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Abstract: As physical capabilities decline with age, elderly individuals often require
assistance from others when using the toilet. An auxiliary standing toilet chair can enhance
convenience for the elderly, allowing them to use the toilet independently. Commercially
available auxiliary standing toilet chairs and related patents share common issues, such
as seat link rotation angles of less than 45° and a high driving force requirement. This
study categorizes four-bar linkages into three design concepts and then carries out a
kinematic design process based on the design requirements and constraints of the auxiliary
standing toilet chair. Three feasible design examples were developed, followed by motion
simulations and driving force analyses using INSPIRE 2019.2 software. In Design Example
I, an actuator directly drives the seat link, rotating the seat to 48°. The required driving
force for a 150 kg user is reduced from 6070 N to 2258 N, representing a 62.35% reduction
in the required force.

Keywords: auxiliary standing toilet chair; driving force; four-bar linkage; instant center;
tiptoeing

1. Introduction

Due to declining physical abilities, many elderly people face difficulties in their daily
lives. For example, using the toilet is an essential yet inconvenient and private activity for
which assistance from others may be undesirable. Although new generations of auxiliary
standing toilet chairs have been developed to accommodate various user needs, most
commercial products and patents exhibit issues such as a limited seat rotation angle
and excessive seat lift. Moreover, ensuring a safe transition from sitting to standing is
paramount. To address these issues, this study examines the kinematics of leg movement
during sit-to-stand transitions and analyzes existing products and patents [1-6].

The main findings of the research include the following;:

1.  Existing products and patents typically feature seat links with limited rotation around
the knee joint, generally ranging from 16° to 30°, which falls short of the required 45°
gravity transfer angle.

2. The rotation angle of the seat must be increased while ensuring the seat height aligns
with the standing position to eliminate tiptoeing hazards.

3. The actuator force required for a 150 kg user to stand in commercially available
products ranges from 1700 to 6070 N.

4. Most auxiliary standing toilet chair mechanisms incorporate four-bar linkage mechanisms.
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The innovative methodologies adopted in this study include Osborn’s [7] SCAMPER
checklist method, Yan’s [8] creative mechanical device design approach, and specialized
methods for assistive device development by Hsu and Hsieh et al. [9-11] that simultane-
ously consider mechanical functionality and user experience. Based on four-bar linkage
mechanisms and using the morphological analysis method [8] to position fixed pivots,
this study proposes three design concepts, resulting in four design cases for auxiliary
standing toilet chairs. These designs feature seat rotation angles exceeding 45° and require
a maximum driving force of less than 3000 N. By synthesizing findings from the kine-
matic mechanism analyses [12-16], the proposed design examples aim to address existing
shortcomings and provide elderly individuals with safer and more comfortable toileting
solutions. For Design Cases I-1II, the maximum seat rotation angles exceed 45°, meeting
the design requirements, and the driving force remains below 3000 N.

2. Sit-to-Stand

Based on the research conducted by Hirschfeld et al. [1] and Sato et al. [2], the sit-to-
stand motion can be divided into four distinct phases: the “Leaning Period”, “Transfer
Period”, “Upright Period”, and “Stability Period”, as depicted in Figure 1a. Furthermore,
researchers have defined the hip joint angle (0y), knee joint angle (fx), and ankle joint angle
(64), as shown in Figure 1b. The angular displacements of the hip joint (6y), knee joint (9k),
and ankle joint (84) throughout the sit-to-stand process are illustrated in Figure 1c.
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Figure 1. The four stages of the sit-to-stand movement and the definition and angular displacement
of joints [1,2].

The design of the auxiliary standing toilet chair is not influenced by the angular
displacement of the hip joint (6y) but must accommodate the angular displacements of the
knee joint (fx) and ankle joint (64). According to Figure 1b,c, when the toilet chair moves
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to assist individuals in standing, the ankle joint angle (64) initially increases slightly before
decreasing (as the lower leg rotates forward and then backward). During the standing
movement, the knee joint angle (fx) initially decreases gradually before declining rapidly.

3. Existing Mechanism
3.1. Toilet Aid for Older People [3]

Figures 2 and 3 illustrate an existing toilet aid for older people and its corresponding
skeleton mechanism, respectively [3]. The mechanism of the toilet chair comprises four
links (N) and four joints (J). The actuator directly drives seat link 3 to move upward and
rotate. After integration with the actuator, it becomes a six-link, seven-joint mechanism
(N =6,] =7), featuring six revolute pairs and one sliding pair (J = 7). Based on the degrees
of freedom formula, the mechanism has one degree of freedom, as shown in Equation
(1). However, for an auxiliary standing toilet chair to effectively facilitate the sit-to-stand
movement, the instantaneous center I3 must be positioned close to the knee joint. Figure 3
illustrates that the instantaneous center ;3 in this design is distant from the knee joint,
making it unsuitable for the sit-to-stand motion. An analysis using the computer-aided
engineering software INSPIRE 2019.2 shows that the rotation angle of the seat link (3) is
only 16°. For a person weighing 150 kg (equivalent to 1500 N), the required driving force is
1839 N, as shown in Figure 4. This design has the following disadvantages:

1.  The overall height is too high, and the feet cannot be completely placed on the ground.

2. The stroke of the actuator is too large (250 mm).

3. The rotation angle of the seat link is only 16°, which does not meet the movement
requirements of the human body during the transition from sitting to standing.

]
F=3(N-J-1)+) fi=36-7-1)+7=1 (1)
i=1

Figure 2. Toilet aid for older people [3].

3.2. Lifting Mechanism for Toilets [4]

Figure 5 illustrates the lifting mechanism for toilets and its corresponding skeleton
mechanism [4]. This toilet chair mechanism consists of four links and four joints. The
actuator drives the joint between link (2) and link (3) to move upward and rotate. After
integration with the actuator, it becomes a six-link, seven-joint mechanism (N = 6, | = 7),
featuring six revolute pairs and one sliding pair (J = 7). Based on the degrees of freedom
formula, the mechanism has one degree of freedom, as shown in Equation (2). However,
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as illustrated in Figure 5c, the instantaneous center I3 of this design is distant from the
knee joint, making it unsuitable for the sit-to-stand movement. An analysis using the
computer-aided engineering software INSPIRE shows that the rotation angle of the seat
link (3) is only 30.22°. For a person weighing 150 kg (equivalent to 1500 N), the required
actuator force is 4443 N, as shown in Figure 6. This design has the following disadvantages:

1. The seat link is raised too high, and users must stand on their tiptoes, which increases
the risk of injury.

2. The rotation angle of the seat link is only 30.22°, which does not meet the movement
requirements of the human body during the transition from sitting to standing.

3. The positioning of the actuator is suboptimal, requiring a high actuator force of 4443 N.

]
F=3(N-]-1)+) fi=36-7-1)+7=1 )
i=1

3 (Seat Link)

(a) Sitting posture. (b) Standing posture.

Figure 3. The skeleton of toilet aid for older people [3].
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Figure 4. The seat link rotation angle and actuator force of the toilet aid for older people [3].
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(a) Sitting posture.
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Figure 5. The lifting mechanism for the toilet and its skeleton [4].
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Figure 6. The seat link rotation angle and actuator force of the lifting mechanism for the toilet [4].
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3.3. Apparatus for Lifting Movable Base of Toilet [5]

Figure 7 illustrates the apparatus for lifting the movable base of toilet and its corre-
sponding skeleton mechanism [5]. This toilet chair mechanism comprises four links and
four joints. The actuator drives the joint between link (3) and link (5) to move upward and
rotate. After combining it with the actuator, it becomes a six-link, seven-joint mechanism
(N =6, ] =7), featuring six revolute pairs and one sliding pair (J = 7). Based on the degrees
of freedom formula, the mechanism has one degree of freedom, as shown in Equation (3).
As shown in Figure 7c, the instantaneous center I;3 of this design is positioned far from
the knee joint, making it inadequate for supporting the sit-to-stand movement. According
to an analysis conducted using computer-aided engineering software INSPIRE, the rota-
tion angle of the seat link (3) is only 30.16°. For a person weighing 150 kg (equivalent to
1500 N), the required actuator force is 6070 N, as shown in Figure 8. This design has the
following disadvantages:

1.  The seat link is positioned too high, requiring users to stand on their tiptoes, which
increases the risk of injury.

2. The seat link’s rotation angle is only 30.16°, which fails to accommodate the natural
sit-to-stand movement.

3. The actuator’s placement is suboptimal, resulting in an excessively high actuator force
requirement (6070 N).

]
F=3(N-]—-1)+) fi=36-7-1)+7=1 ®3)
i=1

3 (Seat Link)

(a) Sitting posture. (b) Standing posture.
3

~
~
~
N
-
-
=
S~ I
S~ 13
-
-

(c) Skeleton in sitting posture. (d) Skeleton in standing posture.

Figure 7. The apparatus for lifting the movable base of a toilet and its skeleton [5].
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Figure 8. The seat link rotation angle and actuator force of the apparatus for lifting the movable base
of the toilet [5].

3.4. Heavy Duty Power-Assisted Toilet Seat Lift Assembly [6]

Figure 9 shows a heavy-duty power-assisted toilet seat lift assembly and its corre-
sponding skeleton mechanism [6]. This toilet chair mechanism consists of six links and
seven joints. The actuator directly drives the seat link (3) to move upward and rotate. After
combining with the actuator, it becomes an eight-link and ten-joint mechanism (N = 8§,
J = 10), featuring nine revolute pairs and one sliding pair (J = 10). Based on the degrees
of freedom formula, the mechanism has one degree of freedom, as shown in Equation
(4). Figure 9 shows the instantaneous center positions for sitting and standing, indicating
minimal variation in the distance between the knee joint and the instantaneous center in
both positions. Therefore, it satisfies the kinematic requirements for the sit-to-stand move-
ment. According to the analysis by the computer-aided engineering software INSPIRE, the
rotation angle of the seat link (3) is only 26.38°. For a person weighing 150 kg (equivalent
to 1500 N), the required actuator force is 1700 N, as shown in Figure 10. This design also
has the following disadvantages:

1. The excessive forward movement in the seat link causes significant forward bending
of the calf, which may increase the risk of injury.
2. The rotation angle of the seat link is only 26.38°, which fails to meet the movement
requirements for transitioning from sitting to standing.
J

F=3(N-J—-1)+) fi=38-10-1)+10=1 (4)
i=1

(a) Sitting posture. (b) Standing posture.

Figure 9. Cont.
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3 (Seat Link)

$

(c) The skeleton in sitting and standing postures.

Figure 9. The heavy-duty power-assisted toilet seat lift assembly and its skeleton [6].
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Figure 10. The seat link rotation angle and actuator force of a heavy-duty power-assisted toilet seat

lift assembly [6].

4. Mechanism Design

4.1. Design Concepts

Based on the analysis of existing products and patents related to auxiliary standing

toilet chairs, most mechanisms, excluding those utilizing a power cylinder, are based on

four-bar linkages. This paper focuses on four-bar linkage-based designs, which can be

categorized into three concepts based on the position of the fixed pivots. In Design Concept

I (Figure 11a), the pivots are positioned at the rear of the chair. In Design Concept II

(Figure 11b), the two fixed pivots are located at the front of the chair. In Design Concept III

(Figure 11c), the two fixed pivots are positioned on opposite sides, with one positioned at

the rear and the other at the front. The mechanism in Figure 2 belongs to Design Concept

II, while the mechanisms in Figures 5 and 7 belong to Design Concept I.
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Figure 11. Three design concepts for the mechanism of an auxiliary standing toilet chair.

4.2. Design Requirements and Constraints

Based on human kinematics, the design requirements and constraints for the auxiliary
standing toilet chair are outlined as follows:

1. The seat link must be a coupler link and not be adjacent to the ground link.

2. The angular displacement of the seat link (from sitting to standing) should exceed 45°.

3.  Tiptoeing must be avoided. During operation, the front edge of the seat should move
both forward and upward.

4.  The dimensions of the auxiliary standing toilet chair must be within a depth of
400 mm—440 mm, a width of 370 mm—400 mm, and a height of 400 mm—430 mm, as
shown in Figure 12.

5. The standing function can be achieved by using two actuators.
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6.  In this study, the stroke and speed of the actuator are 150 mm and 18 mm/s, and the
maximum driving force is 2000 N, as shown in Figure 13. This allows the seat to reach
the standing position in approximately 10 s.

400 mm ~ 440 mm > 370 mm ~ 400 mm

400 mm ~ 430 mm

Figure 12. The dimension constraints of the auxiliary standing toilet chair.

Figure 13. The actuator has a stroke of 150 mm, a speed of 18 mm/s, and a maximum driving force of
2000 N.

4.3. Kinematic Design, Kinematic Analysis, and Driving Force Analysis

The existing designs do not satisfy all design requirements. This study proposes
improved mechanisms for the auxiliary standing toilet chair. The four design examples
illustrate the design process.

4.3.1. Design Concept I
Design Example I

In Design Concept I, Design Example I is proposed for an auxiliary standing toilet
chair, as shown in Figure 14. Figure 14a—c show its sitting and standing mechanisms and
corresponding dimensions. The analysis using the computer-aided engineering software
INSPIRE shows that the seat link (3) achieves a rotation angle of 48°. For a person weighing
150 kg (equivalent to 1500 N), the required actuator force is 2258 N, as shown in Figure 14d.
This design has the following characteristics:

1. The seat link rotates 48° during the sit-to-stand transition.

2. The height dimensions meet the design requirements of 400 mm to 430 mm.

3. The standing function is achieved using 2 actuators with a stroke of 150 mm, a speed
of 18 mm/s, and an actuator force of 4000 N (2 x 2000 N).

4. For a person weighing 150 kg (1500 N), the maximum required actuator force is 2258 N,
less than 4000 N, as shown in Figure 14d. This design meets all specified constraints.
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(d) The seat link rotation angle and actuator force during standing.

Figure 14. Design Example I for Design Concept I.
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4.3.2. Design Concept 11
(a) Design Example I

In Design Concept II, Design Example II is proposed for an auxiliary standing toilet
chair, as shown in Figure 15. Figure 15a—c show its sitting and standing mechanisms and
corresponding dimensions. Analysis using computer-aided engineering software INSPIRE
shows that the seat link (3) achieves a rotation angle of 45°. For a person weighing 150 kg
(equivalent to 1500 N), the required actuator force is 2265 N, as shown in Figure 15d. This
design has the following characteristics:

1. The seat link rotates 45° during the sit-to-stand transition.

2. The height dimensions meet the design requirements of 400 mm to 430 mm.

3. The standing function is achieved using 2 actuators with a stroke of 150 mm, a speed
of 18 mm/s, and an actuator force of 4000 N (2 x 2000 N).

4. For a person weighing 150 kg (1500 N), the maximum required actuator force is
2265 N <4000 N, as shown in Figure 15d. This design meets all specified constraints.

(b) Design Example III

For Design Concept II, Design Example III is proposed for an auxiliary standing toilet
chair, as shown in Figure 16. Figure 16a—c illustrate its sitting, standing, and corresponding
mechanism dimensions. Analysis by computer-aided engineering software INSPIRE shows
that the seat link (3) achieves a rotation angle of 44°. For a person weighing 150 kg
(equivalent to 1500 N), the required actuator force is 2361 N, as shown in Figure 16d. This
design has the following characteristics:

1. The seat link rotates approximately 45° during the sit-to-stand transition.

2. The height dimensions meet the design requirements of 400 mm to 430 mm.

3. The standing function is achieved using 2 actuators with a stroke of 150 mm, a speed
of 18 mm/s, and an actuator force of 4000 N (2 x 2000 N).

4. For a person weighing 150 kg (1500 N), the maximum required actuator force is
2361 N <4000 N, shown in Figure 16d. This design meets all specified constraints.

4.3.3. Design Concept II
Design Example IV

In Design Concept III, Design Example IV is proposed for an auxiliary standing toilet
chair, as shown in Figure 17. Figure 17a—c show its sitting and standing mechanisms and
corresponding dimensions. Analysis using computer-aided engineering software INSPIRE
shows that the seat link (3) achieves a rotation angle of 41.5°. For a person weighing 150 kg
(equivalent to 1500 N), the required actuator force is 5364 N, as shown in Figure 17d. This
design has the following characteristics:

1. The seat link rotates 41.5° during the sit-to-stand transition.

2. The height dimensions meet the design requirements of 400 mm to 430 mm.

3. The standing function is achieved using two actuators with a stroke of 150 mm, a
speed of 18 mm/s, and an actuator force of 4000 N (2 x 2000 N).

4.  For a person weighing 150 kg (1500 N), the maximum required actuator force is
5364 N > 4000 N, as shown in Figure 17d. This does not satisfy the design constraints.



Machines 2025, 13, 402 13 of 18

3 (Seat Link)
=
=
u,
S
hd Fixed pivots E
(/ 5 Fixed pivots
i
PR A SN
_ VY

AR,

(a) Sitting posture (b) Standing posture
400 54
300
( P
- o —9
300 s
% F-//’/i
B sa0 [ N
& ' E 2
1 s o — — — Unit: mm

(c) Dimensions of Design Example II

Actuator force and seat link angle

—— Actuator B Force max. & min.
——Seat Link A Angle max.
2500 4789 50
~ r ‘ C
%1250 L - 2258.06 152
o - Ten
i 1530.73 - 2
O 1 1 1 1 0
0 2 4 6 8 10

" Input time (sec)

(d) The seat link rotation angle and actuator force during standing

Figure 15. Design Example II for Design Concept II.
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Figure 17. Design Example IV for Design Concept III.
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5. Engineering Design and Prototyping

Based on Design Example I, as shown in Figure 14, engineering drawings for the
“auxiliary standing toilet-chair” have been completed. Figure 18 presents the engineering
drawings, and Figure 19 shows the prototype.

(b) Side view of sitting posture. (c) Isometric view of sitting posture.

(d) Front view of standing posture. (e) Side view of standing posture. (f) Isometric view of standing posture.

Figure 18. Engineering drawing of Design Concept I.

(a) Front view of sitting posture. (b) Side view of sitting posture. (c) Isometric view of sitting posture.

Figure 19. Cont.
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(d) Front view of standing posture. (e) Side view of standing posture. (f) Isometric view of standing posture.

References

Figure 19. Prototype of Design Concept I.

6. Conclusions

This study analyzed existing products and patents to develop a more comfortable and
ergonomic auxiliary standing toilet chair. The results of this paper are as follows:

1.  The actuator directly drives the seat link, which rotates around the center of the knee
(instant center I13) as much as possible. Its rotation angle reaches 48°, thus eliminating
the need for tiptoeing or the downward movement of the hips.

2. The toilet chair mechanism is a four-bar linkage that utilizes only revolute pairs,
simplifying production and maintenance.

3. When assisting a 150 kg person to stand, the maximum required actuator force is
only 2258 N, with each actuator bearing 1129 N. This significantly reduced force
requirement results in an improved energy efficiency.
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