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Abstract

Background: In spinal fusion surgery, intersomatic compression force is currently applied
subjectively by the operating surgeon, despite its critical role on implant stability and risk
of subsidence. No standardized measurement or guideline exists to control or quantify
the amount of force applied. Methods: In a two-phase exploratory study, we evaluated
whether proprioceptive muscle memory allows reliable reproduction of applied manual
compression forces. In Phase 1, 30 participants applied force to a compression clamp
equipped with a strain gauge, simulating spinal interbody compression on a 3D-printed
vertebral model. They were then asked to reproduce this force using a hand dynamometer
at defined time intervals. In Phase 2, intraoperative compression forces applied during
spinal fusion procedures were retrospectively assessed by having the operating surgeon
reproduce the force on a dynamometer. Results: Participants were able to reproduce
their initial manual compression force within a 15% deviation, even 15 min after the
initial application. In 116 clinical cases, an average compression force of 146.3 + 18.5 N
was recorded. No significant differences were observed across different spinal segments.
Conclusions: These findings provide initial data toward defining a reproducible reference
range for indirect intraoperative compression assessment. Standardization of applied force
may help improve biomechanical outcomes and reduce complications such as implant
migration, pseudarthrosis, or cage subsidence.

Keywords: spine; intersomatic compression; fusion; proprioception; muscle memory;
hand; cage

1. Introduction

Increasing life expectancy and the associated demographic shift have led to a rise in
age-related degenerative spine diseases [1-3]. In addition to compression of the spinal
structures, these changes also lead to instabilities and deformities in the coronal and
sagittal plane, which—depending on their severity—can be associated with considerable
restrictions in quality of life [4,5].

While conservative therapy is effective for many patients, surgical intervention be-
comes necessary in cases of persistent symptoms or structural instability. Over the past
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three decades, lumbar interbody fusion has become a standard technique, offering high
primary stability and fusion rates exceeding 90% when combined with interbody implants
(cages) and pedicle screw-rod systems. In these studies, fusion rates of 90% and higher
were demonstrated [6-8]. The combination of a screw—rod system and a cage may require
intersomatic compression and the correction of deformities.

A critical and often underestimated aspect is the compression force applied by the
surgeon. Too little compression may compromise primary stability, while excessive force
increases the risk of cage subsidence, particularly in osteoporotic patients [9,10]. From a
biomechanical perspective, controlled interbody compression promotes intimate contact
between the cage and the vertebral endplates, which is essential for primary mechanical sta-
bility and successful osseous integration. Proper load transfer encourages bone remodeling
and fusion, while excessive force can damage endplate integrity and hinder the biological
healing process. Thus, the applied compression force is not only a technical parameter, but
also a determinant of long-term construct success.

Despite its importance, there are no standardized values or validated methods to
quantify compression force intraoperatively. The exact amount of compression is therefore
a central, but so far insufficiently investigated element of the surgical technique—with
a potential influence on the functional outcome, the need for revision surgery, and the
long-term prognosis.

Only very limited information is available in the literature regarding compression
forces applied during spinal fusion surgery. A brief search of PubMed confirmed that no
clinical studies have systematically documented intraoperative compression magnitudes,
with existing research focusing primarily on alignment parameters or in vitro implant
stability. Instead, the focus has typically been on sagittal balance and alignment [11-13].
Other in vitro studies have investigated the effect of compression force on the stability of
standalone cages and transpedicular instrumentation and found an increase in stability
with higher preload [14], but no clinical data exist on applied compression magnitudes.
Implant manufacturers also do not provide information on the recommended compres-
sion forces. Instead, compression is applied in everyday clinical practice based on the
surgeon’s experience.

Parallel to the evolution of surgical techniques, significant advancements have been
made in implant design, imaging, and navigation technologies, aiming to improve the
safety and precision of spinal fusion procedures. Despite these innovations, the application
of compression force remains largely unstandardized and surgeon-dependent. While
alignment parameters can be verified radiographically, there is currently no method to
objectively quantify the force applied during cage insertion or final construct assembly.

This lack of quantifiable intraoperative data becomes particularly relevant in the
context of increasing automation and robotic assistance in spine surgery [15]. Robotic
systems, which are already used to improve screw placement accuracy, rely on predefined
algorithms and parameters. To enable robotic systems to support or eventually automate
procedural steps such as interbody compression, a reliable empirical foundation is required.
In the absence of standardized force metrics, robotic platforms and Al-based planning
tools cannot emulate the nuanced manual techniques employed by experienced surgeons.
Therefore, establishing objective intraoperative force data is essential—not only for improv-
ing surgical consistency but also as a prerequisite for the safe integration of robotic and
autonomous systems [15].

Given the lack of approved intraoperative force-measuring tools, this study investi-
gates whether manual compression force can be reproduced via proprioceptive memory
and measured with a dynamometer. Proprioceptive mechanisms, including muscle spindle
function and kinaesthetic sensing, provide the sensory basis for movement and force per-



Biomechanics 2025, 5,91

30f12

ception [16-18]. These studies provide physiological background on how proprioceptive
feedback contributes to sensing muscle length, position, and effort. Phase 1 aimed to test the
feasibility of this approach in a simulated setting, assessing whether applied compression
forces can be reproduced reliably. Phase 2 then served as an exploratory investigation to
document the actual range of compression forces applied intraoperatively.

2. Materials and Methods
2.1. Sample of Participants

This study was conducted in two consecutive phases. In Phase 1, a controlled ex-
perimental setup was used to evaluate how reliably manual compression forces can be
reproduced under standardized laboratory conditions. A total of 30 participants (19 males,
11 females) took part to evaluate how reliably manual compression forces can be repro-
duced under controlled laboratory conditions. The mean age of male participants was
39.9 £ 9.5 years, the mean age of female participants was 35.6 £ 10.0 years, and the overall
mean age was 38.3 = 10.3 years.

Phase 2 (intraoperative data collection):

Data were obtained from 116 surgical cases of lumbar interbody fusion procedures.
For this phase, no personal demographic data such as age or sex were recorded, as the
focus was exclusively on the quantification of intraoperative compression forces rather
than patient-specific outcomes.

The inclusion criteria were as follows: age > 18 years, voluntary participation, and
for Phase 2, indication for lumbar interbody fusion with informed consent. The exclusion
criteria were as follows: refusal to participate.

2.2. Study Design

The study was conducted in two phases. Phase 1 evaluated the reproducibility of
applied compression force using proprioception on a simulated spine model. Phase 2
applied the same method intraoperatively to collect quantitative compression force data
during spinal fusion procedures. Ethical approval for the study was obtained from the
local ethics committee (approval number 355/20-ek; September 2020).

2.3. Phase 1: Simulation Testing

A compression clamp (DePuySynthes, Norderstedt, Germany) was fitted with a
strain gauge near the hinge to achieve linear correlation between force and deformation
(Figure 1a). The device was calibrated with a load cell. Data acquisition was carried out us-
ing the DAQ-measuring amplifier from ME-Mefisysteme (GmbH, Hennigsdorf, Germany).
The strain gauge was designed as a Poisson half-bridge, so that temperature expansions
are automatically compensated. Six compression cycles were performed for calibration.
For this purpose, the clamp was pressed directly onto the force sensor. Due to friction
effects within the parallel guide mechanism, the clamp tended to jam on the non-compliant
force sensor surface, resulting in measurable hysteresis. Therefore, only the compression
phase was used for calibration. A linear regression was calculated using Matlab 2020a
(MathWorks, Natick, MA, USA), yielding a coefficient of determination of R? = 0.985.
The standard deviation of the procedure was calculated in accordance with DIN 32645,
resulting in Syy = 4.93 N. At the target measurement range of 200 N, this corresponds to a
measurement uncertainty of approximately 2.5%, which is considered acceptable.

A total of 30 participants (19 male, 11 female) were included in the first phase of this
study, with a mean age of 38.3 years (SD = 10.25). The cohort consisted of 2 chief surgeons,
9 senior consultants, 2 board-certified specialists, 8 surgical residents, and 9 biomedical
engineers, representing a balanced mix of clinical and technical backgrounds. This diver-
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sity allowed for the assessment of force reproducibility across varying levels of surgical
experience and mechanical familiarity. They were instructed to apply a moderate target
force (~200 N) using their dominant hand while standing and leaning forward over a table.
The clamp was positioned on a 3D-printed L4/L5 spine segment as shown in Figure 1b
and securely stabilized in a vice to prevent any movement. This setup was designed
to realistically simulate the ergonomic and mechanical conditions of intraoperative com-
pression during spinal fusion surgery. After one minute, they reproduced this force on a
hand dynamometer (Model EH101, Camry Industries Company Ltd., Hong Kong, China,
Figure 1c). Repeat measurements were taken at 5, 10, and 15 min. A statistical analysis of
the collected data was carried out using Microsoft Excel.

Figure 1. Phase 1 test setup showing (a) compression clamp on 3D-printed spinal segment,
(b) schematic representation of the segment, and (c) measurement with the hand dynamometer.

2.4. Phase 2: Intraoperative Assessment

During the second phase of the study, a total of 116 spinal fusion procedures were
performed by four board-certified spine surgeons at a single spine center. Immediately after
completing the interbody compression maneuver during routine instrumentation, each
surgeon was asked to reproduce the applied manual compression force on a sterilized hand
dynamometer. The dynamometer was handed to the surgeon by the scrub nurse to ensure
sterility and workflow integrity. Importantly, the display of the device was concealed from
the surgeon to avoid any visual feedback. The measured values were documented by a
member of the surgical nursing team and anonymized for subsequent analysis.

2.5. Statistical Analysis

The analysis was restricted to descriptive statistics, as the study was conceived as
an exploratory proof-of-concept investigation. No hypothesis-driven testing or power
calculations were performed. Measured force values were analyzed by calculating absolute
and relative deviations between the target and reproduced forces. For all measurements,
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mean values, standard deviations, and ranges were determined to assess central tendency
and variability. Time-dependent trends in reproducibility were examined by comparing
deviations across repeated measurements (1, 5, 10, and 15 min). Additionally, boxplots
were generated to visualize the distribution and spread of the applied forces. All data
were compiled, processed, and graphically displayed using Microsoft Excel (Office 2016,
Microsoft Corporation, Redmond, WA, USA).

3. Results
3.1. Phase 1

Participants applied an average compression force of 198 N (SD = 80 N) on the 3D-
printed vertebral model. The complete dataset is shown in Figure 2. Due to a technical

failure during data acquisition, one participant’s measurement at the T5 time point could
not be recorded and was excluded from the analysis.
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Figure 2. Comparison of applied force per participant on the dummy.

Left-right deviations averaged 32 N (SD = 24 N). On average, participants showed
an individual deviation of 35 N (SD = 38 N) between the clamp and the dynamometer
measurements (Figure 3).
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Figure 3. The deviation in the values measured on the force dynamometer at 3 different points in
time is presented in relation to the individual force applied to the dummy.
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As shown in Figure 4, after 15 min, 24 out of 30 participants showed individual
deviations within +15%. An exploratory subgroup comparison (including eight spine
surgeons) revealed overlapping deviations, with most participants in both groups within
this range. Since individual variation exceeded subgroup differences, these were not
further analyzed.
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Figure 4. Distribution of participants according to relative deviation in reproduced compression force
at T1, T5, and T15 compared to the initial force (T0), categorized in seven deviation intervals. Most
values lie within +15%, indicating high reproducibility of proprioceptively recalled force over time.

3.2. Phase 2

Across 116 procedures, the mean compression force was 146.3 N (SD = 18.5 N).
Segment-specific results were as follows (see Table 1):

Table 1. Mean compression forces (in Newtons) applied during spinal fusion surgery by segment
level (L1-S1).

Segment Mean [N] SD [N]
L1/L2 142 21
L2/13 145 18
L3/L4 146 20
L4/L5 147 18
L5/S1 153 11

The Spearman correlation between spinal segment and applied force was low (r = 0.091,
p = 0.338), indicating no significant association between segment level and the amount
of applied compression force. The mean forces applied by individual surgeons ranged
from approximately 139 N to 148 N. Standard deviations ranged from 14 N to 21 N,
suggesting moderate intra-operator variability. Surgeon 2 showed the highest variability,
while Surgeon 5 demonstrated the most consistent force application.

A comparison of the results is shown in the boxplot (Figure 5). It shows a slightly
lower average force during actual surgical procedures.

Additional data supporting these results are provided in the Supplementary Materials
(Figures S1 and S2, Table S1).
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Figure 5. Boxplot comparison of compression forces measured in Phase 1 (via force sensor and
dynamometer) and Phase 2 (intraoperative application). The grey dot indicates an outlier value
outside 1.5 times the interquartile range.

4. Discussion
4.1. Summary of Main Findings

The primary purpose of this study was to evaluate whether manual compression
forces applied during spinal fusion procedures can be measured and standardized using
proprioceptive feedback. Phase 1 demonstrated that participants were able to reproduce
previously applied compression forces with satisfactory consistency under controlled con-
ditions, confirming the feasibility of the proposed proprioceptive measurement approach.
In Phase 2, the same method was successfully implemented intraoperatively, providing
the first quantitative insight into the range of compression forces typically applied during
spinal fusion surgery. These findings support our initial hypothesis that proprioceptive
muscle memory enables reproducible application of manual compression forces and that
this method can be transferred to the operating room. Comparable results have been
reported in studies [19] examining the reliability of proprioceptive force control in manual
tasks, which similarly describe stable intraindividual reproduction of applied forces under
standardized conditions.

This study demonstrates that proprioceptive muscle memory allows consistent re-
production of applied compression forces. Even 15 min after initial application, most
participants maintained deviations under 15%, justifying the principle of this method to
use it in Phase 2. It should be noted that the Phase 1 cohort included both clinical and
non-clinical participants. The study was designed to validate the reproducibility of proprio-
ceptive force reproduction independent of surgical experience. As such, it primarily reflects
the psychomotor feasibility of proprioceptive transfer, not the operative training level.

4.2. Interpretation and Biomechanical Context

Intraoperatively, an average force of ~146 N was applied. Compression forces are
relevant factors on primary stability, fusion rates, and the risk of implant failure avoid-
ing pseudarthrosis and subsidence [9,20]. In addition to mechanical stability, applied
compressive forces influence biological healing processes at the implant-bone interface.
Mechanotransduction thresholds are known to regulate bone formation, and both under-
and overloading can disrupt osteointegration. Future studies should investigate whether
typical intraoperative compression forces fall within the optimal range for promoting
osseous fusion. Subsidence rates reported in the literature vary widely depending on the
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fusion technique, implant type, and patient-specific characteristics. A systematic review
documented subsidence rates ranging from 6% to 51%, with TLIF and LLIF procedures
being particularly affected [9]. In addition to bone mineral density (BMD), factors such
as cage design (material, height, footprint) and the precise positioning of the implant
within the endplate are considered critical [10,21]. Biomechanical weakness in the central
region of the endplate significantly increases the risk of implant subsidence [9,22]. In a
retrospective cohort study, Zhou et al. demonstrated that irregular endplate morphologies
are significantly associated with higher subsidence rates following TLIF procedures [23].
Further relevant factors include patient age, cage position (anterior vs. central), cage height,
and the integrity of the cortical endplate region [9,24]. Additionally, bone mineral density
and regional endplate characteristics—such as cortical thickness and surface contour—may
alter the tolerance to applied force. Integrating preoperative CT-based Hounsfield unit
analysis or DEXA scores could enable force-adapted strategies tailored to patient-specific
bone quality. Such strategies might involve upper force limits for osteoporotic patients and
defined compression corridors based on HU thresholds or T-scores.

4.3. Methodological Considerations

Our study presents, for the first time, a reproducible method for indirect quantification
of the applied compression force, thereby opening the possibility for standardized force
application. This indirect estimation of intraoperative compression force is a methodolog-
ical surrogate. Due to current regulatory constraints (e.g., MDR classification of sensor-
equipped devices), direct force measurements at the implant-bone interface were not
feasible. At present, no approved device for direct intraoperative force measurement at the
implant-endplate interface is available. Developing and certifying such sensor-equipped
instruments in collaboration with a medical device manufacturer represents a key future
goal. Once available, these tools will allow validation of the surrogate method presented
here against true intraoperative force profiles. Future studies should aim to incorporate
sensorized instruments to obtain in situ force profiles. Defining an optimal compression
range may help avoid both under- and overcompression. Both extremes are associated with
clinical risks: overcompression can lead to endplate violation and to early subsidence, while
undercompression may result in impaired implant migration, instability, and persistent
postoperative pain [9,24]. In addition to the absolute compression magnitude, the rate at
which the force is applied may influence endplate preservation. Rapid application of high
forces can induce localized structural failure, whereas gradual compression may better
preserve trabecular integrity. Furthermore, the pressure per unit area is determined not
only by the applied force but also by the surface area of the cage endplate. Narrow cages
or designs with reduced footprint may concentrate forces and increase subsidence risk,
even under moderate load. While all measurements in this study were performed using a
standardized compression clamp, the mechanical characteristics of different clamp designs
(e.g., handle leverage, gear ratio, force amplification) may influence force transmission.
Future work should assess whether variability in instrument design affects the accuracy of
proprioceptive force reproduction.

Although some studies have not found a significant association between subsidence
and clinical outcomes such as pain or function [25], the biomechanical implications remain
undisputed—particularly with respect to pseudarthrosis formation and secondary loss
of correction [9,11]. It is also worth distinguishing between immediate mechanical end-
plate failure and delayed subsidence due to microfracture-induced remodeling. Whether
intraoperative compression contributes more to primary or secondary forms of subsidence
remains to be elucidated. It is worth noting that anterior or lateral fusion techniques (e.g.,
ALIF, OLIFE, LLIF) may involve different load transmission mechanics. The generalizability
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of proprioceptive force reproduction in these approaches has yet to be evaluated. While
a previous study has investigated the compressive forces acting on interbody cages [26],
the reported data were obtained from cadaver experiments, in which the measured forces
resulted from a combination of implant compression and the gravitational load (external
compression) of the overlying anatomical structures. To date, the initial intraoperative
compression force itself has not been systematically investigated. Therefore, our findings
provide a clinically and biomechanically relevant foundation for developing evidence-
based compression guidelines. Integrating such recommendations into future implant
usage instructions or clinical guidelines represents a promising approach to mitigating
the associated complications. This cost-effective and modular approach to measuring
forces applied during surgery can be extended to other surgical instruments, enabling the
assessment of intraoperative process parameters. In the long term, this could contribute to
advances in the standardization of surgical protocols and provide a data foundation for
developing standard operating procedures (SOPs) for both human surgeons and surgical
robots [15]. However, for robotic systems to safely execute compression maneuvers, prede-
fined and validated force targets are required. The absence of such benchmarks currently
limits full automation of this procedural step. The potential for real-time intraoperative
feedback—whether via analog indicators, haptic resistance, or digital readouts—could
support surgeons in maintaining compression within an optimal therapeutic window.
Establishing such feedback systems would not only enhance consistency but also facilitate
training and pave the way for robotic execution of compression maneuvers. While our
findings suggest that intraoperative compression force can be reliably reproduced using
proprioceptive memory, this study did not assess clinical endpoints such as fusion rates,
implant subsidence, or patient-reported outcome measures (e.g., Oswestry Disability In-
dex). As such, no direct correlation between applied force and postoperative success can be
inferred from the current data. A prospective clinical trial including radiological follow-up
and validated functional scores is currently being prepared to investigate whether standard-
ized compression force application translates into improved biomechanical and clinical
outcomes. Moreover, if reliable force data become available, they could also be integrated
into the training of young surgeons—for example, in simulation workshops or structured
educational programs.

4.4. Strengths, Limitations, and Practical Applications

The proposed method for intraoperative compression force estimation is simple,
low-cost, and fully compatible with existing surgical workflows, providing a foundation
for future studies aiming to establish objective compression thresholds. Furthermore,
it offers a reproducible framework that can be implemented in both experimental and
intraoperative contexts, serving as a proof of concept for standardized force assessment in
spinal fusion surgery.

Several limitations should be acknowledged. First, the results of Phase 1 are based on a
controlled experimental setup using a 3D-printed spine model, which does not replicate the
viscoelastic and anisotropic properties of native vertebral endplates. Therefore, the absolute
force thresholds derived from this model may not fully translate to in vivo biomechanics.
However, Phase 1 was deliberately not designed to replicate the biomechanical properties of
native endplates but rather to serve as a proof of concept for proprioceptive reproducibility.
The 3D-printed model provided a standardized and reproducible setup. Second, the
cohort of 30 participants included both clinical and non-clinical individuals. While this
allowed assessment of general proprioceptive ability, the findings may not fully reflect the
behavior of highly trained surgeons under real operative conditions. Third, intraoperative
forces were not directly measured at the implant interface due to regulatory constraints.
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Instead, we used a proprioceptive method involving a hand dynamometer, which, while
practical and reproducible, remains an indirect surrogate. Fourth, only descriptive statistics
were applied, and no hypothesis-driven group comparisons or power calculations were
performed. The use of descriptive statistics only reflects the exploratory character of this
work. Inferential testing was intentionally omitted, as the limited sample size would not
have allowed robust subgroup comparisons. Future prospective trials with larger patient
cohorts will incorporate hypothesis-driven analyses to address inter-surgeon variability,
time-dependent reproducibility, and segment-specific effects. Lastly, no clinical outcomes
such as subsidence, fusion rate, or patient-reported metrics were assessed. A follow-up
prospective trial including imaging and clinical endpoints is currently planned. Practically,
this work provides a methodological foundation for future research and clinical translation.
The approach can support surgical training by improving awareness of manual force
application, guide implant development toward force-adaptive designs, and inform the
creation of intraoperative feedback systems or robotic assistance protocols.

5. Conclusions

This study demonstrates that proprioceptive muscle memory enables reproducible
estimation of manually applied compression forces during spinal fusion surgery, both in
a controlled experimental and intraoperative setting. However, this exploratory dataset
provides initial evidence toward defining intraoperative target ranges for compression,
which may ultimately help reduce implant-related complications such as cage migration,
pseudarthrosis, or endplate failure. Integrating this practical and low-cost approach into ex-
isting surgical workflows represents a scalable first step toward standardizing compression
in spine surgery. Future studies should investigate whether force standardization improves
fusion rates and patient outcomes. They should also explore how such standardization
may support intraoperative feedback systems and robotic execution protocols. In addition,
investigations should correlate intraoperative compression forces with radiographic out-
comes such as fusion, subsidence, and implant migration, as well as with patient-reported
measures like ODI or VAS. Incorporating bone quality parameters (e.g., Hounsfield units
or DEXA) may help to define patient-specific compression corridors and establish clinically
meaningful benchmarks.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/biomechanics5040091/s1, Figure S1: Boxplot of the measured force
by segment; Figure S2: Boxplot of the measured force by operator; Table S1: Spearman correlation by
segment and force.
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Abbreviations

The following abbreviations are used in this manuscript:

3D Three-Dimensional
BMD Bone Mineral Density
CT Computed Tomography
DAQ Data Acquisition
DEXA Dual-Energy X-ray Absorptiometry
DIN Deutsches Institut fiir Normung (German Institute for Standardization)
HU Hounsfield Units
L1-S1 Lumbar Vertebra 1 to Sacral Vertebra 1
MA Massachusetts (State abbreviation—MathWorks location)
MDR Medical Device Regulation (EU)
N Newton (Unit of Force)
N.T. New Territories (Region in Hong Kong)
R? Coefficient of Determination (Statistical Measure)
SD Standard Deviation
SOP Standard Operating Procedure
T0, T1, T5, T15 Time points in the study (e.g., immediately, after 1, 5, 15 min)
TLIF Transforaminal Lumbar Interbody Fusion
LLIF Lateral Lumbar Interbody Fusion
OLIF Oblique Lumbar Interbody Fusion
ALIF Anterior Lumbar Interbody Fusion
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