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Biomechanical study (1/2)

Experimental setup, from Quaine et al. (2012).

Aim : understand the coordination patterns of finger forces
produced from different tasks

15 individuals

simultaneous fingers force intensity measurements : I, M, R, L

3 tasks (locations) : ExtP3, FlexP3, ExtP1

3 repeated measures by individual and by location
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Biomechanical study (2/2)

Finger force intensity by location, subject and

finger.

different intensity
measures from a location
to another and from a
finger to another

variability between
locations

variability between
individuals
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Two-factor ANOVA with repetitions (1/2)

ANOVA : Flfik = µ+αl +βf + γlf + δi + εlfik , εlfik ∼ N (0, σ2).

Residuals by location, subject and finger.

different scattering from
one location to another ⇒
need to allow a different
variance per location

different residuals from
one individual to another
⇒ need a subject effect
modelling
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Two-factor ANOVA with repetitions (2/2)

Pairwise scatter plots of the ANOVA resi-

duals for each pair of fingers.

Residuals very correlated
from one finger to another

Empirical correlations :
0.717 between index and middle,
0.297 between index and ring,
0.330 between index and little,
0.510 between middle and ring,
0.446 between middle and little,
0.440 between ring and little
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lme or lmer R library ?

library nlme lme4

function lme lmer

Random effects nested nested and crossed
Variance-
covariance matrix

diagonal or blocked
structure (flexible)

diagonal or block dia-
gonal (simple only)

Residual variance-
covariance matrix

within-group heteros-
cedasticity structure
(VarFunc class) and
within-group cor-
relation structure
(corStruct class)

See Bates et al. (2013) for details
⇒ introduction of the random effects using lme
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Modelling the random effect structure (1/3)

M0 : Flfik = µ+αl +βf +γl ,f +ξi +εlfik ξi ∼ N (0, τ2
1 ), εlfik ∼ N (0, σ2).

> fitM0 <- lme(F ~ finger*location, random=~1|individual, method="ML")

Individual boxplots of the standardized residuals by location and by finger

Boxplots by individuals are not centered ⇒ different individual effects

from one location to another and from one finger to another.
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Modelling the random effect structure (2/3)

M1 : Flfik = µ+αl +βf +γl ,f +ξi +ξil + ξif + ξilf +εlfik , εlfik ∼ N (0, σ2)

ξi ∼ N (0, τ2
1 ), ξil ∼ N (0, τ2

2 ), ξif ∼ N (0, τ2
3 ),ξilf ∼ N (0, τ2

4 ).

> fitM1 <- lme(F ~ finger*location, random=list(individual=

pdBlocked(list(pdIdent(~1), pdIdent(~location-1), pdIdent(~finger-1),

pdIdent(~location:finger-1)))), method="ML")

Individual boxplots of the standardized residuals by location and by finger

Different residual variability from one location to another ⇒ different

variance per location for ξil .
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Modelling the random effect structure (3/3)

M2 : Flfik = µ+αl +βf +γl ,f +ξi +ξil +ξif +ξilf +εlfik , εlfik ∼ N (0, σ2)

ξi ∼ N (0, τ2
1 ), ξil ∼ N (0, τ2

l ), ξif ∼ N (0, τ2
3 ), ξilf ∼ N (0, τ2

4 ).

> fitM2 <- lme(F ~ finger*location,

random=list(individual=pdBlocked(list(pdIdent(~1), pdDiag(~location-1),

pdIdent(~finger-1), pdIdent(~location:finger-1)))), method="ML")

The p-value of the likelihood ratio
statistic show that M2 gives a better fit.

Introducing random effect terms did
reduce correlation between fingers : 0.482
I/M, 0.187 I/R, 0.005 I/L, 0.370 M/R,
-0.026 M/L, 0.405 R/L.

M2 does not improve the residual graphs :
different residual variability remains.

Pairwise scatter plots of residuals for each pair
of fingers

⇒ need to model the residual variance-covariance structure.
10 / 18



Data description
Model specification

Results and conclusions

Two-factor ANOVA with repetitions
Modelling the random effect structure
Modelling the residual variance-covariance structure

Modelling the residual variance-covariance structure

M2 :


FlIik

FlMik

FlRik

FlLik

 = µ


1
1
1
1

+ αl


1
1
1
1

+


βI

βM

βR

βL

+


γlI

γlM

γlR

γL



+ξi


1
1
1
1

+ ξil


1
1
1
1

+


ξiI

ξiM

ξiR

ξiL

+


ξilI

ξilM

ξilR

ξilL

+


εlIik

εlMik

εlRik

εlLik



εlIik

εlMik

εlRik

εlLik

 ∼ N4

(
04, σ

2VCV
)
, V = I4, C = I4
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Modelling the residual variance-covariance structure

M2.? :


FlIik

FlMik

FlRik

FlLik

 = µ


1
1
1
1

+ αl
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1
1
1
1
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+
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γlM

γlR

γL



+ξi


1
1
1
1

+ ξil


1
1
1
1

+


ξiI

ξiM

ξiR

ξiL

+


ξilI

ξilM

ξilR

ξilL

+


εlIik

εlMik

εlRik

εlLik



εlIik

εlMik

εlRik

εlLik

 ∼ N4

(
04, σ

2V lC lV l

)

Vl diagonal matrix with standard deviation for each finger in location l ⇒
allows heteroscedastic errors

Cl correlation matrix between fingers in location l ⇒ allows correlated errors.

11 / 18



Data description
Model specification

Results and conclusions

Two-factor ANOVA with repetitions
Modelling the random effect structure
Modelling the residual variance-covariance structure

Modelling the residual variance matrix Vl (1/2)

M2.1 : Vl =


σl 0 0 0
0 σl 0 0
0 0 σl 0
0 0 0 σl

 ,C =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 .
> fitM2.1 <- update(fitM2, weights=varIdent(form=~1|location),

control=lmeControl(msMaxIter=1000))

Boxplots of the standardized residuals by location and by finger for model M2 (left) and model M2.1 (right).

Similar residual scattering from one location to another

Different residual scaterring for the index finger w.r.t. the other fingers
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Modelling the residual variance matrix Vl (2/2)

M2.2 : Vl =


σl I 0 0 0
0 σlo 0 0
0 0 σlo 0
0 0 0 σlo

 ,C =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 .
> fitM2.2 <-

update(fitM2.1,weights=varIdent(form=~1|location*Index))

Boxplots of the standardized residuals by location and
by finger for model M2.2.

Empirical correlations : 0.450 I/M,
0.053 I/R, 0.003 I/L, 0.198 M/R,
-0.054 M/L, 0.330 R/L.

Lower correlations but still non negligeable ⇒ need to model correlation

between fingers
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Modelling the residual correlation matrix Cl

M2.3 : Vl =


σlI 0 0 0
0 σlo 0 0
0 0 σlo 0
0 0 0 σlo

 ,C =


1 σMI σRI σLI

σMI 1 σRM σLM

σRI σRM 1 σLR

σLI σLM σLR 1

.
> fitM2.3 <-

update(fitM2.2,correlation=corSymm(form=~1|individual/trial))

Empirical correlations : 0.435 I/M, 0.077 I/R, -0.001 I/L, 0.187
M/R, -0.100 M/L, 0.316 R/L.

⇒ need to model different correlation matrix per location :

M2.4 : Vl =


σlI 0 0 0
0 σlo 0 0
0 0 σlo 0
0 0 0 σlo

 ,Cl =


1 σMI l σRI l σLI l

σMI l 1 σRMl σLMl

σRI l σRMl 1 σLRl

σLI l σLMl σLRl 1

 .
> fitM2.4 <- update(fitM2.2,correlation=???) /
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Results (1/2)

Final model M2.3 fitted with REML for better variances estimates.
Confirmed by :

classical diagnostics plots : residuals fit the normal
distribution, except for the extreme tails.

higher variance components for the random effects than the
residual ones

Estimated mean levels of the location-finger crossing groups
Location / finger Index Middle Ring Little

ExtP3 8.64 7.25 5.90 4.97

FlexP3 25.28 25.47 17.24 11.47

ExtP 1 14.73 11.16 9.83 10.94

Which differences are significant ? : contrasts tests.
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Results (2/2)

Location / finger Index Middle Ring Little

ExtP3 8.64 7.25 5.90 4.97

FlexP3 25.28 25.47 17.24 11.47

ExtP1 14.73 11.16 9.83 10.94

For one given finger, force intensity measures are significantly
different

For one given location,

No significant differences between two consecutive fingers in
ExtP3
Significant differences between M/R and R/L in FlexP3
Significant differences between I/M in ExtP1
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Conclusion and perpective

Managed to model biomechanical data using linear mixed
models with complex random effects structures and
non-diagonal residual variance-covariance matrices.

Failed at getting independant normalized residuals.

Need to develop a new corStruct class integrating a more
complex correlation matrix in the nlme library.
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