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Graphical abstract Abstract

Sit to stand (STS) is a very challenging motion for any humanoid roboftic system. In humanoid
robotics field, the STS motion on the sagittal plane can be predicted using three-link robot inverse
kinematic and dynamic model. However, a three-link model is complicated and requires high
computational resource to compute. Hence, in this paper a much simpler model namely
telescopic inverted pendulum is proposed. The objective of this project is to model and validate
sit to stand motion of humanoid robot using telescopic inverted pendulum model. In order to
validate the model, simulated joint forques using both three-link and TIPS model are compared
using MATLAB software. Result shows that there is a linear relationship between Telescopic Inverted
Pendulum with the 3 Link model thus, it is feasible to use TIPS to represent STS motion of a three-link
multi-segment robof.
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1.0 INTRODUCTION

The study of sit to stand motion (STS) gives high impact
to the robofics field particularly in the field of
rehabilitation [1], exoskeleton [2] as well as humanoid
robotics[3][4]. In humanoid robotics field, the STS study
has not been given emphasis unftil recently [5].

A proper trajectory planning will ensure stable STS
motion. Until now, researchers in the humanoid
robotics field that investigates STS use trajectory
acquired from direct observation of human STS. Some
deftermine the ftrajectory heuristically.  These
approaches take time and the behavior of the system
cannot be predicted. STS in varying environment is
also difficult to be implemented. For these reasons
dynamic model of STS motion is needed.

In the field of humanoid robotics, recorded human
STS motion is directly translated into humanoid robot
STS ftrajectory [5]-[7]. Alternatively, STS trajectory is
determined heuristically [8]. No STS motfion model is
developed or used to plan the appropriate trajectory
for a designated humanoid robot. In the field of

biomechanics, several model of STS motion has been
developed including the three link (3L) inverted
pendulum [9] [10], two-link elastic inverted pendulum
[11] as well as single rigid pendulum [12] and
telescopic single pendulum (TIP) [13] to study the
structural stability, balance and energy transfer during
STS task. Of all the models, TIP model is more suitable
for planning and analyzihng humanoid robot STS
motion frajectory since it directly represents the whole
body motion or the COM of the robot in Cartesian
space [14][15]. TIP model also is much simpler when
compared to 3L model that is commonly used.

However, the suitability of TIP model to represent STS
motion of humanoid robot is unknown and has not
been validated yet. Also, the resulting ground
reaction force (N) from motion generated by the TIP
model has not been investigated thus the stability of
the robot when applying the STS trajectory from the
model is unknown.

For this reasons, this paper presents a study
conducted to see the feasibility of using TIP to model
STS motion of humanoid robot.
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2.0 BACKGROUND OF STS MOTION

Previous studies represent STS motfions having several
phases. Some studies proposed that STS consists of two
phases i.e. initial forward trunk lean and upward
extension. Others proposed STS to have three phases
consisting  of initial phase, seat unloading and
ascending phase [16], [17]. This project is based on the
latter which detail is shown in Figure 1.
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Figure 1 Stand up cycle diagram, displaying phase,
activity, event marker and instance

According to [18], during the initial phase, Head
Arm Torso (HAT) leans forward up to 27% of the
complete cycle. During this period, the momentum
built allows the HAT to unload and accelerate towards
seat off instance at 34% of the complete cycle. At this
instance, the STS cycle starts entering the ascending
phase. During this period the whole body (WB)
ascends to standing position. Upon reaching 45% of
the complete cycle, WB slowly decelerates until the
STS cycle reaches 73%. Then the WB stabilizes fowards
the end of STS motion. Finally, when the cycle reaches
100%, the WB is in fotal standing up position.

In TIP model, the phases are realized as TIP1 for
representing initial phase (Phase 1), and TIP 2 for
representing ascending phase (Phase 3) as shown in
Figure 2. Between this TIP 1 and TIP 2 is unloading
phase (Phase 2) which is not explicitly represented by
any model in this paper.
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Figure 2 Schematic presentation of TIP model

Referring to Figure 2, only one segment moves forward
during TIP 1 which is the HAT CoM. The CoM is set to
move in a straight line, mimicking the result of trunk
muscle movement when leaning forward [19].
Towards the end of TIP 1, the momentum build made
the HAT lift off before TIP 2 is used to represent the
movement of WB CoM during ascending.

TIP and 3L models during Phase 1 and Phase 3 are
illustrated in Figure 3 and 4. Both foofts are fixed to the
floor and assumed to be parallel to each other. In
Phase 1, only Link 3 moves in the three-link model
hence TIP1 is comparable to only Link 3. Both links
move in the clockwise direction.

Phase 1

CoM

cw

3 Link TiP1 L .

Figure 3 Comparison movement of the 3L and TIP during
the Phase 1

Phase 3

CoM

cw

TIP 2

Figure 4 Comparison movement of the 3L and TIP during
the Phase 3

In Phase 3, alllinks in the 3L models move hence TIP2
is comparable to all the three links. The first link of the
3L model is set to be the lower legs, second link to be
the thighs and third link represents the upper body,
including arms and head. As for TIP2 model, the three
links is simplified to be represented with one
extendable link. Link 1 of the 3L model moves in CW
direction before going CCW during ascending. As for
link 2, the momentum from the motion in phase 1 will
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lift it upwards in CW movement. Lastly for link 3, from
moving forward in phase 1, it will counter back to
move in CCW directfion as it approaching the final
standing position in STS motion.

3.0 SIMULATION

For the purpose of validation, a 3L multi-segment robot
and TIPS are simulated in MATLAB software fo
compare the kinematics and dynamics behavior of
both models during STS motion. As depicted in Figure
2, for the TIPS model, the STS trajectory of the end-
effectorin Cartesian space in both Phase 1 and Phase
3 is represented using linear (Phase 1) and cubic
polynomial equation (Phase 3). To ensure similarity, 3L
robot end-effector’s trajectory in Cartesian space is
also set according to the same linear and cubic
polynomial equations. Then the rotations angles and
angular velocity of the hip, knee and ankle joint of the
3L model is obtained using inverse kinematic and
Jacobians theorem [20].

The linear equation used in Phase 1 has an initial
value of y = 0.62m and x = -0.393m, and the final
position of y = 0.62m and x = -0.25m while the position
interval is 0.00135m. The linear equationis represented
by Equation 1.

y(x) =ap +ayx (1)

Then, by assuming the initial position for Phase 3 is

y=0.62m and x = -0.2m, the final COM position is

=1.022 m and the position interval is 0.02m, the COM
frajectory equation for TIP 2 is as equation 2:

y(x) = by + byx + byx? + byx3 (2)

Where x and y represents the COM position in
Cartesian space.

3.1 Telescopic Inverted Pendulum Model

TIP output torque [13] is represented by the following
equations.

F = magm.l —mg.1 (3)

M+wx[]]w—i><mg (4)
dt
mi?> 0 0
U]=l0 0 0] (5)
0 ml?

W= [smef 0 1] [ ] (6)
cosf 0 0

where F and C is the force and couple vectors
supplied by the model's actuator, m is the mass,
[ indicates the link versor, g is the gravity, J is the inertia
matrix, w is the angular velocity, ac.,; is the
acceleration of center of mass, §; and 6; (see Figure 3
and 4) angular velocity on the joints. The dynamic
parameter for TIP model simulation is as Table 1. The
values are based on the average of adult mass as
presented in [21] .

Table 1 Dynamic parameter of TIP model simulation

Phase Mass (Kg) Length (m)
Phase 1 45.990 0.294
Phase 3 70.372 1.022

3.2 Three-link Multi Segment Model

Since Phase 1 only involved the movement of upper
body, therefore only the tforque of 3L model for hip
joint 3involved. The torque is calculated based on [21]
as represented in Equation 7:

T3 = M339“3 + D393 + 93 (7)
where 13 is the forque for 73; ppaser- Phase 3involves the

whole body movement thus torque at all joints are
involved as shown in Equation 8.

Ty My My, My 91 hy 91
To| = [My1 Mz Maz||0,| + |h2| + |92
T3 My, Ms Mssl|g, hs 93
D, 0 o07[6 8
+|0 D, 0]|6, (8)
0 0 Dy 0,

=M@ +h+g+D8

where, @is the joint angle, 8 is the joint angular velocity
and & denote the joint angular of the it" joint as
indicate in Equation 6 and 7. The matrix M = [Mij] (i
=1~3, j =1~3) and the vectors h=[h1,h2, h3] T g =[o1,
92, 93]T ] and Dérepresent the inertia matrix, the
Coriolis and centrifugal force vector,the gravity force
vector, and the viscous force vector respectively and
superscript T denotes the tfranspose of a vector.

Table 2 Dynamic parameter of 3L model simulation

Parameter Link 1 Link 2 Link 3
L; (m) 0.335 0.393 0.736
Lc; (m) 0.191 0.224 0.294
m; (kg) 7.738 16.644 45.99
I; (kg) 0.988 2.572 41.476
D; (Nm.s/rad) 0.440 1.050 3.750

Table 2 summarizes the dynamic parameter for the
model simulation where m; represents the mass of the
i-th link, L;, Lc;, and I; are the length of the i-th link,
distance from the i-thjoint fo the centfer of mass of the
i-thlink, and the moment of inertia around the center
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of mass of the i-th link, respectively. As for D; is the
coefficient of viscosity of the i-th joint; g is the
acceleration of gravity (= 9.8m/sec?). The values of m;,
Lc;, and L; were estimated from the measured link
lengths L; and the body weight m; referring to
references [22].

4.0 RESULTS AND DISCUSSION

As shown in Figure 5, during phase 1, both 3L joint
torque T3 praser AN TIP 1 torque trpy phaser  have
similar pattern. For both models, the pattern is linear
indicating torques are decreasing as the HAT goes to
clockwise (CW) direction. Only link 3 for 3L model and
hip for TIP 1 is moving forward to simulate the
movement of HAT.

150
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£ @
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Figure 5 Relationship of TIP Model and 3L model

Towards the end of phase 1, 7r;p1 phaser  StOPs at -
54.55 Nm while 73, ppase1 StOps af -61.24 Nm. Negative
value indicates the movement info negative region
and it was projected as decreasing while actually it is
increasing. Thus, its explain the momentum from initial
state towards the end of phase 1. Higher torque at the
end of the phase 1 is fo counter the force by inertfia
moment.

As mentioned in [13], there is an unloading phase as
soon phase 1 ended. During this phase, HAT is flexing
while decelerating. As its flexion ceases, the hip joint is
momentarily blocked and it allows the momentum
transfer from the HAT to the WB through rotations
about the knee and/or ankle joints [13] . The duration
of this phase took about 10% from total STS cycle [13].

Phase 3 in Figure 5 shows the pattern of both 3L and
TIP model. The result shows that the pattern curved to
zero value towards the end of Phase 3. The reason is
because all the links is decelerating as the STS motion
approaching full standing position.

Slightly after unloading phase, the momentum from
Phase 1 made the trip; phases start at 142.61 Nm and
slowly decreases to 11.44 Nm towards the end of
phase 3. As for 3L model, the value of 73, gnkie phases
starts with 21.42 Nm cs it decreases to 77% before it
increases to 5.73 Nm. The plausible reason behind this
is Link 1 is moving in CW direction first before it moves
back in CCW direction to counter the inertia from
phase 1 STS cycle. When all links is moving to stand up,
Link T moves back CCW to give a result of standing
straight.

Meanwhile, 73, knee prases starts with 111.60 Nm from
the momentum in Phase 1 and has pattern similar with
Tr1p2_phases - It is interesting to see that as the t7p; phases
decreases the same thing happened to the
T3l,knee,phase3-

On the other hand, 3; nip prases ShOWs a decreasing
paftern from -122.94 Nm maintaining the trajectory
until 70% of STS cycle before it is increasing rapidly for
the last 30% of the cycle. This may be due to the
momentarily block of hip joint during standing up.
When it reaches 70% duration, all joint moves
simultaneously to enable the WB to stand up, thus
make the T3; pip phases INCreases.

Based on the observation of the result in Figure 5,
Poth 731 praser ANA Trip1 praser.  Qre analyzed using
Root Mean Square Error (RMSE). RMSE gives an insight
on the difference between two values that change
over time. Small RMSE between the two values
indicates that both values are similar. The result
acquired is 12.81Nm. The value is considered small
when compared to the range of torque involve during
the whole STS motion. From this we can say that both
TIP and 3L models represents Phase 1 of STS motion
similarly with each other.

The relationship between 3, ppaser ANA T71p1 phaser.
is then further investigated by plofting both data
versus each other as shown in Figure 6. Curve fitting is
then implemented on the plotted data by using 1
degree polynomial equation. The goodness of fit
indicates that R-square is equal to 0.9913. Noted that
the closer R-square is to 1, the better the plotted data
fit a straight line. With the value of 0.9913, the data it
almost on a straight line thus, strengthening the fact
that the relationship between these two model is
linear.
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TTIP1_phasel [Nm]

T3l_phase [Nm]

Figure 6 Curve fitting of Tryp1_phase1 VS T31_phaserdata
using 1st degree polynomial equation

The result of RMSE values for Phase 3 is shown in
Table 3. The lowest RMSE value belongs to torque at
knee joint, 73; knee phases Which is 20.94 Nm. This shows
that T3 knee_prases i highly similar to Tr/p; phases-

Table 3 RMSE value for phase 3

Link/Joint RMSE Value
Link 1/Ankle 117.88
Link 2/Knee 20.94
Link 3/Hip 185.05
The relationships between 3 gukie prases ANd

TTIP2_phase3- between T31_knee_phase3 and TTIP2_phase3 and
between T3 nip prases ONA Tripz phases Qre  further
investigated by plotting them versus each other.
Figure 7 shows the results of the plot. From the figure
We Can see NOW T3y knee phases AN T31 nip phases COUIA
potentially have linear relationship with T7/pz phases-
However, T3 gnkie prases ObViously does not fit to
TTIP2_phase3-

Curve fitting is implemented on the plotted data by
using 15t degree polynomial equation. Figure 8 to 10
show the results of the curve fitting. The goodness of fit
analysis using R square is tabulated in Table 4. As
expected, the plotted data with 73, gnee prases fit Most
fo a straight line with R square value of 0.9685 followed
PY T3 nipprases With R square value of 0.7525. This
indicates that T3 knee phases NAs a strong linear
relationship with  t7/p; phases- ONn the other hand,
plotted data with 737 gnkie prases ONly has R square of
0.02893 hence support that there is no linear relation
between T31_ankle_phase3 and TTIP2_phase3-

TTiP2_phase3 [Nm]
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Figure 7 Relationship of Trip; phases VS T31_phases
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Figure 8 Curve Fitting of TT1p2_phase3 VS T3l knee_phase3
data using 15t degree polynomial equation
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Figure 9 Curve fitting of T7ip2_phase3 VS T3l ankle_phase3
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Figure 10 Curve fitting of Tr1p2_phase3 VS T3l_hip_phase3
data using 15t degree polynomial equation

Table 4 Result R-square of Curve Fitting

Curve Fitting R-square
0.02893
0.9685

TT1P2_phase3 VS T3l_ankle_phase3
TT1P2_phase3 VS T31_knee_phase3
T71P2_phase3 VS T31_hip_phase3 0.7525

Another analysis performed on the simulated data
is Analysis of Variance Type 1 (ANOVAT). ANOVAI
performs a balanced one-way comparison with the
means of two or more sets of data, where each set
represents an independent sample containing
mutually independent observations. ANOVAT returns
p-value under the null hypothesis that all samples in X
are drawn from populations with the same mean. The
hypothesis H, is fo reject any relationship between TIP
model and 3L muti-segment model, while H; is to
accept the relationship between both TIP and 3L
model. The result for phase 1 gives p = 3.21x 10716 and
f=5.54. Since p<f, there is a relationship between TIP
and 3L modelin Phase 1. As for Phase 3, the results are
shown as Table 4 below.

Table 4 Result of ANOVAT test between the torque of TIP
and 3L model in Phase 3

Test P F P>F
Link 1 1 0.09 True
Link 2 1.02 x 10716 10.39 False
Link 3 1 0.01 True

From the result in Table 4, we can see both Link 1
and Link 3 giving p>f is true, meaning H, was
accepted. So, there is no relationship between both
T3l_ankle_phase3 and T3l_hip_phase3 with TTIPZ_phase3~ But for
link 2, p<f, hence the H, hypothesis is false and
rejected. From this we can say there is a relationship
between t7ip; phases AN T3y knee phases-

In overall, during Phase 1, the analysis results show hip
joint torque is similar and has linear relationship with
TIP1 joint torque. In Phase 3, it is interesting fo see that
the evidence from all analysis made indicates that
knee forque is most similar and has almost linear
relationship with TIP2 torque when compared fo hip
and ankle forque. This is due to the fact that in STS
motion knee joint is the main pivoting point during
ascending hence similar to the function of rotating
axis of 8 in TIP2.

5.0 CONCLUSION

Simulation work has been conducted to determine
whether it is feasible to represent a three-link system by
using a Telescopic Inverfed Pendulum model
particularly for representing STS motion. TIP model and
3L model were compared during Phase 1 and Phase
3 of STS motion.

The result shows that the RMSE between t3; ,nqse1
aNd Trip1_phaser. ANA RMSE between Trjp; phases AN
T30 knee phases Qr€ very low, relative to the range of
forque involve and relative fo the forque of other joints
with value of 12.81Nm (Phase 1, between hip torque
and TIPT) and 20.94Nm (Phase 3, between knee torque
and TIP2). In both cases, the R-square value from curve
fitting to a 15t degree polynomial model is also very
good with value of 0.9913 (Phase 1, between hip
forque and TIP1) and 0.9685 (Phase 3, between knee
torque and TIP2). Finally the result of the ANOVAI test
shows that both have p<f (for both (Phase 1, between
hip torque and TIP1) and (Phase 3, between knee torque
and TIP2)). However, RMSE, Regression and ANOVAI
test in Phase 3 between T3 pip prases AN Tripz phases
and between T31_ankle_phase3 and TTIP2_phase3 show
negative results. No direct relatfionship is found
between TIP and 3L model for ankle and hip joints.

In conclusion, it is feasible to use Telescopic
Inverted Pendulum (TIP) to model the torque of 3L
multi segment robot particularly for Link 3 (hip joint)
during Phase 1 and for Link 2 (knee joint) during Phase
3. However, further studies need to be carried be
carried out fo strengthen the theory by performing
physical experiments and testing the theory from
various angles including the effect of changing
lengths and masses as well as determining how hip
and ankle joint could be included in the model.
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Nomenclature

STS Sit to stand

CoM Centre of Mass

HAT Head Arm Torso

WB Whole Body

TIP Telescopic Inverted Pendulum

TIP 1 TIP model representing HAT movement only
TIP 2 TIP model representing WB movement only
3L Three-link

g gravity

J Inertia matrix

| Link versor

CCW Counter Clockwise

F Force

C Couple Vetor

T Tau. Torque

T31_phasel Torque of three link during phase 1

T31_phase3 Torque hip of three link during
phase 3

TTIP1_phasel Torque of TIP 1 during phase 1

TTIP2_phase3 Torque of TIP 2 during phase 3

T31_knee_phase3 Torque knee of three link during
phase 3

T31_anklephases ~ 1orque ankle of three link during
phase 3

T31_hip_phase3 Torque hip of three link during
phase 3

CW Clockwise
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