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Abstract—This research was aimed to investigate biome-
chanical properties via estimation of upper limb endpoint 
stiffness and joint torques during force targeting tasks. Sixteen 
able-bodied subjects were recruited in the study. A 10-N force 
task was conducted at right and left force directions for three 
upper limb postures. Hand endpoint trajectories and the re-
sponse forces were recorded simultaneously for each trial.  The 
2x2 endpoint stiffness matrix and corresponding stiffness 
ellipse were determined by least squares error method. Resul-
tant shoulder and elbow torques were also calculated by in-
verse kinetics. Mann-Whitney U test and Kruskal-Wallis test 
was used to analyze the effect of movement directions and 
postures on endpoint stiffness and joint torques. The results 
indicated that the force directions and postures have signifi-
cant effects on endpoint stiffness ellipse of upper limb, the 
shoulder and elbow joint torques during force production 
tasks (p<0.05). These results demonstrate the importance of 
the force directions and posture during performing force tar-
geting tasks. The future work of clinical implementation sug-
gests that upper-limb endpoint stiffness and viscosity can be 
measured and compared with able-bodied subjects and post-
stokes. 
Keywords— Stroke, upper-limb, endpoint stiffness, rehabilita-

tion 

I. INTRODUCTION  

Stroke is an acute onset of neurological dysfunction 
when blood flow to the brain is impaired by infarction or 
hemorrhage of cerebral arteries [1]. The most common 
motor deficits are characterized by hemiparesis or hemiple-
gia, typically on one side of the body opposite the site of the 
lesion [1]. The illness stages of stroke usually accompany 
the development of abnormal muscle tone, flexion and ex-
tension synergistic patterns [1]. Functional impairments of 
upper limb are always more severe than those of lower limb 
for deteriorated activities of daily living (ADL). It has been 
reported that 88  of the post-strokes suffer from paretic 
upper limbs in acute stages and 55-75  ones remain the 
paretic deficits after six months or more [2].  

According to equilibrium-point control hypothesis, the 
neuromuscular system conducts a control mechanism based 
on the mechanical stability of viscoelastic properties [8]. 

Particularly, viscoelastic muscle properties, length-tension 
and force-velocity relationship, lead to joint translation and 
rotation. Previous researches have suggested the spring-like 
properties of muscles determine the individual joint stiff-
ness. Endpoint stiffness, defined as the relationship between 
externally imposed displacements of the hand and the re-
spond force generated, stabilizes the hand position. [3,4]. 
The resultant elastic resistance is not only due to joint stiff-
ness, but depends on the posture-dependent joint angles and 
respective limb segment lengths [4, 5]. Furthermore, stabil-
ity of hand can be characterized by endpoint stiffness ellipse. 
The major axis of the ellipse is oriented along the direction 
of the maximal stiffness; the minor one is oriented along the 
minimal stiffness, and the orientation indicated the direction 
of the maximal stiffness [6]. The capability to control 
maximum and minimum stiffness orientation could permit 
adjustable flexibility during tasks with direction-dependent 
constraints such as ball-catching, where increased joint 
stiffness is only required along the line of impact of the ball 
with the hand, or during object manipulation [7].  

This research is to investigate the effects of force direc-
tions and postures on endpoint stiffness and joint torques 
during performing voluntary force task. More specifically, 
this research is aimed to:  

1. Investigate the effects of voluntary force directions and 
postures endpoint stiffness of upper limb during force 
production tasks. 

2. Apply endpoint stiffness ellipse to quantify stability of 
hand. 

3. Develop a feasibility study on normal subjects.  

II. MATERIALS AND METHODS  

A. Endpoint stiffness modeling 

The two-link and open kinematic chains was conducted 
to simulate the kinematic model of upper limb in this re-
search. The upper-limb system assumes that endpoint inertia 
is invariant across every trail. The resulting parameterized 
system is shown as follows [7]:  

 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IX, pp. 
www.springerlink.com 

W C. Schlegel 44–47, 2009. 



Hij(s)= Iijs
2+ Bijs+Kij ;                                                        (1) 

where s=2πf 1−  and  Iij, Bij, and   Kij  represents the end-
point inertia, viscosity, and elasticity matrices, respectively. 
Eq. 2 shows the endpoint stiffness matrix that indicates the 
effects of restoring force opposite to the displacement. 
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indicates inertia, viscosity, and elasticity matrices, respec-
tively.                                                                                                                                           

Eq. 3 shows joint stiffness matrix related to shoulder and 
elbow joint torques is determined by inverse dynamics, as 
shown in, where the Jacobian, J, is a function of the limb 
segment lengths and joint angles [7]. The orientation of the 
endpoint stiffness ellipse is determined by the direction of 
the eigenvector associated with the maximum eigenvalue of 
the endpoint stiffness matrix. The ratio of endpoint stiffness 
ellipse is determined from  the long axis divided by short 
axis and means to the shape of the endpoint stiffness ellipse. 
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where  TQs indicates shoulder  joint torque,   TQe indicates       
elbow  joint torque.                             
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where  lh refers upper arm length , lf refers forearm length,
θs refers shoulder joint angle , θe refers elbow joint angle. 

B. Subjects and protocol 

Sixteen subjects (nine male and seven female) ranging 
from 23 to 28 years-old  with no history of neurological 
impairments were participated in this study. The protocol 
was approved by human experiment and ethics committee 
of National Cheng Kung University Hospital, ROC. The 
informed consent was signed by subject prior to study. Total 
two force directions and three seating positions for this 
study: D0 and D4 was right and left force direction, central 
position was defined subject’s hand located 40 cm far in 
front of sternum, left and right position were defined apart 
one-thirds shoulder girdle width from central position, re-
spectively. Subject accomplished with right arm 10N exer-
tion. Table 1 shows demographic and anthropometric data 

for all subjects included:  
1. Lh measured from right acromion process of scap-

ula to lateral epicondyle of humerus,  
2. Lf measured from the right lateral epicondyle of 

humerus to styloid process of radius,  
3. shoulder joint angle at right position (RSangle), 

central position (CSangle), left position (LSangle) 
4. elbow joint angle at right position (REangle), cen-

tral position (CEangle),left position (LEangle).  

Table 1 Demographic datas of  subjects 

Item Mean Standard Deviation 

Age (y/o) 25.3 1.3

Height (cm) 167.1 6.1

Weight (kg) 61.4 8.2

Lh (cm) 30.4 1.8

Lf (cm) 26.7 1.7

 (deg) 97.1 11.6 

REangle (deg) 31.9 10.3 

CSangle (deg) 72.3 5.0 

CEangle (deg) 51.5 8.6 

LSangle (deg) 51.8 13.7 

LEangle (deg) 52.5 7.2 

 
 

 
 

Fig. 1  Experimental setup.  

There were totally 6 conditions (2 direction targets 3 sit-
ting position) in the experiment (Fig.1) [8]. Experiment 
procedures were:  

1. Initial endpoint position on the screen was centered 
on the start window.  

2. Subjects were instructed to push the robotic manipu-
landum according to the appearing target. 
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3. As subject exerted with 10-N for 6 seconds, dis-
placement perturbation with 1cm was applied . 

4. There were 8 perturbation directions from 0 to 360. 
There were three trials in a set of the force production 

task, and every trial contained four times of the random 
perturbations. The subject took a rest about 30 to 60 sec-
onds between trials for avoiding muscle fatigue. 

 
C. Statistical analysis 

Kruskal-Wallis test was used to analyze the effect of pos-
tures on endpoint stiffness and joint torques. Mann-Whitney 
U test was used to analyze the effect of voluntary force 
direction on endpoint stiffness and joint torques. The sig-
nificance level was at a 0.05 level. 

III. PRELIMINARY RESULTS AND DISCUSSION 

This research has designed and developed a 2-D platform 
system for objectively endpoint assessment and training 
through conceptual and functional design [8], hardware 
selection and integration, calibration and performance test-
ing. The hardware included 2 servo-motor and encoders 
(SV4835, King Right Motor Corporation, Taiwan), two 
force transducers (RVQ16YN, Cosmos, Jin Hua Electronic 
CO.LTD., Taiwan), and two slide mechanisms, one 
stainless steel manipulandum and iron frame. There are two 
mainly operating modes of this system: active and passive 
movement modes. The passive movement mode contains 
two evaluation and training functions: relaxation and force 
target functions. This research selects the force target func-
tion from the passive movement mode to investigate the 
biomechanical properties of upper-limb endpoint stiffness 
and joint torques during tasks. 

Table 2 shows the median of endpoint stiffness matrix 
estimated from 6 conditions . Table 3 shows the median of 
long axis, orientation, and ratio of the endpoint stiffness 
ellipse. Table 4 shows the median of shoulder and elbow 
joint torques. Fig. 2 shows the endpoint stiffness ellipse of 
one subject (No. 12) at force direction D0 for various pos-
tures.  

The results of statistical analysis have revealed that :  
1. The force directions have significant effects on 

endpoint stiffness of upper limb except long axis 
length (p<0.05) , shown in Table 5. 

2. The postures have significant effects on endpoint 
stiffness ellipse of upper limb, the shoulder and el-
bow joint torques (p<0.05) , shown in Table 6. 

The limitations of research may include the variations in 
the individual limb configuration, movement velocity and 
small sample sizes. 

Table 2 Median of  endpoint stiffness matrix 

Positions 
Force 

direction 
N Endpoint stiffness matrix (N / m) 

D0 16 
 

Left 

D4 16 
 

D0 16 
 

Central 

D4 16 
 

D0 16 
 

Right 

D4 16 
 

 
 

Table 3 Median of  parameters of endpoint stiffness ellipse 

Position 
Target 
direction N 

Long axis 
(m) 

Orientation  
(deg) Raito 

D0 16 642.2 128.6 9.1 
 
Left 

D4 16 506.2 132.0 7.6 

D0 16 797.0 122.7 10.9  
Central 

D4 16 910.1 129.6 9.3 

D0 16 868.4 103.5 4.9  
Right 

D4 16 754.1 109.1 5.2 

 
 

Table 4 Median of the shoulder and elbow joint torques 

Position 
Target 
direction TQs (Nm) TQe (Nm) 

D0 -3.39 -1.14 Left 

D4 3.39 1.14 

D0 -2.11 0.77 Central  

D4 2.11 -0.77 

D0 -0.98 2.05 Right 

D4 0.98 -2.05 
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Fig. 2 Result of endpoint stiffness ellipse for subject No.12.  

 
Table 5   Mean ranks of  endpoint stiffness parameters . 

 D0 D4 

Long axis (m) 147.72 141.28 

Orientation (deg) 147.72 141.28   * 

Shape 155.92 133.08   * 

TQs (Nm) 173.82 115.18   * 

TQe (Nm) 74.20 214.80   * 

*p< 0.05 
 

Table 6   Mean ranks of endpoint stiffness parameters. 

Centel Right Left  

D0 28.38 28.69 16.44 *Long axis  

D4 29.50 27.88 16.13 * 

D0 26.06 34.38 13.06 *Orientation 
 

D4 27.88 33.00 12.63 * 

D0 27.34 16.47 29.69 * Shape 
 

D4 29.38 17.13 27.00 * 

D0 25.13 38.75 9.63   * TQs 
 

D4 23.88 10.25 39.38 * 

D0 25.09 39.00 9.41   * TQe 
 

D4 23.91 10.00 39.59 * 

*p< 0.05 

IV. CONCLUSIONS  

The results have revealed that the endpoint stiffness 
model of upper-limb shows the potential advantage for 

functional test and evaluation in force production tasks. The 
upper-limb system may provide more equilibrium state due 
to the more isotropic endpoint stiffness ellipse, as the force 
direction and endpoint position are closer to shoulder joint. 
More subjective and objective experiments will be devel-
oped to: 

1.  Investigate the endpoint viscosity of the multi-joint 
system. 

2. Compare the endpoint stiffness and viscosity varia-
tions between able-bodied subjects and post-stokes. 

REFERENCES  

1. O'Sullivan SB, Schmitz TJ (2003) Physical Rehabilitation: Assess-
ment And Treatment. FA Davis, Philadelphia. 

2. Cirstea MC, Ptito A, Levin MF et al  (2003) ,Arm reaching improve-
ments with short-term practice depend on the severity of the motor 
deficit in stroke. Exp Brain Res 152: 476-488. 

3. Milner TE (2002) Contribution of geometry and joint stiffness to 
mechanical stability of the human arm. Exp. Brain Res 143:515–519 

4. Perreault EJ, Kirsch RF, Crago PEl. (2001) Effects of voluntary force 
generation on the elastic components of endpoint stiffness. Exp Brain 
Res 141(3), pp. 312-323 

5. Perreault EJ, Kirsch RF, and Crago PE. (2004) Multijoint dynamics 
and postural stability of the human arm. Exp Brain Res 157(4): pp. 
507-517 

6. Zatsiorsky VM. (2002) Kinetics of Human Motion. Human Kinetics, 
Leeds , Champaign 

7. Mussa-Ivaldi FA, Hogan N, et al. (1985) Neural, Mechanical, and 
Geometric Factors Subserving Arm Posture in Humans. J Neurosci  
5(10), pp.2732-2743 

8. PR Wang, JY Chang, KC Chung (2008) Effects of Upper-Limb 
Posture on Endpoint Stiffness during Force Targeting Tasks, IFMBE 
Proc. vol. 23, 13th International Conference on Biomedical Engineer-
ing, Singapore, 2008, pp 1862–1865 

 
 
Author: Pei-Rong Wang 
Institute: Industrial Technology Research Institute- South /  ICT-

Enabled Healthcare Program, Tainan 
Street: Bldg. R1, Rm. 304, No. 31, Gongye, 2nd Rd., Annan District, 

Tainan City 70955  
City: Tainan  
Country: Taiwan, R.O.C 
Email: PR_Wang@itri.org.tw  

 

  
 IFMBE Proceedings Vol. 25  

Estimation and Evaluation of Upper Limb Endpoint Stiffness and Joint Torques for Post-stroke Rehabilitation 47



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




