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Abstract. Sinus hairs are tactile hairs of mammals, commonly also known as vibrissae 
or whiskers. The term “whisker” contemplates to the mystacial sinus hairs (mSH) in 
specific, which are situated around the snout of the animal. These mystacial sinus 
hairs can be moved actively to support and control sensing [1, 29]. The cyclic motion 
(whisking) of the mystacial sinus hairs was eponymous.  

In many species not only mSH can be found. Studies have demonstrated a variety of 
sinus hairs at multiple locations on the body surfaces of mammals [13, 27]. This con-
tribution deals with carpal sinus hairs (cSH) at the forelimbs of rats. Although known 
for over 120 years – cSH first were discovered in some lemurs at the end of the 19th 
century [2, 5] – the knowledge of structure and function of cSH in mammals is very 
sparse in comparison to mSH.  

Carpal sinus hairs gain increasing interest since there is evidence on influences on the 
kinematics of the segmental chains of legs. One hypothesis is that cSH signals serve to 
adjust the stiffness of legs and to prepare them for the contact with different substrates 
or irregularities in the substrate – a function interesting for robotic locomotion. 

Studies on the locomotion of animals allow examining the influence of tactile infor-
mation on walking parameters when mystacial and/or carpal sinus hairs are absent. 
Due to their small size it is very difficult to visualize the mechanical behavior of cSH 
during natural movement of a living rat with conventional methods. Therefore, we are 
proposing the use of a so called pedipulator – a mechanical gearing device which 
guides a dissected forelimb of a rat artificially on a natural trajectory. This approach 
shall help to understand the functionality of cSH and to interpret results from previous 
motions studies with living rats. 

Index Terms – sinus hair · vibrissae · carpal · locomotion · mechanics · pedipulation · touch 

1. INTRODUCTION

Vibrissae (singular vibrissa) is the Latin term for rhythmic moving sinus hairs (as well as for 
the hairs in the nostrils). It is a special category of hair within the sinus hairs which are named 
after the follicle-sinus-complex [25]. Sinus hairs are a prominent and well known structure 
among Theria [9, 15, 17, 21, 22] which might have occurred 160 million years ago with the 
divergence of Placentalia and Marsupialia [16].  
Sinus hairs are very specialized and categorized according to their position on the body [13, 
27]. The best known and deeply investigated representatives among sinus hairs are the 
mystacial, also known as mystacial vibrissae or whiskers. 
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Carpal Sinus Hairs – Characteristics  
 
Carpal sinus hairs are very prominent in arboreal mammals as well as in mammals with high 
grasping abilities [2, 3, 17]. In rats, they appear in a number of about three at the distal end of 
the lower arm (Fig. 1). They possess a follicle-sinus-complex with a cavernous and a ring 
sinus together with a high innervation and different types of mechanoreceptors like mystacial 
sinus hairs [8, 10]. FUNDIN et al. [8] have described several differences in type and number of 
mechanoreceptors between mystacial and carpal sinus hairs, which may imply different 
sensory function. Also differences in the attached musculature can be observed. According to 
our knowledge so far, carpal sinus hairs cannot be actively moved or controlled in their 
position like mystacial sinus hairs [1, 29]. 
 

 
Fig. 1:  Triple of carpal vibrissae (arrows) at a forelimb of Rattus norvegicus 

 right – schematic illustration with positional relations and numbering 
 

Carpal Sinus Hairs – Biological Role 
 

Rats inhabit different habitats which require a broad repertoire of locomotory and non-
locomotory abilities. They own high grasping skills and are competent climbers which 
implies that tactile sensors on the forelimbs may be important for such a broad repertoire of 
daily activities and may assist the active sense of touch by mystacial vibrissae. Beside the 
tactile receptors on the palmar surface, which sense object properties at immediate contact 
during non-locomotory activities, tactile hairs which sense substrate properties before contact 
play an important role for locomotion, especially at higher speed. They might detect substrate 
discontinuities right before touchdown of the forelimb. Detecting irregularities is a function 
which implies different biological roles. These could be a measurement of the intensity of 
substrate disturbances, the measurement of the forelimb position relative to the discontinuity 
and the head, measurement of the forelimb velocity or measurement of the contact time 
between the forepaw and the substrate. Current evidence indicates that carpal sinus hair sense 
temporal parameters of the forelimb contact phase, and thereby serve as a link between the 
oscillation of the limbs and the oscillation of the mystacial vibrissae for speed-dependent 
adjustments of motion [20].  
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Carpal Sinus Hairs - Visualization 
 
To understand carpal sinus hairs as a sensory system proper knowledge of their behavior is 
crucial, especially during their contact with the substrate. Due to the small size of cSH it is 
difficult to visualize their mechanical bearing under locomotion suitable for further image 
processing. To realize this task a different approach has to be made. Therefore we are 
suggesting the use of a pedipulator [11].  
 
By investigating the relationship between form and function on carpal sinus hairs we hope to 
find new insights for passive – not actively moved – sensor systems in robot locomotion or 
other tactile tasks (in contrast to e.g. [14, 23, 26]). Analyzing the exact behavior of carpal 
sinus hairs in contact with different substrates during locomotion might show if they can be 
used as sensor for substrate roughness, vibrations transmitted through the substrate or for 
measuring stance phase duration, an important parameter for locomotion patterns. 
 

2. MATERIALS AND METHODS 
 
Motion studies  
 
Female Lewis Albino rats (240-256 g) were used for investigating the role of both carpal and 
mystacial sinus hairs in the control of forelimb position during locomotion. Experiments were 
done with intact sinus hairs and without mystacial and/or carpal ones. A treadmill (Tetra 
GmbH, Ilmenau) with continuous/discontinuous substrate was used as walking set-up, 
surrounded by a transparent polycarbonate enclosure. The discontinuous substrate consisted 
of irregular located holes. Speed was controlled in the range of the preferred walking velocity 
of rats (0,2 to 0,5 m/s).  The animals were kept in accordance with German animal welfare 
regulations, and all experiments were registered with the Thuringian Committee for Animal 
Research (J-SHK-2684-05-04/12-1). 
 
Biplanar x-ray (Neurostar, Siemens AG, Erlangen) was used for tracking limb, head, 
forelimb and trunk movements, high-speed videography for tracking mystacial whisker 
movement (SpeedCam Visario G2 Weinberger-Vision GmbH, Erlangen). The acquired 
video data was used for different approaches. To analyze the influence of mystacial and carpal 
sinus hair on locomotion and to quantify rat forelimb movement for studies with the 
pedipulator. 
 
The movement of the mystacial vibrissae as well as the spatiotemporal parameters of forelimb 
excursion were quantified frame-by-frame with SimiMotion 3D (Simi Reality Motion 
Systems GmbH, Unterschleissheim). The mystacial whisker movement was quantified for 
detecting the scanning area and to measure deviations in the whisking behavior after removal 
of the carpal sinus hairs. Frequency, range of motion, spread and the shifting of the whisking 
field were quantified. Stride frequency, protraction angle of the forelimbs and the failure rate 
(relative number of steps in the holes) were measured. Statistical analysis refers to linear 
regression analysis, F-values, coefficient of determination. The significance threshold was set 
on α = 0,05. 
 
To obtain the necessary data for constructing the pedipulator the x-ray recordings in lateral 
perspective were used. The motion of the forelimb was analyzed by a video-based fixed-
frame measurement using free analyzing tools (Kinova and Skillspector). Fixed points like 
joints were identified manually as anatomical landmarks and marked in the x-ray fixed frame. 

©2014 - TU Ilmenau  3 



A total of six anatomical landmarks (spina scapulae, shoulder joint, elbow joint, wrist join, 
knuckle and fingertip), three joint-angles (shoulder joint, elbow joint, wrist joint) and protrac-
tion angle were used to characterize the movement of the forelimb (Fig. 2). After these ele-
ments were marked manually they were analyzed by the software and transformed in a preas-
signed coordinate system. To minimize errors in connection with digitalization the whole data 
set was compiled three to five times in every gait. The arithmetic mean was used for further 
kinematic examinations. 
 

 
 Fig. 2:  Motion analysis of the forelimb of a rat during locomotion on a treadmill setup  

a  – marked anatomical landmarks using SkillSpector 
b  – marked joint-angle (elbow) using Kinovea  

 
Carpal Sinus Hairs - Visualization 
 
It was not possible to visualize carpal sinus hairs and their mechanical bearing directly with 
our setup under locomotion suitable for further image processing and quantification of their 
behavior. Hence we are following a different approach. 
 
To visualize the behavior of cSH during a step cycle, we are introducing the use of a 
“pedipulator” – a gearing mechanism which guides a dissected leg of a rat cadaver artificially 
(Fig. 3) [11]. In contrast to a manipulator, which is strongly connected with industrial 
handling and robotics, we don’t want to build a cybernetic mechanism used to perform some 
of the human upper limb functions [19]. 
 

 Fig. 3: Schematic illustration of a pedipulator – a dissected forelimb of a rat is guided 
artificially on a natural trajectory 
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While following the observed kinematics from cineradiography the pedipulator enables us to 
imitate the natural movement of the forelimb of the rat on an extended time scale. 
Furthermore, the pedipulator allows focusing our gaze on the exact spot of contact between 
the cSH and substrate, without being subject to restrictions arising with the depth of focus and 
uncertain contact points during natural movement of the living rat. 
 

3. RESULTS 
 
Motion of the forelimb  
 
249 forelimb stride cycle between 0.24 m/s to 0.52 m/s were examined. The rats used a 
moderate walking gait with lateral sequence. Forelimb position, protraction angle, limb and 
whisking frequency as well as whisker motion were linked to animal velocity. Whisking 
frequency is much higher than limb frequency, both in the presence and in the absence of 
carpal sinus hairs. 
 
Placement of the forelimbs was right beneath the anterior margin of the orbita where the 
excursion range of mystacial vibrissae have their posterior limit. In the absence of carpal sinus 
hairs the variation of forelimb placement increased, but the mean limb protraction angle did 
not change. Also speed-independent is the internal kinematics of limb elements, which we 
used for pedipulation. Complete results can be found in [20]. 
 
Pedipulation 
 
First experiments observed with a high-speed microscope (Keyence VW-9000) (Fig. 4 right) 
indicate a contact phase of the carpal vibrissae with the substrate longer than expected. Addi-
tionally, cSH show a planar contact (Fig. 4 left) with the substrate in contrast to most simula-
tions made so far regarding mSH (e.g. [4, 12, 28]). Associated with the planar contact, a high 
influence of friction between sinus hair and substrate on the forces and torques routed to the 
mechanical receptors in the sensor complexes of the sinus hair has to be expected. By analyz-
ing the deformation of cSH during the whole contact phase, regarding different substrates 
with different friction coefficients, we hope to gain a better understanding of those specific 
sensory organs, which can be biomimetically transferred for the application in technical de-
velopments. 
 

   
 
Fig. 4:  left   – Contact between a carpal sinus hair and the substrate during provoked movement of 

the left forelimb of a rat cadaver. Manually enhanced curve: carpal sinus hair,  
rectangle: contact area [11] 

 right  –   Workstation with digital high-frequency microscope VW-9000 (Keyence)    
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4. DISCUSSION 
 
During locomotion, rats like small mammals in general, are confronted with numerous 
disturbances which notoriously compromise body stability. To better anticipate substrate 
properties before touchdown of the weight bearing forelimb, a sensor on the limbs is useful 
which detect irregularities. These sensors have to work during the swing phase to detect 
discontinuities on the place where the limbs are going to be placed next.  
 
Previous studies documented an invariant placement of the forelimbs beneath the eye 
correlated to a stable protraction angle [6, 7, 24]. Without carpal sinus hairs the mean 
protraction angle keeps still unchanged while its variation increased. This observation implies 
that carpal sinus hairs influence the position control of the forelimb in a rather subtle way. 
The presence or absence of carpal sinus hairs had no effect on the failure rate of the limbs 
during walking on the perforated treadmill. Interestingly, the motion of mystacial whiskers is 
also affected by the presence or absence of carpal sinus hairs and might compensate the loss 
of this substrate sensor.  
 
Both sensory systems seem to have a different dependence on animal velocity. Changes of 
animals speed lead to changes of the range excursion of the mystacial vibrissae, but only in 
the presence of carpal sinus hairs. If they are absent, the speed-dependent adjustment of the 
range of motion of mystacial vibrissae appears to be disturbed. We interpret this observation 
as evidence for the role of the carpal vibrissae to provide the somatosensory system with 
information about the animal's speed (by sensing the duration of the contact phase of the 
limb). 
 
Artificial guidance of a dissected forelimb 
 
Locomotion studies with living rats help gaining knowledge about the influence of carpal 
sinus hairs on general locomotion parameters and changes in the control of mystacial sinus 
hairs. The pedipulator can help to identify other sensory capabilities and functionalities of 
carpal sinus hairs while evaluating the duration of substrate contact and interactions between 
substrate and carpal sinus hair. Restrictions regarding that approach arise considering 
different sources of error. 
 
In general a two-dimensional analysis of a three dimensional movement requires a high 
knowledge of errors caused by perspective and projection through the restrictions in one plain 
[30]. In this study these errors are negligible while the rat is moving approximately in the 
observed plain and is moving her limbs parasagittal. Movements out of the plain are 
constricted through the shiftable enclosure made of transparent polycarbonate (compare 
materials and methods) [30]. With the help of the assignment of different pictures of two-
dimensional trajectories a three-dimensional might be possible [18] and would be part of 
following studies. 
 
Depending on the realized coupling between the pedipulator and the dissected leg different 
methodological errors have to be taken in account. Considering the x-ray-motion study a 
fixation at the skeletal system – especially in the joints reviewed – might avoid errors caused 
by soft tissue effects (Fig. 5). Still unspecific influences will appear because of the dissection 
of the forelimb and the dead material. The lack of blood circulation, muscle activity and 
tendon stiffness will cause changes in the fixation of the carpal sinus hairs in the epidermis. 
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Higher variations in the angle of approach between the carpal sinus hair and the epidermis and 
changed Eigen-frequencies have to be expected even in fresh dissected material. 
 

 
Fig. 5:  Block diagram of the pedipulator in connection with different types of substrate and dissected forelimb  
 
With regard to these restrictions the pedipulator might help to gain new insights on carpal 
sinus hairs. Following studies shall investigate the influence of substrate curvature and 
roughness. Furthermore a BASALT MUST from Tetra GmbH Ilmenau could be used to measure 
contact forces of carpal sinus hairs on side of the substrate. 
 
ACKNOWLEDGMENTS 
 
This project is founded by DFG since 7/2013. Project name: „Technical non-visual character-
ization of substrate contact following the biological paragon of carpal vibrissae“ 
(Schm 1748/7-1, Wi 1664/4-1, Zi 540/16-1). Additional project members: Klaus Zimmer-
mann, Isabel Husung, Tatiana Volkova (Chair of Technical Mechanics, Technische Universi-
tät Ilmenau) 
 
We want to thank Getrud Klauer, Carsten Behn, Joachim Steigenberger for the scientific ex-
change and discussions. Rommy Petersohn, John Nyakatura and Dirk Arnold for their assis-
tance in motion analysis Special thanks to Prof. Martin Hoffmann for giving access to and 
Lars Dittrich and Boris Goy for support during the use of  Keyence VW-9000. And we want 
to thank our students Marijke van den Berg, Susann Winkler, Sabine Wenzel and Denise 
Recknagel for their interest and commitment to this “hairy topic”. 
 
 

©2014 - TU Ilmenau  7 



REFERENCES 
 
[1] Arkley, K.; Grant, R. A.; Mitchinson, B.; Prescott, T. J.: Strategy change in vibrissal active 

sensing during rat locomotion. Current Biology 24 (13), 1507 - 1512 (2014)  
[2] Beddard, F. E.: Vibrissae on the forepaws of mammals. Nature 62 (1613), p. 523 (1900)  
[3] Beddard, F.: Observations upon carpal vibrissae in mammals. Proceedings of the Zoological 

Society London 72, 127 - 136 (1902)  
[4] Behn, C., Schmitz, T., Fremerey, M., Voges, D., Witte, H., Zimmermann, K.: Animal vibrissae: 

modeling and adaptive control of bio-inspired sensors. Proc. IWANN, Teneriffa, 159 - 170 
(2013)  

[5] Bland-Sutton, J. Bland: On the arm-glands of the lemurs. Proc. of the Zool. Soc. of London 
55(2), 369 - 372 (1887)  

[6] Day, L. M.; Jayne, B. C.: Interspecific scaling of the morphology and posture of the limbs 
during the locomotion of cats (Felidae), Journal of Experimental Biology 210, 642 - 654 (2007) 

[7] Fischer, M. S.; Schilling, N.; Schmidt, M.; Haarhaus, D., Witte, H.: Basic limb kinematics of 
small therian mammals. Journal of Experimental Biology 205, 1315 - 1338 (2002) 

[8] Fundin, B. T.; Arvidsson, J.; Rice, F. L.: Innervation of nonmystacial vibrissae in the adult rat. 
The Journal of Comparative Neurology 357, 501 - 512 (1995) 

[9] Grant, R. A.; Haidarliu, S.; Kennerley, N. J.; Prescott, T. J.: The evolution of active vibrissal 
sensing in mammals: evidence from vibrissal musculature and function in the marsupial 
opossum Monodelphis domestica. Journal of Experimental Biology, 216(18), 3483 - 3494 
(2013)  

[10] Halata, Z.: Sensory innervation of the hairy skin (light- and electronmicroscopic study). The 
Journal of Investigative Dermatology 101 (1), 75S - 81S (1993)  

[11] Helbig, T.; Voges, D.; Niederschuh, S.; Schmidt, M.; Witte, H.: Characterizing the substrate 
contact of carpal vibrissae of rats during locomotion. Proceedings of Living Machines (2014)  

[12] Hires, S. A., Pammer, L., Svoboda, K., Golomb, D.: Tapered whiskers are required for active 
tactile sensation. eLife 2(0), e01350 (2013) 

[13] Jung, D.; Zelinsky, A.: Whisker based mobile robot navigation. Proceedings of the IEEE/RSJ 
International Conference on Intelligent Robots and Systems (IROS) (2), 497 - 504 (1996) 

[14] Klauer, G.: Vibrissen – Analyse eines Sinnesorgans. Habilitationsschrift, Universität  
Essen, Fachbereich Bio- und Geowissenschaften, Landschaftsarchitektur (1999)  

[15] Krehbiel, M.: Anatomie der rostralen und caudalen Tasthaare beim Sambischen Riesengraumull 
(Fukomys mechowii) – Sinushaare oder Leithaare? Dissertationsschrift, Tierärztliche 
Hochschule Hannover, Hannover. (2010)  

[16] Luo, Z.-X.; Yuan, C.-X.; Meng, Q.-J.; Ji, Q.: A jurassic eutherian mammal and divergence of 
marsupials and placentals. Nature 476, 442 - 445 (2011) 

[17] Lyne, A. G.: The systematic and adaptive significance of the vibrissae in the marsupialia. 
Proceedings of the Zoological Society of London 133, 79 - 133 (1959)  

[18] Maas, H.-G.: Werkzeuge und Anwendungen der photogrammetrischen 3D-Bewegungsanalyse; 
Photogrammetrie - Laserscanning - Optische 3D-Messtechnik. Proceedings of Oldenburger 3D-
Tage 2005, 2 - 12 (2005) 

[19] Morecki, A.; Knapczyk, J.: Basic concepts, definitions and systematization of manipulators and 
robots. Basics of Robotics. International Centre for Mechanical Sciences Volume 402, 09 - 33 
(1999) 

[20] Niederschuh, S. J.; Witte, H.; Schmidt, M.: The role of vibrissal sensing in forelimb position 
control during travelling locomotion in the rat (Rattus norvegicus, Rodentia). Journal of 
Zoology (in revision) 

[21] Pocock, R. I.: On the facial vibrissae of mammalia. Proceedings of the Royal Society B: 
Biological Sciences 84 (3), 889 - 912 (1914) 

[22] Rice, F. L.: An attempt to find vibrissa-related barrels in the primary somatosensory cortex of 
the cat. Neuroscience Letters 53, 169 - 172 (1985)  

[23] Russel, R. A.; Wijaya, J. A.: Object location and recognition using whisker sensors. 
Proceedings of the Australian Conference on Robotics and Automation (2003)  

©2014 - TU Ilmenau  8 



[24] Schmidt, M.: Forelimb proportions and kinematics: how are small primates different from other 
small mammals? Journal of Experimental Biology 211, 3775 - 3789 (2008) 

[25] Schmidt, M.; Witte, H.; Zimmermann, K.; Niederschuh, S.; Helbig, T.; Voges, D.; Husung, I.; 
Volkova, T.; Will, Ch.; Behn, C.; Steigenberger, J.; Klauer G.: Technical, non-visual 
characterization of substrate contact using carpal vibrissae as a biological model: an overview. 
Proceedings 58th IWK Ilmenau Scientific Colloquium. (2014) 

[26] Scholz, G. R., Rahn, C. D.: Profile sensing with an actuated whisker. IEEE Trans. Robot and 
Automation 20(1), 124 - 127 (2004) 

[27] Sokolov, V. E., Kulikov, V. E.: The structure and function of the vibrissal apparatus in some 
rodents. Mammalian Species 51(1), 125 - 138 (1987)  

[28] Ueno, N.; Kaneko, M.: On a new contact sensing strategy for dynamic active antenna. 
Proceedings of IEEE International Conference on Robotics and Automation (1995) 

[29] Vincent, S.B.: The tactile hair of the white rat. Journal of Comparative Neurology 23(1), 1 - 36 
(1913)   

[30] Vogt, L.; Himmelreich, H.; Ruhleder, M.; Mahrous, A.; Banzer, W.: Videobasierte 2D-
Gangbildanalyse – Untersuchungen zur Anwendung in Prävention und Rehabilitation, Springer-
Verlag (2003) 

[31] Witte, H.; Biltzinger, J.; Hackert, R.; Schilling, N.; Schmidt, M.; Reich, C.; Fischer, M. 
S.:Torque patterns of the limbs of small therian mammals during locomotion on flat ground. 
Journal of Experimental Biology 205 (9), 1339 - 1353 (2002) 

 
 
CONTACTS 
 
Dipl.-Ing. T. Helbig      thomas.helbig@tu-ilmenau.de 
Dipl.-Biol. D. Voges      danja.voges@tu-ilmenau.de 
S. Niederschuh, M. Sc.      sandra.niederschuh@uni-jena.de 
PD Dr. Manuela Schmidt     schmidt.manuela@uni-jena.de 
Univ.-Prof. Dipl.-Ing. Dr. med. (habil.) Hartmut Witte  hartmut.witte@tu-ilmenau.de 

©2014 - TU Ilmenau  9 

mailto:thomas.helbig@tu-ilmenau.de
mailto:danja.voges@tu-ilmenau.de
mailto:sandra.niederschuh@uni-jena.de
mailto:schmidt.manuela@uni-jena.de
mailto:hartmut.witte@tu-ilmenau.de

	1. INTRODUCTION
	2. MATERIALS AND METHODS
	3. RESULTS
	4. DISCUSSION

