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Abstract. Posture transformation is an essential function for multi-posture wheelchairs. To improve the natural
motion in posture transformation that is a popular problem in the design of multi-posture wheelchairs because
the current wheelchair’s posture transformation mechanism cannot remain consistent between the rotation center
of the wheelchair and the rotation center of the human body joints. This paper proposes a sitting–standing–
lying three-posture bionic transformation mechanism for a smart wheelchair. A human–wheelchair coupling
model is described and analyzed according to the biomechanical characteristics of the posture transformation of
human beings and their functional requirements. The configuration of the transformation mechanism is chosen
by comparing the trails of the wheelchair rotation centers and the corresponding human joint rotation centers. The
kinematics of the optimized configuration are discussed in detail to obtain the most bionic motion performance
using the multivariable nonlinear constraint optimization algorithm. Finally, the mechanism is designed, and its
posture transformation performance is simulated and verified using Adams (Automatic Dynamic Analysis of
Mechanical Systems) software.

1 Introduction

The wheelchair is a type of typical mobile assistive product
for people with disabilities, such as elderly people. Nowa-
days, there are many wheelchair users in the world (Wu et
al., 2019; Zhang, 2013). In particular, there are a lot of users
who have to stay in their wheelchairs for 10 or more hours a
day. For the common wheelchairs users, however, prolonged
sitting in a wheelchair and the lack of space and opportuni-
ties for movement often lead to various diseases, for instance
bedsores (Kovindha et al., 2015), pressure sores (Sprigle et
al., 2020), and muscle atrophy of the lower limbs (Tessa and
Mao, 1994). Pressure distribution and time degradation are
effective approaches to prevent these abovementioned prob-
lems. In the design of the wheelchairs, therefore, posture
transformation is taken into account to change the pressure
zones.

Many multi-posture wheelchairs are developed for
wheelchair-ridden persons (Goher, 2016). How to design a

suitable posture transformation mechanism is becoming a
popular problem in order to bring comfort and safety to the
users. Posture transformation mainly includes sit-to-lie and
sit-to-stand transformations in the activities of daily living. In
general, a simple slider-crank mechanism is utilized in each
human being’s revolute joint, such as the hip and knee joints,
to implement to transfer from a sitting to lying or a sitting to
standing position. For instance, Peng et al. (2010) combined
five sets of slider-crank mechanisms to drive four bed sheets
to perform the different postures, such as sitting, lifting the
knees, lifting the legs, changing bed height, and turning
the body. In the design of a voice-controlled multi-posture
wheelchair proposed by the University of Shanghai for Sci-
ence and Technology (Cao et al., 2020), the kind of single-
joint movement mechanism was also used in the wheelchair
to transition between the different postures. However, such
a mechanism has a significant drawback in that it cannot
bring comfort because the human motion center cannot fol-
low the mechanism during the process of moving. Some en-
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gineers and researchers have proposed some solutions. A
slider mechanism is coupled in the posture transformation
mechanism to compensate for the change in the human joint
motion center in the procedure of transitioning from sitting
to lying, such as in some commercial wheelchairs, e.g., KS1
(Kangni Smart Technology Co.) and F5 Corpus VS (Permo-
bil). In order to maintain a coinciding movement between
the human joint center and the wheelchair rotation center,
the control complexities of the wheelchairs should be raised
to meet the requirements.

In addition, the mechanism of transferring from sitting to
standing brings another key problem apart from the inconsis-
tent motion center between the human being and the device.
The problem is adjusting the center of gravity (CoG) in the
transition from sitting to standing to keep the user’s balance.
Unfortunately, there is a lot of research on the sit-to-stand
movement focused on joint motion, joint torque, and posture
but not on the CoG of human beings. Goher (2016) designed
a reconfigurable wheelchair to assist the person in standing
up by pushing the seat and back mechanism and pulling the
person with the belts connected to a set of linkage mecha-
nisms. However, the CoG of the user in the design wheelchair
will move forward to the front of the whole wheelchair. It
will lead to insecurity for the user when they use it. Song
et al. (2019) also proposed a wheelchair–exoskeleton hybrid
robot with a reconfigurable mechanism to transform from a
sitting posture to a standing posture and walking posture.
But the shifting of the CoG was not considered in the de-
sign. Dawar et al. (2019) designed a posture transformation
wheelchair with a modular design method. The user’s up-
per limbs need to be fully functional in order to achieve the
posture change of the wheelchair from a sitting to a stand-
ing position. Even though the design could give a solution to
the insecurity produced by the shifting of the CoG, it is not
suitable for a person with an upper limb dysfunction.

Therefore, the consistency of the motion centers between
humans is a key factor to make the user comfortable during
the transition between sitting to lying and sitting to standing.
The compensation of shifting of the CoG is another key fac-
tor to ensure safety during the transition between sitting to
standing. When building a coupled model for the human and
the wheelchair, it is very important to optimize the two de-
sign factors. This paper focuses on the two design factors and
proposes a novel posture transformation mechanism for the
wheelchair based on the human–wheelchair coupling model,
using the multivariable nonlinear constraint optimization al-
gorithm to improve comfort and safety.

The rest of the paper is organized as follows. The human–
wheelchair coupling model is constructed and analyzed in
Sect. 2. Section 3 analyzes the configurations of the leg
mechanism module, the back mechanism module, and the
seat mechanism module. An optimal configuration for the
posture transformation is also proposed in this section. Sec-
tion 4 analyzes its kinematics and performs the optimization
design using the multivariable nonlinear constraint optimiza-

tion algorithm. The motions of the sit-to-lie and sit-to-stand
transitions are simulated and introduced in Sect. 5.

2 Human–wheelchair coupling model

2.1 Sit-to-lie transformation

When the wheelchair transitions from sitting to lying, the
zone of contact points between the human and the wheelchair
will cause a relative slip by the deviation of the motion cen-
ters. A novel human–wheelchair coupling model, as shown in
Fig. 1, is established in this paper in order to solve the prob-
lem of the deviation of motion centers. The characteristics of
sit-to-lie transition are studied in detail because that the pos-
ture transformation of the sit-to-lie transition will present all
of the deviations in the motion centers, such as the waist and
the knee joints, respectively. As shown in Fig. 1, the human–
wheelchair coupling model is divided into three components
according to the positions of the joints. They are the coupling
back module (component I), the coupling seat module (com-
ponent II), and the coupling leg module (component III). In
this paper, the waist joint and the knee joint are considered as
the revolute pairs. The connecting points between the human
and the wheelchair in components I, II, and III are defined
as being fixed together, and component II is supposed to be
fixed in the transformation of sitting to lying.

According to our knowledge, the connecting points be-
tween the human and the wheelchair will be destroyed if
the coupling knee joint and the coupling waist joint have
a synchronous movement during the sit-to-lie transforma-
tion, as shown in Fig. 1b. The real position of the reference
line is offset from the ideal position. Considering the prob-
lem of the misalignment of the rotation axis, linkage struc-
tures are added between each part of the wheelchair to match
the human’s joint rotation axis. Therefore, a new human–
wheelchair coupling model is re-established (as shown in
Fig. 2). There are two external degrees of freedom (DOF)
that are added at the wrist joint and knee joint of the
wheelchair, respectively. Therefore, each linkage structure
at the coupling joint can be equivalent to two linkages con-
nected by a rotating hinge. The DOF of this coupling model
is as follows:

F = 3n− 2PL−PH = 3× (2+ 2× 2)− 8× 2= 2. (1)

2.2 Sit-to-stand transformation

The other key problem with a multi-posture wheelchair is
the CoG transformation in the sit-to-stand transformation.
The human–wheelchair coupling model is built as shown in
Fig. 3. When the person is in the sitting position, the person’s
CoG is behind the feet, and the weight of the entire body is
mainly borne by the ischium (Wieczorek and Kukla, 2019).
As shown in Fig. 3a, the CoG line g1 is at the rear end of
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Figure 1. Human–wheelchair coupling model. (a) Human–wheelchair coupling model in the sitting posture. (b) Human–wheelchair coupling
model in the sit-to-lie posture.

Figure 2. Human–wheelchair coupling model II. (a) Human–wheelchair coupling model in the sitting posture. (b) Human–wheelchair
coupling model in the sit-to-lie posture.

the seat module. When the wheelchair transfers from sitting
to standing, the leg module keeps still, and the seat module
moves around the knee joint rotation axis until the standing
position. As shown in Fig. 3b, the CoG line g2 is shifted in
the middle of the person’s feet, meaning that the wheelchair
can fall over if the weight is not enough to compensate for
the increment of the forward moment. Therefore, the gravity
line should be moved backward to keep the balance during
the sit-to-stand transformation. As shown in Fig. 3c, the po-
sition of the gravity line, g3, can be obtained according to the

static analysis. In addition, the back module, the seat mod-
ule, and the leg module are relatively independent to insure
the posture transformation.

3 Configuration synthesis of the multi-posture
wheelchair

The sit-to-lie transformation and the sit-to-stand transforma-
tion have different features, based on the human–machine
coupling model. This paper will discuss the configuration of
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Figure 3. Human–wheelchair coupling model III. (a) Schematic diagram of a person’s CoG in the sitting posture. (b) Schematic diagram
of a person’s CoG in the standing posture (current wheelchair). (c) Diagram of a person’s CoG in the standing posture (redesign of the seat
module).

the multi-posture wheelchair according to the three compo-
nents as aforementioned in order to combine both features of
the two coupling models.

3.1 Configuration of the back module

According to the movement characteristics of the sit-to-lie
and sit-to-stand transformation, the remote-center-of-motion
(RCM) mechanism (Fig. 4) is chosen (Pei et al., 2009; Ham-
lin and Sanderson, 1994; Yang et al., 2021) in this design.
Considering that a simple RCM configuration needs a large
range of motion to fix the linear actuator on the frame, we fo-
cus on the rigidity of the overall structure and avoid the sin-
gularity of the mechanism during the transformation process.
Therefore, the back module adopts the scheme of a double
parallelogram linkage structure. The configuration is com-
posed of two congruent linkage structures, as shown in Fig. 4.
The extension line of linkage Q2Q3 and linkage Q6Q7 in-
tersect at point O, which is the virtual center of rotation
of the back module. During the posture transformation of
the back module, the position of the virtual rotation center
pointO is fixed. By establishing a virtual rotation center, this
structure shifts the rotation center of the back module of the
wheelchair upward. As long as the relationship between the
length and the angle of the linkage structures are confirmed,
the wheelchair’s back module and the user’s back rotation
center can be fitted together, which improves the bionic per-
formance and comfort of the wheelchair.

According to the structure diagram of the backrest mech-
anism, the relationship between the length of each linkage
in the double parallelogram linkage structure and the center
of rotation O can be obtained. Since the two parallelogram

mechanisms are congruent, they are as follows:

lQ2Q3 = lQ6Q7 (2)
lQ2Q5 = lQ5Q6 . (3)

Suppose the distance from the center of rotation O to the
straight line ls of the seat is h1 and to the straight line lb of the
backrest is h2, then the length relationship can be represented
as follows:{

h1
sinβ1
+ lQ2Q10 = lQ5Q6

h2
sinβ2
+ lQ6Q11 = lQ2Q5 ,

(4)

where β1 is the angle between the seat and linkage Q3Q10,
and β2 is the angle between the backrest and linkageQ7Q11.

3.2 Configuration of the leg module

In general, there are two configurations in the design of the
leg module. In configuration I, as shown in Fig. 5a (Hwang
and Jeon, 2012), the seat is the base, and the leg mecha-
nism consists of a leg exoskeleton with a slider-crank mech-
anism. The rotation center of the wheelchair’s leg module
and the human’s knee rotation center are directly matched
to the same point. Therefore, the shift in the rotation center
between the human and the wheelchair will be eliminated in
the configuration. Configuration II, as shown in Fig. 5b, is
similar to the configuration of the back module, which is an
RCM consisting of a double parallelogram linkage mecha-
nism. The leg module and the seat module are connected by
a folding linkage structure instead of being directly hinged
(Trkla, 1990). The human leg elongation can be compensated
by opening the folding linkage structure during the sit-to-
lie and sit-to-stand transformations. Both configurations can
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Figure 4. Schematic diagram of the back module. (a) Schematic diagram of the back module at the sitting posture. (b) Schematic diagram
of the back module at the lying posture.

solve the problem of the misaligned axis; however, the con-
figurations cannot fit the shift in the CoG in the sit-to-stand
transformation. Combining the characteristics of the posture
transformation and the range of motion of the knee joint, this
paper proposes a six-bar configuration composed of a fold-
ing linkage structure and a slider based on configuration II,
as shown in Fig. 6. The deviation between the human knee
joint and the wheelchair leg module can be compensated by
the folding linkage and the slider (the linear actuator). In ad-
dition, the shift in the CoG cannot affect the leg module be-
cause of the slider H . Such a design ensures the stability of
the leg module and simplifies the mechanical structure.

3.3 Configuration of the seat module

According to the configurations of the back module and the
leg module, the seat module, as the base mechanism, consists
of a parallelogram linkage mechanism (as shown in Fig. 7).
In the parallelogram linkage mechanism, linkage R2R5 is
a virtual constraint and is fixed to the wheelchair’s chassis
module. The straight line lh fixed to the leg module is con-
nected to linkage R1R6. Since the leg module is located on
the straight line lh and is fixed to linkage R1R6, the leg mod-
ule moves to the bottom right as the parallelogram linkage
structure rotates, remaining upright throughout the move-
ment. The seat module rotates around the virtual restraint
linkageR2R5, which ensures that the person’s CoG can move
backward in the sit-to-stand transformation. The length of
linkage R1R2 is the shifting distance of the CoG.

3.4 The configuration of the wheelchair

The configuration of the posture transformation wheelchair
is shown in Fig. 8. The leg module is located on the straight
line lh, and the back module is located on the straight line ls.
To show the structure clearly, the mechanical structure of the

chassis module is omitted. The whole wheelchair is mainly
powered by three linear actuators.

4 Kinematic analysis of the multi-posture
wheelchair

In the multi-posture wheelchair configuration, as demon-
strated in Fig. 8, there are 3 DOF in this mechanism to imple-
ment the sit-to-lie and sit-to-stand transformations. A total of
three linear actuators are utilized in this mechanism. In the
sit-to-lie transformation, it is necessary to analyze the kine-
matics of the leg module and the back module because there
is only the joint transformation. In the sit-to-stand transfor-
mation, the kinematics of the back module and the seat mod-
ule should be analyzed together to define the shift in the CoG.
Therefore, this paper analyses the kinematics of the leg mod-
ule, the back module, and the seat module for the sit-to-lie
transformation and the sit-to-stand transformation.

4.1 Kinematic analysis of the leg module

Since the leg module is driven by linear actuator 1, the rota-
tion angle of the leg module and the extension compensation
distance of the linkage structure can be expressed by the
stroke of linear actuator 1. As shown in Fig. 9, P7 is the one
fixed point of linear actuator 1. P8 is the position coordinate
point of the slider H . Here, a coordinate P7–XPYP is
located at point P7. Vectors AP5 =

(
AP5x ,AP5y

)T , AP8 =(
0,AP8y

)T , AP2 =
(
−lP2P8 sinθ, lP2P8 cosθ + lP7P8

)T ,

AP6 =
(
AP6x ,AP6y

)T represent the vectors of point P5, P8,
P2, and P6 with respect to the origin in the coordinate. Here,
lP2P8 is constant.

To ensure the stability of the leg structure and reduce the
complexity of movement, the other fixed point of linear ac-
tuator 1 is installed at P6, which is the middle point of link-
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Figure 5. The general configuration of the leg module. (a) Configuration I. (b) Configuration II.

Figure 6. The configuration of the leg module with configuration III. (a) Schematic diagram of the leg module at the lying posture.
(b) Schematic diagram of the leg module at the sitting posture.

age P1P2. There are two extension lines, P2T2, P8T2, made
to figure out the relationship between the motion of the leg
module and the stroke of the linear motor. T2 is the inter-
section of the extension line of linkage P1P2 and linkage
P7P8. In addition, line P2T1 is perpendicular to line T1P5,
and line P2T3 is perpendicular to line T1T3, i.e., P2T1 ⊥ T1P5
and P2T3 ⊥ T1T3. ψ represents the rotation angle of the leg
module, and ϕ represents the rotation angle of linear actua-
tor 1 in this figure. The range of ψ is from 0 to 90◦.

Therefore, in the following:

lP2T3 = lP2P8 sinθ (5)
lP8T3 = lP2P8 cosθ (6)
lP2T1 = lP2T3 − lT1T3 , (7)

where lP2P8 and lT1T3 are constant, and θ represents the angle
between linkage P2P8 and the plumb line.

In solving Eqs. (5)–(7), the compensation amount of the
leg module can be expressed as follows:

lP2T1 = lP2P8 sinθ − lT1T3 . (8)

For linear actuator 1, its stroke can be obtained as follows:

lP6P7 = l
′

P6P7
+1t1, (9)

where l′P6P7
is the initial length of linear actuator 1, and 1t1

is defined as the stroke of linear actuator 1.
Linkage P3P5, linkage P3P8 and slider H form an offset

crank slider mechanism, so the relationship between ψ and
θ can be expressed as follows:

θ = a sin
lP3P5 sinψ + lT1T3

lP3P8

, (10)

where lP3P5 and lP3P8 are constant.
The relationship between the rotation angle of the leg

module ψ and the feed length of linear actuator 11t1 can
be expressed as follows:

ψ = a sin

(
l′P6P7
+1t1

)
× lP3P8 sinϕ− lP2P8 lT1T3

lP2P8 lP3P5 + lP2P6 lP3P8

. (11)

The stroke of slider H is also a factor that we need to con-
sider. Since linkage P3P5 is initially in a vertical state and
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Figure 7. The configuration of the seat module. (a) Schematic diagram of the seat module at the sitting posture. (b) Schematic diagram of
the seat module at the standing posture.

Figure 8. The overall configuration of the multi-posture
wheelchair.

ends in a horizontal state, the stroke of slider H can be ex-
plained as follows:

lsliderH = lP3P5 + lP3P8 × (cosθ0− cosθ ) , (12)

where θ0 is the initial angle between linkage P2P8 and the
plumb line.

4.2 Kinematic analysis of the back module

As shown in Fig. 10, the black lines show the state of the
wheelchair in the sitting posture, and the red lines represent

Figure 9. Schematic diagram of the leg module.

the state of the wheelchair in the lying posture. We take the
virtual rotation center O of the back module as the origin to
establish a coordinate system. Linkage Q7Q9 always stays
upright, and its length is fixed. α represents the rotation angle
of the back module. Here, the vector AQ7 =

(
AQ7x ,AQ7y

)T ,

AQ1 =
(
AQ1x ,AQ1y

)T , AQ9 =
(
AQ7x ,AQ7y − lQ7Q9

)T rep-
resents the vectors of points Q7, Q1, and Q9 with respect to
the origin in the coordinate O −XOYO.
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The rotated coordinates of points Q′7 and Q′9 can be ex-
pressed as follows:

AQ′7
=

[
cosα sinα
−sinα cosα

][
AQ7x

AQ7y

]
=

(
AQ7x cosα+AQ7y sinα,

−AQ7x sinα+AQ7y cosα
)

(13)

AQ′9
=

(
AQ7x cosα+AQ7y sinα,−AQ7x sinα

+AQ7y cosα− lQ7Q9

)
. (14)

The initial length of linear actuator 3 lQ9Q1 and the length
during movement l′Q1Q9

can be obtained according to the co-
ordinates of points Q1, Q9, and Q′9 as follows:

lQ9Q1 =

√(
AQ7x −AQ1x

)2
+
(
AQ7y − lQ7Q9 −AQ1y

)2 (15)

l′Q1Q9
=

√(
AQ7x cosα+AQ7y sinα−AQ1x

)2
+
(
−AQ7x sinα+AQ7y cosα− lQ7Q9 −AQ1y

)2 (16)
lQ1Q9 − lQ1Q

′

9
=1t3, (17)

where 1t3 represents the feed length of linear actuator 3.
In solving Eqs. (15)–(17), the relationship between 1t3

and α can be expressed as follows:

α = a cos
b
(
−1t23 + 2c1t3+ b

)
+ a
√
1

a2+ b2 , (18)

where, in the following:

a = 2
(
AQ7x lQ7Q9 +AQ7xAQ1x −AQ7yAQ1x

)
(19)

b = 2
(
AQ7xAQ1x +AQ7yAQ1y +AQ7y lQ7Q9

)
(20)

c = lQ9Q1

=

√(
AQ7x −AQ1x

)2
+
(
AQ7y − lQ7Q9 −AQ1y

)2 (21)

1=−1t43 + 4c1t33 +
(

2b− 4c2
)
1t23 − 4bc1t3+ a2. (22)

4.3 Kinematic analysis of the seat module

As shown in Fig. 11, the black lines represent a random
posture of the wheelchair, and the red lines represent the
wheelchair in sitting posture.

The total length of linear actuator 2 can be expressed as
follows:

lR7R8 = lR′7R8 +1t2, (23)

where lR′7R8 represents the initial length of linear actuator 2,
and 1t2 represents the stroke of linear actuator 2.

Figure 10. Schematic diagram of the back module.

Therefore, the initial angle between linkage R2R
′
7 and line

R2R8 can be obtained as follows:

cosγ0 =
l2
R2R

′
7
+ l2R2R8

− l2
R′7R8

2lR2R
′
7
lR2R8

. (24)

The rotation angle of the seat γ can be obtained as follows:

cos(γ + γ0)=
l2R2R7

+ l2R2R8
− l2R7R8

2lR2R7 lR2R8

. (25)

In solving Eqs. (24)–(25), the relationship between 1t2 and
γ can be expressed as follows:

γ = a cos

 l2R2R7
+ l2R2R8

−

(
lR′7R8 +1t2

)2

2lR2R7 lR2R8


− a cos

 l2R2R7
+ l2R2R8

− l2
R′7R8

2lR2R7 lR2R8

 , (26)

which means that the rotation angle of the seat can be
changed by controlling the feed length of linear actuator 2.

In addition, the distance of the person’s CoG moves back
can be expressed as follows:

lR′1K
= lR1R2 (1− cosγ ) . (27)

The maximum value is obtained when the wheelchair is in a
standing posture.
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Figure 11. Schematic diagram of the seat module.

4.4 Optimization of the leg module

The kinematic analysis of the leg module confirmed the fea-
sibility of the design. However, to achieve the improvement
of the bionic effect, it is necessary to optimize the length of
each linkage of the leg module to further fit the user’s real
motion trajectory and to ensure the user’s comfort and safety
during the use.

As shown in Fig. 12, a simplified diagram of the human–
machine coupling motion of the leg module is established.
Here, the leg module model is simplified in order to facilitate
theoretical analysis. The coordinate P5-XY is set at point P5.
PointMi represents a reference point on the foot pedal of the
leg module, ψ1 is the angle between linkage P4P5 and the
y axis, and θ1 is the angle between linkage P2P8and the y
axis.

Point Sf is the center of rotation of the user’s calf. Accord-
ing to the main body size relationship table of adult males
aged 18 to 60 years (CSBTS, 1988), the median of the pop-
ulation was chosen in this paper. So the length of the calf
and foot lsf si is defined as 420 mm. So, the trajectory of the
person’s foot point Si is as follows:

(Six + 100)2
+
(
Siy − 125

)2
= 4202. (28)

According to the geometric relationship of the linkages, the
coordinates of Mi are related to the length and position of
each linkage; that is, the coordinates ofMi depends on lP1P2 ,
lP1P4 , lP3P5 , lP3P8 , lP1P9 , lP9Mi

, and e. Therefore, the design

Figure 12. Schematic diagram of human–machine coupling motion
of the leg module.

variables can be obtained as follows:

X = [x1,x2,x3,x4,x5,x6,x7]T

=
[
lP1P2 , lP1P4 , lP3P5 , lP3P8 , lP1P9 , lP9Mi

,e
]T
. (29)

In order to obtain the optimization, 10 discrete points of Si
on the point motion trajectory were chosen here. Therefore,
the root mean square function relation of the coordinate value
error between point Mi and point Si can be expressed as fol-
lows:

minf (X)=

√√√√ 1
10

10∑
i=1

[
(Mix − Six)2

+
(
Miy − Siy

)2]
. (30)

According to the geometric configuration restriction of the
leg module, the constraint condition on the length of the link-
ages can be expressed as follows:

x2
x4
· e ≥ 20

x4 > e

x3x4− x2

√
x2

4 − e
2 > 0

x3−
x2

√
x2

4−e
2

x4
+ x1+ x5 ≥ 295

x2(x3+e)
x4
+ x1+ x5+ x3 ≥ 520

0< x1 < 100
0< x2 < 120
0< x3 < 150
150< x4
150< x5
x6 < 100
25< e < 50

. (31)
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Figure 13. Trajectory diagram of the leg module.

Considering that minf (X) is a multivariable nonlinear func-
tion, the sequential quadratic programming (SQP) algorithm
is used to optimize it (Urueña et al., 2009). The initial value
of x0 = [80,80,100,170,190,80,45]T is set in this paper.

The optimal solution is obtained as follows:

X∗ =



x∗1
x∗2
x∗3
x∗4
x∗5
x∗6
x∗7


=



90
111.5
100.3
166.4
221.8
58.3
39.4


. (32)

Figure 13 shows that the trajectory obtained by the optimized
geometrical size of the leg module is more of a match to the
desired trajectory than the theoretical trajectory.

5 Simulation experimental evaluation

5.1 The implementation of the optimal multi-posture
wheelchair

To evaluate the consistency of the motion centers between
the human and the wheelchair and the shifting CoG of the
human on the proposed wheelchair, a 3-D model is designed
in the software SolidWorks, as shown in Fig. 14. There are
three linear motors chosen in this design to implement the
sit-to-lie and sit-to-stand transformations. According to the
optimization results, the strokes of the three linear motors
(manufactured by Zhejiang Jiecang linear motion technology

Figure 14. Schematic diagram of the wheelchair.

co., ltd; JC35W2) are chosen as 120, 120, and 150 mm, re-
spectively.

Several points on the human and the wheelchair are set
up to evaluate the consistency of the motion centers between
human and the wheelchair and the shifting CoG of the human
on the proposed wheelchair. Points B1 and B2 are set on the
user’s calf and back in the model. Their corresponding points
B ′1 and B ′2 are set on the leg module and back module of the
proposed wheelchair. Point G is set up at the human’s CoG.

5.2 Simulation evaluation of the consistency of motion
centers

The human–wheelchair coupling model is imported into the
simulation software Adams (Automatic Dynamic Analysis
of Mechanical Systems). Assuming that the person weighs
70 kg, the leg module movement is moving with uniform mo-
tion in a straight line at a speed of 7.5 mm s−1 for 20 s. The
back module is moving with a uniform motion in a straight
line at a speed of 6 mm s−1 for 20 s.

In the sit-to-lie transformation, the slipping distance be-
tween point B1 and point B ′1, i.e., the slipping distance be-
tween the human leg and the wheelchair leg modular, is
shown in Fig. 15 with the red line. The simulation result
shows that slipping distance changes little at first and grad-
ually increases after 10 s. The maximum slipping distance is
10.5 mm at the terminal state. Similarly, the slipping distance
between point B2 and point B ′2, i.e., the slipping distance be-
tween the human back and the wheelchair back modular, is
shown in Fig. 15 with the blue dotted line. The simulation
result shows that the slipping distance increases slightly and

Mech. Sci., 13, 1–13, 2022 https://doi.org/10.5194/ms-13-1-2022
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Figure 15. Diagram of the slipping distance of the wheelchair.

Figure 16. Diagram of the distance and velocity of model’s CoG
moving on the x axis.

reaches a maximum at the end. The maximum slipping dis-
tance is 2.1 mm.

Comparing the simulation results of the leg curve and back
curve, the trend of back slipping is less than the trend of leg
sipping because of the different design structure. However,
all changes are within acceptable limits, and there is room
for further refinement of the leg module.

As a comparison, we tested the slipping distance of a tradi-
tional wheelchair (Jerry Medical Instrument (Shanghai) Co.,

Ltd.; model JRWD1003). Through measurement, the slip-
ping curve is obtained, as shown in Fig. 15. In the process of
posture transformation, the slipping distance of the leg mod-
ule is 72 mm and that of the back module is 44 mm. Through
comparison, it can be seen that the wheelchair proposed
in this paper greatly reduces the slipping distance of the
wheelchair in the process of posture transformation and im-
proves the bionic performance and comfort of the wheelchair.

5.3 Simulation analysis of sitting–standing posture
transformation

The human–wheelchair coupling model is imported into
the simulation software ADAMS. Assuming that the person
weighs 70 kg, the seat module movement is moving with uni-
form motion in a straight line at a speed of 6 mm s−1 for 20 s.
At the same time, to explore the optimization effect of the
proposed wheelchair, as a control experiment, a traditional
wheelchair is also simulated under the same conditions.

In the sit-to-stand transformation, the moving distance of
the CoG on the x axis is shown in Fig. 16, where the red
line represents the proposed wheelchair and the blue line
represents a traditional wheelchair. The simulation result
shows that the maximum moving distance of the CoG of two
wheelchairs is obtained at the end. It is noted that the mov-
ing distance of the CoG of the proposed wheelchair is less
than that of a traditional wheelchair’s, and at the end, the
distance is reduced by 112.4 mm, which represents how the
design goal of moving the CoG backward is realized. At the
same time, the motion characteristics of the two wheelchairs
are further analyzed. It can be seen that the speed of the pro-
posed wheelchair in the running process is less than that of
the traditional wheelchair, which ensures the motion stability
of the wheelchair and improves the safety of the wheelchair.

https://doi.org/10.5194/ms-13-1-2022 Mech. Sci., 13, 1–13, 2022
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6 Conclusions and future work

This paper proposes a sitting–standing–lying posture bionic
transformation for a multi-posture wheelchair based on the
movement characteristics of the human–wheelchair coupling
model. The two solutions to improve the nature motion ca-
pability of the multi-posture wheelchairs are of keeping the
joints’ rotation centers the same as the human being’s joints
and the of adjusting the CoG of the user. There are three
modules in the design of the multi-posture wheelchair, i.e.,
the back module, the seat module, and the leg module. The
three modules can implement the transformations of sit-to-lie
and sit-to-stand transformations by moving together syner-
gically. The configuration of the transformation mechanism
is chosen by comparing the trails of the wheelchair rotation
centers and the corresponding human joint rotation centers.
The kinematics of the optimized configuration is discussed
in detail to obtain the most bionic motion performance us-
ing the multivariable nonlinear constraint optimization algo-
rithm. Finally, the mechanism is designed, and its posture
transformation performance is simulated and verified using
ADAMS software. In the future, a voice control module and
a radar module will be installed on the wheelchair to enable
intelligent control of the wheelchair. A prototype will also
be made, and the structure of the wheelchair will be further
optimized.
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