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Most robots involved in vertical movement against gravitation require actuators large enough to
support their own weight. To improve the inherent safety of such robots against the large actuators
and reduce their energy consumption, numerous gravity compensation mechanisms (GCMs) have been
proposed. Our previous study proposed a variable GCM (VGCM) that uses two types of springs and
can adjust the compensation force. In this paper, a VGCM-based scissor lift (pantograph lift) that
uses three springs and a smaller actuator is proposed. A prototype is designed and fabricated, and the
performance of the prototype is evaluated experimentally. The results demonstrate that the developed
scissor lift meets the design specifications. In addition, a load estimator is established based on the
dynamic model of the scissor lift. A real-time self-adjustment method that automatically changes the
compensation force is proposed, and its effectiveness is verified.
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1. Introduction

Robots involved in vertical movement against gravitation require actuators large enough to
support their own weight, although selective compliance assembly robot arm (SCARA) robots
can support themselves structurally. When humans work with these robots, there is a risk that
the large actuators may injure them. Therefore, to improve the inherent safety of these robots
and minimize their energy consumption, mechanisms capable of compensating for gravity have
been devised [1].

It is well known that there are two types of mechanical compensation methods [2]: mass
balancing [3, 4] and spring balancing [5-22]. The spring balance has the advantage that the total
weight of the system is not significantly increased.

Various approaches can be used for the spring balance, such as zero-free-length springs with
links [5-9], springs with 1:2-ratio gears [10, 11], springs with noncircular pulleys [12, 13], and
springs with cams [14]. A pantograph mechanism using a spring [15-17] is another such approach.

Pantograph lifts, which are also called scissor lifts, are widely used for the vertical transporta-
tion of load and assembly works in automotive factories [24-26]. Scissor lifts consume energy
to maintain the table position. Therefore, a pantograph mechanism that generates a constant
repulsive force has been proposed [15, 16]. This mechanism uses two types of springs that have
positive and negative spring constants. The concept of springs with negative constant is often
used in research on vibration isolation [27, 28]. Another type of gravity compensation mechanism
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(GCM) that uses springs and 1:2-ratio gears has been applied to a scissor lift for heavy works
over 100 kg in [17].

Most GCMs can compensate a predetermined constant weight. Such GCMs fail to maintain
balance with the gravitational force if the weight changes from the predetermined value in
the design specifications or if the work mass varies widely. Therefore, some studies propose
adjustable mechanisms [5, 18-23]. Although self-adjusting mechanisms were presented in [5], the
adjustment mode is limited to only the preselected position. In [18], four concepts of energy-free
adjustable mechanisms are described: simultaneous displacement [19], virtual springs [20], spring
constant [21], and storage springs [22]. In [23], counterbalance systems including energy-free
adjustment are classified into seven categories. Energy-free adjustment is useful for therapeutic
and assistive applications. In many cases, however, during the adjustment, the weight arm and /or
the compensation adjuster must be locked in a certain position. Therefore, the adjustment needs
a sequential operation and it cannot be achieved immediately. For industrial applications, the
adjustment should be done at an arbitrary position in a short time, although some energy may
be allowed to compensate for a new payload.

Our previous study proposed a variable GCM (VGCM) that can adjust the compensation ratio
of the load by varying the displacement (equilibrium) of the spring [29]. Our proposed VGCM
uses two types of springs with a 90° phase difference in the same manner as in [16], but it is
adaptable to variable gravity by deriving perfect balancing conditions. Once the compensation
force is adjusted to balance the payload, the force required to move it up and down is very
small. However, the force required to vary the compensation may not be small, especially if the
displacement of the spring is large. Therefore, in this paper, a VGCM-based scissor lift that uses
a third spring and a smaller actuator is proposed. It is considered to be a practical configuration
because all of the springs are arranged in parallel at the bottom of the lift. Moreover, a real-time
self-adjustment method for an arbitrary payload is presented. Since counterbalance systems with
energy-free adjustment[18, 23] have to lock the weight arm and/or the compensation adjuster in
a certain position during the adjustment, the real-time adjustment has not been shown.

The remainder of this paper is organized as follows. Section II briefly describes the principles
of the VGCM using two springs A and B, and the VGCM-based scissor lift is proposed. In
addition, to reduce the adjustment motor size, a third spring C is introduced. In Section III, the
parameters for the scissor lift are designed and a prototype VGCM-based scissor lift is presented.
Section IV describes various verification experiments. In Section V, load estimation performance
and self-adjustment experiments are conducted based on the load estimation. Finally, in Section
VI, we summarize this paper and propose future work.

2. VGCM-Based Scissor Lift

2.1 Principles of VGCM

In this section, the principles of VGCM [29] are briefly described with reference to Fig. 1. It
is assumed that a link pivots on point O. When the link is in the original position along the
vertical line, as shown in Fig. 1 (a), the angle 0 is zero. When the link rotates in the clockwise
direction around point O, 0 is defined as a positive angle. The gravitational force mg of the load
is applied to the point G of the link, as shown in Fig. 1 (b). The torque 7, generated by the
gravitational force is written as

Ty = mglgsin . (1)

Regular (non-zero-free-length) springs A and B, which are oriented horizontally and vertically,
respectively, are connected to the points A and B of the link, respectively, so that the spring
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Figure 1. Schematic of variable gravity compensation mechanism (VGCM)
forces compensate the gravitational force. The spring forces are written as
fa = —kasa = —kalasing, (2)
fB = —kBSB = —kBlB(l — COS 0), (3)

where s5 and sp are the horizontal and vertical displacements of springs A and B, respectively,
from their original positions. Therefore, when the link is in the original position, the displace-
ments sy and sg are both zero.

The torque produced by the springs is obtained as

Tk = TkA + TkB
= fala cosf + fglgsinf
= —kal} sinf cos 6 — kplg (1 — cos ) sin 6. (4)

Assuming kAZQA = kgl% = W, the spring torque 75, can be rewritten as
T, = —Wsin6. (5)
If W = myglg, the total torque mink applied to the link is
Tiink = Tg + T, = mglgsinf — Wsing = 0. (6)
This means that the spring torque is statically balanced with the gravitational torque.

Moreover, adding an initial displacement sp, = Ig(5 — 1) to the other end of spring B, the
spring torque is changed to

Te(B) = —kasala cos@ — kp(sp + sB,)lp sin
= —kal3 sinf cos§ — kpl% (8 — cos ) sin 6
= —[BW sin#. (7)
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Figure 2. Configurations of the GCM

This means that the spring torque balances with the load weight multiplied by 5. Therefore,
adding an appropriate initial displacement to spring B can adjust the compensation force ac-
cording to the change in the load.

2.2 VGCM-Based Scissor Lift

The explanation given in the previous section is based on the use of a straight link and two
springs aligned perpendicular to each other (horizontally and vertically, respectively). Other
configurations can be considered based on the same principle, as shown in Fig. 2. When the link
is L-shaped as shown in Fig. 2 (b)—(f), it allows two springs to align in parallel direction. An
additional link allows removing a slider, as shown in Fig. 2 (g) and (h).

To use the VGCM principle for a practical lift, we propose the scissor (pantograph) lift shown
in Fig. 3, which is the similar configuration to Fig. 2 (h). The symbols in the figure represent
the same quantities as in Fig. 1. In the scissor lift, the springs are aligned at the base of the lift.

In addition, motors for the lift and adjustment located at points O and Be(the other end of
spring B), respectively, are shown in Fig. 4. The motor for the lift should include appropriate
gears. The motor for adjusting the compensation should be a linear drive, such as a screw. To
hold the position, it may be preferable to be non-backdrivable.

By controlling the position of the adjustment motor, the compensation force from springs A
and B can be changed, and the load of the lift motor can be reduced.

2.3 Addition of Spring C

Although increasing the displacement sg + s, of spring B increases the compensation force and
reduces the load of the lift motor, this increase in the displacement simultaneously enlarges the
drive force of the adjustment motor. In spite of the introduction of springs to reduce the required
torque of the lift motor, a larger motor for adjustment is required, which is undesirable.
Therefore, we add spring C via a link mechanism, as shown in Fig. 5, assuming that the link
length is [¢/2 and the angle of the link is 0 < ¢ < /2. Spring C is fixed so that its displacement
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Figure 4. Schematic of VGCM-based scissor lift with motors

is zero when ¢ = 7/2. Then, the displacement can be written as
sg = —l¢ cos ¢.
The displacement sc of point C’ can be written as

scv =l sin ¢.
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Figure 5. Schematic of adjustment mechanism with spring C

The relationship between the two displacements in (8) and (9) can be derived as
sor = Jig (10)

where J = tan™! ¢ corresponds to the Jacobian.
The spring force fc is applied at point C:

fo = —kcsc = kclc cos ¢. (11)
The spring force fcr at point C’ is obtained as
for =J o =kelesing = kescr. (12)

The forces fp, and fc are applied to the slider driven by the adjustment motor. The total
force is expressed as

fec = fBe + for = —kB(sB + sB.) + kcscr. (13)

Here, assuming that kg = k¢ and sp, = scv, the total force fgc becomes —kpsp. Therefore,
the total force does not depend on the position s, of the slider, whereas it does depend on the
position 6 of the lift table because sp is a function of 6.

In other words, the potential energy stored by spring C is utilized to pull spring B. As a result,
the force of the adjustment motor that is required to move the equilibrium position of spring B
is reduced.

3. Prototype VGCM-based Scissor Lift

Based on the principle described in the previous section, a prototype scissor lift is developed.
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3.1 Parameter Design

Assuming a lift table mass of m = 2 kg and a link length of g = [ = 0.25 m, the theoretical
spring constant ks of spring A can be obtained as

- gl
fia = 56
lA

2x 9.8 x0.25
=7 77" — 784 N/m. 14
0.252 78.4N/m (14)

This spring constant is described as ‘theoretical’ because in practical situations, a physical
spring with the calculated spring constant is not available in all cases. For the prototype, a
spring whose constant is 40.6 N/m is chosen, and two substitute springs are utilized such that
the total spring constant is kx = 81.3 N/m. As a result, when the displacement sp, is zero,
the spring force balances with the table mass, as m = kal% /(gla) = 2.1 kg, which is called the
nominal mass in this paper. R

Next, assuming a link length of [g = 0.09 m, the theoretical spring constant kp of spring B is
determined as

- kAl
hp = A
lB

_ 81.3 x 0.25
~0.09?

= 6.27 x 10 N/m. (15)

Four substitute springs are used for spring B such that the spring constant is approximately
kg = 6.23 x 10?2 N/m. The springs that are utilized are the same as spring C.

It can be considered that the error between kg and kg may affect the balancing error. In this
case, however, since the error ratio is € = (kg — kg)/kp = 6.4 x 1073, the balancing error which
will be compensated by the lift motor is less than 1 percent. The spring torque is

7(B) = —kal3 sinf cos 0 — kpl3 (8 — cos0) sin @
= —(INCB - k:B)lB2 sin 6 cos @ — Bkplp?sin 6
= —¢(cosf — B)W sin@ — SW sin 6 (16)

where the first term is the balancing error torque and the second term is the adjustable spring
compensation torque.

3.2 Prototype

Fig. 6 shows an overview of the developed VGCM-based scissor lift. Fig. 7(a)—(d) illustrates
the details. Fig. 7(a) shows the front view of the scissor lift. Fig. 7(b) depicts the top view
of the adjustment drive. Figs. 7(c) and 7(d) demonstrate the change in springs B and C for
small and large sp,, respectively. The lift table is backdrivable while the adjustment slider is
non-backdrivable.

The specifications are listed in Table 1. Although the nominal mass was m = 2.1 kg in the
design phase, the actual mass of the lift table was approximately 3 kg. Because the maximum
displacement of spring B used in the prototype is sgpax = 0.27 m, the range of the compensation
mass is fm = 2.1 — 6.3 kg based on max(f) = spmax/lB = 0.27/0.09 = 3. To balance the
compensation force with the weight of the lift table, the displacement of spring B is adjusted to
5B, = 0.045 m, which corresponds to 5 = 1.5, as the initial setting fy. Therefore, the lift can
balance additional weight of up to approximately 3.3 kg.
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Figure 6. Overview of prototype VGCM-based scissor lift

Table 1. Specifications of VGCM-based scissor lift

Nominal mass m 2.1 kg
Adjustable compensation ratio 5 1 —3
Compensatable mass 2.1 -6.3 kg
Actual table mass mr 3 kg
Link length l4, lg 0.250 m
Link length Ig, I 0.090 m
Spring constant ka 81.3 N/m

(total of 2 springs)
Spring constant kg, k¢ 6.23 x 10* N/m

(total of 4 springs)

Table 2. Specifications of motors

Motor | Lift motor | Adjustment motor
Product maxon A-max32
Power 20 W
Nominal voltage 12V
Nominal speed 3170 rpm
Nominal torque 0.044 N-m
Stall torque 0.140 N-m
Encoder resolution 1024 ppr
Gear ratio 1:198 9 1:4.8 &
mm lead screw

Two maxon motors A-max32 (20 W) are used as the lift and adjustment motors. The gear
ratios for the lift and adjustment are 1:198 and 1:4.8, respectively. In addition, the adjustment
drive is a trapezoidal screw with a 2 mm lead. Each motor has a rotary encoder whose resolution
is 1024 ppr. The angle of lift motor is initialized by a potentiometer fixed on the axis of the
scissor lift. The specifications of motors are listed in Table 2.
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4. Verification Experiments

To verify the performance of the VGCM-based scissor lift, various experiments are conducted.

4.1 Compensation Force by Springs

In the first experiment, the compensation force of springs A and B is verified. A load cell is
attached to the top of the lift. The lift motor is turned off, and the top of load cell is pulled up
and down. The table height and the load cell force are measured.

The spring conditions are as follows:

(1) without springs,

(2) with only spring A,

(3) with only spring B,

(4) with both springs A and B.

In the case of no spring, the force of the load cell corresponds to the weight mrg of the table.
With any springs, the force of the load cell must be reduced by the compensation force of the
springs.

The experimental results are shown in Fig. 8. The vertical axis indicates the pulling force
measured by the load cell. The horizontal axis represents the normalized height cos 6 of the table.
The green, red, blue, and black lines depict the results under conditions (1)—(4), respectively.
The gray dashed lines denote the theoretical characteristics.

As shown in the figure, the gravitational force of the lift table including links was approximately
30 N (approximately 3 kgf). In the case of no spring (without compensation), the lift motor must
support the entirety of the load. Conversely, it can be confirmed that the addition of spring A
or B reduces the pulling force of the table.

With both springs A and B, the load is almost completely compensated. The absolute force
is less than 2 N when the lift table is pulled up and down at any height. In this case, the energy
of the lift motor will be reduced drastically, and the motor can be miniaturized.

4.2 Motor Torque

4.2.1  Lift motor with/without compensation

In the next experiment, the lift motor is turned on, and the position of the lift table is controlled
under two conditions: without springs (no compensation) and with springs (compensation). A

10
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proportional-derivative (PD) controller is employed using the following equation:
T1:Kp(9d—9)+KD(9d—9) (17)

where 6 is the desired angle and Kp and Kp are the proportional and derivative gains, respec-
tively. The motor torque is obtained from this command.

The motor torque is shown in Fig. 9. The vertical and horizontal axes represent the torque 71
of the lift motor and the normalized height cos of the table, respectively.

When there is no compensation from the spring, when the height is close to zero, a motor
torque of mrglg = 3 X 9.8 x 0.25 >~ 7.4 N-m is theoretically required. In the experiment, a large
hysteresis was observed as a result of the friction of the drive system. A maximum torque of
approximately 12 N-m was output when the table was lifted up. Conversely, the motor torque
was within 1 N-m under spring compensation. In that case, the hysteresis was relatively small.

4.2.2  Adjustability of compensation

To evaluate the variability of the compensation, the displacement sp, of the slider is changed,
and the torque of the lift motor is measured.

The conditions are sp, = 45, 90, 135 or 180 mm, which correspond to g = 1.5, 2.0, 2.5 or 3.0,
respectively, and additional weights of 0, 1, 2 or 3 kg, respectively.

The experimental results are shown in Fig. 10. The gray solid lines indicate the motor torques
under no additional weight (mw = 0 kg) when f is set to 2.0, 2.5 or 3.0. The gray dashed lines
show the theoretical values.

The black solid lines represent the case with an additional weight corresponding to 5. In all
cases, the motor torque is within 1 N-m even though a weight of 0, 1, 2 or 3 kg is added.

As shown in the results, the adjustability of the compensation resulting from changing the
displacement s, or /3 was verified.

4.2.8  Adjustment motor

It is confirmed that the introduction of spring C reduces the adjustment motor torque.

The lift table is set to high (cosf® = 0.92), middle (cosf = 0.72), and low (cosf = 0.33)
positions. The torque of the adjustment motor is measured when the displacement changes from
B8 =1.5to =228 for 10 s.

Theoretical force to move the adjustment slider was expressed as (13). The theoretical forces
are shown in Fig. 11. The vertical and horizontal axes indicate the adjustment force and the
displacement (3, respectively. The thin solid, thick broken, and thick solid lines depict the results
with the lift table set to the high, middle, and low positions. As seen from the figure, it is
expected that the required motor torque for the adjustment is effectively reduced.

11
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Since the prototype uses a trapezoidal screw, which is non-backdrivable, to drive the slider,
the direction of force and efficiency affect the motor torque. The experimental results are shown
in Figs. 12(a) and 12(b). The vertical and horizontal axes indicate the torque of the adjustment
motor and the displacement 3, respectively.

13
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Before the introduction of spring C, the motor torque increases in proportion to the displace-
ment (3 (sp, = I(S — 1)), as shown in Fig. 12(a). The motor torque also depends on the height
of the table. When the table was at the low position, the motor torque was saturated, and the
slider could not be pulled up to the predefined final displacement (8 = 2.8).

Conversely, after the introduction of spring C, the motor torque is almost constant regardless
of the displacement 3, although it depends on the height of the table, as illustrated in Fig. 12(b).
The adjustment motor torque was within 0.15 N-m even if the table position was low. Although
using a high gear ratio allows a smaller motor for the adjustment, it will make the adjustment
slower. The proposed method of this paper allows a smaller motor for the faster adjustment, as
shown in the later experiments.

In this section, it was verified that the proposed VGCM-based scissor lift is effective and has
the following characteristics.

(1) The introduction of springs A and B can reduce the required torque of the lift motor.
(2) Adjusting the displacement [ of spring B can change the compensation force of the lift.
(3) The introduction of spring C can reduce the required torque of the adjustment motor.

5. Load Estimation and Self-Adjustment

5.1 Load FEstimation

As shown in the previous section, if the work weight is known, the spring force assists the
lift motor by adjusting the displacement 8 (sp,). The work weight can be obtained from the
production information in factories. However, if an unknown work weight is loaded on the lift
table, the compensation force may not be balanced by the load. Therefore, to compensate for
the unknown weight, a method of detecting the work weight is necessary, as considered in this
section.

The easiest way to determine the work weight is to utilize a load cell on top of the table.
However, load cells are generally weak against shock and are relatively costly. The compensation
force does not have to perfectly correspond to the load if the torque of the lift motor is reduced.
In this study, the estimation of the work weight is adopted based on the dynamic model of the
lift.

The dynamics of the scissor lift are modeled as shown in Fig. 13. The equations of motion are
written as

H(0)0 + C(0,0)0 + G(0) + Fsgn(0) + DO — 74.(80) = Trm (18)

H(O) = Tn+ma (125 + (Ia = 21g2) La 0052 0) + Iy + I + Iy + mpii2, + mialZpy
+ mps ((gss + 18/2)? — 2lplyes cos® §) + mrl3 sin® 0 (19)
C(6, «9) = ((mT — mA)li + 2(malalga + mBnglng)) 0 sin 0 cos 0 (20)
G(0) = —g (malga + mpilge1 + mrla)sing + (mpalgp2 + mps (IB/2 — lgps)) cos§) (21)

where, H(9)0 is the inertia term; C(0, 0)6 is the Coriolis and centrifugal term; G(6) is the gravity
term; F'sgn(f) and D are the friction and viscosity terms of lift motor, respectively. 74(3) is
the compensation torque of springs (7); and 7, is the torque 71 of the lift motor.

The equation can be rewritten in the following form[30, 31]:

Y(Hv é? 9)/)0 = Tm (22)

14
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where,

i 1T
0 sin? 6 + 92 sin 6 cos 0
6 cos? 0 — 92 sin 6 cos 0
v(6,0,6) = sin?cos@ (23)

sin 0
cos 6

sgn(6)
0

[ 1A + Ip1 + Iz + Ipz +mally + mpillp; ]
+ mpal2s, + mes (Igss + 18/2)°

2
mAl% - 2mAlAlgA - 2mBnglng
p= kal% — kpl3 : (24)

—g(malga + mpilg1 + mrla) + Boksld
—g (mpalyB2 +mps3 (Iz/2 — I4B3))
F
D

Y (6, 0, 9) is generally called the regressor, and py is a vector of parameters[30].

The position of the lift motor is controlled at a certain desired angle, angular velocity, and
angular acceleration. The parameters pg, which are considered to take constant values when
the displacement is set to the constant as [y, are identified from the experimental data of

15
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Figure 15. Comparison of actual motor torque (gray) and torque calculated by identified parameters (black)

Yi(04, éd, éd) and 7, (1 =0,---, k) as

. s +
Yo(0a, ba, 0a) Tm.0
Y1(84, 04, 64) Tm_1

Do = (25)

\]

Yi(Oa, 0a, 04) mk
where pg indicates the identified vector with the initial displacement 3y and [-]* denotes the
pseudoinversion of a matrix.

As a result of the identification, the following values are obtained:

po = [0.10, 0.17, —0.07, —0.17, 0.46, —0.38, 0.24, 0.74]" . (26)

As an example, the desired height of the lift table was given as shown in Fig. 14. The actual mo-
tor torque (command) 7, and the torque calculated by the identified parameters Y (04, 04, 64)p0
are compared in Fig. 15. The gray and black lines express the actual and calculated motor
torques, respectively. The calculated torque shows good agreement with the actual motor torque
(the correlation coefficient is 0.96).

Next, the additional work weight must be estimated. It is assumed that the change in the
gravity term is large and the change in the rest is relatively small when the weight is added.
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Figure 16. Measured and estimated load forces with the load applied to the table without adjustment

The related variable in the gravity term is the mass mT of the table. The lifted mass becomes
mr + myw from mr, where my is the added mass and generates the torque 7, = mwgla sin 6.
When the additional weight and the adjusted spring force are considered, the dynamics can be
rewritten as the following equation:

Y(ea 9? é)po - Tk(ﬁ - 60) =Tm + Tw- (27)

Since the calculated torque showed good agreement with the actual torque as shown in Fig. 15,
in the same manner as the disturbance observer, the additional work weight is estimated as

= mwglasing =Y (0q, 04, 04)p0 — (8 — Bo) — Tm (28)

Y (04, 04, 6)p — ing— 7,

g = (04, 04 d)ﬂ0+(§ Bo)W sin Tm (29)
{apsinf

During the motion shown in Fig. 14, a weight of 1 kg is loaded on the table at approximately
10 s. An additional weight of 1 kg (total weight of 2 kg) is loaded on the table at approximately
20 s. At approximately 30 and 40 s, the weights are unloaded one at a time. In this experiment,
the displacement of the slider has not yet changed.

The experimental results are shown in Fig. 16. The black line represents the measured force
due to the weight by the load cell. The gray line shows the estimated force based on (29).

In the estimated force, large errors are observed, which may be caused by the hysteresis shown
in Figs. 9 and 10. The light gray bands in Fig. 16 represent the range of the hysteresis. In other
words, the estimated force includes the influence of friction force depending on the load and the
velocity (the direction of motion). It is expected that the estimation error can be reduced if the
spring force is balanced by the weight.

5.2 Self- Adjustment

The displacement 3 of the slider is changed so that the compensation force is balanced with the
estimated force mywg. The desired displacement 3y of the slider is written as

By = Bo+ N9, (30)
mg

Since the estimated load mwg may be noisy, a low-pass filter , in which s is a Laplace

operator, with a time constant 7' = 0.5 s is employed in the following experiments.
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Figure 17. Measured and estimated load forces with the load applied to the table with adjustment
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Figure 18. Lift motor torque with and without adjustment

The motion of the table is the same as that shown in Fig. 14. During the motion, the additional
weights are loaded on the table as the same with the previous section. (a weight of 1 kg is loaded
on the table at approximately 10 s. An additional weight of 1 kg is loaded at approximately 20
s. At approximately 30 and 40 s, the weights are unloaded one at a time.) The experimental
results are shown in Fig. 17. The black line represents the measured force, and the gray line
illustrates the estimated force using (29). In this case, the estimation agrees very well with the
measurement. (the correlation coefficient is 0.99).

The torques of the lift motor with and without the adjustment of the compensation are shown
in Fig. 18. When the additional weights were applied and the compensation force was not
adjusted, the maximum torque of the lift motor was approximately 6 N-m for a weight of 2 kg.
Conversely, when the compensation force was adjusted, the torque of the lift motor was within
1 N-m.

The displacement 8 during the motion is shown in Fig. 19. It changed immediately according
to the estimated force shown in Fig. 17.

The torque of the adjustment motor is illustrated in Fig. 20. It was in almost the same range
as that shown in Fig. 12(b).

6. Conclusions

This paper proposed a scissor lift based on VGCM using three springs. A prototype was designed
and fabricated. To evaluate the performance of the prototype, experiments were carried out.
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Figure 19. Displacement 8 with adjustment
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Figure 20. Adjustment motor torque with adjustment

The results demonstrated that the developed scissor lift was in good agreement with the design
specifications.
In addition, a load estimator was established based on the dynamic model of the scissor lift. A
real-time self-adjustment method was proposed, and its effectiveness was experimentally verified.
Future studies may address the multiplication of the proposed scissor lift for larger heights
and the magnification of the compensation force for industrial applications.
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