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Abstract

Scissor lifts are versatile lifting mechanisms that must satisfy stringent safety and reliability
requirements. Therefore, accurate determination of their force and kinematic parameters is
essential. An analytical approach for the design calculation of a bottom-driven scissor lift
was developed. The proposed approach incorporates extension and compression springs to
reduce the required driving force in the lowest platform position and improve the energy
efficiency of the mechanism. A force analysis model of the scissor lift was developed, and
the support reactions and the required driving force were determined as functions of the
platform lifting height. Based on the kinematic analysis, the extreme linear and angular
displacements of the scissor mechanism arms were determined. The functional depen-
dences of the upper and lower spring deformations on the inclination angle of the scissor
arms were established, characterizing the operating behavior of the load compensation
system. The results demonstrate that the proposed spring compensation system reduced
the required driving force by 26.5% and the internal forces in the scissor mechanism by
19.8-39.6% compared with the configuration without spring compensation. The developed
analytical approach enables the determination of the force and energy characteristics of a
bottom-driven scissor lift and the selection of reasonable spring parameters to reduce drive
energy consumption.

Keywords: driving force; scissor lift; pantograph mechanism; ball screw; force analysis;
kinematic characteristics; spring

1. Introduction

Pantograph mechanisms are the most widely used parallel kinematic mechanisms.
Their advantages include single-drive architecture, high dynamic performance, and high
positioning accuracy. The application of pantograph mechanisms is increasingly expanding
in mobile robotic platforms and scissor lifts [1,2]. Various drive configurations were
proposed for scissor lift platforms to provide vertical motion [3]. The simplest configuration
employs a bottom-mounted horizontal linear actuator [4]. In such systems, hydraulic
actuators [5] and screw—nut mechanisms [6,7] are the most commonly used drive solutions.
However, this configuration requires the maximum driving force when the platform is in its
lowest position, while the required force decreases with increasing lifting height. Another
limitation of this design is that the platform cannot be fully folded. A roller-based drive
configuration capable of fully folding the platform was presented in [8]. A key characteristic
of scissor lifts is that the driving force varies nonlinearly with both the platform lifting
height and the geometric configuration of its application points.
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Nevertheless, scissor lift mechanisms exhibit complex dynamic behavior and require
sophisticated analytical and numerical approaches. Previous studies have primarily fo-
cused on reducing structural weight [9], ensuring compliance with safety requirements,
and improving drive systems. However, analytical approaches aimed at reducing the
driving force through passive load compensation using elastic elements have received
considerably less attention. Their use has been shown to improve both the static and
dynamic performance of scissor lift mechanisms, as demonstrated in previous studies [1,2].
However, determining the reasonable parameters and configuration of elastic elements
requires a comprehensive approach combining parameter synthesis and dynamic analysis.

Consequently, the analysis and modeling of scissor lift mechanisms incorporating
spring-assisted drive compensation remain important research challenges.

2. Methods

General methods of static and kinematic analysis were employed in the study. A
calculation scheme was formulated, and analytical expressions were derived along with
graphical representations of the support reactions, driving force, and additional restoring
forces as functions of the arm inclination angle. The stiffness coefficients of the elastic
elements were selected based on preliminary design considerations, providing an initial
basis for the analytical investigation. Rolling friction in the joints was neglected during
the force analysis. The required motor power for the ball screw drive was determined by
taking into account the known efficiency values of the transmission components.

3. Force Analysis of the Scissor Lift Mechanism

The scissor lift mechanism (Figure 1) consists of two pairs of arms, denoted I and II.
To reduce the load on the lifting drive when the platform is in its lowest position, extension
springs (1) and compression springs (2) are incorporated into the mechanism. The upper
extension springs (1) operate throughout the entire range of arm motion, whereas the
compression springs (2) are active only within a limited range of arm motion.

s

Figure 1. Force analysis diagram of the scissor lift.

The force analysis is based on the diagram shown in Figure 1. In this model, G is the
total weight, G = 1.5 kN; F; is the driving force; F¢1, Fs, are the restoring forces generated
by the springs; X;, Y; are the reactions at the supports and the pin joint; « is the arm
inclination angle; H is the lifting height, H = 400 mm; L is the arm length, L = 720 mm; A
is the lower spring compression.

The force analysis involves six unknown quantities, namely X,, Yo, X4, Y4, Ya and F;.
Accordingly, six independent equilibrium equations are required.

Based on the force diagram, the following equilibrium equations are obtained.
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For arm I:

YiFix =0: Xo +F +Fgpp —Fg1 =0;
iFy =0: Ya+ Yo~ § =0 (1)
Y. M(F;), =0: %Lcosoc — Yo%cosa + Xo%sinzx — Fg1Lsina = 0.

For arm II (assuming symmetry of the reactions at the pin joint):

YiFix =0 =Xo +Xq +Fs1 =0
YiFy =0 —Yo+Yg— 5 =0; 2)
Y M(Fi)p = 0: —%Lcosa — XO%sinzx — Yo%coszx + FgiLsina = 0.

Solving the systems of equations (Equation (1)) and (Equation (2)) yields the following
unknown quantities:

Xo I 2F¢1 — Geota

Y, 0

Yol 7 . @)
Xd Fsl — Gceota

Yq &
| Fr | | Geota — Fgy — Fyp |

To verify the obtained solution, an additional equilibrium equation was formulated
for arm I using the analytical expressions given in Equation (3):

GL L L L
Y M(F;)o = 0: 5 5008& +Yazcosa — (Fy + Fr) osina — Fq osina = 0.

4. Kinematic Analysis of the Scissor Lift Mechanism

The distance between the joints in the upper and lower positions (Figure 2) is defined
as hmax = Lsin(amax) and hpin = Lsin(amin), respectively. The lifting height of the
platform is H = hmax — hmin = L(sin(&max) — sin(&min)). For the considered scissor lift
mechanism, the minimum and maximum distances between the joints are hy,j, = 200 mm

and hpax = H + hyin = 600 mm, respectively. Therefore, the maximum and minimum
rotation angles of arm I are determined as follows:

- . hmax o . 0.6 o o.
Omax = arcsm<L> = arcsm(w> =564°;

hi 2
Xmin = arcsin(i‘“‘) = arcsin<0> =16.1°.

0.72
X]
Lz
R B
roller / ;
26
X2 T

Figure 2. Joint displacement diagram.
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The horizontal displacement of the upper joint is determined based on the rotational
motion of arm II:

x1 = L(cos(@min) — c0s(@max)) = 720(cos 16.1° — cos 56.4°) = 293.3 mm.

Arm I performs general plane motion, which can be decomposed into transla-
tional and rotational motions. The linear displacement of the lower roller is given by
X2 = X0 + 5 (08 (ttmin) — cOS(Amax))-

Since the central pin joint is located at the midpoint of the arms (point O), at a distance
of %, it follows that xg = 0.5x7, and therefore x, = xj.

For the analyzed scissor lift mechanism, the platform vertical displacement is
H = 400 mm, whereas the horizontal displacement of the lower roller is x; = 293.3 mm.
The ratio of the platform vertical displacement to the horizontal displacement of the lower
roller is given by

H  sin(&max) —sin(amin)  sin(56.4°) — sin(16.1°)

X3 €o8(&min) — coS(max)  cos(16.1°) — cos(56.4°) @)

Accordingly, the average platform lifting speed is governed by this ratio. Therefore, for
a specified platform lifting speed, the corresponding lower roller speed can be determined.

5. Scissor Lift Mechanism Operation Analysis

The upper springs are initially unstretched when the arms are in the upper position.
During platform lowering, the springs extend and reach their maximum elongation when
the platform reaches its lowest position. Therefore, the restoring force F;; reduces the
required driving force F, throughout the entire motion range of the platform.

In contrast, the lower springs operate in compression and have a limited operating
range. Specifically, they are active only in the lower position of the platform, when the arm
inclination angle is less than 25°:

ka+b, ifa<25°,
Ala) = 5
() { 0 otherwise. } ©)
_ xp(25deg) _ Xp(25deg)-25deg
where k = 7%;725(1% andb = _72amm725deg .

Accordingly, the restoring force F;, also reaches its maximum value in the lowest
position, where the lower springs are maximally compressed. The extension of the upper
springs and the compression of the lower springs as functions of the arm inclination angle
are shown in Figure 3.

The upper extension springs have dimensions 5.5 x 45 x 530 mm, whereas the lower
compression springs have dimensions 4 x 32 x 120 mm. These dimensions correspond to
spring stiffness coefficients of ¢c; = 3.5 N/mm and c; = 9.2 N/mm, respectively.

Based on the operating conditions of the springs, the restoring forces Fs; and Fs; are
expressed as follows:

Fa (D‘) =Xy (“max) — (X1 (D‘);

Fo(a) = c2-Aa). ©

The operating characteristics of the springs are illustrated in Figure 4. In the lower
position of the platform, the upper spring reaches its maximum extension, and consequently,
the restoring force Fg; attains its maximum value. As the platform is raised, the spring
gradually returns to its unstretched state, causing Fg; to decrease to zero in the upper
position. The lower spring reaches its maximum compression in the lower position. As the
platform is raised and the arm inclination angle increases to & = 25°, the spring gradually
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returns to its free length. Consequently, its contribution to the loading of the mechanism
arms is limited. The upper spring provides the primary contribution to the static force
characteristics, as it operates throughout the entire platform lifting range. The lower spring
mainly influences the deceleration of the platform during lowering. These effects will be
investigated in the dynamic analysis of the scissor lift.

3001 40T T
30 T
200/ 1 _
: £ 20~ .
- <]
* 100
10 T
0 | | | o—! | | |
20 30 40 50 20 30 40 50
o [deg] o [deg]
(a) (b)

Figure 3. Dependences of spring deformations on the arm inclination angle: (a) extension of the

upper spring; (b) compression of the lower spring.

1.5 I I I 0.4 T T T
0.3 7
= ! 1=
-
= = 0.2 .
5 o
0.5 1
0.1 ]
o] | | | oLt | | |
20 30 40 50 20 30 40 50
o [deg] o [deg]
(a) (b)

Figure 4. Dependences of the spring restoring forces on the arm inclination angle: (a) upper spring;

(b) lower spring.

The derived analytical expressions were used to construct the force characteristics of
the mechanism as functions of the arm inclination angle «a for two cases: without springs
and with springs taken into account, as shown in Figure 5.

The use of springs as a passive load compensation system has a positive effect on
reducing the internal forces and the required driving force F; (Table 1). However, the
springs do not affect the vertical components of the reactions at the supports Y, and Y4
and the pin joint Y.

The calculation results indicate that the use of the upper and lower springs reduces
the required driving force by 26.5% and the internal forces by 19.8-39.6%.

The ratio of the required driving force F; to the total weight G is given by

F. 382

L= 222 )55 7
G 15 5 @)
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Table 1. Values of the support reactions, pin-joint reaction, and driving force.

. . Forces Values for apip. . -&max, KN Max-Value Percentage
Force Designation - - - . N
No Springs with Springs Difference, %
Xo 52...1.0 314...1.0 39.6
Yo 0 0 0
Ya 0.75 0.75 0
X4 52...1.0 417...1.0 19.8
Yq 0.75 0.75 0
F, 52...1.0 3.82...1.0 26.5
6T T T T I T T
—— no springs —— no springs
. —— with springs | | 0.5 —— with springs |
z —
=, Z
X 2 0
e .
2 >~
— 0.5 .
0 | | | | -1 | | | |
20 30 40 50 20 30 40 50
o [deg] o [deg]
0.751 T T T 6T T T T
—— no springs —— no springs
0.7505 — with springs | . — with springs
= z
£ 075 <
- < 5
0.7495 —
1ol ! ! ! | | | !
0-749 20 30 40 50 0 20 30 40 50
a [deg] o [deg]
0.751 T 1 T 6T T T T
—— no springs —— no springs
0.7505[ —— with springs | A —— with springs | |
Z 075 )
= =,
0.7495 T
0.749 | | | | 0 1 1 1 |
20 30 40 50 20 30 40 50
o [deg] o [deg]

Figure 5. Dependences of the forces on the arm inclination angle.

6. Drive Power Calculation

To generate the required linear driving force, the drive system consists of a DC
motor (1), a flexible coupling (2), gear transmissions (3), a ball screw (4), and a ball nut (5),
which together convert rotary motion into the linear motion of the roller (6) (Figure 6).
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Figure 6. Kinematic scheme of the scissor lift drive: 1—DC motor; 2—flexible coupling; 3—gears;
4—Dball screw; 5—ball nut; 6—roller.

The kinematic relationship between the motor and screw rotational speeds is given by

Z1 723
NpC— — = Nscrew,
Zy 74
where npc is the rotational speed of the DC motor, necrew is the rotational speed of the ball
screw, and z1, 7y, z3, z4 are the numbers of teeth on the corresponding gears.
For npc = 3000 rpm, z; = zp = 28, z3 = 16 and z4 = 68, the screw rotational speed is
obtained as ngcrew = 0.235npc = 0.235-3000 = 705 rpm.

The linear speed of the ball nut is determined as

_ Wscrewh
2n

7

where h is the screw lead (h = 10 mm). Therefore, the linear speed of the ball nut is
calculated as v = % =0.118m/s.

According to Equation (4), the average platform lifting speed is vy = 1.36:0.118 =
0.16 m/s.

Alternatively, if the ball nut travel timeis t = 2 = % = 2.48 s, the platform lifting
speed is vy = % = % =0.16 m/s.

The required motor power is calculated as

Ppe = Pscrew,
n

where Pgcrew is the power transmitted through the ball screw mechanism, Pscrew = Frv;
n is the overall drive efficiency, 1 = 1nymons; N1, M, M3 are the efficiencies of the bevel
gear transmission, spur gear transmission, and ball screw mechanism, respectively,
n = 0.98-0.95-0.85 = 0.79.

Thus, the required motor power is calculated as

_ 3.82:0.118-10°

079 =570 W.

Ppc

This calculation does not account for friction losses in the joints. According to the

literature [10], the calculated power should be increased by 25-30% to compensate for
these losses.

7. Conclusions

1. The scissor lift design incorporates upper extension springs and lower compression
springs to reduce the required driving force transmitted through the ball screw drive.
The stiffness coefficients of springs were determined, and their operating conditions
were taken into account. In the lower position of the scissor lift mechanism, the upper

https://doi.org/10.3390/engproc2026145010
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springs are fully extended and therefore generate their maximum restoring forces.
As the platform is lifted, the restoring forces gradually decrease and become zero
when the platform reaches its upper position. Conversely, the lower springs are fully
compressed when the platform is in its lower position and extend during platform
lifting until the scissor arm inclination angle reaches & = 25°.

2. The incorporation of the springs reduces the required driving force by 26.5% and the
internal forces by 19.8-39.6% compared with the configuration without springs. For a
required platform vertical travel of 400 mm, the corresponding horizontal travel of
the ball nut is 293.3 mm. To achieve an average platform lifting speed of 0.16 m/s, the
required motor power is 570 W. The obtained results demonstrate that incorporating
upper and lower springs into the scissor lift mechanism is an effective approach to
reducing the driving force and the support and joint reactions.

3. At this stage, the main kinematic and force characteristics were obtained based on the
developed static model, confirming the feasibility of using additional compensation
springs. The obtained results will serve as the basis for the synthesis, parameterization,
and optimization of the drive arrangement of the developed scissor lift using the
approaches proposed in [11-13]. During the parameter synthesis stage, the specific
stiffness coefficients of the springs c; and cp, together with their geometric parameters,
will be determined based on the required load capacity G and platform lifting height H.
In addition, the dynamic analysis of the system, accounting for the electromechanical
processes in the drive and the nonlinear behavior of the ball screw drive, will be
performed using the approach presented in [14].
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