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Background
Skin tissue expansion is a widely used technique for generating additional healthy tissue to reconstruct congenital or acquired defects. Successful expansion relies on appropriate pressure management, since insufficient or excessive pressure may lead to prolonged treatment or expansion failure. Previous studies have attempted to estimate mechanical stress on expanded skin by measuring intracapsular pressure; however, this approach does not directly capture true mechanical pressure at specific skin locations. A direct method for measuring skin surface pressure remains unavailable. In this study, we evaluated the feasibility of using a rebound tonometer–a device designed for intraocular pressure measurement–for direct, site-specific assessment of skin surface pressure and for monitoring adverse events during tissue expansion.
Methods
Patients with giant nevi meeting the eligibility criteria were enrolled following dilator implantation. Surface pressure measurements were obtained using the Icare® TA01i tonometer at nine predefined sites on the expanded region. The expansion protocol involved incremental saline injections of approximately 10% of the dilator’s total volume per session. At each site, pressure was recorded at three timepoints: pre-inoculation, immediately post-inoculation, and 30 min post-inoculation. Monitoring continued throughout the expansion process until the dilator reached twice its original volume.
Results
A total of five pediatric patients (2 boys and 3 girls), aged 3–6 years, were enrolled in this study. Each patient underwent a 34-day expansion period comprising eight or ten saline injections. No adverse events were recorded throughout the study. The rebound tonometer successfully detected dynamic changes in skin surface pressure corresponding to dilator volume increases. Furthermore, multi-point measurements across the expanded region confirmed the presence of spatially heterogeneous pressure distribution, demonstrating significant variations between different anatomical locations.
Conclusion
This pilot study supports the technical feasibility of using a rebound tonometer for monitoring skin surface pressure dynamics during tissue expansion. The device demonstrated favorable operational efficiency, safety profile, and measurement reproducibility throughout the expansion period. These preliminary findings suggest that rebound tonometry may represent a promising monitoring approach in tissue expansion protocols, though larger-scale validation is warranted to substantiate these observations.
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INTRODUCTION
Skin and soft tissue expansion is a reconstructive surgical technique that mechanically stretches skin and soft tissue to generate additional healthy tissue for repairing congenital or acquired defects (Liu and Ma, 2019). In this procedure, a temporary tissue dilator is implanted subcutaneously. The internal pressure exerted by the dilator gradually stretches the overlying soft tissue, facilitating donor site expansion. Appropriate pressure management is critical: insufficient expansion prolongs treatment duration and increases risks of complications such as secondary infection and seroma, while overexpansion may lead to flap necrosis (Chen and Ma, 2019; Patel et al., 2014).
Intracapsular pressure or volume has been used as an indirect indicator of the mechanical force acting on expanded tissues (Xu et al., 2013). However, due to uneven adherence between the dilator and surrounding tissue, along with heterogeneous pressure distribution across the expanded region, intracapsular measurements often fail to reflect true localized mechanical conditions. This inaccuracy can result in suboptimal expansion—either insufficient or excessive—potentially causing adverse outcomes and compromising surgical success.
The Icare® TA01i rebound tonometer, originally developed for intraocular pressure measurement (Kontiola, 1997), offers a potential solution for direct surface pressure assessment. Its operation involves a lightweight probe propelled by a spring mechanism; upon contact with the surface, the deceleration time—inversely correlated with pressure—is recorded. This mechanism enables precise, site-specific measurement, suggesting its potential applicability in monitoring mechanical forces during tissue expansion.
Study aim
This study aimed to assess the capability of a rebound tonometer in measuring surface pressure at various expansion site locations.
METHODS
Study design and population
The study population comprised pediatric patients undergoing dilator implantation for forehead reconstruction. Written informed consent was obtained from all guardians prior to enrollment. The forehead was selected as the exclusive implantation site due to its distinctive anatomical characteristics: the thin subcutaneous layer with minimal adipose tissue results in consistently high skin tension across pediatric age groups, while the underlying frontal bone provides stable structural support for the expanded skin.
The expansion protocol targeted a final volume between 1 and 2 times the original dilator capacity. During initial filling phases, fluid dynamics within the dilator led to shape instability until reaching the designated baseline volume (1×). Upon achieving this baseline, the dilator maintained a stable configuration, constraining internal fluid movement and ensuring consistent skin pressure during patient movement. However, based on clinical experience, expansion beyond twice the original volume was avoided due to significantly increased risk of device rupture.
Inclusion criteria
Patients were enrolled according to the following criteria:
	Age between 3 and 6 years;
	Placement of tissue dilator in the forehead region;
	Demonstrated ability to cooperate with medical procedures;
	Absence of significant congenital comorbidities, including cardiovascular disorders or neoplasms.

Exclusion criteria
Patients were excluded from participation based on the following:
	Age below 3 years or beyond preschool age range;
	Dilator placement in non-forehead locations (e.g., limbs or trunk), where differences in subcutaneous fat distribution and skin tension would introduce confounding biomechanical variables;
	Development of intervening congenital conditions during the study period.

Measurement
Subjects were seated in a comfortable position with the head and torso maintained upright. Pressure measurements were recorded at three time points: before saline inoculation, immediately after inoculation, and 30 min post-inoculation.
Measurement sites were identified by treating the expanded flap surface as a planar region. Sites were selected based on three criteria: palpable firmness (indicating higher pressure), broad surface coverage, and avoidance of hair-bearing areas (Figure 1).
[image: Diagram shows nine evenly spaced points labeled from one to nine in a grid formation. Adjacent photo displays a scalp with markers positioned similarly, illustrating applied points on the head which including palpable firmness, com prehensive surface coverage, and avoidance of hai r-bearing areas.]FIGURE 1 | Illustration of the measurement sites. Selection of measurement sites was guided by key criteria including palpable firmness, comprehensive surface coverage, and avoidance of hair-bearing areas.The Icare® TA01i tonometer (Finland) was used for all measurements. The device was activated by pressing the measurement button, indicated by a “00” display, signaling readiness. Once initialized, the probe remained magnetized without descending.
Operators held the tonometer in the right hand, while the left hand grasped the right wrist to form a triangular forearm structure for stabilization. The probe was positioned perpendicular to the measurement site without applying additional pressure. Six consecutive measurements were performed per site by tapping the measurement button. Results differing by no more than 0.5 mmHg were averaged to determine the final surface pressure value (Figures 1, 2).
[image: Measurement of Skin Surface Pressure with the IcareR TA01i Tonometer. The left shows a schematic of two figures applying a tool at a 90-degree angle to a curved surface. The right displays a close-up of a person’s scalp being marked with a tool near small dots.]FIGURE 2 | Measurement of Skin Surface Pressure with the Icare® TA01i Tonometer Probe positioned perpendicularly to the measurement site for six consecutive measurements per locus.Data collection tool
Two investigators conducted all measurements at each time point. One investigator, specifically trained in tonometer operation, performed all measurements using standardized positioning and techniques. The second investigator promptly recorded the tonometer output, which represented the mean value of six consecutive measurements automatically calculated by the device. Following each recording session, both investigators jointly verified the data to ensure accuracy and consistency.
RESULTS
In this study, five pediatric patients (2 boys and 3 girls) with giant congenital nevi were enrolled, each receiving a single implanted tissue dilator. The demographic and clinical characteristics of the participants are summarized in the Table 1. During each expansion session, saline was injected at a volume corresponding to approximately 10% of the total dilator capacity. Skin surface pressure was measured as the dilator volume increased from baseline to twice its original size, a process involving eight or ten inflation sessions over a total duration of 34 ± 1.73 days.
TABLE 1 | Demographic characteristics of participants.	Cases	Age	Duration of inoculation	Implantation	Volume of dilator	Final volume of dilator	Duration from 1 to 2 time(s)	Rate of perinoculation of dilator volume	Cycle of inoculation
	Case1	4	97 days	Forehead	300 mL	960 mL	34 days	10%	Twice a week
	Case2	4	135 days	Forehead	400 mL	1680 mL	34 days	10%	Twice a week
	Case3	4	90 days	Forehead	350 mL	999 mL	33 days	10%	Twice a week
	Case4	5	87 days	Forehead	400 mL	1185 mL	34 days	10%	Twice a week
	Case5	4	85 days	Forehead	300 mL	850 mL	30 days	13%	Twice a week


Surface pressure was assessed at nine predefined loci covering the expanded skin area, with detailed results provided in the Supplementary Table. To illustrate temporal dynamics, pressure readings from site 5 across all five subjects are plotted in Figure 3. The Icare® TA01i tonometer successfully captured pressure changes following saline injection, consistently revealing a “climb–drop” pattern. For instance, in Case 1, the skin surface pressure at site 5 increased from a baseline of 52.40 ± 11.87 mmHg to a peak of 95.90 ± 0.32 mmHg immediately after injection, reflecting the direct mechanical stress induced by dilator inflation. Within 30 min post-injection, the pressure decreased to 83.20 ± 6.09 mmHg, indicative of tissue relaxation and redistribution of the dilator volume into adjacent areas—a process attributable to both skin recoil and the biomechanical accommodation of peripheral tissues.
[image: Line graph showing pressure (mmHg) changes for five cases before, during, and after injection. All cases show an increase in pressure during injection, with a slight decrease post-injection. Each case is represented by a different colored line and symbol.]FIGURE 3 | Pressure Dynamics Following Saline Injection at Site 5. Measurements were taken before injection (pre-injection), immediately post-injection (injection), and 30 min post-injection (post-injection). Data points represent the mean pressure across all saline injections; error bars indicate standard deviation.Notably, pressure reduction did not follow a symmetrical gradient from the expansion center. As illustrated in Figure 4A for Case 1, despite sites 1 and 9 being approximately equidistant from site 5, their recorded pressures were 63.20 ± 16.41 mmHg and 72.30 ± 16.39 mmHg, demonstrating marked spatial heterogeneity. Furthermore, the pressure decline was less pronounced on the side encompassing sites 7–9 compared to that of sites 1–3, suggesting regional differences in tissue elasticity or resistance to expansion (Figure 4B). These variations underscore how local skin compliance and the mechanical properties of surrounding tissues influence pressure distribution.
[image: Panel A shows a line graph comparing pressure in millimeters of mercury at nine sites across three stages: pre-injection, injection, and post-injection. Panel B displays a 3D bar chart depicting the average pressure with standard deviation for each site, color-coded to indicate the standard deviation levels.]FIGURE 4 | Spatial Heterogeneity in Pressure Changes after Saline Injection (Case 1). (A) Skin surface pressure dynamics at all measurement sites following saline injection; (B) Spatiotemporal pattern of skin surface pressure at all monitored sites. Data points represent the mean pressure across all saline injections; error bars indicate standard deviation.Collectively, these findings underscore that pressure distribution across the expanded skin is non-uniform and influenced by localized tissue properties. Despite the limited sample size, the results support the potential utility of the Icare® TA01i tonometer for monitoring biomechanical changes during tissue expansion.
LIMITATIONS
This preliminary study demonstrates the feasibility of using the Icare® TA01i rebound tonometer for monitoring skin surface pressure during skin expansion. However, the findings are subject to two main limitations. Firstly, the exclusive focus on forehead reconstruction limits the generalizability of the results. The biomechanical environment of the forehead, with skin directly overlying the rigid cranial bone, is anatomically unique and may not reflect the expansion dynamics in other body regions supported by softer tissues. Secondly, the small cohort of only five patients considerably restricts the external validity of our observations. The limited sample size prevents robust conclusions about the broader applicability of this monitoring technique. Future studies involving larger, multi-anatomical site cohorts are warranted to validate these initial findings and to further establish the clinical utility of rebound tonometry in tissue expansion.
DISCUSSION
This pilot study aimed to assess the technical feasibility of employing a rebound tonometer, Icare® TA01i, to measure surface pressure following skin tissue expansion. The Icare® TA01i demonstrated technical success and feasibility by delivering efficient and reliable measurements of skin surface pressure. Importantly, the device did not cause significant complications, including pain, skin damage, infection, or flap necrosis. Finally, the unique design of rebound tonometer presents a promising alternative to intracapsular pressure measurements, potentially allowing for more precise assessments of pressure at specific sites.
Skin tissue expansion is a surgical technique used to generate additional skin for reconstructive purposes (Wagh and Dixit, 2013). The placed dilators are gradually inoculated over time, causing skin stretching and triggering a complex biological response that promotes cellular growth and collagen synthesis (Razzak et al., 2016-). This process allows the skin to accommodate the increased tension resulting from the expansion. The procedure is performed over several weeks until the desired amount of new tissue is achieved. Since the extent of skin stretching directly affects the quality and quantity of the newly formed tissue, meticulous monitoring of dilator pressure is essential for optimal outcomes.
Earlier studies investigating the impact of dilator pressure on skin regeneration predominantly relied on the uniform pressure model (Taber, 1995). This model assumes that the dilator is perfectly compliant and subjected to constant pressure, implying complete contact with no air gap between the dilator and the skin. This approach assesses the effects of pressure on skin expansion based on the total internal pressure of the dilator. PietilÄ et al. proposed that an internal pressure of 30 mmHg (4.0 kPa) is optimal for tissue expansion and new skin generation (PietilÄ et al., 1988). However, subsequent studies revealed discrepancies. Zhao et al. reported that a pressure range of 6.0–8.5 kPa was effective (Wang et al., 2000), while Lu et al. recommended a range of 5.3–8.0 kPa (Lu et al., 2005). These discrepancies may be attributed to the limitations of the uniform pressure model, which does not account for the dilator’s elasticity and geometry. The pressure experienced by the skin differs from the internal pressure of the dilator due to pressure drops across the contact area, influenced by the dilator’s elasticity and geometry. Furthermore, the inherent extensibility of the dilator results in a non-uniform pressure distribution on the skin. Thus, surface pressure measurements may provide a more accurate assessment of pressure effects on skin regeneration. Wu et al. employed an indentation tonometer to measure skin surface pressure with dilators implanted subcutaneously in mice (Wu et al., 2012). Their results indicate the potential to develop a surface pressure measurement system for use in plastic surgery to monitor dilator pressure after each fluid injection, thereby preventing complications arising from excessive local skin expansion.
In this study, we assessed the rebound tonometer for measuring surface pressure. The fundamental principle of the rebound tonometer involves measuring intraocular pressure by assessing the reverse acceleration of the probe after it contacts the cornea. Research shows that rebound tonometers are comparable to indentation tonometers, with no statistically significant differences in performance (Ohana et al., 2017; Jing et al., 2012). The rebound tonometer is equipped with a disposable probe that applies minimal force, thereby causing minimal discomfort to patients and enhancing safety. Our clinical practice did not report any complaints or identify any adverse effects related to the measurement procedure. Furthermore, the rebound tonometer offers several advantages, including portability, no need for topical anesthetics, ease of use, and suitability for use by non-medically trained personnel.
During tissue expansion, the mechanics of the skin dilator system are central to and significantly influence the growth dynamics of the skin. Following inflation, the increased size of the dilator exerts pressure on the surrounding skin, causing deformation to accommodate this pressure. At a specific location, we observe that pressure increases with inflation but decreases as the skin adapts and redistributes the pressure (Figure 3). However, variations in pressure do not always follow this pattern. Inflation does not increase the pressure or accommodation completely eliminates the pressure, and dilator leakage is observed then. Future research will explore the potential correlation between these phenomena. Additionally, from a mechanical perspective, human skin exhibits properties of inhomogeneity, nonlinearity and anisotropy, characterized by in vivo pre-stress and the ability to undergo large deformations. Indeed, in our study pressure variations across different locations are non-uniform and reflect the specific conditions at each site (Figure 4).
CONCLUSION
This study demonstrated that the rebound tonometer has significant potential for measuring skin surface pressure. In the context of forehead skin expansion, it effectively detects changes in pressure corresponding to variations in dilator size and differences across the expanded area. The device has been shown to be efficient, safe, and reproducible. These results justify further investigation to explore its broader applications in skin reconstruction.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving humans were approved by Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Medical Academy Ethical Board (approval number: SH9H-2019-T16-1). The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
WB: Investigation, Data curation, Writing – review and editing. WD: Project administration, Conceptualization, Writing – original draft. LY: Writing – original draft, Software. YW: Investigation, Data curation. YH: Conceptualization, Data curation, Supervision, Writing – review and editing.
FUNDING
The authors declare that financial support was received for the research and/or publication of this article. This work was supported by the Research Funds for “Construction and Empirical Research of Risk Prediction Model for Children’s Skin and Soft Tissue Expansion Care (20244Y0194)”; and the A Study on the “Children’s skin based on risk prediction models Research on Soft Tissue Expansion Nursing Techniques and System Standards”.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The authors declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1662361/full#supplementary-material
REFERENCES
	Chen, S., and Ma, X. (2019). Study and prevention of postoperative complications of skin and soft tissue dilation. Chin. J. Aesthetic Plastic Surg. (2), 124–125.

	Jing, M., Wang, B., Zhou, Z., Sun, Y., Zhai, X., and Gao, Y. (2012). Comparison of intraocular pressure measured respectively with the SW-500 rebound tonometer and the non-contact tonometer. J. Navy Med. 33 (3), 167–170. doi:10.3969/j.issn.1009-0754.2012.03.012

	Kontiola, A. (1997). A new electromechanical method for measuring intraocular pressure. Doc. Ophthalmol. 93, 265–276. doi:10.1007/bf02569066

	Liu, S., and Ma, X. (2019). Progress and outlook of skin soft tissue expansion. Chinese Journal of Plastic Surgery. 35 (10), 949–952. doi:10.3760/cma.j.issn.1009-4598.2019.10.001

	Lu, K., Guo, S., Ai, Y., Han, Y., Ma, X., Pan, B., et al. (2005). The experience of tissue expansion in clinical application for 20 years. Chin. J. Aesthetic Plastic Surg. 16 (4), 209–210. doi:10.3969/j.issn.1673-7040.2005.04.006

	Ohana, O., Varssano, D., and Shemesh, G. (2017). Comparison of intraocular pressure measurements using goldmann tonometer, I-care pro, tonopen XL, and schiotz tonometer in patients after descemet stripping endothelial keratoplasty. Indian J. Ophthalmol. 65 (7), 579–583. doi:10.4103/ijo.ijo_31_17

	Patel, P. A., Elhadi, H. M., Kitzmiller, W. J., Billmire, D. A., and Yakuboff, K. P. (2014). Tissue dilator complications in the pediatric burn patient: a 10-year follow-up. Ann. Plastic Surg. 72 (2), 150–154. doi:10.1097/sap.0b013e3182a884af

	PietilÄ, J. P., Nordström, R. E., Numminen, M. K., Virkkunen, P. J., Voutilainen, P. E., and Rintala, A. E. (1988). Validity of laser doppler flowmetry for measuring the effect of the tissue expander pressure on skin circulation: simultaneous measurement of tissue expander pressure and laser doppler flowmetry. Scand. J. Plastic Reconstr. Surg. 22 (2), 135–139. doi:10.3109/02844318809072385

	Razzak, M. A., Hossain, M. S., Radzi, Z. B., Yahya, N. A. B., Czernuszka, J., and Rahman, M. T. (2016). Cellular and molecular responses to mechanical expansion of tissue. Front. Physiology 7, 540. doi:10.3389/fphys.2016.00540

	Taber, L. A. (1995). Biomechanics of growth, remodeling, and morphogenesis. Appl. Mech. Rev. 48, 487–545. doi:10.1115/1.3005109

	Wagh, M. S., and Dixit, V. (2013). Tissue expansion: concepts, techniques and unfavourable results. Indian J. Plast. Surg. 46 (2), 333–348. doi:10.4103/0970-0358.118612

	Wang, S., Lu, Q. J., Zhao, Q. M., Sheng, Y. C., Lu, X., and Pan, K. L. (2000). Development and application of intracapsular pressure monitor for PYJ-2 skin and soft tissue expander. Chin. J. Med. Aesthet. Cosmetol. 6 (2), 110.

	Wu, W., Zhao, Q., and Wan, W. (2012). Experimental research on application of YZ7A indentation tonometer on pressure measurement after the implantation of a tissue dilator. Seek Med. And Ask Med. 10 (11), 457–458.

	Xu, K., Li, H., Luo, Z., and Li, Q. (2013). Research of pressure of skin soft tissue dilator. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 27 (3), 316–319. doi:10.7507/1002-1892.20130073


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Bian, Ding, Yang, Wu and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-13-1662361-g003.jpg
150

Pressure (mmhg)
)
o

a
o

© Case1
© Case 2
© Case 3
© Case 4
© Case5

pre-injection injection post-injection





OPS/images/fbioe-13-1662361-g004.jpg
150

© Site 1 B Site3
© Site 2 prm 66.0+10.20
8 g::: 3 70.8+11.51 7
© Site 5 = sites /
i 246
8 g::z g 63.2£16.41 i
© Site 8
< Site 9

Site6.
76.0£12.58

-
(=3
o

Pressure (mmhg)

o
o

Sited

Standard Deviation

3

70.6+10.33

Site9
72.3%£16.39

Site8
85.1+11.38

Site7

pre-injection injection post-injection 69.0+17.70






OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Application of rebound tonometer on skin surface pressure measurement: a pilot proof of concept study 		Background

		Methods

		Results

		Conclusion

		INTRODUCTION		Study aim





		METHODS		Study design and population

		Inclusion criteria

		Exclusion criteria

		Measurement

		Data collection tool





		RESULTS

		LIMITATIONS

		DISCUSSION

		CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Application of rebound
tonometer on skin surface
pressure measurement: a pilot
proof of concept study





OPS/images/fbioe-13-1662361-g001.jpg
Point 1

Point 4

Point 7

Point 2

Point 5

Point 8

Point 3

Point 6

Point 9






OPS/images/fbioe-13-1662361-g002.jpg









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





