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A B S T R A C T   

Musculoskeletal modeling has been effective for simulating dexterity and exploring the consequences of disability. While previous approaches have examined motor 
function using multibody dynamics, existing musculoskeletal models of the hand and fingers have difficulty simulating soft tissue such as the extensor mechanism of 
the fingers, which remains underexplored. To investigate the extensor mechanism and its impact on finger motor function, we developed a finite element model of 
the index finger extensor mechanism and a cosimulation method that combines the finite element model with a multibody dynamic model. The finite element model 
and cosimulation were validated through comparison with experimentally derived tissue strains and fingertip endpoint forces respectively. Tissue strains predicted by 
the finite element model were consistent with the experimentally observed strains of the 9 postures tested in cadaver specimens. Fingertip endpoint forces predicted 
using the cosimulation were well aligned in both force (difference within 0.60 N) and direction (difference within 30◦with experimental results. Sensitivity of the 
extensor mechanism to changes in modulus and adhesion configuration were evaluated for ± 50% of experimental moduli, presence of the radial and ulnar ad
hesions, and joint capsule. Simulated strains and endpoint forces were found to be minimally sensitive to alterations in moduli and adhesions. These results are 
promising and demonstrate the ability of the cosimulation to predict global behavior of the extensor mechanism, while enabling measurement of stresses and strains 
within the structure itself. This model could be used in the future to predict the outcomes for different surgical repairs of the extensor mechanism.   

1. Introduction: 

Manual dexterity is essential for activities of daily living and has thus 
been a focus of disability research (Duruöz, 2014). Musculoskeletal 
modeling of the hand has been one strategy to study disability affecting 
the upper limb by enabling identification of contributions of individual 
muscles and passive tissues to motion and force production (Barry et al., 
2018; Binder-Markey et al., 2019; Binder-Markey and Murray, 2017; 
Kamper et al., 2002). Because of the relatively small inertia of the finger 
segments, passive forces arising from soft tissue structures are especially 
important to the stability of hand movements (Binder-Markey and 
Murray, 2017). Previous attempts have been made to model contribu
tions of soft tissues, such as representing joint capsules and tendinous or 
ligamentous adhesions in the hand through passive joint stiffness, 
modeled as torsional spring-damper elements (Barry et al., 2018; 
Binder-Markey and Murray, 2017). These approaches however, have 
been limited, as most current musculoskeletal modeling techniques that 
make use of multibody dynamics, such as OpenSim (Delp et al., 2007), 
rely on lumped parameter musculotendon models. These platforms are 
not capable of modeling heterogeneous structures that interact with 

multiple tendons and bones. 
One such structure is the extensor mechanism, an aponeurosis 

running the length of each finger along the dorsal side. Multiple tendons 
from extrinsic extensor and intrinsic muscles of the hand integrate with 
this structure, forming a compound tendinous sheath with variable 
material properties (Garcia-Elias et al., 1991; Qian et al., 2014). The 
extensor mechanism terminates at the central slip (CS) and terminal slip 
(TS) tendinous insertions, present at the proximal end of the middle and 
distal phalanges, respectively (Lee et al., 2008; Qian et al., 2014), while 
also interacting with the phalanges through anatomical adhesions that 
restrict extensor mechanism displacement. Because of its branching ar
chitecture and heterogeneous material properties, the extensor mecha
nism is best represented through finite element (FE) analysis (Elyasi 
et al., 2017), which allows estimation of forces present at the adhesion 
and insertion sites. The use of an FE model additionally enables simu
lation of tendon injury and finger deformity. Tendon injuries have been 
shown to alter adhesion behavior in the extensor mechanism due to scar 
formation following injury, resulting in an altered force distribution, 
extensor lag and loss of extensor function (Colzani et al., 2016; Gang
atharam and Leblanc, 2013). Using a FE model enables the direct 
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modeling of altered adhesion behavior and changes in anatomy. 
However, because FE analysis is more computationally expensive 

than other musculoskeletal modeling techniques, multibody dynamic 
simulations are more appropriate for capturing coordinated movement 
of the multibody system. Therefore, a cosimulation approach is desirable 
to leverage the benefits of both approaches. While cosimulation of this 
type has been applied in the lower limb (Schmitz and Piovesan, 2016) 
and shoulder (Dixit et al., 2020), it has not yet been applied to the type of 
structure and multi-joint anatomy present in the extensor mechanism 
and finger. 

The objective of this work was to develop and evaluate a FE model of 
the index finger extensor mechanism and a cosimulation using the FE 
model with a multibody dynamic musculoskeletal model. This method 
incorporates the multi-insertion behavior of the extensor mechanism 
using FE analysis while maintaining the computational efficiency of the 
multibody dynamic musculoskeletal model for dynamic simulations. We 
hypothesized that simulations of the index finger extensor mechanism 
using a FE model within cosimulation would predict tissue strains and 
fingertip endpoint forces comparable to those measured in cadaveric 
studies (Lee et al., 2008; Qiu, 2014). We also expected that the cosi
mulation model using anatomic extensor mechanism tissue representa
tions would yield endpoint forces comparable to those produced using 
multibody musculoskeletal models that directly specify equivalent 
musculoskeletal geometry (moment arms) (Barry et al., 2018). 

2. Methods: 

2.1. Finite element model development 

To model the tissue mechanics of the extensor mechanism, a FE 
model of the index finger extensor mechanism was developed (Fig. 1b) 
using magnetic resonance (MR) images of a single cadaver hand. The MR 
images were manually segmented (Amira image processing software, 
Visage Imaging, Inc., San Diego, CA) into bone and soft tissue, and 
meshed using a FE preprocessor (TrueGrid, XYZ Scientific Applications, 
Inc., Livermore, CA). The extensor mechanism was modeled as a 
deformable mesh composed of four-node quadrilateral shell elements, 

while the phalanges were treated as rigid bodies using triangular shell 
elements. The discretization of the extensor mechanism was verified 
with a convergence study and the phalanges were discretized with a 
sufficient number of elements to create smooth contact surfaces. FEBio 
Studio (Maas et al., 2012) was used for the application of material 
properties and simulation studies. 

To model the heterogeneous material properties of the extensor 
mechanism, the deformable mesh was partitioned into regions (Fig. 1b), 
each assigned an isotropic elastic material model represented as a Saint 
Venant-Kirchhoff model with region-specific material properties (Qian 
et al., 2014) (Table 1). These regions included the central band, lateral 
bands, sagittal tendon, CS, and TS. The deformable mesh is prevented 
from penetrating into the rigid body bones through the use of a sliding 
elastic contact constraint. Tendinous and ligamentous adhesions present 
on the ulnar and radial sides of the index finger were modeled using 
discrete tension-only spring elements to connect the extensor mecha
nism to the proximal phalanx and prevent separation. Similarly, the CS 
insertion and joint capsule adhesion present at the proximal interpha
langeal joint (PIP) were modeled using tension-only springs between the 
extensor mechanism and medial phalanx. To facilitate modeling of 
specific finger postures, single degree-of-freedom (DOF) revolute joints 
were placed at the centers of rotation of the metacarpophalangeal 
(MCP), PIP, and distal interphalangeal (DIP) joints. The joint centers and 
axes of rotation of the single DOF joints were aligned to reproduce the 
non-orthogonal axes of rotation present in the index finger joints as 
defined in (Barry et al., 2018), and anthropometric proportions were 
evaluated for consistency. The axes in both the multibody and FE model 

Fig. 1. Cosimulation framework including a) rigid body dynamic modeling and b) finite element modeling. A custom MATLAB program (center) passes information 
between the two simulation platforms. 

Table 1 
Extensor Mechanism Material Properties (Qian et al., 2014).  

Extensor mechanism Sample Location Tangent Modulus (MPa) 

Lateral Bands 105.38 ± 85.06 
Soft Tendon (Sagittal Band) 54.68 ± 14.13 
Central Slip 100.76 ± 46.77 
Terminal Slip 89.67 ± 48.29 
Extensor Tendon (Central Band) 100.61 ± 50.82  

C.T. Jadelis et al.                                                                                                                                                                                                                               



Journal of Biomechanics 157 (2023) 111725

3

were defined using the effective axes of rotation identified from cadaver 
specimens during flexion and extension (Hollister and Giurintano, 
1993). The MCP also experiences abduction–adduction; however, for 
this study this axis was locked. To confirm the joint centers and rotation 
axes were aligned each model, we overlay the bones and axes from the 
OpenSim model with those from the FE model in two postures: resting 
(MCP = PIP = DIP = 0◦) and experimental (MCP = 30◦, PIP = 45◦, DIP 
= 15◦). Model registration was achieved by aligning the long axis of the 
metacarpal of the index finger (measured from the center of the base of 
the metacarpal to the center of the head of the metacarpal bone) for both 
model images and measuring the angular offset of each phalangeal bone 
from a top-down and side facing view using the sketch utility included in 
CAD software (Fusion 360, Autodesk Inc.). There were no discernable 
differences between the two models for joint rotation in either posture. 
To model tendon force on the extensor mechanism, the desired tendon 
forces were applied as rigid force constraints to rigid bodies fixed to the 
residual ends of the extensor digitorum communis tendon (EDC), the 
first palmar interosseous tendon (FPI) and the lumbrical tendon (LUM). 

2.2. Finite element model validation 

To evaluate the strain predictions from the model, simulations were 
conducted to replicate the loading and posture conditions in cadaver 
experiments (Lee et al., 2008). These were implemented in the FE model 
via prescribed joint rotations matching the experimental postures 
(Table 2) and a force of 11.8 N applied to the residual tendon of EDC, as 
performed in the experimental procedure. Relative longitudinal strains 
were recorded for the CS and TS insertions in each posture as prescribed 
in the experimental study (Equation 1). In this method, the strains for CS 
and TS are obtained by measuring the distance between proximal and 
distal nodes encompassing the CS and TS material regions, respectively 
(Fig. 2), in a given posture (i): when unloaded (lio), during loading (lif ), 
and as compared to this distance in an unloaded neutral posture (l1o)(c.f. 
Posture 1, Table 2). 

∊̂i =
li
f − li

o

l1
o  

2.3. Multibody dynamic musculoskeletal model 

A previously developed musculoskeletal model of the distal upper 
limb, hand, index finger, and thumb (Barry et al., 2018) was used as a 
foundation for the simulations described here and development of the 
cosimulation approach (Fig. 1a). This model was developed in OpenSim 
(v3.3) (Delp et al., 2007) and includes 17 muscles including 7 muscles 
crossing the index finger, 8 muscles crossing the thumb, and two 
crossing the wrist. For the purposes of this study, only four muscles 
specifically actuating the index finger were considered, while the mus
cles actuating the wrist and thumb and wrist and thumb motion were 
locked. The four muscles crossing the index finger representing the 
extrinsic and intrinsic extensors follow carefully prescribed paths rep
resenting the effective muscle contributions to the extensor mechanism 
aponeurosis. This model was previously validated using experimental 
data from cadaveric studies for static force production at the fingertip in 
a constrained posture (Qiu, 2014). 

To replicate the experimental conditions for fingertip force produc
tion, the index finger was constrained to a posture of 30◦ flexion for the 

MCP, 45◦ flexion for the PIP, and 15◦ flexion for the DIP. Fingertip forces 
in the original cadaveric study were recorded using a 6 DOF load cell; to 
replicate this in simulation, a spherical contact surface attached to the 
tip of the index finger was placed inside a hollow spherical contact mesh 
to facilitate measurement of fingertip forces. Four muscles actuating the 
index finger were considered: The EDC, extensor indicis (EI), FPI, and 
LUM. As in Barry et al., the muscles were represented using a Hill-type 
muscle model (Millard et al., 2013) with force-generating parameters 
derived from literature (Jacobson et al., 1992; Pearlman et al., 2004; 
Triandafilou et al., 2011; Zajac, 1989) (Table 3). 

2.4. Cosimulation approach 

The cosimulation workflow for integrating the multibody dynamic 
and FE models was developed in MATLAB (MathWorks, 2019) to ex
change muscle force and joint moment information between the Open
Sim and FE models (Fig. 1). To develop muscle forces in the chosen 
posture, a forward dynamics simulation is first initiated in the OpenSim 
model using predefined muscle excitations. These excitations, defined as 
a time series of muscle activation percentages, are used to inform the 
first order activation dynamics and contraction dynamics model (Delp 
et al., 2007; Millard et al., 2013) present in the MBD model to develop 
muscle forces. These corresponding muscle forces are implemented as 
initial conditions to the FE model. Muscle forces developed for the EI 
muscle are applied to the same actuator as for the EDC muscle, as these 
muscles insert into the extensor mechanism along similar paths 
(Suwannakhan et al., 2016). A FE study then computes flexion/exten
sion joint moments developed by the extensor mechanism acting on the 
rigid bodies within the FE model during finger flexion with the FE model 
starting from rest (MCP, PIP, DIP = 0◦). These are mapped to the 
equivalent coordinate system and units present in the OpenSim model, 
and applied to the OpenSim model as external torques at the MCP, PIP, 
and DIP joints in place of muscle actuators to capture the net effect of the 
complex extensor mechanism in the context of the multibody dynamic 
model. 

2.5. Cosimulation and validation 

To validate the cosimulation method, we performed a set of simu
lations to replicate fingertip force generation experiments conducted 
previously in cadavers (Qiu, 2014). In these experiments, loads were 
applied to cadaver tendons and the resulting three-dimensional force 
was measured at the fingertip. Forward dynamics simulations for our 
study were performed using the multibody dynamic model in a single 
constrained posture (MCP = 0◦, PIP = 45◦, and DIP = 30◦). Each of the 
four musculotendon units considered (EDC, EI, FPI, and LUM) was 
independently actuated to generate 10% of the corresponding maximum 
isometric force. These musculotendon forces were independently 
applied as initial conditions to the FE model as described above. As only 
fingertip forces produced by muscle actuation were measured in the 
cadaver study (Qiu, 2014), an additional simulation was performed to 
record loads in the FE model produced from the passive forces resulting 
purely from posture changes. These results were subtracted from the 
previous simulations involving both muscle actuation and passive forces 
to isolate the effects of muscle actuation.Sensitivity analysis. 

The FE model was developed from a single cadaver; material moduli 
and adhesion configuration within the extensor mechanism have been 
shown to vary among individuals (Qian et al., 2014; Ellis et al., 2011). 
Thus, multiple variations of the material moduli (Table 1) and adhesion 
properties (Fig. 1b) were simulated to evaluate their impact on slip 
strains and fingertip endpoint forces. The material modulus for each 
region was varied individually by ± 50% of the nominal modulus in 
10% increments. This range was chosen to remain within the range of 
reported results, while also sufficiently perturbing materials that had 
relatively small standard deviations for the reported moduli. Adhesions 
were similarly varied for combinations with and without the radial and 

Table 2 
Joint angles for nine experimental postures (Lee et al., 2008).  

Posture 
Joint 1 2 3 4 5 6 7 8 9 

MCP 0◦ 0◦ 0◦ 30◦ 30◦ 30◦ 60◦ 60◦ 60◦

PIP 0◦ 30◦ 45◦ 30◦ 45◦ 45◦ 30◦ 45◦ 45◦

DIP 0◦ 20◦ 30◦ 20◦ 30◦ 30◦ 20◦ 30◦ 30◦
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ulnar adhesions of the proximal phalanx, and with and without the joint 
capsule present at the central slip. The adhesion variations were per
formed with nominal material moduli. This analysis was only performed 
for the cosimulation to evaluate the effect of adhesions on endpoint 
forces. Slip strains calculated for the nominal and varied modulus cases 
were compared to experimental slip strains in each of the 9 postures 
described in the FE validation. The range of simulated slip strains in each 
posture for all moduli variations were reported in comparison to 
experimental slip strains. Fingertip endpoint forces were simulated for 
all material modulus and adhesion conditions. The net contact force 
vectors and magnitudes were compared to experimental endpoint forces 
(Qiu, 2014), and simulations created using only the OpenSim model. 
Contact force vectors and magnitudes were evaluated to examine the 
impact of material modulus and adhesion selection on endpoint forces 
and whether fingertip contact forces fell within the range of experi
mentally reported results. 

3. Results 

3.1. Finite element validation 

Agreement between FE predicted strains and those measured in the 
experimental study (Lee et al., 2008) was high; for 8 of the 9 postures 
evaluated, the range of CS and TS strains predicted by the variation of 
moduli in the FE model were within one standard deviation of the 
experimentally measured strains (Fig. 3), with one posture (cf. Fig. 3, 
posture 8) falling outside of this range by 0.12% strain. The sensitivity 
analysis revealed that for variation in material modulus, the lateral 
bands were responsible for the largest variation in slip strain. Variation 
in modulus altered predicted slip strains, resulting in a range of 1.3% to 

4.4% strain for the central slip, and 0.3% to 2.75% for the terminal slip 
(Fig. 3). 

3.2. Cosimulation validation 

Reported fingertip force magnitudes using the cosimulation method 
were consistent with experimentally reported results (Qiu, 2014), and 
were within 0.3 N in magnitude for the EDC, EI, and LUM muscles, and 
0.60 N in magnitude for the FPI muscle for nominal material moduli 
(Fig. 4, Table 4). Variation in material modulus did not substantially 
affect force magnitudes; the largest observed difference was 0.07 N for 
the FPI muscle. Simulated fingertip force vectors in the sagittal plane for 
the EDC and EI muscles were directed proximally and dorsally in the 

Fig. 2. Effective strain of the extensor mechanism (c.f. Posture 5, Table 2), with (a) 11.8 N load on the EDC tendon and (b) no load applied. Bars indicate measured 
strain region for CS (black) and TS (gray) (as in Equation 1). 

Table 3 
Multibody Dynamic Model Muscle Properties (Jacobson et al., 1992; Pearlman 
et al., 2004; Triandafilou et al., 2011; Zajac, 1989).  

Muscle fo
m (N) lMo (m) lST(m) α(◦) 

Flexor Digitorum Profundis (FDP)  79.12  0.075  0.26812 7 
Flexor Digitorum Superficialis (FDS)  58.9  0.084  0.29932 6 
First Dorsal Interosseous medialis (FDIm)  72.8  0.030  0.02520 15 
First Dorsal Interosseous lateralis (FDIl)  72.8  0.033  0.02569 15 
Extensor Digitorum Communis (EDC)  34.69  0.070  0.26468 3 
First Palmar Interosseous (FPI)  30.94  0.031  0.08978 6.3 
Extensor Indicis (EI)  35.47  0.059  0.18479 6 
Lumbrical (LUM)  25.04  0.068  0.05470 1.2  

Fig. 3. Simulated and experimental CS and TS strains across all postures. Error 
bars present on experimental strains (dark grey) represent ± 1 standard devi
ation. Error bars on simulated strains (light grey) indicate maximum and 
minimum simulated range. 
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reference frame of the distal phalanx (Fig. 5), thus consistent with 
simulations using the multibody dynamic model and experimentally 
reported results. The largest differences in direction between the cosi
mulation and experimental results were 18.3◦ and 30◦ for the EDC and 
EI muscles respectively, in the nominal modulus case (Fig. 5). The FPI 
and LUM muscles were directed distally and dorsally, consistent with the 
multibody dynamic simulation and experimental results, with a differ
ence in direction for the cosimulation and experimental results of 12.4◦

and 0.6◦ for the FPI and LUM muscles respectively (Fig. 5). Variation in 
modulus did not affect the reported force directions for the cosimula
tion, with maximum reported deviations from the nominal properties of 

3◦ for the EDC and EI muscles, and 2.1◦ and 0.7◦ for the FPI and LUM 
respectively. 

Variation in adhesion configuration (Fig. 6) did not substantially 
affect fingertip force magnitudes, with a maximum change from the case 
with all adhesions of −0.14 N in the case where the radial and ulnar 
adhesions were removed. Adhesion configuration did substantially 
change fingertip force direction however, with removal of the joint 
capsule around the central slip contributing to a change in direction in 
the sagittal plane of −14.7◦ from the “all adhesions present” case. 
Similarly, removal of the joint capsule and radial and ulnar adhesions 
resulted in a change of −10.8◦ from the “all adhesions present” case. 

4. Discussion: 

The FE model converged across all 9 finger postures tested, demon
strating a wide range of finger flexion and extension joint angles able to 
be simulated. Predicted strain values coincided well with the range of 
strains recorded in a cadaver study examining the extensor mechanism 
(Lee et al., 2008), in accordance with our hypothesis. Variation in ma
terial moduli had appreciable effect on the reported strains in the central 
and terminal slips, with the range of simulated strains found to intersect 
with experimental strain ranges reported for multiple cadavers. The 
model predicted the observed pattern of decreasing strain with 
increasing flexion of the PIP and DIP joints. Large deviations from 
experimentally reported behavior were observed between model and 
cadaver strains however, at the terminal slip. As simulated TS strains fell 
within the experimentally reported range, this difference is likely due to 
a difference in material parameters between the cadaver specimen used 
to create the FE model, and the specimens used in the cadaver experi
ment. The material modulus has been shown to vary considerably 

Fig. 4. Simulated fingertip contact force magnitudes for both the multibody 
dynamic model and cosimulation approach, in comparison to experimentally 
reported values (Qiu, 2014). Error bars for the experimentally reported values 
(black) indicate ± 1 standard deviation. Error bars on cosimulation values 
(light grey) indicate maximum and minimum simulated range. 

Table 4 
Fingertip Force Magnitudes and Relative Differences.  

Muscle Experimental (Qiu 2014) (N) OpenSim (N) OpenSim (% Error) Cosimulation (N) Cosimulation (% Error) 

EDC  0.47 0.43 (8.8%)  8.8 0.64 (36.2%)  36.2 
EI  0.40 0.40 (0.6%)  0.6 0.63 (57.3%)  57.3 
FPI  0.86 0.76 (11.6%)  11.6 1.48 (72.2%)  72.2 
LUM  1.12 0.72 (35.8%)  35.8 0.84 (24.6%)  24.6  

Fig. 5. Simulated fingertip force vectors for the EDC, EI, FPI, and LUM muscles in the sagittal plane for the multibody dynamic model, experimentally reported 
results (Qiu, 2014), and the cosimulation model. Error boundaries for experimental results indicate ± 1 standard deviation. Error boxes present for the cosimulation 
represent maximum and minimum simulated range. 
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between individuals (Qian et al., 2014). 
It is also likely that discrepancies between simulated strains and 

experimental strains arose from the current material model and 
simplified joint representations implemented. Tendons are anisotropic 
(Yeh et al., 2012), with defined fiber directions, but the current FE 
model manages regional stiffness patterns through segmented regions 
only. As modulus oriented along the fiber was assumed to hold for all 
directions, internal forces and moments produced due to finger posture 
may be higher in the FE model than are observed physiologically. 
Additionally, single DOF joints used to represent rotation in the FE 
model may not fully capture physiologic joint behavior. Direct repre
sentation of fiber direction and anisotropy, and a more complex joint 
representation in future iterations of the FE model may allow for more 
accurate modeling and enable capture of additional features of force 
distribution and stiffness of the extensor mechanism. In addition, a 
hyperelastic model may improve performance. For example, our simu
lations predict relatively low net strains at the CS and TS in the nominal 
material modulus case, thereby suggesting that the nominal material 
properties are stiffer than the “effective” modulus according to the 
experimental stress strain curve and that in this strain regime the fibers 
may not be fully uncrimped (Qian et al., 2014). A different hyperelastic 
material model proposed by (Elyasi et al., 2017) may provide for a lower 
stiffness in this strain regime, while also accurately capturing de
formations with higher strain. 

The cosimulation model, combining the FE model of the extensor 
mechanism and the multibody dynamic model of the finger, was able to 
capture the soft tissue mechanics of the index finger extensor mecha
nism to inform dynamic simulations. The fingertip force vectors pro
duced using cosimulation were similar to those produced by the 
multibody dynamic model, and recorded experimentally for all four 
muscles considered, with a maximum deviation of 30◦ in the sagittal 
plane from experimental results. Variation in material moduli did not 
produce a notable change in force vector direction, with a maximum 
reported deviation of 3◦. This suggests that the extensor mechanism is 
not sensitive to changes in material modulus for production of fingertip 
forces. The cosimulation predicted force magnitudes within 0.3 N of 
experimental results (Qiu, 2014) for the EDC, EI, and LUM muscles, and 
0.60 N for the FPI muscle, closely matching experimental results in 
absolute magnitude. However, the relative differences between 

experimentally measured and simulated force magnitudes are large, 
with the greatest difference in between experimental and simulated 
results being for the FPI, with a relative increase in magnitude of 72% for 
simulated results in comparison to experimentally measured values. 
These large relative differences may exist due to the small absolute 
magnitudes of experimental forces, and future validation of these 
models with larger experimental forces may improve accuracy. This is 
notable, as the magnitude of fingertip forces present in the experimental 
study (Qiu, 2014) were a maximum of 1.12 N for the LUM muscle 
(Table 4); however, previous studies (Goislard de Monsabert et al. 2012) 
have demonstrated that maximal fingertip forces for grip strength tasks 
may exceed 100 N, and tendon forces for individual muscles may 
additionally exceed 100 N. Thus, further validation under higher forces 
may yield would be beneficial and may yield more accurate results. 

Variations in material modulus minimally impacted fingertip forces, 
with a maximum deviation of 0.07 N. Average fingertip force vectors fell 
outside of the ± one standard deviation used as acceptance criteria in 
the cadaver study (Qiu, 2014), but were generally well aligned with 
experimental data in terms of direction and magnitude. Simulation force 
direction for FPI activation was well aligned with the experimental data, 
but the magnitude was considerably larger for the cosimulation. The 
effective moment arm of the FPI muscle in the FE model may be larger 
than expected for each joint due to the behavior of the residual tendon, 
such that the ratio of the joint torques were correct, but the absolute 
values of the torques was too high. Additionally, dorsal-volar shifts in 
the extensor mechanism observed during flexion may not be captured in 
the model, and thus the effective static moment arm present in the 
model may not reflect the dynamic moment arm (Haines, 1951). In 
general, as the cadavers and sample sizes used for the studies of the 
collection of extensor material properties (Qian et al., 2014), fingertip 
force collection (Qiu, 2014), and creation of the MBD model (Barry 
et al., 2018), differed from the cadaver used in the generation of the FE 
model in this study, deviation from the experimental benchmark is 
expected. 

Similarity between the cosimulation, multibody dynamic, and 
experimental results are encouraging, as muscle paths in the multibody 
dynamic model were carefully prescribed to replicate experimentally 
observed moment arms, while the FE model was developed using 
imaged anatomy and experimentally derived material properties. The 

Fig. 6. Simulated fingertip force vectors for the EDC, EI, FPI, and LUM muscles in the sagittal plane in different adhesion configurations in comparison to exper
imentally reported results (Qiu, 2014). The abbreviations RU refer to the radial and ulnar adhesions present on the proximal phalange, and JC refers to the joint 
capsule present about the central slip. 
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similarity in results between the cosimulation and multibody dynamic 
model suggests that the multi-insertion behavior of the FE model is able 
to replicate general behavior; the cosimulation model has the added 
benefit of allowing for additional insight into the deformation of the 
extensor mechanism, including measurement of forces at insertions and 
adhesions, which are unavailable using other techniques. Prior ap
proaches for simulating the extrinsic extensors and intrinsic muscles that 
insert into the extensor mechanism require carefully prescribed moment 
arms, or are terminated at their effective insertion locations, which 
while useful, results in lost information due to interaction with the 
complex extensor mechanism (Barry et al., 2018; McFarland et al., 
2021). 

However, this additional insight into the behavior of the extensor 
mechanism made possible using a co-simulation approach does possess 
simulation and computational limitations that must be considered for 
use of this co-simulation in future studies. Implementation of the co- 
simulation over a MBD model or other simpler methods increases 
computation time and requires parameters that must be known before
hand, such as material parameters and anatomic data required to 
develop a finite element model. In the current configuration, a single 
simulation using the MBD model requires 6 min to complete, while a full 
co-simulation requires 15 min to complete using a desktop computer 
(Intel i5 4690 k, 16 GB RAM). Additionally, the MBD model in this co- 
simulation is used to develop muscle forces for use as initial condi
tions in the FE model. As the MBD model in this co-simulation does not 
consider the extensor hood, and instead models the effective contribu
tions of each muscle through predefined paths, muscle forces developed 
by the MBD model may not fully reflect physiologic forces transmitted to 
the extensor mechanism. Thus it is important to consider the applica
bility of a cosimulation in future study design, as applications such as 
control of an exoskeleton where computational efficiency is essential 
may not benefit from the additional complexity introduced in a co- 
simulation. However, biomechanical studies and surgical planning, 
where computational efficiency is less important, may substantially 
benefit from the more granular information afforded by the inclusion of 
a cosimulation approach. 

Other recent cosimulation approaches have incorporated FE models 
with multibody dynamic models to effectively examine knee ligament 
strain and tibiofemoral joint behavior during gait (Schmitz and Piove
san, 2016) and the progression of bone growth deformity in the upper 
limb following neural injury (Dixit et al., 2020). This study represents 
the first cosimulation to address the hand and incorporate the complex 
multi-joint and branching architecture of the finger and extensor 
mechanism. The approach is especially conducive to examination of 
hand neuromechanics due to the multi-articular nature of the finger 
tendons and their prevalent interactions with structures such as the 
anatomical pulleys and extensor mechanism (Kamper et al., 2006). 
Previous efforts have sought to model these structures through specified 
tendon routing (McFarland et al., 2021), a tendinous web approximation 
called “Winslow’s Rhombus” (Valero-Cuevas et al., 1998) (Leijnse and 
Spoor, 2012) (Valero-Cuevas et al., 2007), or elastic strings (Dogadov 
et al., 2017). In this work, we have presented a method for examining 
the extensor mechanism of the fingers in a more detailed fashion, 
allowing for the modeling of the branching architecture of this tissue, 
while integrating it with a larger multibody dynamic model. This 
approach potentially enables the study of larger coordinated dynamic 
motion of the forearm and hand while preserving detailed information 
about force distribution within the extensor mechanism. 
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