Kinematic and force analysis of a scissor lift mechanism
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Abstract. A scissor lift design was developed with a load capacity of 100 kg and a lifting height
of 1 m. The platform lifting mechanism is actuated by a traction electric motor via rollers moving
along the guides. A calculation model of the scissor lift was created, resulting in a statically
indeterminate system. Support reactions and an actuating force were determined depending on the
platform lifting height. The analytical results showed that the actuating force increases nonlinearly
during platform lifting, ranging from 1.674 kN to 6.45 kN, while the actuator rod stroke is 441 mm.
Similarly, the simulation conducted using SolidWorks Motion yielded the actuating force in the
range of 1.62 kN-6.5 kN and the rod stroke of 443.5 mm. The study established the patterns of
variation of the main kinematic and force parameters of the scissor lift, which exhibit nonlinear
characteristics. A piecewise linear variation of the actuating force was synthesized to ensure a
trapezoidal motion profile of the platform. This type of motion profile was selected to provide
comfortable and safe movement for people, particularly those with disabilities. The strength of the
main structural elements of the scissor lift, namely levers, traction crossbar, guides and rollers,
was ensured.
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1. Introduction

Parallel structure mechanisms provide high stiffness, accuracy, speed, and load capacity
compared with serial mechanisms. They can be implemented using both rigid and compliant links
[1, 2]. Such mechanisms possess unique properties that require a comprehensive kinematic, force,
and dynamic analysis. These systems can be effectively investigated using modern CAD and CAE
systems [2, 3]. Accordingly, scissor lifts are representative examples of such mechanisms.

Scissor lifts, similarly to other mechanisms with parallel structure, are widely used in various
technical applications. They are primarily employed for vertical transportation of loads with lifting
heights up to 20 m [4] and load capacities of 3.5 tons or more [5]. Experimental scissor-type
mechanisms have also been developed for horizontal transportation [6] under the action of inertial
forces [7], as well as for use as vibration isolators [8], [9]. The trends in the development of scissor
lift drive configurations are reflected in a broader analysis [10], where the majority are linear drive
systems based on hydraulic cylinders and roller screw mechanisms. Rope (belt) drive
configurations also have certain advantages; however, their main disadvantage is the requirement
for additional safety devices to secure the platform in case of rope or belt failure. A rather
uncommon drive configuration was identified for the translational motion of the roller, which
moves between two guides mounted directly on the levers [10]. This lifting mechanism
configuration is employed by Lehner Lifttechnik GmbH. The linear drive is powered by a 24 V
DC motor coupled with a ball screw, ensuring reliable platform retention in any position.
Additionally, these systems can be designed to enable energy recuperation [11], [12]. For the same
purpose, traditional hydraulic drives [13], [14], which have wider application, are being improved.
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In this respect, electrohydraulic systems are even more efficient [15]. The variety of scissor lift
drive configurations forces design engineers to seek a trade-off between a gain in force and a gain
in displacement.

Scissor lifts are safety-critical mechanisms and therefore require appropriate strength and
deformation analysis. During operation, due to the change in the relative positions of the moving
links, the actuating force and support reactions vary both in magnitude and direction. As a result,
the structural elements experience a complex stress—strain state caused by the combined effects of
bending moments, axial forces, and transverse forces on strength [16]. Therefore, the strength
analysis of structural components should be performed for the link positions corresponding to the
maximum load condition. In many cases, a static analysis is carried out when the platform is in its
lowest and highest positions. For large-scale structures, stability issues may also occur, affecting
both the entire structure [17] and individual elements under axial load [18], as well as under wind
load [19]. For such structures, attention should also be paid to deformation and additional safety
requirements [20], [21]. In cases where ensuring strength and stability requires significant design
modifications, alternative solutions are proposed in terms of selecting rational structural
parameters [22], determining the point of the actuating force application [23], and optimizing the
design [24]. The implementation of modern topology optimization methods is becoming
increasingly common [25]. The main objectives under consideration are aimed at reducing the
overall weight, increasing rigidity, and minimizing the actuating force.

Researchers also use an integrated approach for a more comprehensive analysis [26].
Specifically, the use of multi-criteria optimization methods enables the development of an
optimized design based on the main kinematic and force characteristics [27].

One of the key stages of the estimation process is establishing an analytical relationship
between the actuating force and the lever inclination angle. A simple and accurate analytical
solution is feasible only for a rather limited number of drive configurations [5], [13], [14].
Therefore, the wide variety of scissor lift designs and their drive configurations requires
performing a set of calculation tasks, which mainly rely on the principles of statics, kinematics,
and strength verification. However, the studies presented in the review do not sufficiently consider
the issues of motion synthesis for the working platform intended for servicing people, especially
those with disabilities.

2. Scissor lift design

The scissor lift (Fig. 1) is designed according to the classical lever-type configuration,
consisting of a pair of lifting levers attached to the fixed lower base (1) and the movable upper
platform (2). The outer (3) and inner (4) levers are made from two longitudinal rectangular tubes
welded together with a transverse round tube at the bottom. The inner lever is rigidly mounted at
the top of the pantograph, and the outer lever at its bottom, through a hinged support. Guide plates
(5) and (6) are mounted on the levers. The proposed pantograph design is based on the principle
of actuating the scissor mechanism by applying a force between the levers through a traction
crossbar (7). This crossbar is a welded structure made from a square tube. At the end faces of the
crossbar, axles are welded, providing accommodation for pairs of guide rollers (8). These rollers
run along the guides attached to the inner and outer levers, ensuring constant contact with no
possibility of lateral displacement. The guides have a curved profile to maintain roller contact with
their surfaces throughout the lifting and lowering process. A guide curved profile also contributes
to reducing the actuator rod stroke. Support rollers (9) are mounted at the upper end of the inner
lever and the lower end of the outer lever, running along flat sheet surfaces. A linear force from
the drive motor (10) is applied to the crossbar, causing the rollers to open the levers while
maintaining continuous contact along the guides. The upper platform is made from sheet material,
which significantly reduces manufacturing costs. To increase rigidity, the upper platform is
reinforced with perimeter-mounted flanges and welded longitudinal angle-section stiffeners. A
similar approach is used for the lower base of the pantograph.
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The following requirements were defined for the scissor lift design process:

1) Simplicity of structural design and minimal manufacturing costs due to the use of sheet
metal and steel tubes [28] as the base elements for the main pantograph components (items 1, 2,
3,4,7).

2) The ability to adjust the lifting speed and height by using a high-efficiency DC motor (item
10) with substantial traction force as the drive. In addition, the scissor lift design can be powered
by an autonomous power supply.

/////’j//:: 0x900x3

450x60x14]

Fig. 1. General view and main structural components of the scissor lift design: 1 — lower base;
2 —upper platform; 3, 4 — outer and inner levers; 5, 6 — guides; 7 — traction crossbar;
8 — guide roller; 9 — support roller; 10 — drive motor

3. Scissor lift calculation model and actuating force estimation

The scissor lift design calculation is based on forming the static equilibrium equations to
determine the support reactions and the actuating force. The developed calculation model (Fig. 2)
includes eight unknown force components, namely the reactions at the lower base X, Yy, Yp; the
reactions at the central hinge X, Y;; the normal reactions N;, N,; and the linear actuator force P,
making the system statically indeterminate. The number of unknowns can be reduced by two by
expressing the normal reactions N;, N, in terms of the actuating force P. Thus, the total number
of equilibrium equations becomes sufficient for solving the system.
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Fig. 2. Force analysis diagram of the scissor lift

In the force analysis diagram, the following notations are used, namely « is the angle between
the line of action of the actuating force P and the horizontal; y is the angle between the line of
action of the normal reactions N; and N, and the vertical; f is the inclination angle of the levers
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relative to the horizontal; a, b are the distances from the attachment points of the outer and inner
levers to the central hinge; L is the length of the levers; v,, h; are the distances from the lower
attachment point of the outer lever to the roller axle; v,, h, are the distances from the upper
attachment point of the inner lever to the roller axle.

The normal contact reactions between the rollers and the guides are determined using the
following equation:

_p cos(a —y) cos(a +y)

Ny=P——F—FF—. (1

sin 2y sin 2y

For determining the unknowns, three equilibrium equations are established for each lever [26].
Lever 1:

!XA +X0 _N1 Sll’l‘)/ = 0,

G
YA+Y0+Nlcosy—E:0, 2)

| G
kXoasinﬁ —YyacosB — N, (v, siny + h; cosy) +EL cosf = 0.

Lever 2 (taking into account that the reaction at the central hinge O is directed oppositely):
(—XO — N,siny — (—=P)cosa =0, .
—Yy + Y, — N, cosy + (—P) sina—5= 0, 3)
XobsinB + Yybcos B — YpL cos B + N, (v, siny + h, cosy)
+(—P)L cosasinf — (—P)Lsina cos g = 0.

After substituting Eq. (1) into systems of Egs. (2) and (3), a system of linear equations is
obtained for the unknown vector, which is computed using the matrix approach:

X4
Yy
Xo
Yo

%)

where A is the matrix of coefficients for the unknown parameters:

= A"1B, @)

cos(a —vy) .
10 1 0 0 —WSIH}/
01 o0 1 0 cosa — )
sin 2y cosy
cos(a —
0 0 asinf —acospf 0 —M(hlcosy+vlsiny)
sin 2y
A= ) (5)
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and B is the vector of the right-hand sides of the linear equations:

G
B = —ELcosﬁ’. (6)

The analytical expressions for the unknown variables are rather cumbersome; therefore,
numerical values will be used. For this purpose, the scissor lift geometric parameters were
determined as a function of the current platform height (Table 1). The extreme platform positions
and the corresponding geometric parameters are shown in Fig. 3.

NeJ
DETALI $
&

1105

‘ [ - -
a) Upper position b) Lower position
Fig. 3. Geometric parameters of the scissor lift

The actuator rod stroke required to lift the platform to a height of H = 1000 mm is
1321-880 = 441 mm, which indicates a trade-off with a gain in displacement.

Table 1. Geometric parameters of the scissor lift
H a | B ‘ Y U1 ‘ V2 ‘ hy ‘ h, p
(mm) (deg) (mm) (kN)

0 0| 0 |27] 20 | 31 | 319|283 | 1.674
100 | 2 | 4 | 25| 72 | 80 | 376 | 340 | 1.673
200 5|7 122123 | 129 | 429 | 393 | 1.675
300 8 | 11 | 20 | 174 | 177 | 478 | 441 | 1.724
400 | 11 | 15 | 18 | 226 | 226 | 520 | 483 | 1.790
500 | 14 | 18 | 17 | 277 | 275 | 553 | 516 | 2.020

600 | 18 | 22 | 17 | 328 | 324 | 576 | 539 | 2.427
700 | 22 | 26 | 17 | 379 | 373 | 587 | 551 | 2.907
800 | 26 | 30 | 19 | 430 | 421 | 586 | 550 | 3.795
900 | 31 | 35 | 21 | 482 | 470 | 573 | 538 | 4.863
1000 | 36 | 39 | 24 | 533 | 519 | 548 | 514 | 6.450

For the extreme lower and upper platform positions, the calculated parameters have the
following values:
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XA 0 XA 0
Yy 0.5 Yy 0.52
X ~0.84 X —345
v| S| tes | KNy =| 774 | kN. (7)
Y, l 0.5 J Y, 0.48
Lply,,, l-1674 Lp gy =645

The linear actuating force varies within the range of P = 1.674-6.45 kN, reaching its
maximum value at the upper platform position.

The maximum normal forces Eq. (1) acting on the pair of rollers at the upper platform position
are N; = 849 kN; N, = 4.34 kN.

4. Simulation analysis of the scissor lift using SolidWorks Motion

The main purpose of the simulation analysis is to verify the mechanical and kinematic
characteristics of the scissor lift obtained in the preliminary calculation.

The initial conditions for the simulation are as follows: lifting height of the platform is
H = 1000 mm; simulation time is 10 s; the mass of structural elements is neglected; platform load
is G = 1 kN. The time dependencies of the main force and kinematic parameters are presented in
Fig. 4. All the dependencies exhibit a nonlinear behavior.

The time-dependent variation curves shown in Fig. 4, a makes it possible to determine the
required type of drive, taking into account the maximum actuating force and power demand. The
actuating force must be at least 6.5 kN, and the power consumption of the drive must be no less
than 250 W. The drive employs a 24V DC traction linear actuator (model
D24C05A5-20MONH-DEE) with a maximum actuating force of P = 11.35 kN and a rod stroke
of 508 mm. The rod speed varies within the range of 32-54 mm/s. The actuator is based on a roller
screw with a self-locking lead screw, ensuring self-braking and reliable platform retention in any
position. For the selected actuator, its power is approximately 400 W.

According to the simulation analysis, the normal reaction forces N; and N, also reach their
maximum values in the upper position of the platform, amounting to N; =8.65 kN and
N, =4.46 kN, respectively (Fig. 4(b)). The deviation between the analytical and simulation results
is 1.89 % and 2.76 %.

The maximum linear displacement of the actuator rod required to lift the platform to the
specified height is set to 443 mm (Fig. 4(c)). This value does not exceed the rated maximum rod
stroke.

The average lifting speed of the platform, according to the initial conditions, is 0.1 m/s, while
the instantaneous peak speeds during the motion (Fig. 4(d)) reach 0.154 m/s for the platform and
0.0656 m/s for the actuator rod. However, the actuator-rod speed exceeds the capability of the
selected actuator. Therefore, in practice, the actual lifting time of the platform will be longer than
the 10 s specified in the simulation. Based on the main force, energy, and geometric
characteristics, the selected actuator is sufficient for driving the scissor lift under consideration.

Due to the original drive configuration, the actuator rod is subjected only to axial loads. The
rollers and the guides experience the highest loading. The loads from the guides are transmitted
to the levers, and the inner lever additionally receives the load from the linear actuator at its
mounting point.

Based on the simulation results, the following points have been confirmed:

1) The maximum actuating force of the linear drive occurs in the upper position of the
platform.

2) The adequacy and applicability of the selected drive type have been verified.

3) The applied roller screw drive configuration presents a trade-off, providing a 2.25-fold gain
in displacement at the expense of a 6.45-fold reduction in force.
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Fig. 4. Time-dependent variation curves of the main force and kinematic characteristics of the scissor lift

Based on the obtained time-dependent variations, additional functional characteristics can be
derived. Among them, the variation of the actuating force with respect to the platform lifting
height is of practical interest. Fig. 5 presents the results of both simulation and analytical
calculation (Table 1). The simulation showed that the actuating force during the platform lifting
process increases from 1.62 kN to 6.5 kN. The error between the analytical and simulated results
for the actuating force at the limit values does not exceed 3.2 %.

® Calculation
Modelling

Motor Force (kN)
O =W AL

0 100 200 300 400 500 600 700 800 900 1000

Platform Displacement (inm)
Fig. 5. Variation of actuating force with platform displacement
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Developing the motion profile for the platform is a typical task in the design process of lifting
mechanisms. The implemented motion profile is sufficient for lifting cargo, tools, and equipment.
For the transportation of people, however, it is advisable to synthesize a motion profile that meets
safety and comfort requirements.

To reduce dynamic loads in the structural elements, it is advisable for the platform to move at
a constant speed 0.13 m/s for most of the time, which is achieved by limiting the maximum
acceleration during the transient phases. The acceleration and deceleration times of the platform
are assumed to be equal and denoted as t; =2 s. The time during which the platform moves at a
constant speed is denoted as t, =6 s. The total motion time of the platform is
T = 2t; + t, = 10 s (Fig. 6).

150

Platform Velocity (mny/s)
Motor Velocity (mnvs)

100

50

Velocity (mm/s)

0 1 2 3 4 - 6 7 8 g 10
Time (s)
Fig. 6. Simulated velocity profiles for the platform and actuator rod

Based on the simulation results, the following patterns can be identified, and certain
assumptions can be made:

1) The actuator rod speed reaches its maximum value at time t; + ¢,.

2) The velocity profile of the actuator rod can be approximated as linear over all time intervals.

3) The linear motor velocity is lower than the platform velocity.

These patterns make it possible to simplify the control of platform motion.

5. Strength analysis of the main structural elements

For most scissor lift designs, ensuring structural integrity primarily depends on verifying the
strength of the main elements, namely scissor levers, axles, brackets, and crossbars. This
verification can be performed analytically by constructing internal force diagrams [30] and
subsequently checking the strength. Many researchers also utilize the capabilities of
computer-based modeling [31]. The key parameter for strength evaluation is the factor of safety
(FOS).

According to the general load scheme of the scissor lift, the stress—strain state of the main
functional components was analyzed using the finite element method. The analysis was carried
out for the upper platform position, where the actuating force reaches its maximum value. Fig. 7
shows the simulation results values of FOS for the outer lever, inner lever, and traction crossbar.
The inner lever is subjected to higher loading compared with the outer lever due to the direct
transmission of the actuating force from the linear actuator. Similarly, the load from the actuator
is transferred to the traction crossbar, which is additionally loaded by the transverse forces arising
from the contact between the roller and the guide. The strength of the analyzed structural elements
meets the normative requirements of the standard, ensuring the operability of the scissor lift. The
simulation results are also presented in Table 2.

One of the key functional elements of the scissor lift design is the roller that runs between two
guides. The geometric parameters of the guide and roller are shown in Fig. 8. According to [7],
the guide geometric dimensions influence the kinematic characteristics and the power of the
scissor lift drive.

The calculated value of the contact force is N = N; /2 = 4.25 kN, since the base calculation
model is planar (Fig. 9(a)).

The finite element analysis (FEA) showed that the contact pressure is CP = 259 MPa
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(Fig. 9(b)), von Mises stress iS 0y,on mises = 190 MPa (Fig. 9(c)), while the minimum FOS for the
contact element material (steel 1.0301) is FOS = 1.9 (Fig. 9(d)). The contact pressure value
obtained from the simulation indicates the need for material heat treatment of the rollers in order
to achieve a surface hardness of 180-220 HB and to increase the contact strength limit to
CPqx = 440-480 MPa. Thus, the condition CP < CP,,, ensures the contact strength of the roller
surface.

a) Outer lever

FOS

10.0
9.3
8.7
8.0
7.4
6.7
6.1
5.4
4.8
41
3.5
28
22

92
88

22

¢) Traction crossbar
Fig. 7. FOS analysis results

A similar verification was performed for other structural elements. Based on the preliminary
calculations, the design parameters were refined to comply with the standard FOS requirement, as
scissor lift structures must satisfy FOS = 2.0 [32], [33]. The design modifications proposed for
the scissor lift included increasing the wall thickness of the rolled steel elements and enlarging the
axle diameters. The FEA results for the main structural elements are presented in Table 2.

The design documentation for manufacturing the scissor lift was developed. The estimated
weight of the lift is approximately 115 kg (excluding fastening elements).
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Fig. 8. Geometric parameters of the contact interface between the guide (1) and the roller (2)
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Fig. 9. Strength analysis results

Table 2. Calculated FOS for main structural elements of the scissor lift

. . Load
Structural element Details Material (DIN) Designation | Value, KN FOS
G
Outer lever P 0.5 5.3
N. 8.49
Profile 60x20x3 2
G
Tube @50%3.5 10301 (C10) 5 0.5
Inner lever p 6.45 2.2
N, 4.34
. Profile 60x3.2
Traction crossbar Axle 925 1.0503 (C45) P 6.45 2.2
Roller 058 1.0301 (C10) N 2.13 1.9
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6. Conclusions

The design of a scissor lift with the roller drive, a load capacity of 100 kg, and a lifting height
of 1000 mm is analyzed. A calculation model was developed, and the actuating force during
platform lifting was analytically determined, varying within the range of 1.674-6.45 kN.
SolidWorks Motion simulation showed the patterns of variation of the main kinematic and force
parameters of the platform and the drive. The actuating force increases nonlinearly, reaching
values of 1.62-6.5 kN, which confirms the validity of the analytical calculation for statically
determinate positions.

A trapezoidal motion profile for the platform velocity was synthesized, requiring a piecewise-
linear variation of the actuating force. This type of motion profile is essential for mechanisms that
provide accessibility for people with disabilities, ensuring comfort and safety during lifting
operations.

Based on the simulation results, a strength analysis of the main structural elements was carried
out. Structurally weak areas were identified, and design modifications were implemented to ensure
compliance with the standard FOS requirement (FOS = 2.0).

The main structural modifications introduced relative to the original scissor lift configuration
are listed below. The wall thickness of the levers increased from 2 mm to 3 mm, and the wall
thickness of the traction crossbar increased from 3 mm to 3.2 mm. For the contact components,
namely the roller and the guide, a higher-grade steel, 1.0402 (C20), should be used.
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