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This study presents the design and experimental validation of a compact robot base frame 
capable of actively balancing its center of gravity through linear mass redistribution. The system 
employs a lead-screw-driven sliding counterweight actuated by a NEMA 17 stepper motor and 
regulated by a real-time proportional controller with hysteresis-based state logic. An analytical 
moment-balance model establishes the relationship between counterweight mass and maximum 
compensable load, demonstrating that the balancing capacity is approximately 69% of the 
counterweight mass under the given geometric constraints. Controller tuning shows that a pure 
proportional gain 40K p   achieves a settling time of approximately 16 s with zero overshoot. 

Experimental multi-load disturbance tests confirm stable bidirectional compensation, accurate load 
detection within 100 ms, and effective suppression of hunting behavior through a ±100 g deadzone 
and a 20 g hysteresis band. The results demonstrate that a mechanically simple, single-degree-of-
freedom translational mechanism can provide reliable and repeatable mass-based stabilization for 
compact robotic platforms. 
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1. INTRODUCTION 

Balancing mechanisms play a crucial role in a wide 
range of engineering systems, including robotic platforms, 
precision positioning devices, and automated equipment 
operating under variable load conditions [1-5]. 
Conventional balance systems often rely on complex multi-
axis actuation or sensor-intensive feedback architectures, 
which increase system cost and implementation complexity 
[5-10]. In contrast, mass-based stabilization through 
translational motion offers a mechanically simple and 
robust alternative for compact systems. 

Linear motion mechanisms such as lead-screw-driven 
actuators are widely adopted in machine design due to their 
simplicity, load-carrying capability, and positioning 
accuracy [11-16]. Accordingly, numerous studies have 
employed computer-aided engineering (CAE) techniques to 
analyze machine structures with respect to stiffness, 
strength, vibration, and overall structural integrity. 
However, these investigations typically treat the mechanical 
structure as a passive element and focus primarily on 
structural performance, without considering system-level 
balancing or active mass redistribution during operation. As 
a result, the integration of mechanical design with real-time 
balancing control remains insufficiently explored in 
existing literature. 

To address this gap, this study presents the design, 
implementation, and experimental validation of a linear-
actuated balance system that actively stabilizes the platform 

by translating a movable mass. The proposed system 
combines established machine design principles with a real-
time control strategy for mass-based stabilization. Unlike 
simulation-only studies, the system performance is 
evaluated through experimental tests captured on video, 
providing direct and intuitive evidence of stability recovery 
and disturbance rejection. 

The main contributions of this work can be summarized 
as follows. First, a compact balance platform is 
mechanically designed based on a linear actuator 
mechanism, in which system stability is achieved through 
controlled translational motion of a movable mass. Second, 
a real-time control strategy is implemented to regulate the 
position of the balancing mass, enabling effective mass-
based stabilization under varying conditions. Finally, the 
balancing performance of the proposed system is 
experimentally validated using video-based analysis, which 
provides direct observation of the system’s dynamic 
behavior. 

2. MATERIALS AND METHODS 

2.1. System overview 
 
Fig. 1 shows the experimental prototype of the proposed 

linear-actuated balance system, while Fig. 2 presents the 
corresponding control scheme. The prototype consists of a 
rigid aluminum frame, a lead-screw-driven sliding 
counterweight, a linear guide shaft, a NEMA 17 stepper 
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motor, a TB6600 stepper driver, two load-measurement 
channels, and a limit-switch-based homing mechanism. The 
stepper motor drives the lead screw through a flexible 
coupling, thereby converting rotational motion into 
translational displacement of the sliding mass platform. 

The sensing subsystem is composed of left and right 
load-measurement channels, each connected to an HX711 
signal-conditioning module. The controller acquires the 
measured loads from both sides of the frame and computes 
the imbalance signal as the difference between the right and 
left measured loads. Based on this imbalance, the control 
algorithm determines both the required direction and speed 

of counterweight motion. The resulting command is sent to 
the TB6600 driver, which actuates the NEMA 17 stepper 
motor. A limit switch is used during startup to establish the 
home reference and ensure repeatable initial positioning. 

This architecture combines a mechanically simple 
balancing mechanism with a lightweight embedded control 
implementation. Unlike multi-axis or inertial balancing 
systems, the proposed prototype relies on a single 
translational degree of freedom and active mass 
redistribution, reducing both structural complexity and 
control cost while retaining effective balancing capability. 

 

Fig. 1. A prototype of the linear-actuated balance system 

 
2.2. Background and balance principle 

 
The system can be modeled as a rigid frame supported 

at its center. When an asymmetric load is applied, the 
resulting moment causes the system to lose equilibrium. 
Balance is restored by translating a sliding counterweight in 
the opposite direction to generate a compensating moment. 

The static equilibrium condition is expressed as 

loadloadsliderslider dmdm   (1) 

where  is the mass of the sliding counterweight, 

 is its distance from the frame center,  is the 

load imbalance, and  is the distance from the load 

application point to the frame center. 

sliderm

sliderd loadm

loadd

Accordingly, the required counterweight position can be 
written as 

slider

loadload
slider m

dm
d  . (2) 

For a fixed counterweight mass and limited travel 
, the maximum compensable load imbalance is max,sliderd

load

max,sliderslider
max,load d

dm
m  . (3) 

In the present prototype,  and 

. Therefore, 

mm120d max,slider 

mm175dload 

sliderslidermax,load m69.0m
175

120
m  . (4) 

Equation (4) provides a direct estimate of the balancing 
capability for a given counterweight mass. 

 
Table 1 Balance capability as a function of counterweight mass 

Counterweight mass (g) 
Maximum compensable load 

imbalance (g) 

200 g ∼ 137 g 

300 g ∼ 206 g 

500 g ∼ 343 g 

1000 g ∼ 686 g 

1500 g ∼ 1029 g 

 
Table 1 shows that the maximum compensable load 

imbalance increases linearly with the sliding counterweight 
mass, in agreement with the analytical moment-balance 
model given by Eq. (4). Under the present geometric 
constraints, the maximum compensable imbalance is 
approximately 69% of the counterweight mass. A 200 g 
counterweight, used in the experiments, provides sufficient 
balancing capability for laboratory validation while keeping 
the actuator demand relatively low. Increasing the 
counterweight extends the compensation range but also 
increases actuation torque and power requirements, 
indicating a trade-off between balancing performance and 
system complexity. 
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2.3. Controller tuning procedure 
 
The system was evaluated under controlled laboratory 

conditions to ensure measurement reliability and 
repeatability. The ambient temperature was maintained at 
25-30°C, the prototype was placed on a flat and rigid 
ceramic tile surface, and electrical power was supplied from 
a stable 220 V AC source converted to 12 V DC and 5 V 
DC for the motor and control circuits, respectively. No 
significant external vibration was present during testing. 

The imbalance was measured using two load-
measurement channels corresponding to the left and right 
sides of the frame. Each channel was connected to an 
HX711 module for signal conditioning and analog-to-
digital conversion. The imbalance signal was computed as 

LR WWW  , (5) 

where  and  are the right and left measured loads, 

respectively. In the implemented controller, the measured 
values were quantized with a 10 g step size to improve 
robustness against noise and small fluctuations. Calibration 
was performed using a reference mass before the balancing 
tests, and no observable cross-talk was found between the 
left and right channels during the calibration procedure. 

RW LW

The objective of the controller tuning experiment was to 
identify the best-performing proportional gain within the 
tested range. Three gain values were evaluated: , 

, and . In each case, an approximately 

200 g load was placed on the left side of the frame, and the 
balancing process was monitored from activation ([RUN]) 
to stabilization ([OK]). The motor speed was determined 
according to the proportional relationship 

20K p 

30K p  40K p

WKv p   (6) 

subject to the predefined speed limits of the actuator. 
For , the system entered the balancing state 

when the deviation reached -120 g, with a peak deviation of 
-220 g. The corresponding motor speed ranged between 
4000 and 4400 steps/s, and the system returned to the stable 
region (-80 g) after approximately 25 s. For , the 

peak deviation remained -220 g, the motor speed increased 
to 6600 steps/s, and the settling time decreased to 
approximately 21 s. For , the theoretical command 

speed reached 8800 steps/s, but the actual value was limited 
to 8000 steps/s by the predefined maximum speed. Under 
this condition, the settling time was reduced to 
approximately 16 s. 

20K p 

30K p 

40K p

These results show that increasing  within the tested 

range reduces the settling time without introducing 
overshoot or oscillatory behavior. Therefore,  was 

selected for the subsequent experiments as the best-
performing gain among the tested values. 

pK

40p K

Fig. 2 illustrates the relationship between the 
proportional gain  and the settling time of the balancing 

system. Increasing  from 20 to 40 reduces the settling 

time from approximately 25 s to 16 s. The improvement is 
nearly linear within the tested range, indicating that a 
higher proportional gain strengthens the corrective action 
and accelerates convergence toward equilibrium. 

Specifically, increasing  from 20 to 30 reduces the 

settling time by approximately 16%, while increasing it 
from 20 to 40 achieves a total reduction of approximately 
36%. No overshoot or oscillatory behavior was observed 
for any tested gain value. These results show that  

provides the best trade-off between response speed and 
stability within the tested range and was therefore selected 
for subsequent experiments. 

pK

pK

pK

40K p 

 

Fig. 2. Settling time as a function of proportional gain  pK

 

Fig. 3. The time-domain response of the balancing system for 
three proportional gain values 

Fig. 3 presents the time-domain response of the 
balancing system for three proportional gain values 
( , , and ) under a 200 g load 

disturbance. In all cases, the deviation initially increased to 
a peak of approximately 220 g before gradually decreasing 
toward the equilibrium region. As the proportional gain 
increased, the rate of deviation reduction became steeper, 
resulting in shorter settling times. Specifically,  

achieved the fastest convergence, reaching the deactivation 
threshold in approximately 16 s, compared with 21 s for 

20K p 

30K p

30K p  40K p

40K p 

  and 25 s for . No overshoot or 

oscillatory behavior was observed in any response curve, 
indicating stable system dynamics under pure proportional 
control. 

20K p

3. RESULTS AND DISCUSSION 

Table 2 summarizes the system behavior under 
consecutive and bidirectional load disturbances using the 
selected proportional gain . The experiment began 

with a centered load after homing, where the deviation 
remained within the acceptable range ([OK] state). When a 
200 g load was added to the left side, a significant negative 

40K p 
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deviation (-220 g) was detected, triggering the balancing 
mode ([RUN]). The system successfully compensated for 
the imbalance and reduced the deviation to -80 g, returning 
to the stable state. 

Upon removal of the 200 g load, the motor reversed 
direction automatically, indicating correct detection of 
deviation sign change and proper bidirectional control 
capability. Similarly, adding 200 g to the right side 
produced a large positive deviation that was effectively 
compensated. The stacked load condition (+200 g on the 
right combined with +80 g on the left) introduced a more 
complex imbalance; however, the system maintained stable 
corrective action without oscillation. Removal of the 
additional 80 g load resulted in a transient deviation (-110 
g), which was again corrected within the acceptable range. 

Throughout the entire sequence, the system consistently 
transitioned between [RUN] and [OK] states according to 
the hysteresis logic, with no observed instability or 
overshoot. These results demonstrate the robustness of the 
proposed balancing mechanism under repeated and varying 
load conditions. 

 
Table 2 Experimental timeline under multiple load scenarios 

Time Action Deviation (g) 

13:38:46 
Object placed at center after 

homing 
L:100, R:110 - +10 

13:39:19 +200 g added to LEFT side –220 - –80 

13:39:50 200 g removed from LEFT side 
Motor reversed 

direction 

13:40:20 +200 g added to RIGHT side 
Large positive 

deviation 

13:40:50 
+80 g added to LEFT side 

(stacked load) 
Slight deviation 

reduction 

13:41:05 80 g removed from LEFT side –110 - –80 

13:41:14 End of experiment L:150, R:70 - –80 
 

 

Fig. 4. Deviation response under multi-load disturbances 

Fig. 4 shows the time evolution of load deviation during 
the multi-scenario disturbance test with . When a 

200 g load was added to the left side, the deviation rapidly 
reached approximately –220 g, triggering the balancing 
state. The system progressively reduced the deviation and 
returned to the acceptable range. Subsequent removal of the 
load caused a sign reversal, and the controller responded 
smoothly by reversing motor direction. Similar stable 
behavior was observed when loads were added to the right 
side and under stacked loading conditions. In all cases, the 
deviation was corrected without oscillation or instability, 
confirming the robustness of the proportional control 
strategy and the effectiveness of the hysteresis mechanism 
under repeated bidirectional disturbances. 

40K p 

The experimental results confirm the correct operation 
of the hysteresis mechanism. The system enters the active 
balancing state ([RUN]) when the absolute deviation 
exceeds 110 g and returns to the stable state ([OK]) when 
the deviation falls below 90 g. This 20 g hysteresis band 
effectively prevents rapid switching around the threshold. 
The controller also demonstrates accurate detection of load 
changes, correct bidirectional compensation, and stable 
performance under stacked load conditions without 
noticeable jerk or oscillation. 

With the tuned parameters ( , 40K p  0Ki  , 

0Kd  ), the controller achieved a settling time of 

approximately 16 s with zero overshoot and a steady-state 
deviation within ±90 g. Load changes were detected within 
100 ms, and stable operation was maintained without 
oscillation. The final deviation of -80 g is considered 
acceptable because it lies within the predefined ±100 g 
deadzone adopted as the balancing criterion in this study. 

4. CONCLUSION 

This study presented the design and experimental 
validation of a compact robot base frame capable of 
actively balancing its center of gravity through linear mass 
redistribution. The proposed system combines a lead-screw-
driven sliding counterweight, load-cell-based imbalance 
measurement, and hysteresis-based proportional control in a 
mechanically simple single-degree-of-freedom 
configuration. 

The analytical model established a linear relationship 
between counterweight mass and maximum compensable 
load imbalance, providing a useful basis for system design. 
Experimental results confirmed that the prototype can 
maintain stable and repeatable balancing under consecutive, 
bidirectional, and stacked load disturbances. Among the 
tested gains, 40K p   provided the best response within 

the investigated range. 
Overall, the results demonstrate that mass-

redistribution-based balancing is a practical solution for 
compact robotic platforms operating under variable payload 
conditions. Future work will focus on dynamic 
disturbances, improved sensing accuracy, and integration 
into mobile robotic systems. 
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