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Sit-to-stand (STS) motion is a key determinant of functional independence for the senior
people. This paper extends a predictive dynamics formulation previously reported to
predict the assisted STS motion, i.e., the motion with a mechanical assistance, unilateral
grab-rail bar which is placed on the right side of the virtual-individuals with a vertical orientation. The formulation is able to predict kinetics and kinematics not only in the sagittal
plane, but also in frontal and transverse planes. Two different objective functions are tested:
The ﬁrst one is the dynamic effort and the second one is the dynamic effort plus the difference between right and left side support reaction forces (SRFs). Results show that sagittal
plane kinematics and kinetics are not affected by the introduction of the grab-rail bar,
whereas some signiﬁcant differences are seen in the medial/lateral and anterior/posterior
components of kinematics and kinetics. The healthy elderly group places a priority to the
stability during an assisted STS task. The placement of the grab-rail bar on the right side
results in a signiﬁcant decrease in the left knee joint torque. Results in this study are consistent with those reported from the literature. [DOI: 10.1115/1.4048128]
Keywords: sit-to-stand (STS), assisted STS, optimization, predictive dynamics, human
computer interfaces/interactions, physics-based simulations

1 Introduction
In 1987, it was estimated that more than 2 million of the elderly in
U.S. had difﬁculties in accomplishing sit-to-stand (STS) tasks [1].
Many of the elderly were unable to rise from a chair without assistance [2]. Although there is no recent data, the population age 65
and over increased from 37.2 million in 2006 to 49.2 million in
2016 (a 33% increase) and is projected to almost double to 98
million in 2060 according to the [3]. A mechanical support is the
most common solution for this issue. That is to say, many elderly
prefer to use grab-rail bars to overcome the difﬁculty during standing up from a chair. O’Meara and Smith [4] studied the effects of
unilateral grab-rail assistance on the STS performance of healthy
elderly people. It was concluded that the introduction of the grabrail bar brings asymmetry to the joint coordination even for
healthy subjects. They also suggested placing the grab-rail bar at
the opposite side of the injured side. In reality, this is not always
the case. The performance of an elderly individual with a knee
injury and receiving assistance from a grab-rail bar at the same
side of the injury is still not clear.
Based on Riley et al. [5], the STS motion has four stages: (1) the
ﬂexion momentum stage, where the upper body rotates, moving the
center of mass (CoM) location forward and slightly downward; (2)
the transition between horizontal and vertical momentum; (3) the
extension stage where the vertical component of the CoM location
rises; and (4) motion ﬁnalization with stabilization. The most
demanding instance of the STS task is the seat-off instance (in
stage 2) where the body loses contact with the chair, the posture
is often statically unbalanced with the CoM position located posterior to the heel and outside of the support region [6,7].
Signiﬁcant research work has been done in unassisted STS
task in the literature. Experimental method has been implemented
to investigate inﬂuential factors of STS tasks: speed [1,8–10], muscle
strength [6,10–12], postural stability [9,13,14], symmetry [15–18],
chair height [19–24], arm support [2,4,23–26], age [2,6,10,11,19,
27–29], feet locations at seat-off instance [16,20,21,30], injury and
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joint replacements [31–34], neurological disorders [35,36], obesity
[37], and pregnancy [17,18,38]. Limited studies related to the simulation of STS tasks are reported in the literature and they are either
dependent on experimental data, mostly consider the STS task of
subjects only in 2D or the task starts after the seat-off instance
[39,40]. Norman-Gerum and McPhee [41] reported a 2D STS
motion prediction based on Bezier curves and validated the model
through experiments. Another simulation-based model was introduced where healthy young people and amputees were examined
in 3D [42]. Although standing-up trajectories were synthesized for
healthy young subjects and amputees through dynamic optimization,
the initial time of the motion was considered to be the seat-off
instance. Mughal and Iqbal [43] developed optimal controllers for
3D STS and studied neuromuscular disorders by decoupling intact
and neurodeﬁcient extremities with the reference experimental trajectories. Robert et al. [44] reported an inverse dynamics method through
optimization during a STS to estimate external contact loads but the
method can only estimate unmeasured external loads with the given
kinematics. In summary, none of the aforementioned methods in the
literature can be easily adapted to study cause and effect in 3D
space or is capable of predicting the performance during an STS
maneuver without experimental data.
In our recent work, a three-dimensional unassisted sit-to-stand
motion prediction was reported and applied to virtual young
and elderly individuals [45]. However, it did not consider hand supports from the assistive device, such as grab-rail support. The
present paper extends the STS formulation without hand assistive device to predict the assisted STS motion involving a mechanical support from a grab-rail bar placed on the right side of the
elderly individual by adding the support forces as extra design
variables.

2 Methodology
2.1 Digital Human Model. The elderly individuals are considered to receive help from a grab-rail bar placed on the right
side of the body. Therefore, the elderly’s right arm, shoulder and
clavicle, trunk, and all lower extremities are involved in the
digital human model, making the total number of active degrees
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of freedom (DOFs) 30 shown in Fig. 1. STS motions are predicted
for ﬁve male and ﬁve female virtual-individuals with statures (1.58–
1.87 m, mean = 1.71 m, SD = 0.09 m), and mass (47.8–81.9 kg,
mean = 66.6 kg, SD = 11.6 kg). For each virtual-individual, link
lengths are directly taken from the database [46], where link
masses, center of mass locations, and inertia parameters are
obtained through regression equations [47].
2.2 Optimization Formulation. In this section, the mathematical formulation of the assisted STS motion prediction problem is
explained. The formulation is constructed as a nonlinear optimization problem with design variables, objective function, and
constraints.

ξ

T

x = [(Pji ) , (Rui )T , (tk )T ]T

(1)

where Pji is the vector of control points for the prediction of
joint trajectories, Rui is the vector of control points for the prediction
of SRFs at the right hand, tk is the vector of knots, i = 1, …, 8,
j = 1…30, u = 1, 2, 3, and k = 1, 2, 3. The total number of design
variables is 267 (8*30 + 8*3 + 3).
2.2.2 Objective Function. For 3D STS motion prediction
without hand support [45], two terms, i.e., dynamic effort and the
difference in the vertical SRFs between the right and left side of
the body, were considered in the objective function as in Eq. (3).
However, the introduction of a grab-rail support causes asymmetry
for the whole body joint coordination in the STS motion [4,48].
Therefore, two different objective functions will be tested in this
study, as shown in Eqs. (2) and (3)
Obj1 = minimize: fTorque

(2)

(3)

where
2
tf 
n 
τi (q, q̇, q̈, t)
dt
τlim
t=0 i=7
i

(4)


tf 
SRFR − SRFL  2
dt
Body weight
t=0

(5)

fTorque =

fSRF =

represents the torque range of the ith DOF. τlim
where τlim
i
i =
U
L
U
|τi − τi | with τU
i and τi representing the ith joint’s physiological
lower and upper limits of the strength, respectively. q, q̇, and q̈
are joint angle, velocity, and acceleration vectors, respectively.
The assisted STS motion starts at 0s and end at tf seconds. With
Obj1, only dynamic effort is minimized, whereas with Obj2 the
objective is not only minimizing dynamic effort, but also minimizing the difference between right side and left side SRFs.
2.2.3 Constraints. Constraints include joint angle limits, joint
torque limits, foot contact with the ground, chair height and
contact, stability, initial and ﬁnal postures, and initial and ﬁnal
joint velocity and acceleration [45], two additional groups of constraints are added. The ﬁrst group is to ensure that each individual’s
middle of the right hand contacts the grab-rail bar placed on the
right side during the entire motion. The information on the geometry of the bar and its location are provided by O’Meara and Smith
[4]. The grab-rail bar is modeled as 0.50 m long with a minimum
height of 0.80 m in the vertical orientation. The anterior position
of the grab-rail bar is ranged from 0.40 m to 0.60 m, whereas the
lateral position is kept in a range of 0.35 m to 0.55 m from the
pelvis point. The second group of the additional constraints
ensures that right hand SRF proﬁles have values equal to zero
during the initial and the last instances of the motion in the A/P,
M/L, and vertical directions [4,48]. The hand reaction force due
to the contact is modeled with an unknown proﬁle of an external
load that has three components in A/P, M/L, and vertical axes.
With this set of additional constraints, the virtual-individuals are
limited to receive no assistance during the trunk ﬂexion stage and
at the ﬁnal instance of the motion [48].
The constrained optimization problems with the given anthropometric information of the digital individuals are solved through the
sequential quadratic programming in a commercial software®
MATLAB
(The MathWorks Inc., Natick, MA) with parallel
computing.

3 Results and Discussion

Fig. 1 30-DOF digital human model template
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Assisted STS motions of healthy elderly virtual-individuals are
predicted and two objective functions are tested for each case.
After 20 simulations are completed, kinematic and kinetic results
are compared with two different objective functions. The joint
angle and right hand SRF proﬁles are shown only for one
virtual-individual for the sake of simplicity. However, in the text
and tables, results are shown for all the virtual-individuals.
Note that the virtual-group consists of healthy elderly
virtual-individuals without any musculoskeletal abnormalities. As
a result of the optimal location of the grab-rail bar, no signiﬁcant
difference is observed between two objective functions. With
Obj1, the optimal location of the grab-rail bar is predicted to be
0.41 (0.02) m to the right side of the sagittal plane, 0.51 (0.04) m
anterior to the pelvis, and 0.98 (0.06) m above the ground. With
Obj2, the optimal location is predicted to be 0.40 (0.03) m to the
right side of the sagittal plane, 0.52 (0.03) m anterior to the
pelvis, and 0.99 (0.06) m above the ground.
In conjunction with the optimal location, the grab-rail reaction
forces are predicted to be similar with Obj1 and Obj2. In Obj1, railreaction forces are predicted to be 2.3 (0.7)% BW, 6.4 (1.2)% BW,
and 3.8 (1.5)% BW in lateral, vertical, and anterior directions. With
Transactions of the ASME
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2.2.1 Design Variables. For the assisted STS motion prediction, the design variable vector is composed of control points, a
knot vector that take place in the prediction of joint trajectories,
and the unknown support reaction forces (SRFs) at the right hand
in anterior/posterior (A/P), vertical, and medial/lateral (M/L) directions. The unknown SRF proﬁles at the right hand are discretized
with quartic B-splines as well as joint trajectories. The design variable vector, ξ x, can be deﬁned as

Obj2 = minimize: fTorque + fSRF

Fig. 3 Upper-body joint angle proﬁles of a healthy elderly
virtual-individual during an assisted STS task

As noted earlier, initial foot locations play an important role in
the overall performance. In Yang and Ozsoy [45], the prediction
formulation resulted in both ankles dorsiﬂexed at the initial
posture with angles of 23.22 (2.31) deg and 22.42 (3.11) deg for
the right and left sides, respectively. The dorsiﬂexion of the ankle
joints resulted in placing the right and left feet posterior to the
knees, reducing the distance between the zero moment point
(ZMP) and support region during an unassisted STS task. Since
the initial ankle joint angles were predicted to be close to a
human’s physiological limit for a healthy elderly individual
during an STS task without grab-rail support, ankle joint angles
in the sagittal plane did not change until the seat-off instance and
this result is consistent with experimental result in O’Meara and
Smith [4]. With the introduction of the grab-rail bar, the prediction
formulation results in initial joint angles that are less than the
healthy elderly virtual-individuals’ initial ankle joint angles
during an STS task without the grab-rail support. Both ankle
joints are dorsiﬂexed more during the trunk ﬂexion stage of the
motion and reach to peak at the seat-off instance as similar to
those of the healthy elderly group without a unilateral grab-rail
bar. It should also be noted that with the grab-rail bar, no signiﬁcant
differences are observed between the right and left side sagittal
plane joint angles [4].
The upper-body and lower-body joint angular velocity proﬁles of
a healthy elderly virtual-individual can be seen in Figs. 5 and 6.
Mean and standard deviation values of the lower-body peak joint
angles can be seen in Table 3 with two different objective functions.
The same trend observed for joint angle proﬁles reoccurs in the joint
angular velocity proﬁles.
With the introduction of the unilateral grab-rail bar, no signiﬁcant
differences are observed in the sagittal plane joint angle velocities in
the lower and upper-body with both objective functions. Instead, the
healthy elderly virtual-individuals tend to use the trunk on frontal
Table 1 Upper-body peak joint angles of healthy elderly
individuals during an assisted STS task and comparison with
unassisted case [45]
Joint angle (deg)
Trunk

Fig. 2 Rail-reaction forces of a healthy elderly virtual-individual
during an assisted STS task

Sagittal—ﬂexion
Frontal—left bend
Frontal—right bend
Transverse—left rotate
Transverse—right rotate

Obj1

Obj2

44.87 (12.55)
5.20 (2.41)
9.46 (4.53)a
2.55 (2.81)
7.73 (2.55)a

44.50 (11.13)
2.23 (0.97)b
11.45 (3.90)a
1.88 (2.81)
10.14 (7.54)a

a

Results are signiﬁcantly different without assistance.
Results are signiﬁcantly different than those predicted with Obj1.

b
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Obj2, these reaction forces are predicted to be 1.9 (1.3)% BW, 6.3
(1.2)% BW, and 3.2 (0.6)% BW. The average magnitude of reaction
load from ﬁve different orientations and location combinations of a
unilateral grab-rail bar was measured as ∼4% BW in M/L, and ∼6%
BW in A/P and vertical directions in O’Meara and Smith [4]. An
example of the rail reaction force proﬁles can be seen in Fig. 2.
In this study, the M/L component of the rail-reaction force is the
ﬁrst component to reach a peak, followed by vertical and A/P components. The same trend was also observed in O’Meara and Smith
[4] experimentally. Since the rail-reaction forces are predicted to be
similar, rail-reaction force proﬁles are shown only from the predicted results with Obj1.
Upper-body joint angle proﬁles of a healthy elderly
virtual-individual in sagittal, frontal, and transverse planes can be
seen in Fig. 3. Also, mean and standard deviation values of the
upper-body peak joint angles can be seen in Table 1 with two different objective functions. As a result of the introduction of the
grab-rail bar, no signiﬁcant difference is observed in the upper-body
peak joint angles between two objective functions in the sagittal
plane. However, the required lateral trunk ﬂexion angle to the
right side and axial rotation in the transverse plane are signiﬁcantly
higher during assisted STS with both of the objective functions.
With the introduction of the grab-rail bar, the healthy elderly
virtual-individuals show no signiﬁcant difference in the sagittal
plane peak trunk joint angle, and yet, as measured experimentally
by O’Meara and Smith [4], virtual-individuals ﬂex their trunk laterally more. The axial rotation angle of the upper-body to the right
side plays an important role with both Obj1 and Obj2 and has a signiﬁcantly larger impact with the usage of a grab-rail bar. The only
difference in the peak upper-body joint angles is observed in the
lateral bending angle between the results of Obj1 and Obj2. Since
the difference between the right side and the left side vertical
SRFs is minimized with Obj2, virtual-individuals tend to ﬂex
their trunk laterally less than that of with Obj1 to prevent excessive
leaning laterally.
Lower-body joint angle proﬁles of a healthy elderly
virtual-individual can be seen in Fig. 4. Mean and standard deviation values of the lower-body peak joint angles can also be seen
in Table 2 with two different objective functions.
Similar to the upper-body joints, some differences are observed
in the lower-body peak joint angles between Obj1 and Obj2. The differences observed in the sagittal plane peak joint angles of the lower
limbs are not signiﬁcant, however, it can be concluded that the joint
coordination of both lower and upper extremities in the sagittal
plane is not affected by the introduction of the grab-rail bar.
Granted, peak joint angles of right hip adduction, left hip abduction,
right hip internal rotation, and left hip external rotation are signiﬁcantly higher during assisted STS maneuver that matches results
from experimental study [4].

Table 2 Mean and standard deviation values of lower-body peak joint angles of healthy elderly virtual-individuals during an assisted
STS task
Lower-body peak joint angles (deg)
Sagittal plane

Obj1
Right
Left

Frontal plane

Right
Left

Transverse plane

Right
Left

Obj2

Hip ﬂexion
Knee ﬂexion
Ankle dorsiﬂexion
Hip ﬂexion
Knee ﬂexion
Ankle dorsiﬂexion

84.35 (4.43)
98.61 (5.45)
22.75 (2.56)
84.65 (4.50)
97.57 (5.43)
23.49 (2.35)

83.82 (4.79)
99.76 (3.34)
22.43 (2.45)
83.73 (5.08)
98.63 (3.91)
23.78 (1.95)

Hip adduction
Hip abduction
Ankle eversion
Hip adduction
Hip abduction
Ankle inversion

12.88 (2.51)a
2.52 (2.17)
3.21 (1.17)
3.66 (2.52)
14.10 (4.24)a
7.09 (1.64)a

14.77 (5.37)a
0.68 (1.12)
3.58 (1.74)
1.04 (1.02)b
12.96 (5.64)a
5.08 (2.53)a,b

Hip internal rotation
Hip external rotation
Hip internal rotation
Hip external rotation

11.52 (4.89)a
1.33 (1.26)
0.17 (0.18)
13.77 (4.04)a

0.79 (0.80)a
0.79 (0.80)
0.07 (0.14)
15.72 (7.47)a

a

Results are signiﬁcantly different without assistance.
Results are signiﬁcantly different than those predicted with Obj1.

b
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Fig. 4 Lower-body joint angle proﬁles of a healthy elderly virtual-individual
during an assisted STS task: (a) hip, (b) knee, and (c) ankle

Fig. 6 Lower-body joint velocity proﬁles of a healthy elderly virtual-individual
during an assisted STS task: (a) hip, (b) knee, and (c) ankle
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Fig. 5 Upper-body joint velocity proﬁles of a healthy elderly
individual during an assisted STS task

and transverse planes signiﬁcantly more with the introduction of a
grab-rail. It suggests that the unilateral grab-rail enhances the
lateral and anterior propulsion during the assisted STS maneuver,
which is consistent with the ﬁndings of O’Meara and Smith [4].
The only difference between the peak upper-body joint velocity
results of Obj1 and Obj2 is seen in the lateral ﬂexion of the trunk.
With Obj2, the required trunk lateral ﬂexion velocity decreases
from 47.46 (9.92) deg/s to 36.54 (8.93) as compared with Obj1.
It should be noted that no signiﬁcant differences are observed in
the peak shoulder angles and angular velocities (abduction–
adduction, internal–external rotation, and ﬂexion–extension)
between Obj1 and Obj2.
Although peak lower and upper-body joint angles in the sagittal
plane are not affected by the introduction of the grab-rail bar, peak
joint angular velocities are signiﬁcantly different. For instance, with
the unilateral grab-rail bar, the right knee extension peak angular
velocity is signiﬁcantly less, whereas right and left ankle plantarﬂexion and dorsiﬂexion velocities are signiﬁcantly higher. No signiﬁcant differences are observed in right and left hip extensor
velocities and left knee extensor velocity. Likewise, the healthy
elderly virtual-individuals have higher velocities in the right and

Table 3 Mean and standard deviation values of lower-body peak joint velocities of elderly virtual-individuals during an assisted STS
task [45]
Peak joint angular velocities (deg/s)
Sagittal plane

Right
Left

Frontal plane

Right

Transverse plane

Right
Left

Obj2

130.07 (14.59)
127.36 (4.73)a
37.36 (4.86)a
132.30 (14.26)
129.44 (6.91)
39.31 (5.55)a

122.41 (11.86)a
125.44 (6.54)a
36.80 (3.60)a
123.50 (10.86)a
129.10 (5.13)
39.28 (3.83)a

Hip adduction
Hip abduction
Ankle inversion
Ankle eversion
Hip adduction
Hip abduction
Ankle inversion
Ankle eversion

32.08 (11.52)a
38.37 (10.40)a
21.85 (4.02)a
17.49 (4.21)a
43.70 (12.62)a
32.41 (9.23)a
29.91 (8.60)a
28.30 (8.83)a

29.91 (11.10)a
32.70 (11.43)a
17.44 (4.75)a,b
15.49 (2.83)a
31.38 (13.32)a,b
31.87 (10.92)a
28.11 (11.15)a
29.61 (12.66)a

Hip internal rotation
Hip external rotation
Hip internal rotation
Hip external rotation

25.36 (12.31)a
23.62 (8.11)a
29.91 (8.60)a
28.30 (8.83)a

29.96 (13.82)a
26.25 (11.61)a
28.11 (11.15)a
29.61 (12.66)a

a

Results are signiﬁcantly different without assistance.
Results are signiﬁcantly different than those predicted with Obj1.

b

Fig. 7 SRF proﬁles of a healthy elderly virtual-individual during an assisted STS
maneuver: (a) M/L, (b) vertical, and (c) A/P
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Left

Hip extension
Knee extension
Ankle plantarﬂexion
Hip extension
Knee extension
Ankle plantarﬂexion

Obj1

Table 4 Normalized mean and standard deviation values of
peak SRFs of healthy elderly virtual-individuals (% N/BW) at the
feet during an assisted STS task
Assisted STS
Obj1

Assisted STS
Obj2

Vertical
Posterior
Anterior
Lateral
Medial

55.1 (2.1)
3.9 (0.8)
1.2 (0.9)
0.6 (0.2)
0.8 (0.4)

58.7 (2.9)a
4.7 (2.0)
1.0 (0.7)
0.5 (0.4)
2.8 (1.4)a

57.0 (2.2)
4.2 (1.1)
0.7 (0.2)
0.1 (0.2)a,b
1.5 (0.4)a,b

Vertical
Posterior
Anterior
Lateral
Medial

58.1 (4.4)
3.7 (0.6)
1.2 (0.8)
0.6 (0.3)
0.4 (0.3)

56.4 (4.0)
5.2 (2.7)
0.9 (0.7)
0.5 (0.4)
2.7 (1.3)a

57.6 (2.1)
4.3 (1.1)
0.7 (0.2)
0.1 (0.2)a,b
1.5 (0.4)a,b

Component

Right

Left

a

Results are signiﬁcantly different without assistance.
Results are signiﬁcantly different than those predicted with Obj1.

Fig. 8 CoM velocity proﬁles of a healthy
virtual-individual during an assisted STS task

b

left hip adduction, adduction, internal and external rotations, and
ankle inversion and eversion. The only signiﬁcant differences
between the peak lower-body joint velocities are seen in right
ankle inversion and left hip abduction with Obj1 and Obj2.
SRF proﬁles can be seen in Fig. 7 in A/P, vertical, and M/L directions. The healthy elderly virtual-individuals’ normalized mean and
standard deviation values of the SRFs at the feet can be seen in
Table 4 for both objective functions. As compared with an unassisted STS, the right foot vertical SRF experienced an increase
whereas the magnitude of the left foot vertical SRF remains
almost the same with Obj1. Unlike the experimental measurements
of peak SRFs at the feet [4], where an increase in the right foot peak
posterior SRF and a decrease in the left side were measured, no signiﬁcant differences are observed in the peak posterior SRFs in this
study. Granted, trends observed in vertical SRFs are consistent with
O’Meara and Smith [4]. The only difference between the two objective functions is seen in the peak SRFs in the M/L direction. This
highlights that peak right and left side SRFs in the lateral and
medial directions are experienced reductions with Obj2.
Sagittal plane joint torques are shown in Table 5 with normalized
means and standard deviation values. Also in the same table, a comparison between assisted and unassisted STS maneuver joint
torques of the healthy elderly virtual-individuals is provided. The
effect of the unilateral grab-rail on the joint torques was observed
as reductions in right ankle dorsiﬂexion and left knee extension
and an increase in the right knee extension [4]. In this study, as a
result of the comparison between assisted and unassisted STS
maneuvers, the only signiﬁcant difference observed is in the left
knee extension peak torque. The left knee experiences a reduction
with the unilateral grab-rail. No signiﬁcant differences are observed
in sagittal plane joint torques between Obj1 and Obj2.
In terms of the upper-body joint torques, no difference is
recorded in the peak trunk ﬂexion torque in the sagittal plane
between Obj1 and Obj2. The peak of the upper-body joint torques
in the transverse and frontal planes experiences signiﬁcant increases
with the introduction of the grab-rail bar.

elderly

A healthy elderly individual’s center of mass (CoM) velocity proﬁles with two different objective functions can be seen in Fig. 8.
Mean and standard deviation values of peak CoM velocity, CoM
displacement, and CoM-ZMP excursion during unassisted and
assisted STS tasks can also be seen in Table 6. In terms of the
peak CoM velocity, a signiﬁcant difference is noted in the M/L
component only with Obj1. With Obj2, the peak M/L component
of CoM velocity is predicted to be similar with an unassisted STS
case. The healthy elderly virtual-individuals are predicted to lean
their upper-body to the right side during an assisted STS task
with both Obj1 and Obj2. It is crucial to mention that no signiﬁcant
differences are observed in A/P and vertical components of CoM
velocity between two objective functions. In terms of the peak
CoM displacement, it is predicted that the A/P component experiences an increase with both objective functions, which is consistent
with O’Meara and Smith [4] and Schultz et al. [2]. No signiﬁcant
difference is seen in the M/L component of peak CoM displacement. The M/L component of the CoM-ZMP excursion experiences
an increase with the introduction of the unilateral grab-rail bar,
while A/P is not affected.
In conclusion, it can be said that the trends observed in predicted kinematics and kinetics between unassisted and assisted
STS tasks are similar to the experimental results of O’Meara
and Smith [4] with both of the objective functions. Sagittal
plane kinematics and kinetics are not affected by the introduction
of the grab-rail bar, whereas some signiﬁcant differences are seen
in the M/L and A/P components of kinematics and kinetics. It is
important to note that it would be impossible to assume that all
human beings prefer to stand up from a chair by using either
one of the performance criterion (objective functions). But it
seems like the formulation with Obj1 can reﬂect the systematic
asymmetry in kinematics and kinetics better than Obj2. The
increase in the peak CoM displacement shows that the healthy
elderly group places a priority to the stability during an assisted
STS task. Finally, the proposed formulation shows that the

Table 5 Mean and standard deviation of sagittal plane torques of healthy elderly virtual-individuals during unassisted and assisted
STS maneuvers (N m/kg m)
Unassisted STS [45]

Hip extension
Knee extension
Ankle plantarﬂexion
Ankle dorsiﬂexion

Assisted STS Obj2

Assisted STS Obj1

Right

Left

Right

Left

Right

Left

0.49 (0.11)
0.58 (0.05)
0.27 (0.12)
0.14 (0.05)

0.45 (0.07)
0.59 (0.04)
0.25 (0.10)
0.13 (0.05)

0.45 (0.10)
0.55 (0.08)
0.21 (0.12)
0.14 (0.03)

0.53 (0.10)
0.51 (0.06)a
0.18 (0.08)
0.13 (0.03)

0.49 (0.11)
0.51 (0.07)a
0.20 (0.07)
0.13 (0.03)

0.51 (0.11)
0.55 (0.07)a
0.18 (0.07)
0.13 (0.03)

a

Results are signiﬁcantly different without arm support.
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Unassisted STS
[45]

Side

Table 6 Mean and standard deviation of peak CoM velocity, CoM displacement, and CoM-ZMP excursion of healthy elderly
virtual-individuals during unassisted and assisted STS tasks
Component

Unassisted STS [45]

Assisted STS Obj1

Assisted STS Obj2

Peak CoM velocity (m/s)

M/L
Vertical
A/P

0.024 (0.009)
0.460 (0.051)
0.253 (0.047)

0.071 (0.043)a
0.473 (0.049)
0.300 (0.070)

0.033 (0.020)b
0.468 (0.051)
0.276 (0.065)

Peak CoM displacement (m)

M/L
A/P

0.019 (0.015)
0.189 (0.028)

0.034 (0.025)
0.255 (0.064)a

0.028 (0.019)
0.229 (0.050)a

CoM-ZMP excursion (m)

M/L
A/P

0.007 (0.003)
0.045 (0.014)

0.029 (0.007)a
0.041 (0.012)

0.026 (0.005)a
0.040 (0.010)

a

placement of the grab-rail bar on the right side results in a significant decrease in the left knee joint torque. Therefore, it may
suggest that the vertical unilateral grab-rail bar should be installed
on the opposite side of the weak knee for the elderly to reduce
potential injury risk for STS task.
Assisted STS motion prediction formulation developed in this
paper provides a tool to easily check cause and effect in biomechanics ﬁeld. Therefore, this formulation could be used in
many applications: development of subject-speciﬁc exoskeletons
for elderly individuals who suffer difﬁculties during STS tasks to
provide extra strength in the weak side of the body, the development
of a microelectromechanical system for fall detection during STS
tasks whenever the predicted kinematics and kinetics are abnormal,
and the design of assistive devices in the burgeoning rehabilitation in the ﬁeld of robotics to understand the human and robot
interaction.
Limitations of the developed prediction formulation include the
following: (1) the duration of the assisted STS motion is considered
to be 2.14 s for healthy elderly individuals. Although it is known
that the introduction of the grab-rail bar has no effect on the total
duration of the motion for the healthy elderly group. As one
knows that the developed formulation is capable of time optimization, it can only optimize intermediate knots for the optimal stage
durations within a predeﬁned total duration of the motion.
However, the ﬁnal knot cannot be treated as a design variable due
to the following reason: the peak sagittal plane joint torques are
mostly contributed by gravitational components and torque due to
inertia components having signiﬁcantly smaller values during
normal speed STS tasks. As a result of the time optimization,
including the optimization of the ﬁnal knot, the optimization procedure tries to minimize inertial component as well. Thus, it yields an
optimal value of the ﬁnal knot that converges to the upper limit. (2)
Joint angle limits for each subject is given to the optimization
problem with identical values. Although the values of the angle
limits are taken from the literature, they represent an average
range. However, in reality each individual has different range of
motions at each joint. (3) Inertial parameters, center of mass locations, and segmental masses of each link are predicted through
regression equations found in literature which are derived from
the elderly subjects. (4) Although torque limit values are subjectspeciﬁc in this study, they are either taken from the literature with
normalized values with respect to the subject’s height and weight
or predicted through regression equations as a function of age,
gender, height, and weight. However, in reality, no one can
neither guarantee nor prove that two subjects with identical anthropometric measurements would have the same joint strengths. (5)
The motion is modeled in the joint space due to the advantages of
computational efﬁciency, robustness, and stability. However, the
skeletal model is missing muscle activation information in the literature. (6) The proposed simulation results are compared with only
one available published paper and no experiments have been conducted in this study. (7) Only two objective functions have been
investigated. In future studies, the effect of the introduction of the
041002-8 / Vol. 21, AUGUST 2021

grab-rail bar on the muscle activities can and should be studied
and experiments will be carried out to validate the model.

4 Conclusion
This study extended our previous formulation for unassisted STS
motion prediction to predict spatial assisted STS motion while the
grab-rail bar was considered to be installed on the right side of
the virtual-individuals with a vertical orientation for healthy
elderly virtual-individuals. Since the unilateral grab-rail bar brings
in systematic asymmetry to kinematics and kinetics results, two different objective functions were tested. As a result, the signiﬁcant
changes observed in the kinematics and kinetics especially in the
frontal and transverse planes between assisted and unassisted STS
tasks of the healthy elderly virtual-individuals matched well with
those observed in an experimental study found in the literature. It
concluded, as well, that the ﬁrst objective function could reﬂect
the systematic asymmetry brought by the unilateral grab-rail bar
better than the second objective function because the second objective function minimizes the difference between left and right feet
support forces. Furthermore, it is shown that the healthy elderly
virtual-individuals place a priority to stability during assisted STS
tasks by increasing the peak CoM displacement in the anterior
direction.
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