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Abstract

The present study investigates the influence of low temperature on starting torque, viscous friction,
and power intensity of a precision cycloidal reducer TwinSpin TS 140-115-E-P19-0583. Two types of
plasticity lubricants with differing viscosity were compared in the experiment: Castrol TT-1 (low-
viscosity, optimized for low-temperature) and Vigo RE-0 (higher viscosity, designated for greater
loads). The measurements were taken in a climate chamber in the temperature ranging from +24 °C
to 20 °C in the mode accounting for no external load. The results have shown that Castrol TT-1
maintains its beneficial rheological properties at as low as —20 °C, which is manifested in low starting
torque (~0.30 Nm) and low power intensity (~0.33 kW). On the contrary, Vigo RE-0 shows a
significant increase in friction — at =20 °C, the starting torque is 1.0-1.1 Nm and the power intensity
of the operation increases to consume more than 1.5 kW. The study has confirmed that the correct
choice of lubricant is the critical factor in reliable starting and efficient operation of reducers in
extreme cold.

Keywords: precision reducer; cycloidal gearbox; starting torque; viscous friction; low-temperature
lubricants; power efficiency

1. Introduction

Operating precision reducers under extreme climate conditions is one of the greatest technical
challenges of present-day mechanical engineering. Being the basic integral part of many robotic,
aviation, power-generating or defense applications, reducers must ensure reliable transmission of
torque and precise positioning also at ambient temperatures lying below the freezing point. Under
such conditions, physical properties of lubricants, which are the crucial element in proper functioning
of the mechanism, change. The lubricant’s viscosity, its ability to retain the lubricating film and to
withstand low temperatures directly influence the starting torque, power efficiency, and the life of
the device.

Lubricants used in reducers must meet several conflicting demands. On the one hand, they must
ensure sufficient protection against wear and corrosion; on the other hand, they have to demonstrate
low viscosity at low temperatures not to impede the mechanism’s motion. In practice, there is often
a trade-off between protection and efficiency. A higher-viscosity lubricant offers better protection but
increases the starting torque and power losses, while a lower-viscosity lubricant enhances efficiency
but may have a limited ability to protect surfaces under greater load.

The importance of the correct lubricant choice increases especially in applications where
reducers are used in ambient temperatures below zero — for example, in aviation technology,
aerospace applications, power generation (wind turbines in the arctic), or in mobile robotic systems
deployed in conditions of extreme climate. In these cases, reliable start of the device at low
temperature is a critical factor deciding the success or failure of the entire application. Operating
precision reducers at ambient temperatures below zero is extraordinarily difficult on technology.
Viscous properties of the lubricant directly influence the starting torque and power efficiency of the
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device. If the choice of the lubricant is short of the best, this may result in increased friction, wear or
even failure of the mechanism.

Starting torque is one of the most important parameters determining reducer behavior at low
temperatures. This is the least starting torque necessary for actuating the reducer after a longer idle
time, i.e., for overcoming the internal resistance of bearings, viscous and rigid friction of the lubricant,
friction resistance of the sealings and resistances connected to the backlash and pre-stress of the gears.
If the starting torque is too high, this may lead to drive overload, delayed start or even mechanism
failure. Once the reducer is running, viscous friction influences power efficiency and power
consumption. That is why these parameters need to be put under scrutiny and compared in
applications where lubricant types vary [1,2].

The power intensity of a reducer operation is closely linked to torque and speed of rotation. This
relationship may be expressed by the basic output equation:

P=T.w (1)

Where P is the input power, T is the torque and w is the angular velocity. Thus, higher lubricant
friction will immediately manifest itself in greater power consumption.

The starting torque of a reducer at low temperatures is influenced not only by the lubricant
viscosity but also by its ultimate sheer strength. This fact may be expressed by an equation derived
from the Bingham plastic model [3]:

Tstart = To- A7+ p.w. K 2)

Where 1o stands for the lubricant ultimate sheer strength; A represents the effective sheer area; r
is the impacting area’s radius; p represents plasticity viscosity and w angular speed. This equation
shows that the starting torque consists of two components — the limit component, predominant at
start-up in the cold; and the viscous component, increasing with the speed of rotation.

As has been pointed out by the authors of the study [3], applying the Bingham model to
lubricants enables accurate description of plasticity lubricants’ behavior in tribological systems and
provides an explanation of differences between low- and high-viscosity lubricants at extreme

temperatures.
Arrhenius type of equations is often used in describing the dependence of viscosity on
temperature:
Eaq
n(8) =1o.exp () ®)
Where:

¢ 1(0) - dynamic viscosity at temperature O [Pa.s]

e  no-—reference viscosity (a lubricant-dependent constant)
e  Ea-—activation energy of the flow [J/mol]

e R-universal gas constant (8.314 J/(mol.K))

e 0O —temperature [K]

At low temperatures, the viscosity of lubricants increases significantly as is demonstrated in
increased internal friction, which translates into greater starting torque of the mechanism. This
temperature-induced effect accounts for a critical factor, especially in applications requiring reliable
motion initiation (recall the above examples of aviation and aerospace technology, as well as technical
devices operated under extreme ambient conditions) [4,5].

Current research in the area of tribology and lubricants points to a few fundamental known facts:

e  Lubricant viscosity at low temperatures is directly linked to power intensity of the start-up.
Studies have demonstrated that at temperatures close to and below the pour point, the flow
deteriorates dramatically and the risk of mechanism failure grows. It is then oftentimes the case
that supply of the lubricant becomes a problem [4].

e  Lubricants with low basic viscosity and a synthetic base show better properties in arctic
conditions because they maintain liquidity even at temperatures below -30 °C [4,5].
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e  Tribological technologies for extreme conditions (e.g., elastohydrodynamic simulations or drop-
on-demand lubrication) are investigated with the goal of reducing the power losses and
increasing the reliability of the device [7,8].

e  Studies on cycloidal reducers point to the significance of thermal stability and correct lubrication
at high and low temperatures, which is directly applicable to precision reducers of TwinSpin
type as well [9].

e Following the analysis of the works published on the topic of interest, it may be stated that
lubricants designated for extremely cold environments must combine low viscosity, high wear
resistance, and stability over long term use.

The present study focuses on experimental comparison of behavior of the TS 140-115-E-P19-0583
reducers filled with two types of lubricants — Castrol TT-1 and Vigo RE-0 — at low temperatures.
Castrol TT-1 is a lubricant with lower base viscosity and low-temperature additives, designed for
sub-zero applications. Vigo RE-0 has a higher base viscosity and is designed for applications where
higher load is expected; its behavior at low temperatures might pose a problem, though. Comparison
of these two lubricants offers valuable information on how the choice of lubricant influences the
starting torque, viscous friction, and power efficiency of reducers (see Table 1).

Table 1. Comparison of the investigated parameters of the lubricants of interest in a low-temperature

environment [10,11].

Parameter Castrol TT-1 Vigo RE-0
Kinematic viscosity (40 °C) ~30—40 mmz/.s (syr.lthetic oil, low 81.3 mm?/s (synthetic & mineral
viscosity) base)
Useful temperature range —-60 °C to +120 °C —40 °C to +130 °C
Viscous friction (at 3000 rpm) . . .
[Nm] Low, suitable for high rpms Higher declared robustness

Significantly reduced, risk of
Behavior at low temperatures  Stable, enables reliable start-up e lciglu};(ioiisrt Hsk o

Sub-zero environment Applications with greater load at
Predominant deployment applications, where the starting regular temperatures, not frost-
torque is critical optimized

The choice of the particular Castrol TT-1 and Vigo RE-0 for the TS 140-115-E-P19-0583 reducer
tests was deliberate. The primary goal was to compare two different types of lubricants representing
differing approaches to lubrication in low-temperature environments [10,11]:

. Castrol TT-1

e A lubricant with lower base viscosity and special low-temperature additives.
e  Designed for applications where the ambient temperatures are expected to be sub-zero.
e It was assumed its starting torque and viscous friction would be lower, which is crucial for
a reliable start-up of the mechanism.
e Vigo RE-0
e A lubricant with higher base viscosity, designed for applications with greater load.
e Offers robust wear protection but its behavior at low temperatures is less than optimal.

e  The contrasting choice for the tests was to prove how a higher viscosity influences the
starting torque and power efficiency in frost.

The essence of the study conducted lies in the comparison of two extremes: one lubricant
optimized for low temperatures (TT-1) and the other one with higher viscosity (RE-0) suitable for
regular conditions but posing problems in the cold. Such comparison makes it possible to express
differences in relative (percentage) changes with respect to the reference state, which will make the
comparison of the results between different types of reducers and different operating conditions
easier.
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The operation of mechanical systems in low-temperature environments has been a long-studied
yet insufficiently explored area of tribology and drive design. A key factor that fundamentally affects
the functionality of rotating mechanisms at low temperatures is the behavior of lubricants. A drop in
temperature leads to a significant increase in viscosity, a change in rheological properties, and a
transition of the lubricant to a regime dominated by limit friction and rigid friction. These phenomena
are directly reflected in an increase in starting torque, impaired energy efficiency, and a risk of failure
to start-up the device.

Important works in the area of low-temperature lubricants rheology (e.g., [12-25]) analyze the
temperature dependence of viscosity, the pour point, and the increase in the starting torque mostly
at the level of the bearings or simple tribological nodes. These studies provide an important
theoretical framework, but do not offer a detailed view of the behavior of complex gearbox
mechanisms as are precision cycloidal reducers. Similarly, research focused on rheological modeling
of lubricants at low temperatures (including applications of the Bingham model) emphasizes the
importance of ultimate shear strength and viscous friction, but their application to real gearbox
systems is only marginally mentioned in the literature.

The application materials of lubricants producers (e.g.,, MOLYKOTE, DuPont) address synthetic
oils and plasticity lubricants optimized for low-temperature environments and cite results of low-
temperature torque tests. Nevertheless, as a rule, these sources do not offer consistent experimental
comparisons of how the lubricants behave in specific gearbox types, nor do they analyze the impact
of the lubricants on the starting torque or viscous friction in dynamic conditions [26]. Their
contribution lies primarily in providing the lubricants’ typology rather than in evaluating their
interactions with precision mechanisms.

Documents related to cycloidal gearboxes, including TwinSpin gearboxes, emphasize the need
for proper lubricant selection and provide recommendations for their operation in low-temperature
applications. However, they do not include systematic experimental studies comparing starting
torque, viscous friction, and power consumption with different types of lubricants and over a wide
range of low temperatures [27]. The available literature focuses more on the design parameters,
accuracy, and dynamic properties of gearboxes, rather than on tribological behavior at extreme
temperatures.

The above review shows that despite the existence of numerous works devoted to low-
temperature rheology of lubricants and general tribological phenomena, experimental studies that
would comprehensively evaluate the influence of lubricant on the starting torque and viscous friction
of precision cycloidal reducers in severe frigid conditions are lacking. This gap is particularly
significant given the growing demand for reliable drives for robotic, aerospace, power-generating
and mobile systems operating in extreme climatic conditions.

2. Experimental Methodology

Experimental measurements were designed to quantify the effect of low temperature on the
starting torque and torque losses related to internal and viscous friction of the lubricant in the
precision cycloid reducer TwinSpin TS 140-115-E-P19-0583. The tests were conducted in a climate
chamber allowing for temperature stabilization in the range between +24 °C and -20 °C.

Two identical reducers were assessed, differing only in the lubricant used: Castrol TT-1 (lower
base viscosity, formulation optimized for low temperatures) and Vigo RE-0 (higher base viscosity,
formulation designed for higher loads). The aim was to compare their low-temperature behavior
under as many identical measurement conditions as possible. The measurements were performed on
reducers with serial numbers:

e  1411K6818Y — the Castrol TT-1 lubricant
e  1411K8829Y — the Vigo RE-0 lubricant

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Both reducers were assessed without the seal on the input shaft to minimize the influence of the
seal friction torque on the starting torque measured and to better represent the internal frictions of
the reducer (gearing, bearings, lubricant distribution).

The basic reducers parameters at 20 °C (data taken from the measurements done by the
manufacturer, i.e., SPINEA) were the following;:

e  hysteresis: 0.49-0.59 arcmin
e  lost motion: 0.68-0.71 arcmin

The values above indicate a comparable mechanical condition of both samples before the start
of the tests and reduce the likelihood that the observed differences in starting torque are caused by
differences in the accuracy or clearances of the mechanism.

The measurements were taken in the following experimental setup:

e Drive: SIEMENS SIMODRIVE 611U with a 1FK6063-6AF71-1THO-Z servo motor

e  Torque sensor: BURSTER 8661-5020

e  Data collector: HBM SPIDERS

e  Climate chamber: controlled temperature range from —20 °C to +24 °C

e Load mode: no-load, i.e., primarily measured were the internal torque losses

e Input speed upon measuring the starting torque: 50 rpm

¢  Input speed range upon measuring the speed-dependent torque losses (viscous friction): 0-3000
rpm

e  Starting test length: The start-up was evaluated during the first 3 output revolutions after motion
actuation.

The above configuration enabled time-resolved recording of the torque curve during start-up
(including overcoming static frictions) and steady-state operation, while in no-load mode the
measured values mainly represent a combination of mechanical friction and hydrodynamic-viscous
losses of lubricant in the reducer. (Figure 1).

Figure 1. Experimental setup of the TwinSpin TS 140-115-E-P19-0583 cycloidal reducer in the climate chamber.

2.2. Procedure for Measuring the Starting Torque And Viscous Friction

The starting torque was measured at five temperature levels, namely: +24 °C, +10 °C, 0 °C, -10
°C and -20 °C. The measuring followed the procedure below:

1. The reducer was exposed to the required temperature for at least 60 minutes to ensure thermal
stabilization of the lubricant and all internal components.

2. After the temperature stabilized, the servo motor performed three output revolutions at a
constant input speed of 50 rpm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. During the entire starting cycle, the torque curve was continuously recorded over time.
4.  The starting torque was defined as the maximum torque value achieved during the first three
output revolutions, which represent the transition from static to dynamic lubrication mode.

Procedure defined in the way above allows for capturing the combined effect of the lubricant’s
viscous frictions, its ultimate sheer strength (1), internal resistance of the bearings, of the gears, and
other mechanical losses prevalent at low temperatures and low revolutions. At the same time, this
approach ensures the measurements are reproducible and the behavior of different lubricant types
under identical conditions is comparable.

Viscous friction was measured in the range of input revolutions from 0 to 3000 rpm at four
temperature levels: +10 °C, 0 °C, -10 °C and -20 °C. After the reducer was exposed to and reached
the required temperature, the servomotor was made to continuously accelerate from zero speed to a
maximum speed of 3000 rpm over 10 seconds. During the entire acceleration cycle, the input torque
was continuously recorded as a function of speed. This procedure allows to capture the dynamic
behavior of the lubricant at high shear rates and to separate viscous losses from the frictions
dominating the start-up phase. Using the equation which allows to quantify the power intensity of
the reducer operation at different temperatures and revolutions, the input power was subsequently
derived from the measured torque values. The methodology defined in this way provides a consistent
basis for comparing the viscous frictions of lubricants belonging to different viscosity classes and
exhibiting different behavior at low temperatures.

Each measurement was done at least twice, with deviations in between not exceeding 5%. Such
alow variability confirms the measuring system stability, repeatability of the experimental conditions
and consistency of the data obtained. All measurements were performed by the same staff,
minimizing the influence of the operator on the results and eliminating potential systemic errors
related to differences in handling or setting of the measuring device. The outlined procedure ensures
high reliability of the obtained data and allows for their relevant comparison between individual
temperature levels and lubricant types.

4. Results and Discussion

The experimental results obtained are interpreted in terms of the lubricants’ rheological
properties, their dependence on temperature, and their influence on the power intensity of the
reducer operation.

4.1. Starting Torque at Low Temperatures

4.1.1. Castrol TT-1

The reducer filled with the lubricant Castrol TT-1 showed stable and relatively low values of
starting torque across the entire temperature range under investigation. At the temperature of +24
°C, the starting torque reached its maximum value of 0.20 Nm (Figure 2). With the temperature
decreasing — all the way down to the lowest monitored temperature of 20 °C, the starting torque
increased only gradually. Even at this temperature, the starting torque value remained below the
limit of 0.30 Nm, which indicates only a moderate sensitivity of the system to a drop in temperature
within the given range.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0031.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2026 d0i:10.20944/preprints202602.0031.v1

7 of 17

No-load starting torgue, s.n. 1411K6818Y
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Figure 2. The course of the starting torque in the 1411K6818Y reducer (Castrol TT-1), Clockwise direction (CW),
temperature of +24 °C.

The measured values plotted in the chart in Figure 2 show that at room temperature, the
lubricant has very low internal friction, which guarantees reliable start-up of the reducer and minimal
power losses at the temperature investigated.

Only minimal deviations from the previous measurement can be observed in the record shown
in Figure 3. The lubricant maintains good fluidity even at a slight drop in temperature.

No-load starting torgue, s.n. 1411K6818Y
direction CW

0,20

0,18
0,16 11 i |I I II |

0,14 ]l N i | Iy I I | l .| I 1.1

0,12
0,10 -
0,08
0,06
0,04

No-load starting torgue (Nm)

0,02
0,00

0 43 86 129 172 215 258 301 344 387 430

Time (sec)

Figure 3. The course of the starting torque in the 1411K6818Y reducer (Castrol TT 1), CW direction, temperature
of +10° C.

Measuring at 0° C (Figure 4) confirmed stable behavior and low frictions also close to zero. The
lubricant is suitable for cold environment applications, too.
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No-load starting torgue, s.n. 1411K6818Y
direction CW
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Figure 4. The course of the starting torque in the 1411K6818Y reducer (Castrol TT 1), CW direction, temperature
of 0° C.

No-load starting torgue, s.n. 1411K6818Y
direction CW

0,20
0,18
0,16 ¥ | I I R T S T Vs
0,14 - I TURIET F . A | FII B LLLLEAN T | TFTAT T Y — |

0,12 +
0,10
0,08
0,06
0,04

No-load starting torgue (Nm)

0,02 -
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Figure 5. The course of the starting torque in the 1411K6818Y reducer (Castrol TT 1), CW direction, temperature
of -10° C.

Measurements at -10° C have shown only the slightest increase. The lubricant ensures reliable
start-up in the frost as well.

Even in extreme cold, the measured starting torque value remains low, confirming the excellent
low-temperature properties of the lubricant. (Figure 6). The measurement result confirms that Castrol
TT-1 maintains good fluidity even at deep sub-zero temperatures, which is consistent with its low
base viscosity and the presence of low-temperature additives. Predominant component of the starting
torque in this lubricant is largely viscous, while the ultimate sheer strength (t0) remains low even at
cold as great as —20 °C.
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No-load starting torgue, s.n. 1411K6818Y
direction CW
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Figure 6. The course of the starting torque in the 1411K6818Y reducer (Castrol TT 1), CW direction, temperature
of —20° C.

4.1.2. Vigo RE-0

The lubricant Vigo RE-0 exhibits a markedly different behavior. At +24 °C, the starting torque
was about 0.21 Nm, which is comparable to TT-1 (Figure 7). However, with the temperature
dropping, the frictions rise sharply.

No-load starting torgue, s.n. 1411K8829Y
direction CW

0,27

0,24

0,18

0,15

0,12

0,09

0,06

No-load starting torgue (Nm)

0,03

0,00

0 43 86 129 172 215 258 301 344 387 430

Time (sec)

Figure 7. The course of the starting torque in the 1411K8829Y reducer (Vigo RE-0), CW direction, temperature
of +24 °C.

The Vigo RE-0 lubricant demonstrates a markedly deteriorated ability to start-up as soon as the
temperature drops to +10 °C. The oscillation (the variation between peaks and troughs) increased
slightly at +10 °C already, indicating higher non-linearity/unevenness of frictions during start-up.
Higher starting torque peaks and higher base level mean higher load on the drive and higher power
consumption during start-up (Figure 8). The trend suggests that further temperature reduction will
lead to a sharp increase in starting torque.
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No-load starting torgue, s.n. 1411K8829Y
direction CW
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Figure 8. The course of the starting torque in the 1411K8829Y (Vigo RE-0) reducer, CW direction, temperature
of +10 °C.

Figure 9 shows the recorded measurement of the investigated lubricant at 0 °C. After a short rise
at the beginning, the curve stabilizes at a high level with a slight oscillation. Unlike in measurements
at +24 °C (= 0.21 Nm) and +10 °C (= 0.28-0.29 Nm) the increase is significant — almost +60% compared
to +10 °C. The oscillation of the curve is smaller than that at +24 °C, but the entire curve has shifted
to a higher level. At 0 °C, Vigo RE-0 lubricant shows a significantly increased starting torque, which
means increased viscous frictions and a higher ultimate shear strength of the lubricant. The power
demand of starting up is already very high, which can be a problem for drives with limited torque.

No-load starting torgue, s.n. 1411K8829Y
direction CW

0,40
0,36
032 4
0,28 -1 P : L : e
0,24
0,20
0,16
0,12
0,08
0,04
0,00

No-load starting torgue (Nm)

0 43 86 129 172 215 258 301 344 387 430
Time (sec)

0°C

Figure 9. The course of the starting torque in the 1411K8829Y (Vigo RE-0) reducer, CW direction, temperature
of 0 °C.

Figure 10 shows the recorded course of the starting torque at —10 °C. The peaks are reached at
about 0.58 — 0.60 Nm. The course is stable, but overall, it has shifted to high values, which represent
significantly higher viscous frictions already at -10 °C.
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No-load starting torgue, s.n. 1411K8829Y
direction CW
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Figure 10. The course of the starting torque in the 1411K8829Y reducer (Vigo RE-0), CW direction, temperature
of —10 °C.

Figure 11 shows very high values of the starting torque measured. After the initial peak, the
curve remains at ~1.0-1.1 Nm with a slight oscillation. The start-up is power intense and requires the
drive torque to be significantly higher than is the case at lower temperatures.

No-load starting torgue, s.n. 1411K8829Y
direction CW

1,50
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1,20 +
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0 43 86 129 172 215 258 301 344 387 430

Time (sec)

Figure 11. The course of the starting torque in the 1411K8829Y reducer (Vigo RE 0), CW direction, temperature
of —20 °C.

The increase in measured starting torque is an order of magnitude higher than with TT-1 and
indicates a significant solidification of the lubricant at low temperatures. At -20 °C, the starting torque
is approximately 3.5 times higher than in the case of TT-1. In this case, the limit component of the
starting torque predominates, which corresponds to the Bingham model, according to which the
growth of to at low temperatures results in sharp increase in friction upon start-up.

4.1.3. Comparison of lubricants

The experiment results unequivocally show that:
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e  Castrol TT 1is suitable for low temperature applications because it maintains low viscosity even
at-20 °C.

e  Vigo RE 0 is not optimized for low temperatures. Its viscosity and sheer strength rise sharply,
which leads to extremely high starting torque.

e In terms of start-up reliability, the difference between the lubricants is fundamental. At —20 °C,
a reducer filled with RE 0 may be practically unable to start without overloading the drive.

With the temperature dropping, the lubricant viscosity increases exponentially (Arrhenius
dependence). The lubricant with a higher base viscosity (RE 0) solidifies dramatically at low
temperatures, which increases motion resistance. TT 1 has low base viscosity and low-temperature
additives, so it retains its fluidity even at -20 °C. According to the Bingham model, the starting torque
contains the limit component that prevails at start-up in the cold. With RE 0, to rises sharply, causing
an extremely high starting torque. TT 1 has low o also in the frost, which is why it starts easily. At —
20 °C, the performance loss of RE-0 is four times greater than that of TT-1 (1.4-1.6 kW vs. 0.35-0.40
kW, respectively). That translates into greater requirements of the drive and a risk of its overload.

4.2. Viscous Friction and Power Intensity at Low Temperatures

In addition to the starting torque, an important parameter in the operation of precision reducers
is also viscous friction during the operation, which directly affects the power efficiency of the
mechanism. This phenomenon is especially significant at low temperatures when the viscosity of the
lubricant markedly increases. The experiment investigated the dependence of the input torque and
input power on the speed in the range of 0-3000 rpm at four temperature levels (+10 °C, 0 °C, -10 °C,
=20 °C) in the no-load mode.

The measurements were conducted on two identical TS 140 115 E P19 0583 reducers, with the
only difference being the lubricant used:

e  Castrol TT 1 (lower base viscosity, optimized for low temperatures) — reducer s.n. 1411K6818Y.
e  Vigo RE 0 (higher base viscosity, designated for greater loads) — reducer s.n. 1411K8829Y.

4.2.1. Castrol TT-1

The reducer was exposed to and reached the required temperature, and it subsequently
accelerated from zero to 3000 rpm over 10 seconds. During the acceleration cycle, the input torque
and the derived input power were continuously recorded. Figure 12 shows dependence of the input
torque on revolutions at different temperatures.

Viscous friction, s.n. 1411K6818Y
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1,40
1,26
1,12
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i) | | I —
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g —
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028 | —
0,14 / =
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Figure 12. Dependence of input torque on revolutions at different temperatures (Castrol TT-1, reducer
1411K6818Y).

At +10 °C, the torque values reach approximately 0.59 Nm at 3000 rpm. At —20 °C, the torque
increases to ~1.06 Nm. Measurements confirm the effect of temperature drop on viscous friction and
power consumption of the reducer operation.

Figure 13 shows dependence of the input torque at different temperatures in the case of the
reducer filled with Castrol TT 1. It follows from the chart that the output grows with the revolutions
and a drop in temperature. At +10 °C, the output at 3000 rpm reaches about 0.19 kW, while at —20 °C,
it increases to about 0.33-0.34 kW. This hike represents increase in power intensity by approximately
75% compared to at +10 °C. The trend confirms that a drop in temperature significantly increases the
lubricant’s viscous frictions, which is manifested in higher torque and greater power consumption of
the reducer operation.

Input power, s.n. 1411K6818Y
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Figure 13. Dependence of input power on revolutions at different temperatures (Castrol TT-1).

4.2.2. Vigo RE-0

The reducer filled with Vigo RE-0 lubricant demonstrates a markedly different behavior
compared to Castrol TT-1, especially at low temperatures. The measurements were conducted in an
identical setup — acceleration from 0 to 3000 rpm over 10 seconds, torque recording, and no-load
mode power calculation. Figure 14 shows dependence of input torque on revolutions at four
temperature levels (+10 °C, 0 °C, -10 °C, -20 °C).
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Figure 14. Dependence of input power on revolutions at different temperatures (Vigo RE-0, reducer
1411K8829Y).

The trend shown in the chart shows an increase in viscous frictions with decreasing temperature
—at —20 °C, the torque is more than three times that at +10 °C.

Figure 15 shows the dependence of input power on revolutions. Power intensity of the reducer
filled with the lubricant Vigo RE 0 at —20 °C is thus 2.2 times greater than is the power intensity at

+10 °C.
Input power, s.n. 1411K8829Y
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Figure 15. Dependence of input power on revolutions at different temperatures (Vigo RE-0, reducer
1411K8829Y).

4.2.3. Comparison of the Lubricants

The results clearly confirm that Vigo RE 0 is not suitable for applications designed for extremely
cold environments. The high base viscosity of the lubricant causes a dramatic increase in viscous
friction and power losses when the temperature drops. At -20 °C, the torque is almost 7 Nm, which
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represents an enormous load on the drive and the risk of overload. The power intensity of the
operation exceeds 1.5 kW, which is approximately four times greater compared to Castrol TT 1 (=0.33
kW). This difference highlights the critical importance of the correct choice of lubricant for reliable
start-up and efficient operation of the reducer in low-temperature conditions.

5. Discussion and practical recommendations

Based on the experimental results, the following recommendations can be formulated for the
operation of precision cycloidal reducers in low-temperature environments:

e  Choice of lubricant according to operating conditions:

e Inapplications designated for extremely cold environments (—20 °C and below), it is essential to
use lubricants with low base viscosity and low-temperature additives that retain fluidity even
at sub-zero temperatures. (e.g., Castrol TT-1).

e  High viscosity lubricants (e.g., Vigo RE-0) are only suitable for high load applications at normal
temperatures, not for arctic conditions.

e  Power loss reduction to a minimum:

e The use of low-viscosity lubricants significantly reduces starting torque and power losses,
thereby reducing the risk of drive overload and increasing the power efficiency of the system. If
lubricants with higher viscosity need to be used, we recommend preheating the reducer before
starting.

e  Design modifications:

e  Consider integrating local lubricant heating or thermal management in drives designed for low-
temperature environments. Optimize reducer seals and internal backlash to minimize
mechanical resistance at low temperatures.

e  Operating procedures:

e  Before starting the device in extreme conditions, we recommend checking the temperature of
the lubricant and, if necessary, bringing its temperature to a value that will allow a safe start-up.
In applications with limited access to maintenance, it is advisable to choose lubricants with high
stability and low tendency to solidify.

e  Monitoring and troubleshooting;:

e Implement torque and temperature sensors for early detection of increased frictions that may
signal unsuitable lubricant or a risk of failure to start-up.

5. Conclusions

The aim of the work was to experimentally assess the influence of low temperature and lubricant
choice on the starting torque, viscous friction (speed-dependent torque losses), and power
consumption of the TwinSpin TS 140-115-E-P19-0583 precision cycloidal reducer operating in the no-
load mode. Two identical reducers were compared, differing only in the lubricant used: Castrol TT-
1 (s.n. 1411K6818Y) and Vigo RE-0 (s.n. 1411K8829Y).

Experimental results have unequivocally shown that Castrol TT-1 retains favorable rheological
properties even at sub-zero temperatures and ensures reliable gear start-up. The starting torque of
TT-1 increased only slightly with decreasing temperature and even at 20 °C remained below
approximately 0.30 Nm, which is a value highly beneficial in terms of drive requirements.

On the contrary, Vigo RE-0 showed a significant deterioration in low-temperature behavior —
with a drop in temperature, there was a sharp increase in starting torque, while at 20 °C the starting
torque was approximately at the level of 1.0-1.1 Nm. This means a significantly higher requirement
of the drive torque and, in practice, an increased risk of problems with starting up or with overload.

The viscous friction measurements confirmed the expected trend: with the temperature
decreasing, the viscous frictions increase, which is reflected in higher input torque and higher input
power, especially at higher revolutions. In the case of the reducer with TT-1, the input torque at 3000
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rpm was approximately 0.59 Nm at +10 °C and approximately 1.06 Nm at —20 °C; this corresponded
to an increase in power from approximately 0.19 kW to ~0.33-0.34 kW.

In the case of Vigo RE-0, viscous friction and power losses were significantly higher at low
temperatures, confirming that a lubricant with a higher base viscosity may not be suitable for high-
speed and power-efficient operation in “arctic” conditions. The results thus highlight the critical
importance of the correct lubricant choice for applications where reliable starting and low losses are
required in the temperature ranging from about 0 °C to —20 °C.
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