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	� WRIST & HAND

Assessing the risk of re-fracture related 
to the percentage of partial union in 
scaphoid waist fractures
A FINITE ELEMENT STUDY

Aims
There is ambiguity surrounding the degree of scaphoid union required to safely allow mobi-
lization following scaphoid waist fracture. Premature mobilization could lead to refracture, 
but late mobilization may cause stiffness and delay return to normal function. This study 
aims to explore the risk of refracture at different stages of scaphoid waist fracture union in 
three common fracture patterns, using a novel finite element method.

Methods
The most common anatomical variant of the scaphoid was modelled from a CT scan of a 
healthy hand and wrist using 3D Slicer freeware. This model was uploaded into COMSOL 
Multiphysics software to enable the application of physiological enhancements. Three com-
mon waist fracture patterns were produced following the Russe classification. Each fracture 
had differing stages of healing, ranging from 10% to 90% partial union, with increments of 
10% union assessed. A physiological force of 100 N acting on the distal pole was applied, 
with the risk of refracture assessed using the Von Mises stress.

Results
Overall, 90% to 30% fracture unions demonstrated a small, gradual increase in the Von Mises 
stress of all fracture patterns (16.0 MPa to 240.5 MPa). All fracture patterns showed a greater 
increase in Von Mises stress from 30% to 10% partial union (680.8 MPa to 6,288.6 MPa).

Conclusion
Previous studies have suggested 25%, 50%, and 75% partial union as sufficient for resum-
ing hand and wrist mobilization. This study shows that 30% union is sufficient to return to 
normal hand and wrist function in all three fracture patterns. Both 50% and 75% union are 
unnecessary and increase the risk of post-fracture stiffness. This study has also demonstrated 
the feasibility of finite element analysis (FEA) in scaphoid waist fracture research. FEA is a 
sustainable method which does not require the use of finite scaphoid cadavers, hence in-
creasing accessibility into future scaphoid waist fracture-related research.
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Introduction
Scaphoid fractures are common in young 
adults following a fall, with 64% occurring 
within the scaphoid waist.1 While established 
that minimally displaced scaphoid waist frac-
tures can be managed conservatively,2 the 
optimal duration of immobilization required 

for successful conservative waist fracture 
management is not understood. Premature 
mobilization before adequate fracture union 
and stability risks refracture and fracture 
micromotion, which is theorized to contribute 
to nonunion.3 Untreated nonunion usually 
progresses to scaphoid nonunion advanced 
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collapse patterns of arthritis.4 Conversely, prolonged immo-
bilization can lead to stiffness,5 delaying return to normal 
function. These complications are highly detrimental to 
the social and occupational opportunities of such a young 
group of patients. This highlights the need to fully under-
stand the degree of scaphoid union required for patients to 
return to day-to-day functions of the hand and wrist.

Previous studies have attempted to explore the degree 
of fracture union necessary for patients to commence 
hand and wrist mobilization. However, the results have 
varied. Some studies have stated that 50% fracture 
bridging defines union,6,7 while Grewal et al8 previously 
stated 50% to 75% union defined partial union, with > 
75% declared as fully united. Further uncertainty is seen 
clinically, with Singh et al9 only advising full return to 
hand and wrist function in those with at least 75% partial 
union. Yet on mechanical testing, 25% partial union has 
shown a low risk of refracture.10 While rates of nonunion 
are well established, the risk of refracture is a less well 
documented, but potentially catastrophic, complication.

Experimental biomechanical musculoskeletal research 
is often limited by the availability of cadaver speci-
mens. Recently, there has been more focus on the use 
of computer-based finite element analysis (FEA) to 
explore fracture-related research.11-13 While FEA research 
assessing the stability of surgically fixed scaphoid frac-
tures has been conducted,14 there is only one recently 
published paper by Rothenfluh et al,15 which explored 
the stability of scaphoid waist fracture partial unions 
using FEA. However, this paper only explored one frac-
ture pattern, limiting the clinical generalizability of their 
findings. Therefore, the aim of this study is to assess the 
risk of refracture in three common scaphoid waist frac-
ture patterns with differing proportions of partial union, 
using a finite element method (FEM).

Methods
A CT DICOM (digital imaging and communications in 
medicine) file of a healthy hand and wrist was uploaded 

into 3D Slicer freeware,16 enabling generation of a 3D 
volume-rendered scaphoid model (Figure  1a). A type 
1 geometry scaphoid was chosen as this is the most 
common anatomical variant.17 The scaphoid model was 
subsequently uploaded into COMSOL Multiphysics 
modelling software (COMSOL, Sweden) to enhance 
the clinical similarity of the scaphoid. Two physiolog-
ical enhancements were considered: the volume ratio 
of subchondral to cancellous bone, and the variation in 
bone mineral density (BMD) throughout the length of 
the scaphoid.

Ten fractured scaphoid CT scans were obtained 
from the SWIFFT study data set.2 Using OsiriX software 
(Pixmeo, Switzerland), the area ratio between subchon-
dral and cancellous bone of four pre-defined scaphoid 
regions (proximal pole, proximal waist, distal waist, 
and distal pole) were collected. A mean value from the 
four regions was used to create a scaled down cancel-
lous scaphoid (0.746). In COMSOL, a second copy of 
the scaphoid model was imported and scaled down 
to match the volume of cancellous bone observed in 
the data collection (Figure 1b). The same regions were 
used to collect Hounsfield unit data, which is a measure 
of the radiodensity of each pixel on a CT scan image.18 
Hounsfield unit values were used for BMD due to their 
known linear relationship.18 These values were then 
converted into elastic modulus, which determines the 
ease of deformity and fracture in materials.19 An equa-
tion devised for cancellous bone proposed by Morgan et 
al20 was used. For subchondral bone, an equation from 
a histomorphological analysis by Fell et al21 was deemed 
appropriate. A Poisson’s ratio, which is a measure of 
material deformation ‘in a direction perpendicular to the 
direction of the applied force’, was used for each region.22 
A value of 0.3 was applied, in line with current bone-
related literature.23–25 Subsequently, both the cancellous 
and subchondral scaphoid were divided into the four 
aforementioned regions (Figure  1c), enabling applica-
tion of the specific BMD and elastic modulus values to 

Fig. 1

a) 3D scaphoid model. b) Subchondral and cancellous scaphoid. c) 3D scaphoid model divided into the aforementioned region. d) Scaphoid mesh. 
e) Finalized fractured scaphoid model. Circle around distal pole represents where the 100 N compressive load was applied.
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their respective domain. An additional three regions were 
added to graduate both the density and elastic modulus 
values, reducing the risk of non-physiological, and steep 
changes between the regions influencing results. Subse-
quently, a tetrahedral mesh was applied to the model 
in COMSOL Multiphysics software (Figure  1d), with 
isotropic bone properties being assumed, enabling FEA 
to be conducted.

Once the models’ physiological enhancements had 
been applied, artificial waist fractures were generated. 
Using the Russe classification,26 three different fracture 
patterns (horizontal, transverse, vertical) were produced 
by changing their angle of intersection with the scaphoid’s 
longitudinal axis, which was drawn onto the 3D scaphoid 
model using known anatomical landmarks.27–29 This 
produced three different scaphoid models. A compressive 
load of 100 N was applied to the distal pole (Figure 1e), 
replicating the most common physiological force acting 
upon the scaphoid during normal function.10,30 This 
was applied at differing degrees of waist fracture union, 
ranging from 10% to 90%, with an increment of 10% 
union. After applying this load, the Von Mises stress was 
assessed. The Von Mises stress is a theoretical stress that 
allows comparison between a general 3D stress state 
and the uniaxial yield stress for a material; it is essentially 
the stress required to yield or fracture a material.31 Given 
the low incidence of plastic deformation in adult bone,32 
analysis of the Von Mises stress through linear elastic FEA 
was deemed appropriate to assess the risk of fracture.

Results
At 90% and 80% fracture union, the peak Von Mises 
stress was located away from the site of fracture union, 

indicating a low risk of refracture. From 70% to 10% 
partial union, the maximum Von Mises stress was located 
around the site of union, representing a greater risk of 
refracture. Table  I provides a pictorial representation 
of the Von Mises stress distribution throughout the 
scaphoid.

From 90% to 30% partial union, a gradual increase in 
Von Mises stress was observed (16.0 MPa to 240.5 MPa). 
However, reducing the degree of partial union to 20% 
and 10% resulted in a notable increase in Von Mises stress 
around the site of union. Therefore, while Von Mises stress 
was focused around the partial union from 70% to 10% 
fracture healing, the risk of refracture appears greatest 
from 30% to 10% partial union. An inconsistent value of 
509.1 MPa was observed at 50% union in the transverse 
fracture pattern. Table I does not demonstrate this change 
due to the opaque scaphoid image; the peak Von Mises 
stress is within the scaphoid. The 50% fracture ends at a 
particularly narrow region of the scaphoid model, with a 
significant geometrical change at the surface, resulting in 
an inconsistently elevated Von Mises stress at 50% union. 
Table II and Figure 2 represent the quantitative changes 
in Von Mises stress.

Discussion
Previous studies have defined 50% scaphoid waist frac-
ture bridging as fully united.6,7 While this FE study shows 
this carries a low risk of refracture, the trend in Von Mises 
stress values from 30% to 90% union indicates that 
delaying return to activities of daily living for 50% or 75% 
(as some clinicians prefer) union may be over-cautious, 
risking stiffness with continued immobilization. The 
notable rise in Von Mises stress occurred at < 30% union, 

Fig. 2

Maximum Von Mises stress at different stages of fracture union in scaphoid waist fractures stylefix.
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Table I. Pictorial representation of von mises stress in scaphoid waist fracture patterns.

Percentage 
fracture union, %

Scaphoid waist fracture patterns

Transverse Vertical Horizontal

10

‍ ‍ ‍ ‍ ‍ ‍

‍ ‍

20

‍ ‍ ‍ ‍ ‍ ‍

30

‍ ‍ ‍ ‍ ‍ ‍

40

‍ ‍‍ ‍ ‍ ‍

Continued
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Percentage 
fracture union, %

Scaphoid waist fracture patterns

Transverse Vertical Horizontal

50

‍ ‍ ‍ ‍ ‍ ‍

60

‍ ‍ ‍ ‍ ‍ ‍

70

‍ ‍ ‍ ‍ ‍ ‍

80

‍ ‍ ‍ ‍
‍ ‍

Table I.  Continued

Continued
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with this exponentially rising at < 20% union in all three 
fracture patterns. These findings refute previous biome-
chanical research by Brekke et al,10 who investigated the 
force required to fracture both intact and osteotomized 
scaphoid cadavers. After applying the same physiological 
force as this study, no significant difference was observed 
in the force to fracture intact scaphoids 25%, 50%, and 
75% osteotomized scaphoid cadavers. These results differ 
greatly from this FE study. However, the study by Brekke 
et al10 had notable limitations, including not specifying 
the anatomical variants of the scaphoid used. Addition-
ally, 93% of fractures occurred at the distal pole, which 
is not in keeping with the reported 10.6% prevalence 
of distal pole fractures.1 We identified an increased risk 
of refracture from 30% to 10% partial union at the site 
of fracture healing (the region of significant Von Mises 
stress), highlighting the increased risk of refracture at the 
fracture site.

Findings from our FE study are more in keeping 
with work by Guss et al,14 who assessed the distal pole 
force required to fracture intact and waist osteotomised 
scaphoids.14 The load required for fracture was 610 N in 
intact scaphoids and 272 N in 50% waist osteotomized 
scaphoids. Previous literature suggests that the scaphoids 
most common physiological load is 100 N acting on the 
distal pole.10,30 Therefore, as 50% osteotomized scaphoids 
required 272 N to fracture, it could be argued that 50% 
partial union is sufficient to return to normal function. 
This would be in line with our research and other previous 
studies. Furthermore, Guss et al14 reported 174  N was 
required to fracture 75% osteotomised scaphoids, 74 N 
greater than the most common physiological load. This 
may be in keeping with the results from our FEA study, as 
while there was an increase in Von Mises stress from 30% 
to 20% union, the exponential rise was observed at  < 
20% union, indicating a greater risk of refracture. Work 
by Singh et al9 is also in line with this analysis. Although a 

small sample size, this paper found that all patients with 
25% to 49% partial scaphoid union at eight to 12 weeks 
progressed to sufficient fracture union and function 
without reported complication. However, all those with 
less than 75% partial union in this study were advised 
against contact sports. This raises the question about 
what activities should be carried out at certain degrees 
of fracture union.

Our findings are further validated by the recent paper 
by Rothenfluh et al,15 who explored the risk of refrac-
ture in scaphoid waist fracture partial unions using FEA, 
applying the same 100 N load to their scaphoid model. 
They concluded that 66% scaphoid union was required 
when fracture healing occurred from the ulnar direction, 
but only 33% union was required for fractures healing 
radially. Our fractures healed from the radial direction, 
indicating similar results. We observed an increased 
risk of refracture from 30% to 10% partial union, which 
is in keeping with Rothenfluh et al’s15 recommenda-
tion of waiting until 33% scaphoid union is observed. 
They stated that 25% union was the exact cut-off value 
for exceeding the ultimate strength of the scaphoid, 
risking refracture. However, their BMD values came from 
scaphoid cadavers, which are unlikely to represent the 
values seen in young adults, in whom these fractures are 
prevalent. The ultimate strength of the scaphoid was also 
calculated from these values, with these factors likely to 
have influenced the Von Mises stresses observed. Further-
more, Rothenfluh et al15 do not provide data for < 25% 
union, with our study showing an exponential rise in 
Von Mises stress from 20% to 10% union. Our FE study 
builds further on these results, showing no notable differ-
ence in refracture risk between the three common waist 
fracture patterns. This significant finding highlights that 
our conclusion of the increased refracture risk from 30% 
to 10% partial union is generalizable to most clinically 
observed scaphoid waist fractures. Additionally, our 

Percentage 
fracture union, %

Scaphoid waist fracture patterns

Transverse Vertical Horizontal

90

‍ ‍ ‍ ‍ ‍ ‍

Table I.  Continued
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study demonstrates the clear region of refracture risk 
around the palmar site of fracture union.

There are several strengths to this study. First, it 
addressed an area of current ambiguity in scaphoid waist 
fracture research, providing useful clinical information 
regarding the degree of fracture union required to allow 
remobilization. This novel methodology does not require 
the use of finitely available scaphoid cadavers; reusing 
this method will enable faster progression of research 
in this field. The external validity of this methodology 
has been improved by the physiological enhancements 
applied to the model. FEA studies in this field do not typi-
cally consider modelling these enhancements, treating 
bone as a homogeneous material.33–35

There are limitations to this research. Some of the 
properties of bone could not be modelled due to their 
complexity. This included using isotropic bone model-
ling. Bone is anisotropic, meaning its behaviour changes 
depending on the direction of the applied force.36 Addi-
tionally, linear FEA was performed instead of non-linear 
FEA, which is more representative of the properties of 
bone and has been conducted in previous bone-related 
FEA.23,37–43 However, studies have demonstrated similar 
results when using isotropic modelling and linear FEA 
compared to anisotropic modelling and non-linear FEA, 
respectively.44–46 This increased simplicity of FEA improves 
accessibility into musculoskeletal FE research. However, 
further properties of bone could not be modelled. The 
site of fracture union was modelled as healthy adult 
bone, which would be different to immature woven 
bone seen during fracture healing. Additionally, there 
was no consideration of the forces from the scaphoid’s 
surrounding tissues, such as cartilage, muscles, liga-
ments, and neighbouring bones, which may influence 
the distribution of Von Mises stress through the scaphoid.

Further work can occur from both the results and 
methodology demonstrated in this study. Initially, more 
fracture union analysis should be conducted. A greater 
variety of waist fracture angulations against the longitu-
dinal axis should be assessed, enabling precise clinical 
generalizability of results. Furthermore, experimental 

studies should be conducted to determine the precise 
stress required to fracture scaphoid partial unions, 
permitting direct quantitative comparison of Von Mises 
stress values to refracture risk. This would aid further 
work in understanding the refracture risk during activi-
ties that exert greater loads onto the scaphoid, such as 
sport and manual labour. Additionally, greater external 
validity could be achieved by modelling forces acting 
upon the scaphoid during specific activities, of the kind 
that Varga et al47 investigated when exploring hand 
grasping. This could permit an activity specific return to 
normal function.

We would recommend that at least 30% union in all 
three scaphoid waist fracture patterns is observed prior 
to returning to activities of daily living. This is likely to 
provide sufficient fracture strength, reducing the risk of 
refracture. Waiting until 50% or 75% union is unneces-
sary and increases the risk of post-fracture stiffness. We 
have also shown a moderate increase in the Von Mises 
stress from 30% to 20% union. Therefore, it would be 
sensible to use a splint as additional scaphoid protection 
if 20% to 30% union is observed.

‍ ‍Take home message
  - This finite element study shows that 30% union of scaphoid 

waist fractures should be observed prior to return to activities 
of daily living.
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