der to determine the subject’s weakness, the following steps
were performed: first, required joint torques were computed
based on the recorded motion data to determine required
torques for a successfully performed STS transfer. Then, the
recorded external force profiles were transformed into joint
torques. Finally, the required assistance was estimated by re-
lating joint torques from the provided assistance to the total
required joint torques for a successful STS transfer.

Since a STS transfer is a complex task, in the follow-
ing section we investigate the effects of each weighting fac-
tor on the overall combination of different criteria used to
model the STS motion. Moreover, we report on the obtained
weighting factors using the bilevel optimization approach
for each group of subjects.

3.3.1 Qualitative Sensitivity Analysis of Weighting Factors

To get an understanding for the sensitivity of results on
varying weighting factors, each weighting factor was ma-
nipulated manually and the model accuracy was checked
by comparing simulation results with obtained measurement

data. Generally for all cases of experiments with healthy
and elderly subjects, good modeling accuracy was obtained
when the largest weighting factors were specified for the
joint angle and velocity limits (W5) to effectively remove
unfeasible motions. To guarantee human balance (specifi-
cally for the case of assisted STS, see Sec. 4), the corre-
sponding weighting factors (W1) need a high priority too,
while lower values are required for the minimum jerk, mini-
mum effort, and minimum torque change terms. For the min-
imum jerk term (W2) small changes in its weighting factor
were found to result in a rather high variation of simulated
STS transfers. Reducing the value resulted in a relative high
velocity impulse close to the end of the STS transfer and
increasing the value resulted in smoother trajectories with a
comparable deceleration at the end of the motion. Regard-
ing the minimum effort term, smaller weighting factors of
(W4) for the knee compared to the hip and both smaller
compared to the ankle resulted in a better modeling accu-
racy as the highest and lowest contribution for a STS trans-
fer were observed to come from the knee and ankle, respec-
tively. Concerning the minimum torque change term (W3),
low values of the weighting factor resulted in smoother mo-
tions and control profiles while larger values produced non-
human like behavior.

Final term conditions (Wf1, Wf2) in the cost function
were also found to be a very important factor in the op-
timization. Selecting low values, no control in the sagittal
plane was possible. On the other hand, very large values
overruled all other factors in the cost function and thus, led
to an immediate termination of the optimization as no im-
provement over iterations could be achieved. We found that
the body weight strongly influences the final STS model per-
formance that required to consider these weighting factors in
proportion to the user weight w.

3.3.2 Obtained Weighting Factors by Inverse Optimal
Control

Using Inverse Optimal Control a series of weighting fac-
tors was finally determined for the cost function (6). Table 2
shows mean values of the obtained weighting factors for the
three cases of healthy, unassisted elderly and assisted elderly
STS transfers 7, while Fig. 4 also shows information on stan-
dard deviations. For the sake of presentation the values in
Fig. 4 are normalized with the maximum values for each
weighting factor found over all trials. Weightings for final
terms as well as joint constraints are not shown since no
variation (or only negligible variations) were found. Since
the joint constraints have to be satisfied during the sit-to-
stand motion, their corresponding weightings for the bound-

7 The box constraints in the bilevel optimization (eq. 7) were con-
sidered to be in the range of Wi ∗ 10−2 to Wi ∗ 10−2 in order to
consider a relatively large search space.
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ary conditions (W5) were considered as constant large value
for all cases and were removed from IOC. However, the cor-
responding weights for the final terms (Wf1 andWf2) were
found to be a function of the subject’s total weight w as re-
ported in Table 28.

Focusing on the variation of the weighting factors, mean
values of weighting factors W1 and W2 were found to be
most similar between healthy and assisted elderly groups,
while a very small variation was found for W3 for all
groups. According to the obtained weighting factors healthy
and unassisted elderly subjects minimized more torque on
the ankle than knee and hip (W4,a > W4,k > W4,h), see Ta-
ble 2. However, no such prioritization was observed for the
assisted elderly subjects. A considerable variation for differ-
ent subjects was found in most of the weighting factors for
assisted elderly subjects (maximum for W1 and the lowest
forW3).

Table 2 Mean value of the cost function weighting factors.

weights healthy unassisted elderly assisted elderly
Wf1 w × 105 w × 105 w × 105

Wf2 w × 102 w × 102 w × 102

W1 188.9 57.2 236.6
W2 18.2 ×

diag(1, 1, 1)
1.012 ×
diag(1, 1, 1)

26.21 ×
diag(1, 1, 1)

W3 10−3 ×
diag(1, 1, 1)

10−3 ×
diag(1, 1, 1)

10−3 ×
diag(1, 1, 1)

W4 10−3 ×
diag(15, 2, 0.5)

10−3 ×
diag(60, 6, 3)

10−3 ×
diag(63, 62, 67)

W5 105 105 105

3.4 Validation Results

Validation of the finally obtained models was performed by
comparing simulations based on mean values of the weight-
ing factors (reported in Table 2) and corresponding experi-
mental results. The user’s COM position and joint torques
observed during STS transfers and averaged over the cap-
tured trials (5 times for healthy subjects and 3 times for
elderlies) were chosen for comparison of simulation and
experiments. A first comparison showed that similar STS
strategies were selected by different subjects in each group.

To provide a measure for the overall model accuracy,
for all subjects the normalized integral of the error between
experiments and simulation was computed as

ev =

∫
|vexp(t)− vsim(t)|dt∫
|vexp,max − vexp,min|dt

8 Please note that no correlation analysis has been performed on
other weighting factors of the cost function

where vexp and vsim refer to data in experiments and simu-
lation respectively, with vexp,max, vexp,min the maximum
and minimum value of experiments. This error was eval-
uated over the x and y components of the COM posi-
tion (ecomx, ecomy) and the ankle, knee and hip torques
(eτ a, eτ k, eτ h). The obtained results for all 3 cases of
healthy, unassisted and assisted STS transfers are shown in
Fig. 5. The maximum average error was obtained for unas-
sisted elderly subjects in the ankle and hip torques. This is
mainly due to the fact that most of the elderly subjects tried
to benefit from external assistance using their hand to ini-
tially push their body up in unassisted STS transfers, see
Fig. 2. This resulted in a small mismatch between the pro-
posed STS model and experiments. Considering the com-
plexity of the problem and the simplified assumptions for
the human model, the errors in all 3 studied cases are consid-
erably low and illustrate an overall high agreement of model
and measurements.

As similar results were obtained for the performed rep-
etitions in each group and for the sake of presentation we
only present simulation and measurement trajectories for the
COM position for five repetitions as well as joint angles and
joint torques for one repetition in Fig. 6. 9 As can be seen all
3 joints as well as COM smoothly converge to their stable
final configurations, which is well captured by the model in
all cases. The initial errors for the user joint torques between
simulations and corresponding experiments resulted mainly
from neglecting the supportive chair effect, more specifi-
cally from neglecting initial subject velocities and acceler-
ations at the instance of leaving the chair. A series of snap-
shots for above-mentioned STS transfers and corresponding
simulation results are shown in Fig. 3 to further depict the
similarity of the results. As can be observed the user leaves
the chair while having almost 45 degree upper body inclina-
tion.

4 Robot-Assisted STS Transfers

In the following subsections we first report on optimization
results obtained when taking into account external assistive
forces. Then, we report on the realization of the proposed
user-adapted STS transfer assistance with an assistive robot
and a performed user study with elderly.

4.1 Optimization Results considering External Assistance

We implemented assistive strategies that are tailored to the
specific class and weakness of a certain subject. We specif-
ically report on simulation results for the two tailored as-

9 Please note that although subjects were asked to minimize varia-
tion, still non-negligible differences were observed, especially for ini-
tial upper body inclination and feet positions.
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sistive strategies of a maximal and moderate assist class as
well as two patient categories with general or more spe-
cific muscle weakness (see Section 4). The weighting factors
are considered as the mean value of the assisted elderly ob-
tained from the model validation study and reported in Sec-
tion 3.3.2, while the weighting for minimization of assistive
forces were considered equal to diag (8, 8, 8) for all assisted
STS transfer simulations. The same values of diag (8, 8, 8)
were considered for both cases to minimize the influence of
this term on the STS transfer. The selection of these weight-
ing factors is a design choice. In the paper weighting factors
have been chosen to result in an overall smooth behavior.

But different rationales may be followed for the selection
of them: When for example aiming for mimicking human-
human interaction weighting factors could be determined by
replaying trajectories recorded in human-human interaction
using the robotic system and recording the occurring inter-
action forces, which could then be used in the inverse op-
timal control to derive proper weighting factors. But also
other principles may be followed to select weighting factors,
e.g. based on a training program.
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Fig. 7 Columns from left to right: simulation results of the human COM positions, joint positions, external assistive forces and moment, and joint
torques during STS transfers for patients belong to the class of maximal assistance and having equal weakness in all joints (first row) and weakness
in specific joints (second row), as well as for patients belong to the class of moderate assistance and having equal weakness in all joints (third row)
and weakness in specific joints (fourth row).

4.1.1 STS Assistance for the Maximal Assist Class

For the maximal assist class the required assistance is typi-
cally applied to upper body segments under the shoulders.
The independent effects of the shoulder and elbow joints
were neglected in the biomechanical model. This is mainly
due the fact that the patients belonging to the considered
maximal assist class are expected to perform very small
hand motions during a STS transfer. However, the inertia
effects of the arms are still considered in the upper body
dynamics. We restricted the shank motion by considering a
lower range of motion for the ankle joint (6) to mimic the
influence of locking the patient’s knees and feet during the
STS transfer.

Considering the minimum torques needed to rise suc-
cessfully without help, see Yoshioka et al (2007), joint
torque constraints (τankle < 75, τknee < 75, τhip < 25)

were assumed to simulate patients of case a and (τankle <

40, τknee < 40, τhip < 40) for case b, respectively.
We considered more than 50% weakness for a person with
body measurements similar to subject S1. We also acti-
vated the most effective interactive force components in the
STS transfer model, namely vertical and horizontal external
force components (Fx, Fy) as well as the angular momen-

tum (Mz). Figure 7 shows obtained trajectories of the assis-
tive force/moment profiles to be applied to the user as well
as the user’s COM, joint angles and joint torques. As can be
observed human weakness is compensated through proper
external assistance as the STS transfer is smoothly accom-
plished while the human joint torque remained lower than
the considered user’s capability.

4.1.2 STS Assistance for the Moderate Assist Class

For the moderate assist class we assumed that the patient
is able to rigidly grasp a robotic device that assists in STS
transfers. Thus, also the human arm has been considered in
the biomechanical model. Higher joint torque limits com-
pared to the maximum assist class and the two sorts of weak-
nesses were set (τankle < 100, τknee < 100, τhip < 50) for
case a and (τankle < 55, τknee < 55, τhip < 55) for case
b. Required supportive force/momentum profiles as well as
the obtained user’s COM, joint positions and torques dur-
ing the STS transfer are shown in Fig. 7. As expected, the
required external supportive force/moments are reduced in
comparison to the maximal assist class while again the hu-
man weakness is well compensated.
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Fig. 8 Assistive robot with actuated handles employed for the evalua-
tion of proposed assistive STS transfers.

4.2 User Study

An intensive evaluation by 33 elderly subjects was per-
formed to assess the effectiveness of the proposed optimal
STS transfer assistance. Thirty women and three men par-
ticipated in the evaluation which took place for six weeks
(from Oct. to Dec. 2014), in the Agaplesion Bethanien Hos-
pital/Geriatric Centre of the University of Heidelberg. The
average age of participants was 84.5 ±5.0, ranging from 74
to 94 years old. Subjects had on average moderate stage im-
pairment in cognitive and motor status (MMSE score: 24.9
±3.9; 5-chair stand: 19.6 ±3.9s; gait speed 0.47 ±0.13).
Moreover, 64% of participants experienced at least one fall
within the past 12 months. All the users used normal walkers
in their daily life. The experiments were performed with the
ethical approval of the Ethics review committee (Ethikkom-
mission der Medizinischen Fakultät Heidelberg, Alte Glock-
engießerei 11/1, 69115 Heidelberg, Germany).

4.2.1 Experimental Setup

The assistive strategies have been implemented on a robotic
mobility assistance platform equipped with two actuated
rear wheels and two 2 DOF parallel actuated arms (see
Fig. 8). Handle levers are designed to always keep the same
orientation as shown in Fig. 8, and are equipped with a pair
of 6 DOF JR3 force torque sensors. The arms are actuated
using spindle drives controlled independently in the sagittal
plane. Each arm has 2 actuated revolute joints and 1 passive
joint. The torques are applied to the actuated joints by linear
actuators which are connected to the segments by the rotary
joints. The torque at the passive joint is applied by a cable
drive, which is rigidly connected to the first two actuated
joints and keeps the handle in the horizontal position. The
range of motion of each joint is as follows, 0 < θ1 < 49

degree and 0 < θ2 < 91 degree where θ1 = θ2 = 0

refers to the arm stretched in upright configuration, result-
ing in a reachable handle position of 0 < x < 0.5m and
0 < y < 0.6m in Cartesian space, where 0 refers to the
handle position in θ1 = θ2 = 0.

The controller of the arms is implemented using MAT-
LAB/Simulink Real-Time Workshop where the handle po-
sitions are controlled in Cartesian space using inverse kine-
matics and a high-gain low-level PID joint space position
controller. Communication and sensing loop are set to run at
T = 1 ms sampling time.

Because of workspace limitations of the used mobility
assistance robot, we had to exclude very tall or small persons
as the obtained optimal trajectories could not be realized.

4.2.2 Methods

Each subject performed a MiniMental test and its results
were recorded along with body characteristics including pa-
tient’s height, total weight and specific weaknesses. Anthro-
pometric limb data for each patient was estimated based
on weight and height information using regression formu-
las provided in Zatsiorsky and Seluyanov (1983). Each user
was assigned to a specific target group according to their
level of impairment and their specific or more general weak-
ness were recorded. Consideration of the level of subject’s
impairment, advice of nurse specialists and the mean value
of percentage of the weakness already used in Section 3.3
allowed the selection of specific joint torque limits for the
optimization. Finally, optimizations were performed to de-
rive user-specific optimal robot handle trajectories taking the
aforementioned joint torque limits into account. Because of
robot workspace limitations, initial and final hand configura-
tions were considered within the robot workspace to achieve
optimal trajectories realizable with our assistive robot. The
initial hand position was selected as close as possible to the
subject hip sitting on a chair. An example of the achieved in-
dividualized robot handle trajectories is shown in Figure 9.
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Fig. 9 An example of the achieved individualized robot handle trajec-
tories (left: handle position, right: handle velocities).

During the experiments the chair height was adjusted to
the user’s knee height. Before testing the robot STS trans-
fer assistance, the ability of participants to perform unas-
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sisted STS transfers was assessed. The participants were in-
structed to stand up without receiving any support neither
from the assistive robot, nor from the nurse-specialist super-
vising the experiments. In order to standardize experiments,
each subject was orally instructed how to use the assistive
robot, where to sit and how to keep the feet position. Then,
the assistive robot was placed in front of the patient and the
robot handles were brought to the initial configuration for
the STS task. The subject was asked to grip the robot han-
dles and to trigger the robot controller by applying a rather
small downward force, whenever they felt ready for the STS
transfer. Each subject performed 5 STS transfers with the
help of the assistive robot considering pauses to avoid ex-
haustion. After finishing all 5 trials participants were asked
to fill a questionnaire.

4.2.3 Results

Figure 12 shows a sequence of the STS transfer assistance
provided by the robot to an elderly subject. In total 165 STS
trials were recorded from 33 participants. Apart from the re-
sults of the questionnaire (which will be reported in another
manuscript reporting the clinical perspective), two perfor-
mance metrics were considered in order to verify the effec-
tiveness of the proposed STS transfer support: STS transfer
success rates and similarity of the assistive force profiles in
simulation and experiments.

All participants were able to stand up from the chair with
the help of the assistive robot at least three out of five times,
where all participants successfully achieved a standing po-
sition within the 4th and 5th trial. Figure 10 shows the aver-
age success rate recorded for all patients per trials. Across
all participants and trials an average success rate of 93.3%
was achieved, while a success rate of 54.5% was achieved
for the preliminary test assessing the STS transfer ability
without support. Subjects became quickly familiar with the
robot and fast motor learning took place as the success rate
increased quickly with trials. The 100% success rate for
the fourth and fifth trial shows a great success in providing
robotic STS transfer assistance.

Apart from the success rate for STS transfers, we aimed
to compare the similarity of interaction forces between hu-
man and robot obtained in simulation and experiments. The
forces and moments measured at each robot handle were
transformed and summed as follows to define the total in-
teraction forces and moments (Ftot and Ttot) provided to the
human,

Ttot = hl × Fl + hr × Fr, (8)

Ftot = Fl + Fr

where hi i ∈ (l, r) are the distance between the contact
points (robot handles) and the center of robot handles. We
mainly compare the horizontal and vertical components of

su
cc

es
s 

ra
te

 [%
]

0

10

20

30

40

50

60

70

80

90

100

unassisted
1st 2nd 3th 4th 5th

55%

85%
88%

94%

100% 100%

optimally assisted

Fig. 10 Success rate of STS transfers.

the obtained force trajectories as well as the component of
the moment orthogonal to the plane of the force axis. Al-
though for many of the patients a good similarity has been
obtained, see e.g. Fig. 11 (top), some of the subjects could
not fully stretch their body in the final configuration and
therefore a considerable high amount of assistive forces was
required while standing, see e.g. Fig. 11 (below). As this lat-
ter case was not considered in our model, clear mismatches
between measurements and simulation can be observed. To
incorporate this effect joint limits need to be adjusted. Fur-
ther, asymmetric motions as observed for patients with one-
sided impairments can not be properly replicated by our 2D
model and require an extension to 3 dimensions.

After completion of all 5 STS transfers, the subjective
user perception was evaluated by means of a questionnaire
adopted from Schwickert et al (2011). High overall satisfac-
tion with the optimal STS assistance system was observed.
Details on this subjective evaluation though will be reported
in another manuscript addressing the clinical perspective.

5 Conclusion

We have presented an optimal feedback control formula-
tion for the modeling of assisted and unassisted human STS
transfers. Compared to previous work based on SQP ap-
proaches, we based our optimization on Differential Dy-
namic Programming that has been proven to be a power-
ful tool to study biological movements. It allows to obtain
an optimal solution with respect to a defined cost function
and considers the nonlinearity of the human biomechanics
as well as physical constraints, which are naturally incor-
porated into the optimization framework. It further shows
potential for future online implementation.

We showed that natural STS transfers could be achieved
with the help of a cost function that linearly combines a se-
ries of factors and finds a compromise between task end-
point accuracy, human balance, energy consumption as well
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Fig. 12 Snapshots taken during the evaluation of the STS transfer assistance.
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Fig. 11 Comparison of simulation and experimental force trajectories
for two elderly subjects able to fully stretch their body in the final
standing configuration (top) and two elderly subjects not able to fully
stretch their body in the final standing configuration (below). Solid and
dotted lines are obtained measurements of the fourth and fifth STS
transfer trials, while dashed lines are the expected force trajectories
obtained by simulation.

as smoothness of motion and control and takes further hu-
man biomechanical control constraints into account. Valida-
tion of the proposed approach was performed for different
healthy and elderly subjects.

The model was extended with external forces and
torques and optimal assistive STS transfer strategies were

determined considering two types of assistance classes
and weaknesses. The resulting optimal assistive trajectories
were calculated and implemented on a robotic mobility as-
sistant. The assistive STS transfer approach was finally eval-
uated by 33 elderlies performing 165 trials. Results show a
high user satisfaction as well as a 100% success rate for all
participants in the fourth and fifth trial.

Possible future extensions include the consideration of
more complex three-dimensional human dynamic models
with direct muscle control. Moreover, the inclusion of chair
support forces, which will require switching the model dur-
ing optimization, represent a natural extension of the pre-
sented approach. Ultimately, one may aim for online imple-
mentation of the optimal control approach for assisted sit-
to-stand transfers.
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Appendix A

Differential dynamic programming (DDP) first proposed
in Mayne (1966) and recently reformulated by Tassa et al
(2012) is used to solve the optimal control problem formu-
lated in this paper. DDP iteratively and quadratically approx-
imates the costs and the nonlinear system dynamics around
the current trajectory. Then, an approximately optimal con-
trol law is found by designing an affine controller for the
approximated system that enforces formulated control con-
straints. For our specific STS transfer problem we consider
pure gravity compensating forces as an initial guess of the
control sequence, which is then iteratively improved by the
algorithm with respect to the formulated cost function. The
iterative approach is implemented as follows:

First, the cost function is time-discretized

c(x(k), τ (k)) =

N−1∑
k=0

( 6∑
i=1

Ci(x(k), τ (k))
)
∆t (9)
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with N = T/∆t. Then, each iteration starts with an open
loop control sequence τ̂k that is applied to the determin-
istic nonlinear and discretized forward dynamics x̂k+1 =

x̂k +∆tf(x̂k, τ̂k) using standard Euler integration at sam-
ple k. Then, the dynamics and the cost function are quadrat-
ically approximated in the vicinity of the current trajectory.
Both aforementioned approximations are expressed in terms
of state and control deviations, i.e. δxk = xk − x̂k and
δτk = τk − τ̂k, and are computed as follows,

δxk+1 = (I+∆tfx)δxk +∆t(fτ δτk + δτTk f
τxδxk)

+ 0.5∆t(δxTk f
xxδxk + δτTk f

ττ δτk) (10)

c(δx, δτ ) = δxTk c
x + δτTk c

τ + δτTk c
τxδxk

+ 0.5(δxTk c
xxδxk + δτTk c

ττ δτk) (11)

with funcvars the partial derivative of function func
with respect to variables ordered by vars and evaluated at
(x̂k, τ̂k).

At each moment k, the cost for the optimal control of
the system from the current state xk to the final state xN is
defined by:

v(xk) = φfinal(xN ) + ck(xi, τ
∗
i ), (12)

where τ ∗i is the optimal control decision. This local approx-
imation of the original optimal control problem can then
be efficiently solved by evaluating the Hamilton-Jacobi-
Bellman equation

vk(δx) = δxTkPk +
1

2
δxTkQkδxk + δτ ∗Tk Rk (13)

+
1

2
δτ ∗Tk Skδτ

∗
k + δτ ∗Tk Tkδxk

where

Pk = ∆t cx + (I +∆tfx)vxk+1

Rk = ∆t (cτ + fτvxk+1)

Qk = ∆t cxx + (I +∆tfx)vxxk+1(I +∆t(fx)T )

+∆tfxxvxk+1

Sk = ∆t (cττ + fτvxxk+1(f
τ )T ) +∆tfττvxk+1

Tk = ∆t cτx + (∆t(fτ )T )vxxk+1(I +∆t(fx)T )

+∆tfτxvxk+1.

Minimizing the right side of (13) with respect to δτk
determines the optimal control policy as follows,

δτ ∗k = −S−1k Rk − S−1k Tkδxk. (14)

The resulting control law is of affine form δτ∗
k = lk +

Lkδxkwith an open loop term (lk = −S−1
k Rk) and a feed-

back term (Lkδxk = −S−1
k Tkδxk). Additional control con-

straints are taken into account by enforcing the open loop
terms to lie inside of a constrained boundary.

For each iteration i the approximate optimal control se-
quence τ̂ (i+1)

k is finally obtained by adding the newly cal-
culated corrective control term and the control term of the
last iteration τ̂ (i+1)

k = δτ
(i)
k + τ̂

(i)
k , and then the new nomi-

nal state and control trajectories are computed using the dy-
namic equations of the system. 10

Appendix B

The body measurements of the healthy and elderly partici-
pants in the validation of the STS transfer model.

Table 3 Anthropometric data of healthy subjects participating in the
STS model validation

subject age weight [kg] height [m]
S1 26 74 1.72
S2 25 80 1.8
S3 29 70 1.83

Table 4 Anthropometric data, cognitive and motor impairment level
of elderly subjects participating in the STS model validation.

subject age weight height Cognitive Motor
[kg] [m] impairment

level
impairment
level

S1 80 64 1.53 no impairment moderate
S2 77 60 1.59 no impairment moderate
S3 77 69 1.75 no impairment moderate
S4 80 89 1.64 moderate moderate
S5 85 56 1.49 no impairment moderate
S6 80 70 1.40 severe moderate
S7 75 74 1.56 no impairment moderate
S8 85 85 1.70 moderate moderate
S9 81 61 1.78 moderate moderate
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