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ORIGINAL RESEARCH
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ABSTRACT
Background: The American Society for Testing and Materials (ASTM), considered the gold standard 
worldwide, requires only testing in physiological saline solution to simulate in vivo conditions in 
standard testing of spinal implants.
Research design and methods: We conducted an in vitro study to identify an industrial lubricant with 
characteristics that are most similar to those of biologically lubricating fat, blood, and tissue fluids. The 
use of such a material could standardize the results of in vitro mechanical tests for better clinical 
applications.
Results: Our study has shown that the lubricity of physiological saline was well below that of human 
soft tissues and tissue fluids, and among the motor oils, Castrol GTX3 provided a testing environment 
similar to that of a living organism.
Conclusions: With the intention of standardizing and preventing a biological hazard, we have devel
oped a reproducible mechanical testing proposal based on our experiments, which, in addition, would 
allow us to avoid many misunderstandings and contingencies.
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1. Introduction

Skeletal implants inserted into a living organism can be 
divided into four main groups based on mechanical features: 
1. moving structures (joint prostheses); 2. stand-alone implants 
(screws, and cerclages); 3. combined structures, montages, 
which predominantly exert shear forces to each other (plate- 
screw osteosynthesis, locked medullary nails); and 4. implants 
susceptible to undesired sliding along each other, where dif
ferent clamping or screw mechanisms exist to prevent displa
cement (some spinal implants).

While adequate lubricity is desirable in the first group and 
is practically similar in groups 2 and 3, in group 4 it has 
adverse effects in the case of spine stabilization rod systems.

The American Society for Testing and Materials (ASTM) 
does not provide definitive guidelines for in vitro testing of 
mounted spinal implants with screws and hooks attached to 
longitudinal rods:

‘12.5 In developing this test method, significant debate 
revolved around the question of whether to test in saline, in 
a simulated body fluid, or in air. Because it was impossible to 
define a fluid that exactly simulates the in vivo environment and 
because implants must be compared to one another until per
formance standards are defined, the test environment is left to 
the individual investigator.’ [1]

In this study, the research questions were directed at 
addressing the method of mechanical testing of spinal 
implants with such a system such that it could be easily 
reproduced by anyone, and the method to create more defi
nite, standardized conditions for preclinical laboratory testing 
than the current regulation. Furthermore, from a clinical point 
of view, it is reported that there are still spinal implants in the 
market for which the manufacturer does not provide the 
screw tightening torque required for proper clamping.

To answer this question and find an easily accessible lubricant 
material that shows similar behavior of the human materials can 
be found during a regular surgery, we conducted systematic 
lubricity tests examining the relative lubricity of distilled water, 
human blood, human adipose tissue, synovia, simulated body 
fluid (SBF), physiological saline, silicone, vaseline, WD-40 indus
trial lubricant, turbine oil (Turbine-46 K), engine oil (CASTROL 
GTX3), and lubricant (Mobil Agri Grease Extra).

2. Materials and methods

We performed two series of measurements. First, we mea
sured the relative lubricity of different substances followed 
by stability measurements according to a spine implant- 
related ASTM standard.
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2.1. Measurement of relative lubricity

All experiments were performed using a special instrument 
(Figure 1.) developed in-house at the University of Debrecen, 
Faculty of Engineering, Hungary. The device is suitable to 
measure the relative lubricity of different substances [2]. We 
used this instrument for testing tissues and fluids present in 
the operative field and compared our results to readily avail
able industrial lubricants.

During the examination, two polished conformal metal sur
faces were pressed against each other. One surface was a fixed 
metal sphere that fitted into the concavity of another metal 
hemisphere mounted on an arm shaft with bearings. The hemi
sphere can be displaced with respect to the fixed sphere through 
the movement of the arm shaft. The system also contained 
a controllable force spring that verified the pressure between 
the two surfaces. Three milliliters of the tested lubricants were 
introduced between these two surfaces and the device measured 
the force required for the displacement of the two surfaces.

The measurements were recorded as follows: before each 
measurement, the surfaces were cleaned, then the spring was 
set to the desired value, and the arm shaft was moved free- 
hand. The tension of the spring and the force required to 
move the arm shaft was measured by a dynamometer con
nected to a computer. This type of testing is routinely done 
under laboratory conditions.

The movement of the arm shaft produces torque that is 
resisted by the frictional force arising between the two sur
faces. The surfaces are influenced by the tension of the spring. 
As the force increases gradually, the torque surpasses the 
frictional force and the system moves. Since the kinetic friction 
is less than the static friction, the frictional force measured 
during movement is less.

The device was suitable for comparative measurements; 
therefore, we could compare the results obtained from 
distilled water with values obtained from the materials 
listed below.

The measured materials were:

(1) Dry state without any lubricant
(2) Distilled water purified with a Millipore Milli- 

Q I. (Merck KGaA, Darmstadt, Germany) water purifica
tion system

(3) Human blood (taken intra-operatively after prior writ
ten consent from patients undergoing elective surgery 
at our Department)

(4) Human synovial fluid (taken intra-operatively after 
prior written consent from patients undergoing elec
tive surgery at our Department)

(5) Human subcutaneous fat tissue (taken intra- 
operatively after prior written consent from patients 
undergoing elective surgery at our Department)

(6) SBF [3]
(7) Physiological saline solution (0,9%, B. Braun 

Melsungen AG, Melsungen, Germany)
(8) Silicone (WOLF’S W340, Wolf Chemicals Ltd., Budapest, 

Hungary)
(9) Vaseline (Vazelin Original, Vasenol, Unilever Plc., 

London, United Kingdom)
(10) WD-40 (WD-40 Company, San Diego, CA, USA)
(11) Turbine oil (Turbine-46 K, MOL Plc., Budapest, 

Hungary)
(12) Engine oil (Castrol GTX3, Castrol Ltd., Pangbourne, 

United Kingdom)
(13) Lubricant grease (Mobil Agri Grease Extra, Exxon Mobil 

Corporation, Irving, TX, USA)

The peak forces required for movement were calculated and 
averaged for all substances. The mean lubricity of surgical site 
tissues and of industrial lubricants were compared with that of 
distilled water. The relative lubricity of the different substances 
were calculated by this method. The examinations were per
formed with three different spring tension levels: 300 N, 500 N, 
and 700 N. Each measurement was repeated 100 times. This 

Figure 1. The schematic drawing of the device developed for lubricity measurements. 1. compression force by spring. 2. moving force. 3. contact surface.
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large number of measurements assures a reliable estimation of 
the mean of the sample.

2.2. Measurement of stability

The stability measurements were performed according to 
ASTM 1798–97 (2008) standard arrangements [1], with an 
Instron 8874 material testing machine (Instron Ltd., High 
Wycombe, United Kingdom) using titanium (Ti6Al4V) rods 
(diameter: 6 mm) and transpedicular set screws (length: 
45 mm) obtained from Sanatmetal Ltd., Eger, Hungary. The 
appliance pushed the rod after the screw was fixed to it at 
a rate of 10-mm/min crosshead speed for 3-mm displacement. 
The transpedicular set screw was tightened with the torque of 
2 Nm and, based on the recommendation of most spine 
instrument manufacturers, with 4.5 Nm torque [4]. 
Subsequently, a push-out test of the rods was performed 
with these two values (Figure 2.).

The test was performed using 10 samples, in both dry and 
lubricated states (both the set screw and the rod were lubri
cated). The measurements were repeated 3 times according to 
the standard [1], making sure that the screws were tightened 
not on the same part of the rod as previously. A total of 120 
measurements were recorded for stability test. Maximum load 
(N), displacement at maximum load (mm), and stiffness (N/ 
mm) values were recorded for each screw.

2.3. Software and statistical analysis

The measured data were extracted and evaluated using the 
Catman Easy software (HBM GmBH, Darmstadt, Germany).

The normality of the population was determined using the 
Shapiro–Wilk test. Statistical differences between different lubri
cants and different spring tension levels (300 N, 500 N and 700 N) 
were analyzed by Two-way ANOVA supplemented with Tukey 
post hoc test. A p < 0.05 was considered statistically significant.

Data are presented as mean ± SD. Statistical calculations 
were performed using GraphPad Prism 7. (GraphPad Software 
Inc., San Diego, CA, USA).

3. Results

3.1. Determination of relative lubricity

For determining the relative lubricity of different substances, 
the peak forces required for movement were measured. The 
values of the mean lubricity of surgical site tissues and of 
industrial lubricants were compared with the results obtained 
with distilled water, and the relative lubricity of the different 
substances was determined. We assumed that the lubricity of 
distilled water is 100% (reference value), and the other values 
were compared to this one. The results obtained for the same 
substance at the different spring tension levels were averaged. 
The mean relative lubricity data were plotted on a bar graph 
(Figure 3.).

The average lubricity of the surgical sites (blood and sub
cutaneous fat tissue) were similar to that of the industrial 
lubricants. As the graph shows, the lubricity of the examined 
human tissue falls between those of motor oil and lubricant 
grease, but closer to that of the engine oil, therefore, the 
stability measurements were performed with CASTROL GTX-3 
motor oil. In contrast, the relative lubricity of SBF, as recom
mended by ASTM standards, was less than that of the physio
logical salt solution (PSS), and was only slightly larger than the 
results obtained in the dry state, without any lubricant 
solution.

The most relevant finding of this experiment was that this 
motor oil’s lubricity was similar to that of human tissues found 
in the surgical site; therefore, stability testing of spinal 
implants can be easily, comparably, and inexpensively per
formed by using industrial oils in future, without any ethical 
problem.

The statistical results showed that in the case of 300 N 
compression force there were no significant differences 
between the moving force of engine oil and the three 
human materials applying the device showed in Figure 1 
(Engine oil vs. Human blood: p = 0.111, Engine oil vs. Human 
synovia: p = 0.998, Engine oil vs. Human fat: p = 0.999). 
Increasing the compression force to 500 N and 700 N, the 
differences became significant (500 N Engine oil vs. Human 
blood: p = 0.036, and in all other cases with 500 N and 700 N: 

Figure 2. The scheme of the setup of stability measurements (a) and using an Instron 8874 material testing machine (b) according to the ASTM 1798–97 (2008) 
standard setup.
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p < 0.001). Comparing the moving force of the selected mate
rials to the dry state, we found that there were significant 
differences in each case (p < 0.0001).

3.2. Stability measurements

There are many factors that can affect stability in the case of 
spinal implants fixed by set screws, such as the set screw 
design, outer or inner configurations, and diameter, and the 
lubricity of surrounding soft tissues. We conducted studies on 
the rod-implant screw interface, in order to assess the loosen
ing of metal implant parts.

For stability testing, based on previous experiments, Castrol 
GTX3 motor oil was used as a lubricant. As control, dry state 
was also tested at two torque variations. At 2 Nm torque, 
330 N was required to push out the rod while this increased 
to 607 N at 4.5 Nm. When motor oil was used, this decreased 
to 293 N and 595 N, respectively. To push out the rod at 
4.5 Nm torque, 1.84 times larger force was required in the 
dry state and 2.02 times in the oil-lubricated state than at 
2 Nm (Figure 4.).

The present results showed that the use of a lubricant 
decreased the force required for destabilization of the mon
tage, by 10% at 2 Nm torque and by 2% at 4.5 Nm values. 
Lubricated screws resulted in lower detorque which made the 
joint easier to loosen.

The difference was statistically significant, according to the 
two-sample one tailed t-test at 5% significance level 
(p = 0.038).

4. Discussion

This study was motivated by the need to find a synthetic 
material with tribological properties closest to those of mate
rials with lubricity in the living organism, going beyond cur
rent regulations and making a consensual proposal for more 
realistic mechanical tests, and making it mandatory for manu
facturers to provide the required placement torque in case of 
spinal implants mounted on a rod with screws.

Lubrication is one of the key aspects of tribology. 
A lubricant is usually used to keep a distance between two 

solid materials, consequently preventing direct mechanical 
contact with each other. The lower the lubricity, the greater 
the wear of the examined material. The lubricity of 
a substance cannot be measured directly, moreover it is sig
nificantly influenced by other factors such as the shape, micro
geometry and extent of the surfaces, viscosity and density of 
the lubricant, and temperature and pressure [5]. Lubricants 
can play a key role in the instability of assembled spinal 
implants in human bodies. Posterior spinal implants are com
posed of different pedicle screws and hooks, which are con
nected to two longitudinal rods. Spinal implants mounted on 
rods are subjected to significant strain after the correction of 
deformities, and this is compensated by the clamping force of 
the set screws securing the implant parts together. In the 
surgical field, both the loosening of the securing set screws 
and the sliding of the implants on the rods are facilitated by 
the undesired lubricity of the environment [6] and can be 
associated with implant failures due to set-screw loosening [7].

Implant stability is important, as it is a key to secure fixation 
of the implant to the bone and prevents montage failure [8,9]. 
The implant manufacturers usually specify the implant place
ment torque (IPT) values of set screws. The primary stability 
measurements are performed in standardized laboratories 
working mostly according to ASTM directives. However, most 
of the tribology tests are conducted with water or saline 
[10,11], and do not take into consideration the lubricity of 
surrounding human tissues.

These test methods are used to quantify the static and 
dynamic mechanical characteristics of different designs of 
spinal montages. ASTM mentions that the tests performed 
with SBF or PSS may cause fretting, corrosion, or lubricate 
the interconnections, and thereby affect the relative perfor
mance of tested devices [12,13]. The results obtained cannot 
be used directly to predict the in vivo performance, as they 
could significantly differ from the real values obtained in the 
intra-operative setting. A number of rheological, mechanical, 
and tribological properties of human tissues have been deter
mined [14], but the literature about the lubricity of human 
tissues is very limited. In orthopedic surgical practice, lubricity 
plays both positive and negative roles. In certain cases, 
increased lubricity is beneficial, especially in joint replacement 

Figure 3. The calculated relative lubricity average values and standard deviation (SD) compared to distilled water. Human samples are represented in black color 
and the industrial lubricants in light gray. The other conditions (SBF, saline solution, dry) are plotted in white bars.
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surgery [15,16]. However, in case of assembled spinal implants, 
lubrication can be specifically harmful. Lubrication caused by 
the surrounding tissues and blood due to their high viscosity 
may result in loosening of assembled implants. While there is 
abundant information available on the lubrication of endo
prosthesis [17–20], we were not able to find publications about 
the stability of assembled spinal implants examined under 
physiological conditions.

Although the performed experiments were technically easy, 
the results showed that tissues found in the surgical field have 
a larger lubricant property than expected. In cases where the 
manufacturer does not provide the value of the torque and 
the screw is tightened without torque meter, the torque could 
be low. At low torque values (2 Nm), these lubricants showed 
a significant decrease in their stability (10%). We suggest the 
performance of stability testing under physiological conditions 
and not just in dry state. These examinations, based on our 
results obtained, can be performed with Castrol GTX-3 oil as its 
lubricity is similar to that of most lubricating human tissues 
found in the surgical field. Therefore, the stability tests can be 
easily performed without any human tissues, thereby avoiding 

any ethical, organizational, and the associated public health 
problems such those related to accessing and collecting the 
human materials and obtaining the consent to use them.

A limitation of this study is the low number of measured 
lubricants. Further studies are warranted to evaluate the mea
surements involving several other lubricants and there is 
a need to conduct long period in vitro testing to validate 
the stability testing methodology used in this research as well.

5. Conclusions

The stability performance of assembled spinal implants 
depends on many factors, including design and material selec
tion. Additionally, there are other important biotribological 
testing parameters (such as kinematics and load, phasing, 
and test fluid medium), that can significantly affect the out
come of a particular stability test. The implant testing stan
dards/guides leave many open-ended choices that will 
influence results. It is essential to compare the in vitro test 
method to that of in vivo. In addition, correct interpretation of 

Figure 4. Perpendicular push-out force. The results of the stability measurements; force/displacement charts: a. 2-Nm tightening torque and b. 4.5-Nm tightening 
torque.
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test results will help to prevent montage loosening. Our pro
posal is to recommend a worst case rheological scenario of 
using Castrol GTX3 engine oil.
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