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Abstract Cranial bone defect repair remains a significant challenge in craniomaxillofacial surgery,
particularly when defects exceed the critical size defect (CSD) threshold, rendering them
incapable of spontaneous healing without external intervention. Mechanical forces—including
compression, tension, and shear stress—play a pivotal role in cranial development and
regeneration. These forces regulate osteoblast differentiation and bone regeneration by activating
key mechanotransduction pathways, such as the Wnt/B-catenin signaling pathway, the
piezoelectric mechanosensitive ion channel Piezol, and the transcriptional co-activators
Yes-associated protein (Yes-Associated Protein,YAP) and Transcriptional co-activator with
PDZ-binding motif (Transcriptional co-activator with PDZ-binding motif, TAZ). Distinct types of
mechanical forces exert specific effects on cellular behavior and the microenvironment. Clinically,
applications such as Negative Pressure Wound Therapy (NPWT) have demonstrated efficacy in
promoting angiogenesis-osteogenesis coupling, while tensile forces stimulate the dura mater to
secrete osteogenic factors. Preliminary studies using artificial periosteum and other biomaterials
have further validated that appropriate mechanical stimulation enhances bone repair. This review
summarizes the effects of various mechanical forces and their associated signaling pathways on
osteoblasts and their microenvironment, alongside an overview of current technological
applications in this field.
Key words mechanical force; skull defect; bone regeneration; negative pressure; fluid shear
stress.
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Fig.1 Mechano-electrochemical signal transduction (ion channels)
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Fig.2 Mechanical regulation of metabolic pathways
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Fig.3 Mechanism of negative pressure—promoted tissue repair
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Fig.4 Tension-mediated osteogenic effect on the dura mater

3.3 BIEEHM A H T RBEIEH

B X 7 01 5 R R o I A Rl WU F Al Piezol dlER IE S4% U5 S H K
CD68 F4/80 #& R 41l 731k A CD68 F4/80 ELIG 4 ffa LA 43 ih &% A6 A4 K [A] - (transforming growth
factor, TGF) -B1, TGF-B1 #EMiSF4EHAMMMIS. WV RIR, (EH R B2 8 N T
AW, TOFE R ARRI A = A8 . H Al C & A B R F TE 45 52 00 B e
REIEE P N T B, 3 N T 30 3o e L i PR 3 7 AR B R AR T LT T R AR e, S
TARN BT FIRINUT , RS I AT R 23 o B AR ER A () A5 PR LA A [ ¥ e 26
RUFRE F7, 1 G0 F B RS T LIS 3o 5 PR B A R P B 8 A S b Lo R B i T P e
R A AT OB B9 U, PR LI e R Dz B T 0L, KT okl
PRI, AT R 8 R SR AR
4 B

WU D 7E f R 848 52 Hh e/ AL A1) B S PR TS 3 AR 52 32 i o RS R Gk 4
THEII 5K 0. B3I R B ) AN R AU i s VR R A AT s 55 m ER S OR
Bl b AR MALE . SRR, P EE AR SIS RGN, HEE
Piezol Fll TRPV4) B2, FULBAEAEMG A B FL 5 2 )2 MK R EEE . B, K7
i3S HOE Wnt/B-catenin 8 PR S0 400 2 Ak S B IRTE AR DGR, REEE R A T K i
RhoA/ROCK & 5 X AL AR 5 1 AL S LA &% BMSCs (i 76t 2 7 4L
k288 5 FAE RO ) R e M SR B o ZEI PR L 7 T, A7 oA 25 )R i . PAR
BRRI A — ARG, RE RIS S B RN, (A e A SO AN B R
ARG NS TR IR X BRAEALGK JJ R , FGF-2 Al BMP-2 3 W & 38 I i3k pie 73



PRBY, 2tk g ARTNAAN HE S S,  T B E P AR R ARAT AR L B L Ay £, BRI [ B L T)
AR TR IR AL B TT 7)o (EH2, HRTHEFRANAFAE JRIR . o, ZHCEL R T
B, NN EZRIOIAEE CANRAE . 32D XTHUBC ) R B2 FE 0 i R A LR, B 28

Caniize . s PRI D B sk = S8 —bril, FTRERCMANG YT HIPT AV . RRHT 7E N
RET IR BN F RS AnmlEEY RS 856 2 H 2R 1155 51
B, HRBEN 5 AV BHEEEOR B2 R, DASEILE sk 12 5 RS HEAL
MAMEAIGTT -

SR

[1] Unnerb&k M, Ottesen J T, Reinstrup P. ICP curve morphology and intracranial flow-volume
changes: a simultaneous ICP and cine phase contrast MRI study in humans[J]. Acta Neurochir,
2018, 160(2): 219-24. d0i:10.1007/s00701-017-3435-2.

[2] Elliott D S, Newman K J H, Forward D P, et al. A unified theory of bone healing and nonunion:
BHN theory[J]. Bone Jt J, 2016, 98-B(7): 884-91. doi:10.1302/0301-620x.98b7.36061.

[3] Fong K D, Warren S M, Loboa E G, et al. Mechanical strain affects dura mater biological
processes: implications for immature calvarial healing[J]. Plast Reconstr Surg, 2003, 112(5):
1312-27. d0i:10.1097/01.PRS.0000079860.14734.D6.

[4] Gomez D A, Meredith 1 J, Palmer S K, et al. Cranial bone changes associated with intracranial
hypertension in apert syndrome: insights for early surgical intervention[J]. Plast Reconstr Surg
Glob Open, 2025, 13(6): 6875. doi:10.1097/GOX.0000000000006875.

[5] Lawson LY, Brodt M D, Migotsky N, et al. Osteoblast-specific Wnt secretion is required for
skeletal homeostasis and loading-induced bone formation in adult mice[J]. J Bone Miner Res,
2022, 37(1): 108-20. doi:10.1002/jbmr.4445.

[61)8 W2, 32 A, T T 350, 55 (U 9 I 8 7 491 Wk PR B 4 7 [3]. I PR 5 552 56 9 3 2% 2%
£,2020,36(2):218-20.doi:10.13315/j.cnki.cjcep.2020.02.023.
Zhou Z Z, Jiang N, Zhang L Q, et al. Clinical and pathological analysis of 7 cases of cranial
fasciitis[J]. Chin J Clin Exp Pathol, 2020, 36(2): 218-20. doi:10.13315/j.cnki.cjcep.2020.02.023.
[7] Seddigi H, Klein-Nulend J, Jin J. Osteocyte mechanotransduction in orthodontic tooth
movement[J]. Curr Osteoporos Rep, 2023, 21(6): 731-42. doi:10.1007/s11914-023-00826-2.

[8] Yu L, Hou Y, Xie W, et al. Self-strengthening adhesive force promotes cell

mechanotransduction[J]. Adv Mater, 2020, 32(52): e2006986. doi:10.1002/adma.202006986.



[9] Song J, Liu L, Lv L, et al. Fluid shear stress induces Runx-2 expression via upregulation of
PIEZO1 in MC3T3-E1 cells[J]. Cell Biol Int, 2020, 44(7): 1491-502. doi:10.1002/chin.11344.

[10] Datta N, Pham Q P, Sharma U, et al. In vitro generated extracellular matrix and fluid shear
stress synergistically enhance 3D osteoblastic differentiation[J]. Proc Natl Acad Sci USA, 2006,
103(8): 2488-93. d0i:10.1073/pnas.0505661103.

[11] Docheva D, Popov C, Alberton P, et al. Integrin signaling in skeletal development and
function[J]. Birth Defects Res C Embryo Today, 2014, 102(1): 13-36. doi:10.1002/bdrc.21059.
[12] Wei L, Chen Q, Zheng Y, et al. Potential role of integrin asf./focal adhesion kinase (FAK)
and actin cytoskeleton in the mechanotransduction and response of human gingival fibroblasts
cultured on a 3-dimension lactide-co-glycolide (3D PLGA) scaffold[J]. Med Sci Monit, 2020, 26:
€921626. doi:10.12659/MSM.921626.

[13] Saraswathibhatla A, Indana D, Chaudhuri O. Cell-extracellular matrix mechanotransduction
in 3D[J]. Nat Rev Mol Cell Biol, 2023, 24(7): 495-516. doi:10.1038/s41580-023-00583-1.

[14] Zarka M, HayE, Cohen -Solal M. YAP/TAZ in bone and cartilage biology[J]. Front Cell Dev
Biol, 2022, 9: 788773. doi:10.3389/fcell.2021.788773.

[15] Brylka L J, Alimy A R, Tschaffon-Miiller M E A, et al. Piezol expression in chondrocytes
controls endochondral ossification and osteoarthritis development[J]. Bone Res, 2024, 12(1): 12.
doi:10.1038/s41413-024-00315-X.

[16] Zhu S, Chen W, Masson A, et al. Cell signaling and transcriptional regulation of osteoblast
lineage commitment, differentiation, bone formation, and homeostasis[J]. Cell Discov, 2024, 10(1):
71. doi:10.1038/541421-024-00689-6.

[17] Yan W, Maimaitimin M, Wu Y, et al. Meniscal fibrocartilage regeneration inspired by
meniscal maturational and regenerative process[J]. Sci Adv, 2023, 9(45): eadg8138.
doi:10.1126/sciadv.adg8138.

[18] Kang J Y, Kang N, Yang Y M, et al. The role of Ca?*-NFATc1 signaling and its modulation on
osteoclastogenesis[J]. Int J Mol Sci, 2020, 21(10): 3646. doi:10.3390/ijms21103646.

[19] Acharya T K, Pal S, Ghosh A, et al. TRPV4 regulates osteoblast differentiation and
mitochondrial function that are relevant for channelopathy[J]. Front Cell Dev Biol, 2023, 11:
1066788. doi:10.3389/fcell.2023.1066788.

[20] 5K 3%, Godfred KTawiah, 7k#i7%, 25 TRPVA M PIEZOs /i 5 805 4 i /1 i S I 5% 3t Je



[J]. EWEZE TR 26 &, 2023, 40(4): 638-44.d0i:10.7507/1001-5515.202301029.

Zhang Q, KTawiah G, Zhang Y J, et al. Research progress of chondrocyte mechanotransduction
mediated by TRPV4 and PIEZOs[J]. J Biomed Eng, 2023, 40(4): 638-44.
doi:10.7507/1001-5515.202301029.

[21] Nagai S, Kitamura K, Kimura M, et al. Functional expression of mechanosensitive
Piezol/TRPV4 channels in mouse osteoblasts[J]. Bull Tokyo Dent Coll, 2023, 64(1): 1-11.
doi:10.2209/tdcpublication.2022-0015.

[22] Mishra J, Chakraborty S, Niharika, et al. Mechanotransduction and epigenetic modulations of
chromatin: role of mechanical signals in gene regulation[J]. J Cell Biochem, 2024, 125(3): e30531.
doi:10.1002/jch.30531.

[23] Nagayama K, Kodama F, Wataya N, et al. Changes in the intra- and extra-mechanical
environment of the nucleus in Saos-2 osteoblastic cells during bone differentiation process:
nuclear shrinkage and stiffening in cell differentiation[J]. J Mech Behav Biomed Mater, 2023, 138:
105630. doi:10.1016/j.jmbbm.2022.105630.

[24] Karamesinis K, Spyropoulou A, Dalagiorgou G, et al. Continuous hydrostatic pressure
induces differentiation phenomena in chondrocytes mediated by changes in polycystins, SOXO9,
and RUNX2[J]. J Orofac Orthop, 2017, 78(1): 21-31. doi:10.1007/s00056-016-0061-1.

[25] Xu H, Xia M, Sun L, et al. Osteocytes enhance osteogenesis by autophagy-mediated FGF23
secretion under mechanical tension[J]. Front Cell Dev Biol, 2022, 9: 782736.
doi:10.3389/fcell.2021.782736.

[26] Steppe L, Liedert A, Ignatius A, et al. Influence of low-magnitude high-frequency vibration
on bone cells and bone regeneration[J]. Front Bioeng Biotechnol, 2020, 8: 595139.
doi:10.3389/fhioe.2020.595139.

[27] Sumanasinghe R D, Bernacki S H, Loboa E G. Osteogenic differentiation of human
mesenchymal stem cells in collagen matrices: effect of uniaxial cyclic tensile strain on bone
morphogenetic protein (BMP-2) mRNA expression[J]. Tissue Eng, 2006, 12(12): 3459-65.
doi:10.1089/ten.2006.12.3459.

[28] zZhang Z, Cui S, Fu Y, et al. Mechanical force induces mitophagy-mediated anaerobic
oxidation in periodontal ligament stem cells[J]. Cell Mol Biol Lett, 2023, 28(1): 57.

doi:10.1186/s11658-023-00453-w.



[29] Yu L, Wang X, Gao X, et al. The calcium transient characteristics induced by fluid shear
stress affect the osteoblast proliferation[J]. Exp Cell Res, 2018, 362(1): 51-62.
doi:10.1016/j.yexcr.2017.11.001.

[30] Orapiriyakul W, Tsimbouri M P, Childs P, et al. Nanovibrational stimulation of mesenchymal
stem cells induces therapeutic reactive oxygen species and inflammation for three-dimensional
bone tissue engineering[J]. ACS Nano, 2020, 14(8): 10027-44. doi:10.1021/acsnano.0c03130.

[31] Sang W, Ural A. Influence of osteocyte lacunar-canalicular morphology and network
architecture on osteocyte mechanosensitivity[J]. Curr Osteoporos Rep, 2023, 21(4): 401-13.
doi:10.1007/511914-023-00792-9.

[32] Shea C A, Murphy P. The primary Cilium on cells of developing skeletal rudiments;
distribution, characteristics and response to mechanical stimulation[J]. Front Cell Dev Biol, 2021,
9: 725018. doi:10.3389/fcell.2021.725018.

[33] /&X#%. Cx43 & AL A0 lA) ¥ 5 a7 K ONFH ML & B Z AT 5E[D]. BeAs: VUl
K2, 2021.d0oi:10.27342/d.cnki.gscdu.2021.002680.

Zhao X. Study about the regulation of Cx43 on bone tissue intercellular homeostasis, the
mechanism and repairation of steroid-induced ONFH[D]. Chengdu: Sichuan University, 2021.
d0i:10.27342/d.cnki.gscdu.2021.002680.

[34] Pu P, Wu S, Zhang K, et al. Mechanical force induces macrophage-derived exosomal UCHL3
promoting bone marrow mesenchymal stem cell osteogenesis by targeting SMAD1[J]. J
Nanobiotechnology, 2023, 21(1): 88. doi:10.1186/s12951-023-01836-z.

[35] Hu K, Shang Z, Yang X, et al. Macrophage polarization and the regulation of bone immunity
in bone homeostasis[J]. J Inflamm Res, 2023, 16: 3563-80. doi:10.2147/JIR.S4238109.

[36] Tang Y, Zhao C, Zhuang Y, et al. Mechanosensitive Piezol protein as a novel regulator in
macrophages and macrophage-mediated inflammatory diseases[J]. Front Immunol, 2023, 14:
1149336. doi:10.3389/fimmu.2023.1149336.

[37] Stanley K T, VanDort C, Motyl C, et al. Immunocompetent properties of human osteoblasts:
interactions with T lymphocytes[J]. J Bone Miner Res, 2006, 21(1): 29-36.
doi:10.1359/JBMR.051004.

[38] Sun Z, Chen Y, Ding P, et al. Mechanical force-induced oncostatin M secretion by

Jun-positive neutrophils promotes craniofacial bone regeneration for midface hypoplasia



treatment[J]. Stem Cell Res Ther, 2025, 16(1): 330. doi:10.1186/s13287-025-04458-4.

[39] Liu H, Zhou H, Fan Y, et al. Macrophages regulate angiogenesis-osteogenesis coupling
induced by mechanical loading through the Piezol pathway[J]. J Bone Miner Res, 2025, 40(6):
725-37. d0i:10.1093/jbmr/zjae198.

[40] Marger L, Liaudet N, Scherrer S S, et al. Identification of type-H-like blood vessels in a
dynamic and controlled model of osteogenesis in rabbit calvarium[J]. Materials, 2022, 15(13):
4703. doi:10.3390/mal5134703.

[41] Swain L D, Cornet D A, Manwaring M E, et al. Negative pressure therapy stimulates healing
of critical-size calvarial defects in rabbits[J]. Bonekey Rep, 2013, 2: 299.
doi:10.1038/bonekey.2013.33.

[42] Zhang S, Xie Y, Yan F, et al. Negative pressure wound therapy improves bone regeneration by
promoting osteogenic differentiation via the AMPK-ULK1-autophagy axis[J]. Autophagy, 2022,
18(9): 2229-45. doi:10.1080/15548627.2021.2016231.

[43] £, eIy, SEid, S5 KGN A B L aie B R1E R & IEHLHI[D]. 2R
REKZ244], 2024, 59(1): 181-4. doi:10.19405/j.cnki.issn1000-1492.2024.01.030.

Wang L, Xing J M, Ma Y B, et al. Effect and mechanism of dura mater on brain development and
injury repair[J]. Acta Univ Med Anhui, 2024, 59(1): 181-4.
doi:10.19405/j.cnki.issn1000-1492.2024.01.030.

[44] Zhao F, Zhu J, Dong X, et al. The influence of extracellular vesicles secreted by dural cells on
osteoblasts[J]. Mol Biotechnol, 2024, 66(12): 3674-87. doi:10.1007/s12033-023-00974-X.

[45] Alikhani M, Alikhani M, Sangsuwon C, et al. Periosteum response to static forces stimulates
cortical drifting: a new orthopedic target[J]. J World Fed Orthod, 2024, 13(6): 293-302.
doi:10.1016/j.ejwf.2024.07.003.

[46] Deng R, Li C, Wang X, et al. Periosteal CD68*F4/80* macrophages are mechanosensitive for
cortical bone formation by secretion and activation of TGF-£1[J]. Adv Sci, 2022, 9(3): 2103343.
doi:10.1002/advs.202103343.

[47] Zhao D, Wang Y, Han D. Periosteal distraction osteogenesis: an effective method for bone
regeneration[J]. Biomed Res Int, 2016, 2016: 2075317. doi:10.1155/2016/2075317.

[48] Dong G, Chen Z, Xia B, et al. Effects of magnetic responsive GelIMA hydrogel with tensile

stimulation on proliferation, migration and osteogenic differentiation of periosteum-derived



cells[J]. Int J Biol Macromol, 2025, 319(Pt 3): 145525. doi:10.1016/j.ijbiomac.2025.145525.

[49] Fujii T, Ueno T, Kagawa T, et al. Comparison of bone formation ingrafted periosteum
harvested from Tibia and Calvaria[J]. Microsc Res Tech, 2006, 69(7): 580-4.
doi:10.1002/jemt.20274.

[50] Bilkay U, Tokat C, Helvaci E, et al. Osteogenic capacities of tibial and cranial periosteum: a
biochemical and  histologic study[J]. J Craniofac Surg, 2008, 19(2): 453-8.

doi:10.1097/SCS.0b013e318052fe3d.



